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Abstract: A key challenge for engineers and scientists ovecdngng decadeis to develop and
deploy power plants with sufficient capacity and fidity to meet the growing demandrfenergy
(mainly electrical) whilst simultaneously reducing ssions (primarily greenhouse gases). With
fusion-based power plant®t currently being considered viable for large-scale gemmt forat
least40 years, other technologies mtsbe considered. Renewable and high efficiency combined
gas-fired plants, along with nuclear solutions, aramgpbhsthe most suitable candidates, with
Small Modular Reactors (SMRs) developmga favoured choice. However, two main impediments
to the current deploymertdf SMRs exist: (1) safety concerns, particularly followilig Fukushima
accident, and (2) their economic models, with higpital costs only being available through a
imited numberof investors. The goalf this papeis to provide a review and a holistic assessment
of this clas®f nuclear reactor, with specific focas the most common technology: the Light
Water Reactor (LWR)n particular, the paper provides a statdhe-art assessmeutttheir life

cycle, along with a comparisarf their relative merits with other base-load techygiel. It is

shown that SMRs are a suitable choice when the poamrinstalledis in the range 1-3 GWe and
the social aspectd the investment, suasthe creatiorof new employment positionss a goalof
pdicy makers. The paper thereby provides governmentstakeholders with key economic and

social boundaries for the viable deploymehSMRs.

Keywords: Small modular Reactors; SMR; life cycle assessmertgisabilty; finance;

economics.



1. Introduction

Accordingto the DOE/EIA [1] the world energy consumption2035wil bemore than double thaf 1995,
mainly dueto increasing requiremenis nonrOECD countries Moreover, global electricity generation and
energy consumption wil increabg a factorof 3 over the same timeframe witbhnrOECD countries increasing
their consumptiorby 5-6 times; mainlydueto anexpected exponential growithChina. Specifically dr nuclear
power plantsit is forecast that electricity generation will increase frottélion kWhin 2008,t0 4.9 trilion
kWh in 2035, and with many nuclear reactors approaching theoktiebir productive life [2] the market
expectedo expand significantly. Although the Fukushima acwideas directly preventezhimmediate
deploymentof nuclear powein some countries (e.g. Germany, Switzerland and Italgerotations, (China,
Emirates, Russia, India atmisome extent the USA aktK) are sti pursuing their programs vigorously.
Since nuclear power provides zero greenhouse-gas@mnedsctricity (if correctly manageat affordable
prices), the constructioof new reactors now also being considere many“new-comercountries”.
Accordingto World Nuclear Association (WNA) [3h3 countries including Poland, Turkey, Vietnam,
Kazakhstan aratvarious stageis the developmentf their nuclear infrastructurdn particular:

« Contracts signed, with a well-developed legal andlaéqy infrastructure: UAE, Turkey.

Committed plans, with a legal and regulatory infrastmecheing developed: Vietnam, Jordan, Belarus,

Bangladesh.

*  Wel-developed planbut full commitment still pending: Thailand, Indonediggypt, Kazakhstan,
Poland, Lithuania, Chile.

» Developing plans: Saudi Arabia, Israel, Nigeria, MatyMorocco, Ghana.

* Under discussiomsa serious policy option: Namibia, Kenya, Mongol&hilippines, Singapore,

Albania, Serbia, Croatia, Estonia, Latvia, Libya, AigeAzerbaian, Srianka, Tunisia, Syria, Kuwait,

Qatar, Sudan, Venezuela.

! The OECD (Organisation for Econon@n-operation and Developmeni§ an international economic organisatiof 34
countries foundedn 1961to stimulate economic progress and world tfade (wwacbord). The 34 countries are mainly
form Europe, North America and Australia. Non-OE€Buntries are from Africa and Asia (with the exdeptof South
Korea and Japan), including Russia, India and China


http://www.oecd.org/

In all such countries, governments are requitecteate (i) a suitable environment for investmentudiog
professional and independent regulatory regimes, (iigmbn nuclear waste management and
decommissioning, (iii) involvement with internationadnproliferation measures and (iv) insurance
arrangements for third party damage [4]. This article &nstiowto what extent a particular tyjmt nuclear
reactor, termed th&mall Modular Reactor” (SMR) might provide a candidate solutiamfulfi the energy
needsn these emerging nuclear marke8pecifically, the paper focuses the Light Water Reactor (LWR),
predominantly the Pressurised Water Reactor (PWR), sioczadvanced Generatitvi (GEN 1V) reactors
will not beavailable for commercial deployment #drleast two decades [6]. GEN IV designs still need a
great deadf research and developmeatbe sufficiently reliable and economio justify their commercial large
scale deploymeniasdemonstratety the recent experience with the PBMR reactor [7]. Thergbecausef
the dramatic difference between GBNreactors and commercial GHN / GEN I+ reactors, GENIl+ LWR

will bethe only SMRs considerenl this paper.



