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Abstract

Policymakers, practitioners, and academics increasingly discuss modularisation
and Circular Economy (CE) in the energy sector. However, these topics are
usually discussed individually, failing to recognise their interdependency.
Recognising interdependency is crucial because modularisation can become a
key enabler of CE. This PhD research addresses this gap in knowledge.
Traditional stick-built infrastructures have a lifecycle often predetermined by
components very difficult or expensive to replace. Modular energy
infrastructures could be made reconfigurable and extend their lifecycle by
decoupling the life of the infrastructures from their modules. Modules can be
designed in a way that, when a module reaches its end of life, it could be
exchanged, extending the life of the infrastructure. Moreover, when the
infrastructure needs to be retired, modules still functioning could be used in
another infrastructure. Shifting the attention from component to module level
can facilitate CE initiatives. Leveraging this intuition, this research investigated
the link between modularisation and CE, focusing on the case of Small Modular
Reactors (SMRs), which the literature considers a key modular technology in the
next 10-20 years. This research contributes to both theory and practice.
Regarding the contribution to theory, the link between modularisation and CE
has been theoretically conceptualised by introducing the Modular CE, which is
the key novelty of this PhD research. The Modular CE has been compared to
traditional modularisation by leveraging a systematic review and a case study.
Regarding the contribution to practice, this research focused on the reuse
initiative, identifying and examining enabling factors and barriers for the
Modular CE by interviewing 24 experts in the nuclear and oil and gas sector.
Furthermore, this research identified and ranked the most relevant elements
hindering and favouring Modular CE in the case of SMRs by conducting a
guestionnaire survey involving 97 SMR experts. Finally, this research paves the
way to future research opportunities, such as investigating the Modular CE in
other infrastructures (e.g. wind farm) and the quantitative evaluation of the

economic and environmental implications of Modular CE initiatives.
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List of publications and candidate's contribution
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publications in the main body of the thesis satisfy the requirements for the
University of Leeds doctoral thesis's alternative style. The ones in the appendix
also contributed to the progress of this PhD research, and they further

demonstrate the quality of the candidate's scientific work.
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the time of writing (May 2021).
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contribution to Publication | was approximately 85%.
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with a senior project manager) and secondary data (from company reports and
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valuable comments during the research and concerning the first draft of the
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Current status of the publications

The current status of the four publications in the main body of the thesis is as

follows:

» Publication | — published

» Publication Il — published

» Publication Il — accepted

» Publication IV — published

The current status of the publications in the appendix of this thesis is as follows:
» Publication V — published

» Publication VI — published

» Publication VII — published

» Publication VII — published

» Publication IX — published
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Structure of this thesis
This thesis is structured in four main parts:

» PART A presents the research background, the gap in knowledge, the
research aim, the research objectives and their link to the publications in
the main body of the thesis, and explains the research design and

philosophy;

» PART B consists of publications I, II, lll, and IV. Each of them addresses one

of the research objectives introduced in Part A;

» PART C presents the discussion and conclusion, highlighting the
contribution to knowledge in terms of theory and practice to theory and
practice. Moreover, PART C suggests future research opportunities and

presents other activities related to this PhD research;

» PART D consists of publications V, VI, VII, VIIl, and IX. These are
supplementary publications relevant for the progress of this research, also

demonstrating the scientific maturity of the candidate.
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A. Introduction

A.1 Research background

Policymakers, practitioners and academics are increasingly discussing the
transition from traditional stick-built construction to modularisation in order to
reduce time and cost and of energy infrastructures (Choi et al., 2019, 2016;
Lloyd et al.,, 2021; O'Connor et al.,, 2014) and the transition from a linear
economy to Circular Economy (CE) to reduce their environmental impact (Lapko
et al., 2019; Purnell, 2019; Schiller et al., 2017; Vondra et al., 2019). However,
these topics were discussed separately before the candidate's publications, as

highlighted in the following sections.

A.1.1 Modularisation in energy infrastructures

Modularisation is the "process of converting the design and construction of a
monolithic or stick-built plant to facilitate factory fabrication of modules for
shipment and installation in the field as complete assemblies" (GIF/EMWG,
2007) (Page 24). Modularisation and modularity are often used interchangeably
in both scientific and industrial literature, although having different meanings.
Figure 1 clarifies the difference between modularisation and modularity and
compares them with traditional stick-built construction and pure

standardisation.

Stick-built plant: A plant constructed in the
field without extensive use of modules; also
referred to as a monolithic plant

Modularisation: Process of Modularity A standard unit Pure Standardisation: the
converting the design and assembled onsite from factory delivery of (nearly) identical stick-
construction of a monolithic or produced modules, usually of smaller built power plants form a
stick-built plant to facilitate factory capacity than a monolithic plant, to consistent set of stakeholders in
fabrication of modules for shipment maximize the benefit from the project delivery chain

and installation in the field as modularity effects

complete assemblies

Figure 1: Meaning of stick-built plant, modularisation, modularity, and pure standardisation —
Extracted from (Mignacca et al., 2020)
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Most of the literature concerning modularisation in energy infrastructures deals
with working in a better-controlled environment leading to quality
improvement, construction schedule and cost reduction (Choi et al., 2019,
2016; lkpe et al., 2015; Maronati et al., 2017; O'Connor et al., 2015, 2014).
Modularisation is also essential to build infrastructures in remote areas
characterised by logistic or environmental challenges (Auverny-Bennetot et al.,
2019). Modularisation can bring further benefits (e.g., further cost and schedule
reduction) if coupled with standardisation. (O'Connor et al., 2015) stressed this
point, highlighting two approaches to integrate design standardisation with
modularisation: "Modular Standardised Plant", i.e. standardisation of plant
design and modularisation of the design to obtain standard modular plants; and
"Standard Modules", i.e. modularisation of the design and standardisation of
some modules. The standardisation of modular plants coupled with a
substantial decrease in size (with respect to the stick-built counterpart) leads to
modularity, as shown in Figure 1. Modularisation also presents challenges, such
as a higher project management effort (Carelli and Ingersoll, 2014), a higher cost
for transportation activities and transportation challenges in general (Lloyd et
al., 2021), uncertainties in off-site logistics (Yang et al., 2021), and the supply-
chain start-up cost can be high (UxC Consulting, 2013).

A.1.2 Circular economy in energy infrastructures

There are many definitions of CE, as reviewed by (Kirchherr et al., 2017). This
research adopts Preston and Lehne's (2017) definition: "The basic idea of the CE
is to shift from a system in which resources are extracted, turned into products
and finally discarded towards one in which resources are maintained at their
highest value possible" (Page 4). In other words, CE is concerned with
maintaining resources at their highest value possible through CE initiatives such
as repair, reuse and recycle (Ellen MacArthur Foundation, 2020; Minunno et al.,

2020; Rausch et al., 2020; Velenturf and Purnell, 2021).

The literature about CE in energy infrastructures can be categorised into three

domains (Mignacca and Locatelli, 2021):
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1) Raw material (e.g. steel)

The majority of the literature regarding CE in energy infrastructures deals with
raw materials (Busch et al., 2014; Christmann, 2018; Dong et al., 2019; Heath et
al., 2020; Krausmann et al., 2017; Lapko et al., 2019; Ng et al., 2016; Reuter et
al., 2015; Roelich et al., 2014; Schiller et al., 2017). For instance, (Busch et al.,
2014) stressed the importance of monitoring the critical materials (i.e. materials
at risk of supply disruption, such as rare earth elements, cobalt, and lithium)
embedded in infrastructures, thereby enabling opportunity for material
recovering and reusing. The authors presented a stocks and flows model to
evaluate CE initiatives quantitatively. (Lapko et al., 2019) identified enabling
factors (e.g. legislation support for waste reduction and collection of end-of-life
products) and bottleneck conditions (e.g. lack of appropriate recycling
technology and instability of market for recycled materials) for the
implementation of a closed-loop supply chain for critical raw materials in the
case of photovoltaic panels and wind turbine technologies. (Christmann, 2018;
Dong et al., 2019; Ng et al., 2016; Reuter et al., 2015) discussed the importance
of sustainable management of metals (such as lead and zinc and their minor

elements) and minerals both in terms of higher reusing and recycling.
2) System (infrastructure as a whole)