2. Why SMRs

From annexV of [8], whichis considered a seminal teott SMR technology, small sized reactors are
definedasthose withanequivalent electric power less tha®0 MWe, while medium sized reactors are those
with anequivalent electric power betwe800and700 MWe. More often, the two are combined into the
commonly termed‘Small and Medium-sizedReactors’’ or “Small Modular Reactors” (SMR) representing those
with anelectrical output less th&®0 MWe. For the purposes heitewil be assumed that‘d.arge Reactor”

(LR) counterpart has a power output >700 MWe. The &viR includes the nuclear options along with the
remainderof the plant support infrastructure and equipment, nathelsteam generator, turbine and fuel
storage faciltiesjf necessary, armanbe deployedasmultiple unitson the same sitéo increase total power
output. SeverdBMR designs (detaileth [9]) are currenthatdifferent stagesf development around the globe.
Ingersoll [10] provides good summaryof the innovatre featureof these;“reactor designs that are deliberately
small, i.e. designs thdb not scaldo large sizes but rather capital@etheir smallnest achieve specific
performanceharacteristics.”.

SMRs usually have attractive characteristicsimplicity, enhanced safety and require limitéighncial
resources. However, they are usuaty consideredseconomically competitive withR becausef the
accepted axiorof “bigger is better” i.e. a misguided applicatioof the economyf scale principle. Accordintp
the economyf scale, thapecific capital cost (currency/KWef a nuclear reactor decreases with increasing
size,dueto the rate reductioof unique setipcostsn investment activities (e.g. licensing, siting atds, or
civil works to access the transmission network), theenadficient usef raw materials and the exploitatiaf
higher performances characterizing larger equipment {i2gm generators, heat exchangers, pumps, etc.). Thus,
when the size and the power increasethespecific capital cost expression the numerator (currency) inegeeas
less than the denominator (KWe). Consequentliagrge developed countries, during last four decades, th
reactor size has steadily increased from a few hundree td\8600 MWe and more today. However, the
economief scale apphif and onlyif the comparisoris 1 Large vs. 1 Small and the reactorsaire similar
design,ashas largely been the casehe past. This nolonger true today, however, where smaller, modular

reactordhavevery different designs and characteristics friamge-scale counterparts [11]. Thus, assurhing



definition, that becausef the economyf scale principle, the capital cadta smaller size reactirhigher than

for a large size react@ simplistic anchotwholly applicable. Despite this, a reasonable régdwhy has

nobody buitt SMR in the last twalecades?” There are a numbef reasons, the most important being:

1. Inthe nuclear industry thei®a strong beliefn the economyf scale. However, this not supportedy
data.An exampleis analysedy Grubler for the French case [1RB]j.this instance the author showed that
with increasing the size came increased construatienwithout the economyf scale.

2. In generalin the last two decades relatively few reactors have baierglobally, with most investors
(mainly in South Korea, Japan and China) usipgven designs” i.e. the large GEM reactors further
developedn large GENIII reactors.

3. Tobefuly competitive theSMR needgo balarte size reduction with technical solutions tkanonly be
enabledoy a reductionin size; a typical examplef whichis anintegral vessel, incorporating the heat
exchangers, able rely on natural circulation. Solutions like these are imgwsdb be fully implemented
onlarge reactordt wasnot possibleto implement these solutioris the 1970sbecause (quoting a senior
engineer fronanimportant nuclear vendofjo properly exploit passive solutions like natural citiah
you need a great deal computer simulations and cod@6-30 years ago those tools waret available,so
the only option wato use a pump (plus the backup pumps). Faorangineering perspectisteis much
easietto control fluids using several pipes and pumps thaely ard make sophisticated simulations with
computercodes”.

4. Oneof the enabling factort® build cost competitve SMRs the modularisation (again expensiee
implementin termsof software resources) and the availabitti/heavy lift cranes which have emerged only
in recent years.

In particular, SMRdy their nature, are designémbe factory manufactured, transportable andér
locatable, andbe suitable for the productionf heat, desalinated water and othgiproducts that industrial
sectors require [13]. The tefmmodular” in this context referto (1) a single reactor thadnbe grouped with
othersto form a large nuclear plant, and (2) whose design iocatps mainly pre-fabricated modules assembled

onsite. Whilst current LRs also incorporate factory-fabrida@mponentsr modules, a substantial amouft



field workis requiredto assemble components irda operational plant. SMRs are envisagedequire limited
onsite preparatioasthey are expectdd be “plug andplay” when arriving from the factory. Kuznetsov [14]
stresses these aspeaysinderlining how small reactor size allows transportatimntruck, railor barge and
installation in close proximity to the user, suchsresidential housing areas, hospitals, miltary basdarge
governmental complexes. Figure 1 presents a typicaR MAth a loop configuration, i.e., large primary circuit
piping and components extermathe reactor vessel, wherealgR asIRIS featuresanintegral configuration,
i.e., all major primary system components are platsadd the reactor vesggitegral vessel”), and external
piping is eliminated. While the vessel sigencreasedh integral configuration, the containment and overall
NPP sizes decreased, with a positimapacton safety and economics. [15]

Figure 2 highlights the transportabilitf SMRs.