The system domain focuses on CE initiatives by considering the infrastructure
as a unit of analysis. This literature deals with topics such as using infrastructure
waste as feedstock for other infrastructures or products. A much-discussed
topicis represented by the opportunity to reclaim energy from waste and, more
generally, resources from waste (Fuldauer et al., 2019; Liguori and Faraco, 2016;
Purnell, 2019; Venkata Mohan et al., 2016; Vondra et al., 2019). For instance,
(Velenturf et al., 2019) reported a series of technologies under development
that can recover organic and inorganic fractions from waste, such as
"biorefineries that incorporate microbially-mediated metal recovery approaches
to produce new catalysts from liquid wastes, for the production of liquid and
gaseous fuels in addition to generating electricity from bio-hydrogen via fuel cell

catalysts" (Page 967). Another key topic in this area is cogeneration, i.e.,
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generating two different valuable products from a single primary energy source,

saving a significant amount of energy (Locatelli et al., 2018, 2017).
3) Module (e.g. pump) and component (e.g. valve)

The distinction between module and component is complex (Brusoni and
Prencipe, 2001). For instance, a pump can be considered both a module
(including components such as bearings) and a component (as part of a reactor
pressure vessel). In general, modules and components are functional units and
are treated as such in this PhD research. The literature in this domain is scarce
and mostly highlights the need for reusing components rather than providing
solutions. According to (Invernizzi et al., 2020), policymakers need to act
proactively in developing policies favouring CE solutions (e.g., reusing
components) for future energy infrastructures to tackle the challenges
associated with decommissioning megaprojects. (Jensen et al.,, 2020)
highlighted this need in the case of low carbon infrastructures, focusing on
offshore wind. The aforementioned model of (Busch et al., 2014) also includes
components with their own stocks and flow dynamics to evaluate the potential
for reuse quantitatively. Before this PhD research, the focus of this domain was
at the component level, neglecting the link between modularisation and CE, as

discussed in the next section.

A.1.3 The gap in knowledge and its relevance
As aforementioned, policymakers, practitioners and academics are increasingly
discussing modularisation and CE in energy infrastructures. However, before
the candidate's research, these topics were discussed individually, failing to
recognise their interdependency. Before this research, there was no literature
investigating the link between modularisation and CE in energy infrastructures,
as shown in Publication Il. Recognising the interdependency between
modularisation and CE is crucial because modularisation can become a key
enabler of CE and dramatically change energy infrastructures' lifecycle.
Traditional stick-built energy infrastructures have a lifecycle often

predetermined by components that are difficult or very expensive to replace.
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The key idea of this research (developed and tested in two different domains,
i.e. nuclear and oil and gas) is that modular infrastructures could be made
reconfigurable and extend/adapt their lifecycle by decoupling the life of the
infrastructure from their modules. Modules can be designed in a way that,
when a module reaches its end of life, it could be exchanged, extending the life
of the infrastructure. Furthermore, when the infrastructure needs to be retired,
modules that are still functioning could be used in another infrastructure. In this
way, the residual lifetime of certain modules with a longer life is not "wasted".
The transition from a focus at the component level to a focus at the module

level can facilitate the implementation of CE initiatives.

The need for implementing CE initiatives in energy infrastructures is
remarkable. For instance, in the nuclear industry, there are 444 operational
reactors in the world, 192 reactors in permanent shutdown, 50 under
construction and only 17 had been completely decommissioned, which means
that there will be the need to deal with the lifecycle of at least other 669 nuclear
reactors (IAEA, 2021). However, nuclear plants are not the only energy
infrastructures. The total global wind power installed is 540 GWe, the vast
majority installed in the last 10 years (GWEC, 2019). Considering an operating
life of about 25 years (Ghenai, 2012), in a decade or two, and the absence of CE
initiatives, there will be decommissioning megaprojects in the wind power
sector (Purnell et al., 2018). Moreover, according to (Infrastructure Outlook,
2020), the budget to be invested in energy infrastructures until 2040 is $28
Trillion; therefore, more and more energy infrastructures will be built, and new

thinking about their lifecycle will be needed.

These numbers clarify the importance of managing energy infrastructure
lifecycles, including extending the lifetime of the infrastructures and their

modules.
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A.2 Research aim and research objectives

From the considerations in the previous section (A.1), the author derived the

aim of this research.

The aim of this research is to investigate the link between modularisation and

circular economy in energy infrastructures.

The research domain is the nuclear sector, particularly SMRs. SMRs are

considered a key modular technology for the next 10-20 years (HM

Government, 2020; Lloyd et al., 2021; Locatelli et al., 2015; NuScale, 2018;

Wrigley et al., 2021). The oil and gas sector has also been considered, where

modularisation has been practised for the last 40 years (Bjgrnstad, 2009).

To achieve the aforementioned aim, the candidate developed four objectives:

Identify advantages, disadvantages, and economic implications of
modularisation over SMR lifecycle. This objective has been
achieved through the research presented in Publication I.
Explore the link between modularisation and CE in energy
infrastructures. This objective has been achieved through the
research presented in Publication Il.

Identify and examine the factors enabling and hindering the link
between modularisation and CE in energy infrastructures. This
objective has been achieved through the research presented in
Publication IlI.

Identify and rank the elements hindering and favouring the link
between modularisation and CE in SMRs. This objective has been

achieved through the research presented in Publication IV.
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A.3 Research design and philosophy

Research designs are tailored according to the research questions and/or
research objectives. This PhD research includes the four primary research
objectives presented in section A.2, and a series of research questions and
research objectives related to the four primary research objectives. The
detailed designs to answer each research question or research objective are
detailed described in each of the publications in section B. This section describes
the overall research philosophy. The book "Research Methods for Business

Students" (Saunders et al., 2015) is the main reference.

A.3.1 Philosophical assumptions
During every stage of the research, several philosophical assumptions are made,
determining the researcher's position about the development of knowledge.

(Saunders et al., 2015) highlight three main philosophical assumptions:

1) Ontological, i.e. the researcher's view about the nature of reality;
2) Epistemological, i.e. what the researcher evaluates as acceptable and valid
knowledge;

3) Axiological, i.e. the role of values and ethics in the research process.

Management research philosophies are scattered between two extremes:

objectivism and subjectivism.

Ontologically, objectivism incorporates realism, which considers social entities
existing independently of our perception, believing there is only one true social
reality. Conversely, subjectivism embraces nominalism (extreme form) and
social constructionism (less extreme form). The first considers the social
phenomena are created by the researchers and other social actors, believing
that everyone perceives reality differently. The second considers the reality

constructed through social interaction, creating partially shared meanings.

Epistemologically, objectivists study the social world through observable and
measurable facts. Conversely, subjectivists are interested in different opinions

to account for different social realities.
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Axiologically, objectivists consider their research free of values, believing that

the contrary determines bias in their findings. Conversely, subjectivists consider

their research value-bound (Saunders et al., 2015).

A.3.2 Research philosophy

There are five major research philosophies (Saunders et al., 2015):

1)

Positivism, i.e. the researcher assumes one true reality and considers
acceptable knowledge only measurable and observable facts. A positivist
uses theory to develop hypotheses and claims to be external to the process

of data collection.

Critical realism, i.e. the researcher assumes reality as external and
independent, considering what he experiences as the manifestation of the
things and not the actual things. A critical realist embraces epistemological
relativism as an approach to knowledge, considering knowledge as a
product of its time and the social facts as agreed by people rather than

existing independently.

Interpretivism, i.e. the researcher assumes different social realities,
determined by different people and situations, aiming to create a new
understanding of the social world and context. An interpretivist focuses on
participants' lived experiences (phenomenologist), cultural artefacts

(hermeneuticist), or social interactions (symbolic interactionist).

Postmodernism, i.e. the researcher rejects the realist ontology of things,
emphasising that any order is provisional. A postmodernist assumes that

dominant ideologies guide truth and knowledge.

Pragmatism, i.e. the researcher assumes reality as the practical
consequence of ideas. A pragmatist strives to reconcile objectivism and
subjectivism by considering concepts, hypotheses, findings, and theories in
terms of their roles as tools of thought and action and their consequences
in specific contexts. This research philosophy considers the research

guestions as the most relevant determinant for the research design.
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In this PhD research, the pragmatism philosophy has been adopted for three

reasons:

1)

For a pragmatist, the research starts with a problem to address. This
research starts with a problem, which is the need to improve energy

infrastructure lifecycle, as also explained in section A.1.