600 MWe
Loop-Type PWR

40m

(b)

Figure 1. Comparisorof Large LWRs with loop configuration (a) aB#/R (IRIS) integral primary circuit

configuration (b), and the overall containment siz¢16])



Figure 2. NuSclare reactor (45 MWe). This reactor has been dekignexplicity considering constrainis
transportability. The figure shows the containmefrithe reactor, that includes the vesseland a nuofoather

components sudcissteam generators and pressuriserithiatrge reactors (sua@sEPR and AP1000) are

connectedo the vesselvia large pipes. [Figure ffom www.nuscalepaom)]

TheUS Secretarpf Energy, Dr. Steven Chu, has highlighted the importarfic@VIRs for the USA [16]
“[...] oneof the most promising aresssmall modular reactors (SMR).wecan develop this technologythe
U.S.andbuild these reactors with American workavswill have a key competitive edge../ Their small size
makes them suitabte small electric gridsothey are a good option for locations that canmobenmodate
large-scale plants. The modular construction proeesild make them more affordabigreducing capital
costsandconstruction times. Their size would also increfiesébility for utilities since they couldddunitsas
demand changesr use themfoon-site replacemertdf aging fossil fuel plants. Sorodéthe designs for SMR
uselittle or nowater for cooling, which would reduce their envineental impact:

Notably, the world nuclear organisation li&3+ SMR designs. However, accorditgthe IAEA database the
only SMRs under construction aneRussia: the Akademik Lomonosov 12&These are baset a reactor
design used for several yearsicebreakers anabw - with low-enriched fuel, are used barges for remote

area power supply. For the most part, the primary datefto be a FirstOf A Kind unit (FOAK) land-based


http://www.nuscalepower.com/

counterpart are the Korean SMART (System-integrated Moduaanced ReacTor) reactors. These3d@
MWs1 units designed for electricity generation and sa@wdesalination. The constructiohSMART will bea
significant tesof the technology, since South Koriedhe country that has recently demonstrated the best
capability in constructionof nuclear plants. Importantly, successful constructidginfevm the basis for best
practice guidelines.

Becausef the growing interegin these technologies several papers and reports haveligishe. The

following section provides a critical appraisthe most relevardf these.

2.1 Reports and Publications

Several research institutes seeSMR asa credible technology for supporting electricity prdaunc
NEA/OECD [17] providesone of the ealiest reports, focusingn anassessmeuwnf their suitability for electric
power production, heat generation (both for industniat@ss and space heating) and cogeneratftibath heat
and electrical powein OECD countries. However, masit the SMRslescribed are actually scaled versiafs
the LR, andhot the modularSMR concept. More recently, IAEA [5] provided a milestongaré (more tharr00
pagespn the “modern” SMR. It reviews their main concepts and providgesextensive revievef water cooled
variants (13 designs), gas cooled read@designs), liquid metal coolg@ designsaswell asone
“unconventional” advanced high-temperature reactor. Their economicsteatg gic implications are
gualtatively discussed, and have been recentlytagd@he main conclusiomf the reporis that GENIII+
SMR canrely on the successful experiendesuilding large GENI and GENIII LWRs. However, regarding
their commercial deployment, there remain severalaigsis.

IAEA [8] investigates safety features, economics ahdramportant factors su@sproliferation resistance
and other chalenges (always with qualitative apgmeal: Nevertheless, a later report [#8Jevotedto
explaining the superior safety featusfSMRs, with a further short paper [19] summarising théustand near-
term prospectsef SMRs. Two others UOC/EPIC [20] and NEA/OECD [21], revieffedent designs and
underpinning technologies, economics, safety aspectcensing issuel.is the implicationsof the outputsf

these reports that are usesa basis for mucbf what follows. Nevertheless, much recent work haszem



published looking into issues surrounding SMRs anid teative merits. Althougleachof these focusesn
different aspects, key recurring concluding remarks froniiténature are:

* SMRs have enhanced safety attributes primaitgto them being‘passive systems” that impede the
effectsof any human error and perform well and predictablgxtreme circumstances.

* SMRscanbe divided in two categories: Gelfl+ Light Water Reactor (LWR), and GEN reactors.
GEN llI+ SMRs are basemh the same physical principled current LRs, andanbe deployed rapidly
in around 2-3 years. GEN SMRs require greater research and development,effatif adopted
most could onlybe available for commercial operation fr@&@30.

* Current GENIlI+ SMRs are suitable for electricity production and lowyterature cogeneration, while
GEN IV SMRs wil add the capabilityo burn nuclear waste from GEHN+ reactorsto produce high
grade heat.

Here, the most relevant economic and strategic infasmaéilatedo SMRsis now considered, comparing them

with other technologies and discussing their redatierits under various scenarios.



3. The Economicsofthe SM R

3.1 Introductiorto the economic evaluatiasf power plant

The nuclear industry commonly clusters NPP life cgolets as: capital cost, operating and maintenanek, fu
and decommissioning. Two broad cost estimation igebacanbe usedto calculate these: top down and
bottomup. The first merges different cost drivers and escalatiofficieats. Regarding the power plant
industry, these drivers are size, technology, location With the bottonup analysis;‘resources level” elements
identify quantities and unitary cost. The final cistheir sum.

The most important indicator for policy makershe levelised cosif the electricity produceby the power
plant. This indicator, usualy terméHevelised Unit Electricity Cost” (LUEC)or “Levelised CostOf Electricity
(LCOE)” accounts for all the life cycle costs an@xpresseih termsof energy currency, typically [$/KWHh].

To investigate the profitabilityof investingin a power plant for utiities, severalindicators aredjsvith the
two most popular being Net Present Value (NPV) and the IntdRatdof Return(IRR).

NPV measures absolute profitability [$], asdignificantly affectedby the discount value, i.e. the corrective
factor usedo weight“present cost” vs.“future revenue”. This indicator usually depends the sourcef
financing anccanbeforecaststhe Weighted Average Casit Capital (WACC). A low WACC gives the same
weighting to present cost and future revenue (promoting capitalsmemplants suchsnuclear power stations),
while high WACCis weighted more towards the present cost regpdiature revenues (promoting low capital
cost solutions, sudsgas fired power plant).

ThelRR is a specific dimensionless indicator, usually presesmsadoercentage that represents the return.

The greater the value, the higher the profit for thiigyut

3.2 Economypf scale

Economyof scale are widely employetd drive the generation cost structafdWR. Traditional techno-
economic analyses show that the average investmdriggerating costs per uoi electricity are decreasing

with respectoincreasing plant size. However, this result cabedatirectly transferred into the investment



analyse®f SMRs versus LR, becauseeliesuponthe clauséother things beingsqual”’. Effectively, this
presumes that SMRs are the sasERs except for sizdf the desigrs only marginally different, the capital
costof a larger unitis significantly cheaper than for a smaller version. fid@sons are geometrical (volumes
increasedo the powernf 3 and areas andso material and cost to the powernof 2) and economic (sharingf fix

or semi fix cost e.g. licensingn more MWe).

By contrast, SMRs exhibit several benefits that are ugicareailable to smaller innovative reactors acah

only bereplicatedoy LRsto a very limited extent. The most important factors a?eZ3]:

Modularization: the procesd converting the design and constructmra monolithic planto faciltate factory
fabricationof modules for shipment and installation the field ascomplete assemblies. The factory fabrication
is cheaper than site fabricatidm,t the limit is the possibility of a cheap shippingf modules buitt off site. The
SMRscantake a differential advantage sint& possibleto have a greater percentagé¢actory made
components.

Multiple unitsata single site. SMRs allow the investéosmake incremental capacity additionsa pre-existing
site. This lead$o co-siting economies: the sapactivities relatedb siting (e.g. acquisitiomf land rights,
connectionto the transmission network) have been already carrieadetttin fixed indivisible costsanbe
saved when instaling the second and subsequést The larger the numbef SMR co-sited units, the smaller
the total investment costs feachunit.

New design strategy and solutioAs integral and modular approatdithe desigrof the nuclear reactors offers
the unique possibilityto exploit a simplification of the plant. Thiscanleadto a reductiorof the type and number
of components. This also positively affects the sadtttye plant via a reductioof the numbenf safety systems

and a simplificationof thoseremaining.”

3.3 Learning and construction time

SMR canexploit two strong synergic advantages: Learningcamgtruction time.

Regarding learning, there are two key aspects [23].



1 - Modularity - Learning economies. SMRs nghona technical concept that includes the sugpbly
standardized components and their assembly andemaimte within the plant site, with a reductign
investment and operating costs. The standardizafi@VR componentss a necessary condition, along with the
smaller sizeof units, for supplietto replicatein a factory the productionf SMR units ando reap the learning
economies.

2 - Mass production economies. For a certain iestglower many more SMRs than LRs are required since the
power providedoy anSMR is a fractionof the power providedby a LR. Therefordt is possibleto have a large
bulk ordering processt components like valves. This aspallows theSMRto exploit economie®f mass
production and a more standardised procurement process.

A fundamental precondition for the industrial learnii@ stable regulatory environment allowing the uslitie
“standardise the design”. Accordingto [22] N-Of A Kind (NOAK costs are achieved for the next planea&
gigawatts (GWe) power installed, before that costéngewith eachdoubling of experience. Learning
definitely anadvantage for the SMRsthe early stagesf the marketto be eventualy equalizedsthe market
for both designs matur&n addition to the abové'worldwide” learning (it doesot matter where the units are
built to reach the Nth) thelis alsoanadditional“on site” learning, obtained from the constructminsuccessive
units on the same site. This important portiohthe “total learning” offers a significant advantage for SMRs
when, using a similar power comparison, a site writbLR is compared with a site with many SMRs.

Aside from learning economies related high cumulated numbef suppliedSMR units, the mentioned
technical benefits will hopefully allow the SMRsexperience smaller average generation costs, foea giv
plant size (technical progress economies).