For a pragmatist, the research aims to provide practical solutions informing
future practice. This research project aims to investigate the link between
modularisation and CE in energy infrastructures, providing guidelines to
academics and practitioners about enabling factors and barriers for

harnessing such link.

A pragmatist strives to reconcile objectivism and subjectivism. This research
needs to reconcile the experts' perspectives involved in the research
(requiring a more subjectivist view) with the collection of other secondary
data (e.g. reports about implications of modularisation) requiring a more

objectivist view.

Regarding the data collection and analysis, both primary and secondary data

have been collected and analysed. Each publication in section B describes in

detail the process of data collection and analysis.
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B. Publications

B.1 Publication |

Mignacca, B., Locatelli, G., 2020. Economics and finance of Small Modular
Reactors: A systematic review and research agenda. Renewable and Sustainable
Energy Reviews, Vol. 118 - Scopus indexed journal, Impact Factor: 12.11.
Among the most downloaded articles of the journal at the time of writing
(May 2021).
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or take a programme (and \1s fimancing) mlhtr than a “single project/plant/sie” pu!pumn l‘lmhcmme there
#x gap im knowdedge sbomd the cost-benefit snslyes of the “modular construction” and SMIE decommisdoning
duumiud by medularisation axd modularity. Modularksation (factory
[al af modub jon and installation ao-site [10]) al-
1. Introduction

‘The International Atomic mgy Agmcy [1] defines Small Modula
Reactors (SMRs) as “newer g lear] reactors designed to
generate elecinic power up (o 300 MW, whase components and gy oan be

lows working in a benemonnolkd envircament [5,11,12], stand

ardisstion aml  design  simplification  [13,14], reduction of the
constructian time [15). Modularity (a plant bullt by the assembly of
nearly il | reactors of mmall y [16]) allows the cositing

shop fabricated and then transported as modules to the sites for installation as
detmand ariser’” (Page 1). [2] provides & v of the i fea-

jes [7,12,17,10), cogeoeration for the load following of Nu-
clear Power Plants (NPPs) [19], ligher and faster learning, and better

tures of SMRs axl describes SMRs as “reactor designs thar are deliberarely
mﬂ.te &sbudnubmwdcwhrgmhnmcwbrmdmv

dapubility (20].
Once all the aforementioned factors are considered, it i1 peesible 1o
} the SMR ax! 6 ial competitiveress properly.

w achleve specific perfl | SMR
dulsm. detailed in Refs. [1,3-5], are currently at diﬂuuk stuges of
it SMR desigans relate 1o victaally all the msain ucceo( cate

I.A_I.

pories: wates-cooled

and f | issues repr key barriess for SMR develop-
ment (as well a5 LRs) and are of the main reasons because no aoe “tuly
modular” SMR Bas been bullt so far. Since this paper deals with eco-

liquid-metal, sodium and gas-cooled tea:lon wl!h fus2 neutron tpev-
trum, anxd molten salt [1,4]). The in SMRs is growing
mainly because of the SMR unigue characteristics (in primis size and
mndulm cauuutﬂon) ad diferent appbcations (electrical, heat,
P desalination) [1].

swenal documents coosider the size as one ol thw main SMR disad-
vantages [6-9] in the eval of SMR peti with tespect to
Large Reactors (LRs) because of the loss of the economy of scade,
Howeves, the size ia not the only factor to comslder in the evaluaticn of
SMR competitiveness versus LRs. SMRs present unique benefits mostly

* Corvespoodiag author
ool aodifrese g SocstolliE Teede e ub (G Lacamelli)

ittgw / Adod org/ L0 1046y over. 2010 100514

lcs and financial aspects of SMRs, it is wotth to clarify these con-
cepte right ot the start. Eo is asocial © | with the
sxly of management of goods and services, comprising procuction,
plion, and the el affecting them [21,22). Usually, eco-
nomic medels do not consider the payment of taxes, temunecation of
debit or equity, or debt amortisation. The Levelised Cost of Electricity
(LOOE) Is o common metie used In economic studies in the snecgy
sector.
On the other hand, Opance is concerned with managing funds by
taking of time, f ial and the risk involved. The

Rocoived § July 2009 leocined im revised form 27 September 2009 Acorpled 22 Ovtolwr 2019
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List of abbreviations

ASER International Cmtmmm on Advances in Energy Systens
and Envi g

BCC Bage construction cwl

BIM Bulkling Information Modelling

CAD Computer-aided design

oo Capital cost

EFWSG  Energy Finance Working Group

EY Einst & Young

FOAK  Firstofa kind

GIF/EMWG G VI jonal Focum/E 3
Modleling Wodking Group

LAEA International Atamic Energy Agency

ICAPP  Internotional Congress on Advances In Nuckear Power
Plants

ICONE  Inter I Confi on Nuclear Engl g

st L ! Conly on s and Technology

IoC Intecest Duting Construction

IRR Internal Rate of Return

LOOE  Levelisex! Cost of Electricity

LR Laige Reactor

LUEC  Levelissd Unit of El y

w Light Water

M Massachusetts Institute of Technology
NEA Nuduu Eoeigy Ageot.y

NNL Nazi v

NOAK  nth-of-a-kind

nPP Huclear Power Plant

NPV Net Present Value

Q&M Qperaticn and Matntenance

OECD  Organisation for Economic Coaperation and Development
ove Cvernight cost

PP Payback Perlod

PWR Pm-urhed Water lmtm

SLR u

SMR &u[l Modular Reactoe

SMR20XX ASME Small Medular Reactors Symposiam 20XX
UK United Kingdom

USA United States of America

WACC  Weighted Average Cost of Capital
WNA Waorkl Nuclear Association

aim i to balaoce sk and profitability. In the energy sector, a financial

model iz d with the analysis of cash flows for both debt and
equity holder, blishing o o(m:apumlnmdimto
different risk les. Fl 1 model I stake-
holdezs since fi Jal models deal with the payment of taxes sod/or

subgidies (so are relevant for a government ), raising debt (3o relevant for
debt providess such as banks and export credit agencies), and equity (so
relevant for project developers) [21,22), Payback Peticd (PP), Net
Present Value (NPV), and Internal Rate of Return (IRR) are metrics

iy used in fi ial studi
Economics and finance are two sdes of the same coin, and the
sppraisal of a fmology teeds to ider both. G nely,
both ic and fi lal snubies are d \n this paper.

The amount of documents published about SMR econcenics and
finonce 5o for i relatively lorge, the information is disorganised, and
most of the quantitative studies do not follow a standandised approach,
making o proper comparison in most of the cases impossible. This paper
aims to provide, through a Systemaotic Literatuse Review (SLR), an
averview of what we know and it we do not know about the econonsics
and finance of “land-based” Small “Modular™ Reactors, Thevefore,
studies about “Small R e or 'Floating Small Modular R i are
excluck, Instead of o uaditdonal mnnmvo review, on SLR has besn
petformed to provide a holistic perspective and allow repeatability. The
research objective is “to identify the state-of-the-atr about econonsics
and finance of land based SMRs aod the most relevant gap in

The vest of the papor s sty d as foll 2p the
hodology used to conduct the SLR; 3 summarises “what we

Kmow”™ and “whar we do noe know™ about SMR economics and finance,
suggesting a research agenda; section 4 concludes the paper.

2. Methodology

Lo o

This paper provides an SLE combining the methadalog| bed Iny

- Smlr “smatl modular reacror”, -mﬂnmfunw

. ic: and fi “cost”,
“fimancing”.

- Construction:  “ronstraction”, “modulorisation’’, “modulanzation’”,
“modularity’', “fabrication”, “prefabrication’, “factory”.

- O&M: “operation”, “operating”, “matntenance”, <04 M".
- Decommissioning: “decommissioning’, “end of lfe”, “shur down”,
“removal”, “gite restoration”, “dismantling”,

SMR fuel cost is o relatively small percentage of the total cost [19,
zal.mdgivend:cumnchnology it is not differentiable between
Tl lies about the fuel cost are

In the recond stage, slnnp with the Boolean operator *AND*/*OR*
are Introduced in Scopus:

1) “smafl modufar reactor” OR “sall medium reactor”™ AND “sconomic™
OR “economy’ OR “cost’ OR “finance” OR “finoncing” (ssarch date:
11/01/2019).

2) “smafl modutar reacror” OR “small medim reactor” AND “modlary-
zation”™ OR “modiok wn” OR dulanity” OR ' o' OR
“fabricarion" OR “prefabrication™ OR “factory” (search datel Janary
10, 2019).

3) “small modular reactor™ OR “smoll meditm reactor™ AND “operation”
OR “gperating” OR "O4M" OR “mmintenance’’ (search date: 14/01/
2019);

4) “smail modidar reactor™ OR “small medium reactor” AND “devon-
missioning” OR “end of #fe” OR “shut dowr!’ OR “removal” OR “site
restoracion” OR “désmancling”™ (search date: January 10, 2019),

Scopus wan chossn because of the scientific merit of the lodexed
A timefi was not selected a priod b all the docu-
ments have been published after 2004 (therefore it is 2004-2019). The

Refs. [23,24). The selection process of the documents incliddes two
sectlons. Section A deals with documents extracted from the scientific
search engine Scopus, and section B deals with reports published by key
stakeholders (e.2. Intecnntional Atomic Ensegy Aguncy)

Section A has three main stages. The first stage Is the identification of
relevant keywords related 1o the research objective. Several discussions
with experts and several lterations bed 1o this bst:

24

£ stop usod the af: thonex] strings (applied to title, abstract
oc keywords) and retrieved 763 doc (excluing 14 non-English
documents).

The third stage Is the filtering ch i by the following two

weps:

1) A careful reading of the Gtle and abstract of ench document to filtes
out d not related to the ot duplicar

3 Lot .n
¥
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311 Life-cycle costs
In the nuclear sector, the Efe-cycle costs (o generation costs) are
commonly divided into four groups: capital cost, operation and main-

After the fitst step, 680 o were removes] leaving 123
documents.

2) A careful reading of the i luction and lusion of the 123
decuments retrieved after the first step to filtes our not

related to the research objective. After the second step, 56 documents
were rermoved, leaving 65 documents.

The digtribution of the final retrieved docunsents i

- SMR Beonomics and finance: 46 documents;
« SMR Constructica: 14 documents;

- SMR O&M: 3 documents,

- SMR Docommissioning: 2 docamenss.

Considering the ovetlop of the documents (e some documents ate
related to more than coe search string), the total number of documents
lobeumlyvedllsz(seemellu in Appendix 1), Fig 1 summarises the
for section A.

:

pr
L

Ins the for B, the documents were searcled
specifically on the IABA (lnemsncml Awmlc znm Amocy) and NEA
(Nuclear Energy Agency) websi
noa-serial publications {i.e. Jecture notes). IAI'A and NEA weee nlecled
because they are two leading isations in the lear field and
publish high-quality reports, Three keywords related to SMRs were used
to search documents: “SMR”, “Small" and “Maodular” (search date:
March 22, 2019).

The distribution of the retteved documents ts:

- “SMR™ 5 {4 IAEA decuments and 1 NEA document);
- “Small™ 136 (129 IARA documents and 7 NEA documents);
- “Modular: 13 111 TAEA documents and 2 NEA documents).

The filtering stage has the same two steps of section A Fip. 2 shows
the esuln.

After the check for o four
research objecnve [26—'711]. and [29),

with stakeholkk
axlibecl; [3033!.«»1[34!.

Mast of the selected o are published In journaks (45.9%),
and nine documents (14.75%) ate published by organisations/com-
panjos/working groups, The remalning ones are conference papess:
ICONE' (16.39%), ICAPP® (12.1190), SMR' (4.9208), ASED" (1.64%),
1csT" (1.64%), mdombook (1.64%),

The ‘1o Identify the state.of the-art about eco
mwnmdmwmmmm:mmm
knawledge” detesmined the cholee of Information to retrieve from the
mmﬁdmmmmmmmﬂmmgdmmemnhud
the selectod d wil the arganisation of the info
in the following sections.

1 1 1

| to the

other five &

were

ol

3. Economics and finance of SMRs
4.1 Imoduction to the terms used (n this paper

This section provides a brief ovarview of the terms mainly used in the
next sections.

Inter | Conte an Neclear Engl 3

7 Internatiooal C om Ad in Nuclear Puwer Plants,

' ASME Small Mod ulnr R Sy ]

‘a losal Conll un Ad in Energy Sy and Envieon.
mental Engimeoring,

* Internaticnal Confersace an Science wnd Tochnology.
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coats, fuel cost, and decommissioning coat [9).

3.1.1.1 Gapétal cost. Capital cost Is the sum of the “overnight cagital
cost" nnd the Interest During Construction (IDC) [25]. [10] defines the
“overnight capital cost” as “the base construction cost plus appiicable
owner s cost, contingency, and first core costs. It is referred to as an overnight
cost i the zense that time value costs (IDC) are nof included” (Page 25)
[10) deftnes the “base constructlon coat” as “the mosr fikely planr con-
struction cost based on the direct and imdirect costy only” (Page 19). Bx-
umpleo of uwmn cost are lawl, site works, project management,

and aszociated buildings [26]. Capital cost represents the
biggest percentage of the lfe-cyele wno( & nuclear powet plant, and
typical values are in the region of 50-75% [0].

. o

41,1.2 Op and coss. Op and mal

(O&M) costx are the costs needed for the operation and maintenasoe of
an NPP {37). O&M costs include “all non-fleef costs, such as cosrz of plant
sraffing, consurmable operating materials (wom parts) and equipment, repair
and rerim replacements, purchased services, and nuckear (rewance. They
also include taxes and fees, decommssionimg atlowances, and misceliancous
costy” [10] (Page 33)

3.1.1.3. Fuel cost. The fuel coat is the sum of all activities related to the
nuckenr fued cycle, from mining the uranium oce te the final high-level
waste disposal [32]. Examples of activities refated to the nuclear fuel
cycle are the enrichment of wanium, manufacture of nuclear fuel,
reprocessing of spent fuel, ancl any related research activities [19).

3.1.1.4. Pecommissiorsing cost. The ¢ § cost | : all
achivities, starttng from planning for decommissioning, thclrwmhbapbm
(from shuedown o decommissioning), performing the decontmminarion and
dismantling and management of the resulting waste, up to the final remedi-
ation of the site” [40] (Page 6).

3.1.2. Indicators of ecanomic and financiof performance

3.1.2.1 Levelised unit of electricity cost/Levelised Cost of Electricity. The
levelized cost of the electricicy for a power plont & wually termed
“Levelised Unit Electricity Cost™ (LUEC) of "Levelised Cost of Electricity
(LODEY; itis one of the main indicatoes for policymakes. This indicotor
accounts for all the life cycle costs and is expressed in terms of energy
custency, typically (S/kKWh] [5,41,42),

31,22 Net Pressmt Virdue and bternul Rate of Reture. The most popular
Indicators 1o Investigate the profitabi bty of investing In a nucloar power
plant are the Net Present Vadue (NPV) and the Internal Rate of Return
(IRE) (9], NPV measwes the atmolute profitalility [§) and uses o dis-
count factor to welght “present coat” versus the “future revenue” [43),
'medlmml factoe depends on the soutce of financing and for nsany

| can ba | dod as the Welghted Avernge Cost of
Capinl (WAOC) A Jow WACC gives similar weighting to pressnt cost
arel future revenae (pmnaonng <capltad-insensive plants, like NPP), while
liigh WACC ks weiglsted] moee Is the p ©ost respect to futuse
rovenues {promoting bw caplml cosl ao&unom like gas plants), The IRR
Is a “specific di li ', i.e. the value of WACC that brings
the NPV 1o 2eco, The greater the IRE, dmlighuhdnwoﬁuﬂiwoldu
Investment [9,44].