The construction scheduteanother very critical economic asp@&chuclear power plant for 2 reasons:

1- Fixed daily costOna nuclear construction site there are thousahgsople working and the utilisatioof
expensive equipment (e.g. cranes). Consequeadiworking day has high fixed costs.

2- The postponingf cash flow. Each yearf construction postponement (or delayjnbound cash flow for the
utiity increases the interesi be paid onthe debtlt is possibleto argue that, since the lifef the reactois fixed

e.g.60years, this makeso difference. However, this not true since the present valoga cash flow thais



received0 years from the preseig,negligible. Consequently, farachyearof delay the revenue h&sbe
considereaslost.

[22] presents a vergetailed analysioof FOAK schedule viNOAK schedule. Being a SMR, the smaller FOAK
units weigh less that the equivalent for LR, therefoeeextra timeof the FOAK has less impact. Moreovas,
previously discussed, theisea reduced construction time 8MR delivery dueto reduced size and assumed

design simplification.

3..4 Life cycle costs

+ Capttal cost

Shepherd & Hayn2[7] show that investmenh SMRs couldbe potentially attractive foB00-400 MWe
PWRs, with specific capital costs [$/MWaf]co-siting beingof the same ordexsa single LR. Carelietal. also
provides a parametric methodologycalculate the capital costa SMR, basedn the applicationof
dimensionless coefficients relatexthe main differential aspects betwetMR and LRsn termsof size,
numberof units onthe same site, and differenagegheir designlt is concluded that the capital cosfslx LR
and4x SMRs, are commensurate. However, NEA/OECD also prosidisailed analysis, and concludes that
the SMR may cost the sanasthe LR,or up to 50% more, dependingn the numbepf required units and
assumptions based the economiesf scale. Figure 3 provides a summafyhe conclusion®f the two
studies An alternative, bottonup cost estimations providedby UOC/EPIC[20], and shows that the casfta
600MWe FOAKIs around $5000M, although the cost drep$3000M for NOAK units. Mostof savings are

attributedto reductionsin direct costs.
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Figure 3 (a) Parametric approach for estimating theatayustof SMRs[23]
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* Operation & Maintenance (O&M) and Fuel

Considering O&M, Carellet al. [24] considers all differential factors (econoofyscale, multiple units,
outage additional cost, outage duration), and theathdifferencein capital costs between a large size reaaftor
1340 MWe and a suitef 4 SMRs of 335 MWe eachis 19%, withSMR being the more expensive. According
to NEA/OECDI21] the corresponding O&M and fuel costs (combined) s lvary from 16.90 25.8
[$/MWh], while the costs foBMR vary between 7.1 and 36.2 [$/MWh]. AccordiagyOC/EPIC[20] the
O&M cost for the 600MWd-OAK is 16.54 [$/MWHh], although the cost fatis 12.05 [$/MWh] for theNOAK.

Fuel costs always 8.53 [$/MWh].

* Decommissioning

Estimatesof decommissioning costs vary between authors. Loc&t®ancini [25], using a multi-
regression analysis calculate the specific decommisgiccostof 4x 335MWe SMR4<o be double thabf 1x
1340MWe LR. Accordingo NEA/OECDI[21] and the IAEA26] the decommissioning appears technically
easier for full factory-assembleehctorsastheycanbetransported badk the factoryn anassembled form.
The dismantliing and recyclingf component®f a decommissioned NRRa centralized factorig expectedo
be cheaper comparddthe on-site activity,in particular,dueto the economiesf scale associated with the

centralized factory.

3.5 Overall life cycle economics

[27] is the first paper investigating the whole life cyoleSMRs.It presents a bottomp cost estimation
model for a300-400 MWe PWR, that also considers #f®R indicating a positive economic attraction for this
modelof plant. In analternative formulation, Shropshif28] focusesn scenarios mori line with EU
expectations, witlnindication that the actual competitivenessSMRs for these markeisyetto befully
demonstratedyut that they show potentidab achieve competitive costs other electricity market areas.
Evidenceis also given that greater benefits are afforggtheir combined usage with wind turbinsstabilize

the power grid, witranadditional impacon sustainabilty measures from deployment. UOC/ERIT stress



the importancef the ‘learning effect” and economwf multiples (or mass production). THSMR economicss
strongly dependeninthe degreef cost savings achievable thghoff-site factory manufacturingf the
reactors and the subsequent leardiggloing achieved after productiofmultiple modules ”. A NOAK unit
could provide a LCOE tha around half thavf a FOAK, andbe comparabldo the Natural Gas Combined
Cycle (NGCC) [20].

Boarin etal. [29] compares the us# the INCAS mode(“INtegrated model for the Competitiveness
Analysis of Small modularreactors™) for theSMR and LR. FOulSMR units on a single site are compartedthe
useof a singleLR unit, with the total power installed being equdiey assessR andSMR technology with
two business caseslerchant” case, basesh the rulesof the liberalised electricity and capital markets; and
“Supported” case, referringp special risk-mitigation policies and conditions.eTMerchant” case has a higher
costof financing while the cosif the “supported” cases lower dueto external support (e.g. from the state).