3.2 What we know

3.2.1. Foctors to be considered in the evaluntion of SMR competitiveness
This sectlon summarises the key factors ln the evaluation of SMR
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economic and finsncial competitiveness, providing qualitative and
quanticative Information about the impact of these factors.
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assembled I gn, (or close by (n an assembly area before being nstalled)”
(Page 20). On the other band [15], state: “the arrangement o which o lorge
capacity power plant és built by iy of several indeperdent and identical

3.21.1. S&ze. SMR size is frequently dezexd as a disadv for
SMRs with respect to LRs [6.9]. Size is related to the etwmyulsah!
puincigle. [n general, the economy of scale is the cost advantage detet-
mmndby!hcupm:dlngofbnthﬁmdnndmuhlemumnhgu

of production [35]. In particular [46), point out bow the over-
Mg}umplmlmumdﬂmun(;mllmdlmgelnuwﬂdmuwim
similar design and characteristics are related:

OCC i = OCCys ¥ (Simeres [Sincl )’ 84

whese n ls the scaling factor, and OCC is the Overnighe Capital Cost [44].
point out that the cost decreases between 204 and 35% by doubling of
the reactor size. Indeed, ding to | studies, SMR capleal cot is
cemmatically kigher (up to 70%) than the LR one if only the factor size is
considered [7,47,45), The lack of the economy of scake determines
higher O&M costs [31,33] and d issicaing cost. Therefore, SMRs
might pot be wen as petitive with respect 1o LRs b of an

Wpprop P of the v of scale prindple. Iideed,
the e v of scale principle cannot be directly applied into the in-
vestment analysis of SMRs vs LRs because It relies upan the clanse “orker
thirgs being equal’, remarkably comparing one snall plant with one large
plant baving the same design 9], By contrast, SMRs exhibit sevesal
unique bepefits related to having, for the same power installed, multiple
units (fostering learming, co-siting economies, ete.) and different design
solutions. These factors, analysed in detaik in the following sections, can
reduce the gap of the sconomy of scale [7],

3.2.1.2. Modularization and modulaniy. One of the main characteristics
af SMRs, as their name cmplmun. Is ttn “maodular construction”. It Is
aften called indiffecently Jusl. or “modularity” both in the
achentific ond ndustrial Nrerature. However [32], define modularisation
as a4 “way of stmplifying construcrion by spliting the plane up info packages
(modules) which can be foctory manufactured, tranmgported o site and

of small capacity is also referved to as “modularity ~ by GIF (EMWG,
2005)" (Page 5). This section is based on these two definitions, Fig. 2
further clarifies the definition of modulasssation sd odubarity, alo
highlighting the meaning of stick-built and pure standardisation.
Tl key aspects of modulatisation are

Factory fabeication allows working in a better-controlled environ-
ment detesmining a quality ulpnwuum This allows Increasing the
guality of the comp { hes in jon, e
works otc.), reducing o e I
cost L

of a red of the probabikty of failure of compo-
tents, and having s safer constriction process [6,11,12), A greal
percentage of factory fabcication also improves workers' safety
on-site because they hamdle a smaller number of components [13]
Factory fabckcation could determine a costsaving In kabour and
comstruction. By contrust, the supply chain start-up cost is expected
to be very high [21].

- Standlardisation ax] design smplification increare efficiency in
comstruction, opecation nodd decommissioning. Standardisation re-
duces the construction time variability, and the testing and mainte
sance activities [17,14]),

- The expected higher cost of transpoctation activities Is coe of the
disadvantages of modularisatica [0,21,50]). However, for smaller
plints ke SMRs, modulaised components are envisaged to bo
transpotted by truck ar mil, determining a lees yvulnerabikity to de-
tays (193], Furthermore, modularisation determines an Increase in
pxopcl management effort [2]. A:cume communication between

pp and is 1 to ensute the synchrony of the
shipments 1],

~ The economic visbility is one of the chall of modularisstion and
equires research and International colhbomnon to quantify ir [14)
[50] report ) examples of cost jon (an average of 159)
and schedule saving (an average of 37.7%) detenmined by the

Monolithic plant: A plant constructed in the
field without extensive use of modules; also
referred to as a stick-built plant

construction of a monolithic or

stick-built plant to facilitate factory

fabrication of modules for shipment maximize

and installation in the field as modularity effects
complete assemblies

assembled onsite from factory
produced modules, usually of smaller
capacity than a monolithic plant, to
the  benefit  from

Fig. 3. Measing of modularisation, modularity, ssendantisation, stick-Dbuill -Text adupted fram Rel. [10].
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transition from the stick-built
infrastructure.

There is a minimum number of SMRs at a certain selling peice to
recover the cost of setting up a supply chain for modular compo-
nents. In particular, in the case of 180 MWe SMRs and a factory with
$1 billion fxed costs, the selling price and the pumber of ordens
shoukl be respectively $1.5 billion ard 4 to recover the factory cost
[12].

- The impact of modularisation on SMR capital cost depends on the
degree of mnduhmuhcn [51] evaluate the mpact of modularisa-
thon ca three gies. The anafysis shows a capital
cost (15% discount rate) saving of 39% foc a cumphle modular-
wsatlan”, and of 11% for a “Jesser degree of modularisation™ with
respect to the “stick-built” strategy. Purthermone, [11] carry out the
sanme analyzsis but witl a T0% discount rate shiowing a 29,956 capital
cost rexuction in the case of “complete moduklinsation”. [52] extend
the analysis showing a capital cost reduction of 18% determined by
the factocy fabrication of the supes modules. [55] analyse the impact
of modularization on SMR capital cost, highlighting bow a 6086 de-
zree of modulazisation |s pecessary to obtain a slgnificant constiue-
thon cost reductian.

Modularisation allows performing tunctionnl and system-testing sc-
tivities cluring the fabrication and amsembly stage, determining a
higher level of parallefistn and, therefore, a shorter tite [54),

- Modularisation could reduce constructica time. [15]

to in
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Cettain fixedd indivisible coste (e.g. I e
tources, evacuation plans) can be savex] when installing the secomd and
subsequent units [7,12,17,19]. Thesefore, the larger the number of NPP
co-sited units, the smaller the costs for each unit [55], The mecit of the
co-siting econcmies s confirmed by Ref. [20], which point out an ex-
pected caplal cost saving per unit of 10-25%.

The sharing of personnel and spare parts across multiple units, and
the possibility to share tve upgrades on multiple units (e.g. softwose
upgrading) coukl reduce the operational costs [7,59]. Mote units at the
same site also have an impact oo the decommissioning cost, determining
0 cost saving of 22% in the case of 4 SMHKs vo 1 LR [52]. The key point s
that also more than one LRs can be built on the same site, but again,
comidering the same powes installed, more SMRs than LiRs are bullt snll
lsaving greater saving from co-siting economies [19].

3.2.1.5 Cogemeration and load followsng SMRs are more suitable for
cogenemdon(huul.m bzaunlmmbk to switch some of the SMRs
for the and, quently, SMRs can run at the full
nominal power and maximum conversion efficiency [60]. [19,60] pro-
vide an overview of the challenges and opportunities rebated to cogen-
eration for the loxd following of NPPy, highlighting how the SMR
techoologies are particulorly suitable for: digticr heating, desalinotion,

impact of the modulsrisation on the SMR coastruction time, showing
that If the maximum (669%) effective modularisation is applied to the
full SMR power plant, the expected SMR construction time could
recluce from 5 years 1o 42-48 months
« A plant layout simplification and a plant design “ad hoc” is necessary
to obtain the expectsd advantages of medularisation [0}, [55] pro-
vide an optimisation model for module layout and allocation within
an NPP.
[56] pelne out seven steps 1o lolkow In a modularisarion design
P 1) Assess project appli ; 2) Define built strategy,
:uppb chain, trossport and logau: mqulmmmu. 3) Define the
g of the modules breaking down the system and clas
ifving modukes; 4) Weh@ﬂ:ﬂwndd&mmlnm o
dimise cost and bulklability; 5) Defi of the Interfaces; 6)
Deﬂmuonoldengn toals (¢.g. CAD, BIM); and 7) Definition of the
equipmont lazout.

The main consequences “strictly” related to modularity mmllan inte
severnl factons to ider in the evaluation of SMR
with respect 1o LRa:

L3

3214 hmmnﬂwdmmnmddwpnmb\!wo{am&d
huarck The | addition of SMRs determines a
ﬁwmhhmhﬂmpmﬁhdmwmm&eﬁntwlmn
genorcing revenne while the other SMRs could be still In construction
[9]. The incrementnl capacity additica allows using the revenos
penerated by this first unit(s) for the teduction of the up-front nvest-
menat (lbetdom a lowes cnpnnl ut risk) aml the need far loans
Fi y addition aflows the investment

4 i

¥

axl hydrogen production,
[61]) analyse the Joad following of SMRs by cogemuum af
luate the  hydroge diding an of the technical and economie

(aslmi!y wilh l!uee technohpa Alkaline Water Electrolysis,
High-Temp Swam Electrolysis, and Sulphur-lodine thermeo-
hemical The firse 2V is technically feasible, and the investment
can be profitable depending oo the hydrogen and electricity price
(hydrogea price 20,40 ¢/Nm”* and the electricity price relatively Jove).
2 g the 3 techinology, the of with a Light Water
Reactor sun might be challenging because o( tho different temperatuze
between the steam produced and the cogeneration process e
qul This coupling by profitable when the hydrogen peioe
i in the range of 0.20-0.45 €/Hm" or above. Regarding the third tech
nology, the coupling with a High-T Gas R SMR s
sible, but It s Infeasible for the coupling with a Light Water Reactor
sml This coupling results very profitably & far a¢ the hydiogen price
reaches 0.30 €/Nm™.

[62,579] analyse the coupling of 2 “NuScale” SMR plant with diffecent
desnlination techinalagies, and [25] carry out & real options analysis o
demonstrate the sconomic viahility of coupling an SMR (IRLS) plant with
n desalination plant. Both analyses show how the coupling Is easy and
effective. [&4] analyse the coupling of six “SMART" reactors with
desalination plants in Indonesia, The analysis shows a tare of 1etvmn of
11% and a Payback Period (PP) of around 14.7 years. Furthermone, [65]
evaluate a combination of an off shore wind farm and an SMR operating
as a virtual powes plant. A key result of the stady is that the combination
of a wind farm and SMR in demand following mode might improve the
wynchronisation with demand up to 60-70% with respect to the
wind only system.

Next sections summariss otler factars to consider in the evaluation
of SMR oompeﬁﬁvene- lanning construction time, design, cost un.
certainties, adaptability to ikability, B

L

lisi i

-mlaullty (comhhdns a relatively mnuaut e of d
and a reduction of the exp to delayevems[t?m] SMRs
alio present the possibility of a gmdunl abutdown of some modum
which could be applied when ek y price ng SMR

[‘-7] , this latter aspect is oomwuual since
\'lrtml!yilllﬁeu:luo(n nuclear power plant are eithes sunk (e.g.
cupital cost) or fixed (e.g. saksries), therefore there is litthe or 0o saving
in reducing the power cutput.

3214 Co-siting Co-giting e (ie. baving multiple
umits in the same site) is one of the SMR advantages with respect to LRs,
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time, Iucun, and the possibility of pucleas power pllm
cotstruction.

3.2.1.6. Learning. [33] explains the leasning mte s "A progressive &
creuve i efficioncy and effectiveness can be achioved by buillding experionce
and learning how to perfarm a process and use tools m delfiver @ product. The
learnirg rate is the cost reduction realised in this way, for every cumulative
doubling of provuccion”, Stnce nsore SMRs than LRs ore built for the same
pawer installed, stronger and faster learning is expected The expacted
learning tate of the SMR industsy ranges between 5% and 10% (with &
propottion of factory fabrication of 45-60%) [33], This range is
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consistent with the 5% contidered by Red. [7] in the comparison 4 SMits
vs 1 LR [32] points out that a 10% cast reduction ks achievable for every
Joubling of (wuha, p of factocy fabe olIIO%),
2 1ate i dularisation and factoey f th
lughptoducdmwm.nnmhxduum of design, the achievement of best
practice by the workforoe (both oo the same site aisd 1o the (tory), o
consistent delivery chain, in a stable regulatory environment [9,17,35]
As highlighted by Ref, [66], the Jeuning curve genecally [attess ont
after 5-7 units. [6] agree with this view by pointing out that at lease 5-7
SMR units are needed to exploit Jearing from factory fabrication fully,
[9] highlight the difference between “wotldwide learning” and
“on-site Jearning”. The first is indepenclent of where the units are built,
and It is mostly relased to the vendor and contractors shared across the
various projects, while the construction of successive units at the same
site determines the second and it is moetly related to local/national
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|- reactor (eg. dlmumlon of e p steam g
vessels, high pressure injecti v care cooling sy ) might
Uetermine a 17% caplul cast uvlna [ l‘mllnmu. designers esti-

mate a capital cost reduction determined by design sinsplification of
154 for PWR SMRs [30], and [16] highlight other saving determined by
the smaller quantity of material (e.g. concrete, steel) used with espect
to LRs. By contrast, [3!] points out that the costsaving is counter-
baalanced by the expected highet cost for validating and testing the new
technology.

3.2.1.9. The coat wcertainies related o the FOAK. The cost uncertainty
telsted to n FOAK Generation |1l + LR iz lower with respect to a FOAK
SMR because there are alieady several Geperation (11 mopemlngol
under jon. In the evaluation of the i nti Jated to tie
lnvemnzm cont for the Lnstallation of o certain amount of MWe, the

stakeholders. Leaming can provide a huge advantage to SMRs. B
the Jeamning factor is “time-dependent”, Mm!hutuﬂaacem
time, the experience accumulated will not determine relevant con-
struction saving [10). [67] present a model to assess how the supply
chain stivcture influences the SMR production leansing in factartes and
the consequent capital cost saving.

3.2.1.7. Construction time. SIKs could solve ane of the key kssues (n the
nuclear industy: the long cowstruction tire, The loag conmstruction mm
15 @ key Issue In the nuclear sector for | Fow |

- Thowsands of wockers and the utilisation of expensive squipment (o,
2. cranes) determine high fixed costs far each wocking day [2);

- The pestponing of cash in-flow Increases the interest 10 be pakd on
the debt [9];

- The present valve of future cash fow decregses exponentinlly with
time [9];
- Possible scope changes due to changes in Jegislation (eg, post-
Fukushima ueadmt).

« Price of lities could |

A eh, "y

SMRs have an exp ion schedule than LRs [33,
G ), The SMR expectd schedule is 4/5 years for the FOAK (Fist—
af-u-kind) and 3/4 years for the NOAK {nth-of-a-kind), instead of the six
years (or more) for LRs [33,09]. SMR schedule reduction s determined
by Her size, simplor design, | 1] a large frac-
tion of components procuced in a factoey, serial fabrication of compo-
nents anl standardisarion [47,69),

Three key of the

Akart

Faeeleal -

are:

1) veduction of the time to market [64];
2) rexluction of the interest during construction [70];
3) pesaibllity to match demand growth [9]

171 anmn a capital cost saving of 6% detenmined by the sharter

should ider both the option of one LR (e.3. 1340 MWe) and
the option of several SMRy (e g. four of 335 MWe). The uncestainty
associated with the first unit Is groater In the secood option, but the
nverage uncertainty is potentially smaller foc the SMRs [711, [72] pro-
vide an overvtew of the cost uncettaintios rebated to the SMR early
design stage.

3.2.1.10. Adaptabiliry to market condénions. SMRs are maore sdaptable 1o
ket conditions than LRs. SMRs have an expectsd shotter construe-
tion tme allowing splitting the ding 1o the
evolution and avoiding it if not pesded [18]. The capability to better
adapt to market conditions mininkses also the cost of “not satistled
3 d*, which i obtal ag the margn for the irvestor in
mmrcummmmemuumfummmmmmr
[20] (Page &),

1 4l Ty

3.2.1.11. Availaiiey. (7] polot out that 5MRs present a fuel cyche
extension {(from 18-24 manths of the existing plants to 36-40 months)
detormining a 2-5% capital cost saving and a 3% O&MN anoual cost
saving. Purthermore, somse SMR units can be refuelled while the
remalning ooes are still in operation [12]. Thetefore, two main con-
siderations can be arguad:

-~ SMR plant has a higher avallability with respect to LR because of the
fuel cycle extension; the fuel cycle extension abo increoses the
“overall” avallability.

- Considering an smount of reserves equal to the sum of the two largest
geoorating waits [73] and the possibility 1o rofuel more SMR units
while the remaining coes are still in operations [12], SMRs lmprove
memuuvﬂwntybecm.mmulnl&thmmol
resesves does not ch ig the 1 plant avatlability.