The economic performancé the two alternatives (i.&.R and SMR)is shownto be broadly similar,but with
SMRs having lower capital risk and lowgp-front capital investment requirements. For similar oeasthe
financial riskof SMRsis lower than LRslueto lower sensitivity of financial profitability to change
operational conditions. Theaderis referredo Figure 4 showing example profitability characteristics.
importantto notice that theNOAK unitsof SMR bear less risk than tidOAK of LR, mainly becausef the
simpler design and lower upfront investment requiremélnsequently, the remuneration expebyettie

investors (both Debt and Equitig lower.
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of electricity (ee_price) and construction schedul8upported” case. [29]

3.6 Economicof SMRvs. Other sources

Accordingto NEA/OECDI]21], the usef nuclear powerin generalis directly competitive with other
technologies (coal-fired plants, gas-fired plants, remeyaantsof the various typesh Brazil, Japan, the
Republic of Korea, the Russian Federation and the United Statesigh notablynotin China. SMRs,
including twin-unit and multi-module plants, gengrddave higher LUEC than NPPs with large react8ss.
shownin [30], similar to large NPPs, son®8MR are expectetb be competitiveto several coal-fired, gas-fired
and renewable plant projects,various types, including thosé smallto medium-sized capacity (belowd0
MWe).

Locateli & Mancini [30] show a Montecarlo analysis comparing SMRs with aodlgas fired plants, and
stress the fundamental role play®dthe carbon tax (or the sequestration cost). Withotbramodating this
cost,it is clearhow coal and Combined Cycle Gas Turbine (CCGT) are, 835dMWe Power plant, more
attractive then nuclear (Figurg. Eoal has the lowest LUEC, and the highest NPV, CC&higherlRR. In
these scenarios, SMie not appeansattractive optionglueto the low NPV for the shareholders, and the high
uncertaintyof the ultimate output. This very consistent with the policyn EU and USA In these countries,

mostof the base load power install@dthe last decade CCGT. Those plants have small upfront cost and are



very reliable. The low riskn the investment and the short payback time are theredgriactors that have

pushed their adoptioin liberalisedmarkets.”
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UOC/EPIC[20] focuseson a comparisorof SMR and NGCC. Accordingo their analysis, the cost SMR is

higher than NGCyut the long-term market competitvenesfsSMR, measuredsLCOE, will needo be

benchmarkedb new NGCC capacity. The exploitatiasf learningand “economies of multiples” in generals a

key elemenin this respect.



4. SMRsfroma“system’s” perspective

4.1 Portfolio analysis

A classical method for utiity companigsreduce the overall risto their businesss to differentiate
investmentsoy building a portfolio of power plants basemh different technologies. Due their smaller size,
SMRscanprovide a mean® increase this diversification, even for utiities wattsmall market share. Locatelli
& Mancini [31] present a detailed analysi§this. The adopted mathematical approach demonstrates
portfolios composedf larger power plants have a lower LCOE than tlafsamall plants (including SMRs).
Howeverjn the casef the small-scale market (2GWe), portfoliossmall plants are abte provide a lower
investment risk than large portfolio counterparts, bathR&® and LUEC indicatorsdueto their diversification,

which is not otherwise applicabléo large plants.

4.2 Non- electrical sectors

Other than for the generatia electricity, other application sectors are also apjariga forSMR
consideration. Figure 6 summarizes the most importanbparing their temperature range with that required for

various sectors.
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In the short term, the most relevantrelectrical applications are concerned with districiting, where the
extracted steam from high and/or low-pressure turbéiesdto heat exchangens orderto producehot
water/steam, whicls deliveredto the consumer. Heat transportation pipelines areledgtalther abover
below-ground. Steam from low-pressure turbisassually used for the base heat load, while steamliigina
pressure turbineis used, when needeid, meetpeak demand. The portiai steam retrieved for heat production
represents only a portioof the total steam producday the reactor, the remaining being usegdroduce
electricity [32]. Co-generation plants, when forming paftarge industrial complexesanbe readily integrated
into anelectrical grid systentn turn, they servasa backupto providing energy security and a high degoée
flexibility [33].

EPI[34] reviews three possibleo-generation options: (1) Desalination (becaafggopulaton growth,
surface water resources are increasingly strassadny part®f the world), (2) Hydrogen production and (3)
process heat for industrial applications and distrting. Regarding GENI+ SMRs, process heat for industry
and district heating, provide the most attractiveiegibns. GENII+ SMRscanbe usedto provide heaat
temperatures ranging froh®0to 200C—more than halbf the heat generatérejectedht low temperature.

This residual heas available for other uses. District heatingn existing low temperature application provided



by nuclear plantin cold regions. Given the modular natofeSMRs, they offer advantagiesareasor
applications where hestneededbut where the large heat output, and the expehadargenuclear reactor,
makes their use impractical.