3.2.1.12. Licensing mame. The licsncing time Influences the tinee to
market anx, thesefore, the competitivenses of SMAs. It is worth to clarify
that there is a difference | design, ction and operati

bedul ledd with the bility of better following the

demand, and [30] pohm out a capital cost uvtng estimate] by SMR

fors of 200 o d by the sharter construction schedule. [1%)

o methodology to f SMR construction schedule starting

fmlnubulltm Purthermote, SMRAs coukl peesent a rvecuction of
schedule risks with respect to LRs [12],

321.8. Design. SMR design could detesmine a cost-saving with respect
to LR-I [17] Deugn simplification in some SMRa cotdd be achieved
porarion of sise-specific & safety f tht

I g, @ shown in Bef. [20]. The infocmation about SMR Scensing
time in the retrieved document mainly focuses on the design Boensing
time, and it Is controversial. According to Ref. [20], considering the
same licensing time for the LR and the first SMA, the leensing time foe
the followlng SMRs will be shorter becanse the design s identical to the
first ove, allowing a better ime to market, However, [6] state that the
lioensing is one of the SMR challenges because of the diffculty of
modifying the actual ¥ and Jegal fra k, and (31] high-
lights a cost for regulatory approval foc SMRs highec than for LRs

wﬂwhpoﬂkﬁrhrzrw [30] (Page 149). The SMR integral
(major primary svstem components inside the reactor vessel eliminaring
the external piping) and modular spproach simplify the plant leading to
a veduction of the number and type of components [9). For instance, the
design-related characteristics of the “[RIS™ SMR with respect to GEN 11

29

1> of the of the SMR designs and the IISMR

Ly

3.2.1.13, The possibility of NPP consmuction. Firstly, SMRs are sultable
for small, remote or isolated areas where the power provided by L8s is
not needed or the grid connecgion is not able to reliably bandle so much
pawer [13,30,74]. Secandly, SMR size allows incyemental investment
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eliminating the huge financial resources needed foc LRs and the asso-
clated financial risk [5,75]. These two SMR characteristics determine an
expected increased poesibility of NPP construction. In particular, [76]
evaluate the SMR economic feasibility in three small islands (Jeju,
Tasmania and Tenevife) in different gereration mix scenarios. SMR re-
sults competitive In the case of o average generation cost <100 §/MWh
for Jeju, <140 $/MWh for Tenerife, and <80 $/MWh for Tazmania.

3.2.1.14. Capacity factor. The capacity factor is “the actual energy output
of an electricity-generating device divided by the energy cutput that would be
produced if it operared at es rated power cugput (Reference Unit Power) for
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econatny of multiples in reducing the gap. [11] assesses e opportunity
to invest in SMRs vs LRs i three different scenarios in ldia: 1) Yol
powet output: 600-675 MWe, 2) Total power output: 1100-1350 MWe,
axl 3) Total power output: 2200-2500 MWae), and with different re
nctors to resch the total power output. The analysis highlights that the
SMR and LR ovetall capimd expenditure are compurable

Regarding SMR Overnight Cost {OVC) [65], estimate a 225 MWe
SMR OVC in different soenarios, highlighting the impact of the design
simpEfication and the Jearming effect, and demonstrating the potential
benefits of the co-siting economies, as shown in Fig 5, [02] interviewed
1& experts fram the nuclear industry oc closely assoclated about the

the entire yoar™ [77]. A high capacity foctor dramatically imp the
economics of the plant, Index), according to Ref. (73], the copacity
factor (in the paper availsbility) is the third most relevant driver of SMR
and LR economics. Refuelling, woplusned shutdown, plasoed mainre
nance, and loxl following are key diivers of the capacity factor [33]
[79] eval SMR competi Gveoess in four A Key conclusion
of the suxdy | thar an SMR capacity factor equal to or higher than
current light water reactoes is o key conditicn for SMR competitiveness.
SMRE vendors clalm a capacity bctot of 95% or more for thelt SMR
Cperational Jearning (d i eh Familkarity with the desig
and- y of operarions) might improve SMR capacity factoes {33,
043}, Purthermore, since SMRs might have a simpler design and fewer
compeaents than LRz, there would be fewer chances of failure for
components or systems [33].

3.2.2. Snudies abowt SMR capital cost

Most of the quantitative stuclies about SMR life-cycle coots tocus on
SMR Capital Coot (CC) o comp and sub-c of SMRE CC(l
e overnight cost, base construction cost). This section provides a sum-
mary and compares the quantitative information.

3.22.1. Journal/conference papers. Most of the studies focusing oo SMR
< and |1z comp and subcomp mmwod fram jourmal or

papers highlight bow the SMRvsLRis
strictly dependant on me factors consiclered in tha analysis. In partic-
ular, [7] compare four 335 MWe SMAs (IRIS) axl one 1340 MWe
Gegegation 111 + PWR. SMR cc is 70% yeam. considering only the
factor size. Cansidering cost & d by multiple units aca
single site (14%), learning (9%), coastruction schedule (6%), and
related design characteristics (17%), SMR CC is 5% higher.

Regarding the impact of the economy of multiples on the CC, [45,70]
evaluate the opportunity to invest In SMRs or LRs In IJtaly and
Switzerland. Boeh analyzes show an SMR CC higher than the LR one, =
shown in Fig. 5. However, both analyses highlight the merit of the

4 OVC of five scenarios including one GEN 111 + LR (1000 MWe)
axl two Integral LW-SMRs (45 MWe, 225 MWe). The results highlight
the meetit of the co-siting economies in reclucing the SMR OVC,
Reganding the base construction cost (BOC), [S5] estimare and
compare the NuScale SMR (12 modules of 57 MWe each) BCC and the
PWR-12 BCC. The analysis shows a NuScaks SMR BCC = 346572
$/5We, and o PWR- 12 BEC « 5567,12 §/kWe, determining a difference
of 2421.42 §/kWe
In sumimary, comsidering oaly the factor size in the econotmic com-
parizon SMA vs LR limits the valsdaty of the analysis. Indeed, as shown in
section 2.2 1, comsidering only the factor size would mean applving e
y of scale principle, which relies upoo the clause “other things
equar [9). ln lum. tis m-sh(u the importance of umigue SMR
h dies show that several factors (e.
g econceny of multiples, learning, construction schedule, design char-
acteristics, ete.) need to be evaluated and sdered], The studles paint
out the lack of n standordises] approach In the evaluation of SMR
competitiveress with respect o LRy, each study considers diffecent
factors, and the methodology is also aften different.

o

3.2.22 Orp d {33) highlights that SMR
OVC can be reduced up l.o zou by the way of: 1) modularisation and
tactory fabricasion, 2) advanced manufacturing, 3) Rullding informacion
Mocleling {4-1080), 4) alvanced construction methods such as open-top
copstruction (up to 2%), and 5) co-sting of multiple reactors (5-14%,
coasidering between 2 and 12 reactors on the same site) [30]. provides
weveral OVC estinsations foc several SMRs called PWR-X (each PWR-X is
based on the ch istics of specific SMR designs), ancl {17 ] provids
the OVC estimations for several NOAK axl country-specific (domestic
market) SMR plants.
Fig. 4 shows some of the SMR OVC estimations.