NEA/OECD [2]] stress the relative advantagdgsising SMRs compared LR counterparts for cogenerative
applications. Specifically:

* Many SMR designs are considered for replacenoémigeing power planh the rangef 250700
MWth. The cosbf upgrading the distribution infrastructure foLR canbevery substantial.

* SMR sites are expectedbelocated closeto the final consumer than large reactors ¢dumproved
safety), and thus energy losses and the associatsdigeto long-distance transpart hot wateror
desalinated watecanbe significantly reduced.

Shropshire [28] suggests tI&VIR maybe well suitedto support process heat markets. The sm8ldR
align well with the capacity requirememsprocess industries, and reduced exclusion zones loayEMRsto
be located near industrial parks. The econoroilseat production are process industry dependent (e.g.,
temperature requirements for primary and secondary heascgoailabilty requirements, capacties,
processing durations, etc.). Considering specifically ®ENeactors, theganalso recycle waste from other
reactordo produce electricityds. Oneof the most promising desigtisthe molten salt reactor. Cametial.
[36] present a detailed reviesf this technology and specificaligllude to its unique characteristias termsof

actinide burning and waste reduction.

43 Non financial factors

The natureof aninvestmenitn energyproduction requires enlarging the rammjgarameters influencing
strategic decisions, moving from technical, economit famancial, to social, environmental and poltical. For
these reasonspnfinancial factors are importamt assessing the overall suitabilty and configuratibma site
for energy production (technology, size, output, intenection with existing network). Mancietal. [37]
provides a listof these parameters (risksevere accidents, EPZ preparation, secofityel supply, volatility of

fuel price, environmental aspects and public accep)aguidelines and algorithms for their quantificatimd



integrationto support the identificatiorof a long-term investment decision. Results show thelear power

plants present a promising alternatieemprove acountry’s sustainability and energy independence, even when
the adverse impacf nuclear options have been accommodateel including Notn My Back Yard (NIMBY)
social aspecf88]. Focusingon the nuclear choice, afml particularon the impacof plant size, [39,40] propose

a sebf differential qualitative and quantitative measturelselp the identificationof suitable deployment
scenarios: spinning reserves management, electric gndrabilty, public acceptance, techalisiting

constraints, risks associatiedhe project, impacbn national industrial system, tinie-market, competences
required for the operations, impamt employment, incremental design robustness and histaxnd political

issues. The results clearly show that the greatebiflgxiaffordedby the useof SMRs, from technical,

managerial and economic standpoirtanbethe critical factor for many emerging countries.

4.4 Cost management aspects

The cost escalatiaof nuclear power plant has beeme of the major issues preventing their construcition
the USA, where costs have risgn300%][2]. However, thisis not always typical, for example, the (previous
generation) French and (current) South Korean programsnprasee successful economic cases, while the 2
LRs under constructioim the EU (Okiluoto 3 and Flamanville3) are expectetb require a doublingdf their
budgets and schedulgkl]. Muchof the delayis dueto the project size, FOAK issues and the complesity
design. SMRsjueto their inherently modular approach, are easiduild and, becausef their smaller size,
the FOAK impacbn cost escalation has a imited effect. Shorter cortgirutmes imply animportant economy
in the cost®f financing, and are particularly important when discaaites are high (the specific capital costs

could be reducedy up to 20%).



5. Evaluation of Scenarios

Locateli and Mancinj42] have previously showimow to integrate financial, economic andrnmonetary
factorsto evaluate their suitabilityon a countryby-country basis.The authors discuss the different algorithms
available and apply their own methodologyan Italian scenario, finding that LRs are stil preferablSMRs
in a numberof situations. However, Boariretal. [29] describeanimportant option embedded into the
investment modedf proposing several SMRso-called “self-financing”, typically encountered modular
investmentslt represents the capabilitf the projecto finance itselfby re-investing the income from early-
deployed Nuclear Power Plants (NPP) operation intactimestructionof later NP Runits’. This approacis
commonin many other sectors, eig.the transportation industry with the toll roads usdthance the
constructionof further highways 43| or in the civil sector where residential complexes constmdsio
performed sequentialyn order that the first build covers the cokthe second buildlf short-term positive
income exists for a NPP, after covering debt obligatid is divertedto casheeficit NPPs under constructiotp
anextent definedy the user (fron®% to 100%), the rest being earrasl'shareholders’ dividends”. That gives
the shareholdersn option to reduceup-front equity investment,e-investing self-generated equity resourices
the projectatanappropriate IRR.

EPI [34 have assessed the possibilitf building SMRsin the USA. Besides the main advantage qubied
S.Chu [L6] and reporteth section2, they discus§iow factors suclaslicensing, public acceptance, and supply
chain issues may hinder significaBMR deploymenin the future.

From a more global perspectivas clear that SMRs shouldot be considerednalternativeto LRs,but a
solution for niche markets that are normaiyt suitable for LRs. For instance:

*+ When SMRs are competitive with LRs and the power redjisré-3 GWe: since the economiesscale

are compensatdyy the “economy of multiples”.

*  Where the power requiresl about300 MWe - 1 GWe: since theignot enough market spatejustify

the constructiorof a LR. Here, SMResanalsobe competitive with coal and CCGT. Typical scenarios
are islanded plants for isolated towns etc.

* Where the environment presents a challengermsof water availabilty, earthquakes ett3[44]



SMRscanrepresent the ideal solution fauclear newcomers” without significant prior experiende
buiding and operating nuclear reactacsbuild and operatan SMR requiesmuch less prior

knowledge tham.R counterpart$40].

Replacements for the decommissioned small and mesiaad- fossil fuel power and heat plant. Typical
scenarios are the replacemehanold coal power plant, jeopardizdxy the carbon tax and tighter

environmental legislationpr anold oil plant thais nolonger allowedo operate.



6. Conclusions

The aimof the paper has beémsummarise the main featur@sSMRs; predominantly from the perspective
of investors and policy makers. Given the extreme retsvand complexityof the field, this paper aimad
bring together the contributionsf scholars and practitioners with statffethe-art papers and report. Senior
managers, polcy makers, practitioners and the widenamity of scholars are the target audience.

Modern SMRs are a relativefjnew product” in the nuclear industry since they @ a scaled versioof
more traditional LRshuta new conceph nuclear power generation. They dintake advantagef a smaller
sizeto implement new technical solutions and easier coctin. SMRs exploit théeconomy of multiples”
rather than th&economy of scale”. The strengths and weaknessganinvestmenin SMRs allowan
identification of market conditions where they are more economicallglevithan LRs. Fromraninvestment
perspective, théRR remainsone of the most important differential indicators, particulampen utiities are
ownedby private sector companies tasked with maximizing rétern. However, théadded extra” from LR
investmentis reduced when the electricity price and overnight cassot stable, and mainly decrease: the
lower the electricity price, the smaller the differemcthe IRR among the reactork.is concluded that SMRs
are attractivén scenarios with limited financial resources, where tigies canadd modulego exploit the self-
financing options. With this approach, shareholdersive@elower remuneratioof their equityin the short-
term,in favourof higher incomeata later date. Moreover, SMRs, becaollewer up-front investment
requirements, present a promising chaicease®f imited resources, argvait andsee” (real options)
strategies. However tf®MR mustbebuit sequentially, wittanideal delayof 1 year between‘dirst concrete”
andthe following to reap the advantages frotaarning” and-self-financing” i.e. from the‘economy of
multiples”.

Consideringnortfinancial factors, preliminary results indicate t88MR perform betteor atleastaswell as
LRs. However, NIMBY limits the possibilityof using SMR2n many sitego exploit the advantages grid
stability and site availability. Nevertheless, eYea proposed solutiois to focus many SMRsen a reduced
numberof sites (quasi-distributed) they may still present wétbardo life cycle costs. For instance, during the

planning and construction phases, more sigate exploited (than for LRs), and the titemarketis shorter



with less risk associated with construction issuesind the operational phase, SMRs provide more
employment positions and require lower spinning reserve

We expect thaBMR wil play animportant rolein nuclear industryn the next decades.

SMRs are cost competitive with LRs when the power redis 1-3 GWe, since the economiekscale are
compensateby the“economy of multiples”. Thisis very important when 1-3 GWg the total poweto be
installedin a country, where the specific regulatory requirementstantbcal project delivery chain push om
adhoc national design. Moreover, the investment projecttiléy, in termsof time and placemenis oneof

the greatest strengtbESMRs. With a smart schedyedelayof about 1.5- 2 years between the stafthe
constructionof eachmodule)is possibleto achieve the maximizatioof learning ando-siting economies and
self-financingto minimize the upfront investment. Where the power redus less than GW the situation has
to be carefuly evaluated. Theganbeviable where theris not enough market spatejustify the construction
of a LR, and SMRsanbe competitive with coal and CCGTHowever, the long licence processftennot
justified for small projects. SMR=sanrepresent the ideal solution farew comers” without experienceé

building and operate nuclear reacttoduild and operate SMRs easier thah.R counterparts.

In conclusion, regarding the futuof LWR, it appears cleasthere araowtwo well established categoriek
reactorstR (1100 MWeor more) andSMR (350 MWeor less). The first group, LR, exploit the econonués
scale and targets markets requiring several GWe wheretiié@s (usually ownedby the national state) have
large availability of capital ableo sustain the deploymenf a fleetof standard LR. Such countries include
China, RussiaKorea, UAE. SMRs are intended for newcomers (ke Keaypjivate utilties (likein USA)
wiling to reduce the risk and the upfront investment and aretkesploit learning and prefabrication. The
“middle ground” of 700 MWe LWR doeshot appeato have a promising futuratthis time: those reactors are
too big for“factory builts” but too small for recouping the benefits affordgdhe economiesf scale. For
instance the AP600 received the NRC's final desigrficatibn 1999 but no orders were ever placed, whie the

AP1000is under constructioin USA, China and regardedviable optionsin several other countries.
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