3.2.23 Comparisons SMR vs LE OVC Most of the comparisons foe
SMRs vs LRs focus on the OVC. Ty 5 shows some of the compariscas (2%6)

W02 (1 twir-unk) 2 x 302 MW |
PSS (2 b Mo .
PWR-LIS § x 125 Mwe —
P20 (OR300 o scating) 130 e [
W28 (APR-L408 for acaig) 192 e [
rsmaxans vowe
5 P, O3 enimuen
Wescate 12 45 vrwe [ QLT
wesen 3 x 225 e B e vaue
moeeer 2102 e
o 1000 2200 2000 4000 5000 G000 7000 2000

Overnight Cost ($/kWe)

Fig. 4. SMRE OVC Extimursons - dutu froms Refi [30,01]
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169} T ] | Large Reactor Overnight cost = 100

|
fes} § - '] The impact of
) 3 - - “several” factors
(69) _ i)
P e ——

| The “scaling factor” effect
L R —— ]
o) — The“sconomy of
e mplonar o
oo TheHoacammpiod
o) | | (7 licorion” eflect

0 50 100 150 200 250 300
Overnight cost (%)

] The highest SMR OVC is obeained scaling up from an estimation of an LR OVC without considering other factors. The
following OVCs are obtained inchuding the following factors sequentially in the comparison: design simplification and schedule
reduction, additional learning determined by factory fabrication that determines a 40% NOAK cost reduction applied to indirect
contingency, and owner’s cost, and the learning curve applied to all components,

Respectively the minimum and the maximum from (30). The analysis highlights how the SMR OVC cost changes
according to the different sizes of LR foe the scaling up. The highest OVC is obtained scaling up from a 1500 MWe LR, while
the lower valae from a 1200 MWe LR,

[ Results by (70) showing bow the econamy of replication contribute to the reduction of the SMR OVC. The SMR OVC is
146% higher if it is considered only 2 1600 MWe LR and a 150 MWe SMR. Considering more SMRs to reach the same total

the gap is reduced to 16%.
mwou)mmmumorupmmummausuxovc.msunovca
£94 higher if it is considered only a 1600 MWe LR and & 300 MWe SMR. Considering more SMRs to reach the same total

Hvoaralie anl Sl Moy Batens 118 (00) 100519

power the gap is reduced to 13%,

Fig. 5. Comguarisans W ws LR ONVE (%)

SMR vs LR OVC considering LR OVC =100

3.2.3, Suulies adowt SMR OF M costs

This section summarises the key Insights from the few documents
focusing on SMR O&M costs,

[7] evaluate and compare the OkM costs of four 335 MWe SMRs
(IRIS] and a 1340 MWe LR. Conmdering only the factor “size”, SR
O&M costs are 519 greater. Conticlering cost reduction determined by
multiple units ar single sites (15%), additicanl outage cost (3%), and
outage duration {(4%), SMR O&M costs are 199 higher [31,33). point
out that SMR O&M costs are expected to be higher with respect 1o LRs,
[21] highlights that the main reasan is the loss of the sconomy of scale.
[33]) highhghts that the co-sltng economies might reduce the fived
Q&M costs by 10%-20%, and the operational learning (dene:mmed
through famillarity with the designs and ¢ ¥ of of 1]
might furthes reduce the variable O&M costs {potential saving of 5%).

Furthermoce, cost saving in O&M costs cas be achieved through the
shared control of multl-medule reactors determining a reduction of the
staffing cost [213]. However, [31] points cut an expected SMR stadf cost
per MWe 208 higher with respect 1o LRs,

[20] highlights bow the expected LUEC share of O& M and fued casts
for SMRs iz 17-41%, which is amply bedow the correspondent of LRs,
which 1s 45-58%.

31

3.2.4. Studies abour SMR decomynissioning cost
[5E]) pravide the unique quantitative study about SMHR decom
g in the doc rettieved, comparing one 1340 MWe LR
versus four 335 MWe SMRs (IRIS) and two 1240 MWe LRs versus elght
335 MWe SMRs (IRLS). If only the y of scale is idered, the
oxpected SMR decommissioning cost woukl be 3.09 times highes, both
In the case of immediate and deferred decommissioning. Consideting
bath the saving determined by multiples units at the sane site and the
technical saving, the gap is reduces but with a major impact in the cose
of "2 Lis vz B SMRs". However, SMR decommissioning is expected to be
um:uwuhms;m:tmulsL the modules can be replaced and
bled in factocy diti [£]. [47] points out that the possi
bility of SMR immexliate decommissloning determines a cost saving of
13%, and a cluster decommissioning ks 206 cheapes than a umit s

3.2.5. Indicators of ecanomic and financial performance
Fig. &, Fig 7, amd Fig, U summsarise tespectively the main quantita-
tive information about SMR LCOE, SMR NPV and SMR IRR estimations.

3.2.6. Addinional constderations abour SMR (mvestment

[71] shows that SMRs peesent an average debt Jower than Lia but
with a longer dutation. SMRs also present an equity capital required
lower than the L& These two considerations are consistent with the
recults of the analysis carried out by Rel [70] in the specific cose of ltaly,
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Capital cost = S0008%We

]

[ L o —— | Capital cost = 30008%We X
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Fig. 6, SME LCOE Pstimatinns.
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Fig. 7. SMR NI'Y Estimations.

[04] analyse the value of the management’s flexibilicy to adapt later
decision, comparing the investment profitabiliry of 4 SMRs vs 1 LR on
the same site both using the Real Optioas Analysis and the Discounted

3.3, What we do mot know: a research agenda

This chapter proposes a research agenda for further research ca the

Cazh Flow methodology, The tesults show that the fal f) 3
has a value, opd it is higher ln an SMR project (more optians to take
sdvantage) than in an LR project. However, profitability is higher for an
LR project Regarding the PP, [12] compare a 1260 MWe LR and a
multimodule (1-7) SMR (:80MWe) site, highlighting how the LR PP ia
Jeess thean the SMR one considering a staggerad SMR schadube. However,
considering an SMHR simukansous construction, the PP s simikar
Futthennore, SMRs smaller size and relatively shoet copstruction tme
allow a betrer diversification of the investment. [68] present a model
based on Real Options Analysis allowing quantitative evaluation of these
two factars.

n

32

Ll ics amd finance of SMRs, with the itemus ranked sccoding to their
relative importance. The items anxd the mnking of the agenda are based
on the afceementioned SLR and countless meetings that the authors had
In the last 14 yeass with SMR vendars, contractors, policymakers, uti)-
ities, government and Anancers.

3.3.1. Ferforming analysis at programme,/ courtry level

Tlee body of literature focuses mostly on analysis at the plant-Jevel (1
SMR vs | LR) oc site-Jevel (X SMRs vs 1 LR of equivalent total size)
However, as shown in Ref, [59], the focus at the programme level is a
major determinant. For instance, the “successful nuclear programme™ in
South Korea is mostly due to an approach at “programme level” [90],
Inetead of a “plant-level” Bke In USA or “site-level” like in Fraoce [65])

A topic even less discussed, bot still critical is the interdependency
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Fig. B. SMR IRIl Estimations.

between the programme and the strategy adopted by each countey,
Indleed, a key aspect for SMRs is the medularisation and, consequently,
the factory fabrication of modules [50]. Therefore, a certain country
might face a rangs of choloes, ¢.g.

1) Develop SMR design and bulld the supply chaln and the teactors in
its own country, alming to export the sechnology. The ack are
the creation of know-how, scientific development, and i unpmvemem
of the Impott-export balance. The disadvantages are a high level of
risk, the necessty 10 use relevant economic and fimancial resources,
and Jonger bead time;

2) lmport a proved reactor dedgn (or in an éxtreme case, import the
modules) from other countries. The maln advantoges, I this cise,
are: Jess sk upfront to develop the technology and shorter ol
time. The dissdvantages are o reducsd development of kiow-how
and national capabllities, worsening of the impart-expoet balance,
and risky dependence on resources outside the country,

Several factors might push in a direction with respect to ancther:
experience In building and operating nuclear reactors, avallability of
potential suppliers, finance available, electricity market striscture, and
regulatory regime etc, However, a comprehensive teview of all these
aspects and an overall framewodk to integrate them are not lahl

powet installed, moce units are imtalled, create more degrees of
freedom. The cons are that there ks now comsiderable experience In
building LRs, even modern GENIIT and GENII 4 (such as AP1000, EPR
wte. ) while virtually none in bulkding modern “truly modulas™ SMRs, and
these is o consistent upftont investiment in building the factories pro-
ducing the modues, [34] is the only published documents providing
pras amxl cons of several financing structures for SMR development (in
lhe sveciﬂc case of the United Kingdom) Fisancing is an esseatiol

as bankers say, If there Is o financing, thete s not
project and needs further research

3.3.3. Devolop a better understanding of OCM and decormmissioning costs

As also sald In the above discussion, the numbar of snilles related 1o
O&M and pasticulasly d g costs is v low. &M
aixd decommissioning coots are taditionnlly befieved, I the nuclear
Industry, to be a relatively small percentage of the life-cycle cost [57].
However, this idea could be empirically challenge], Regarding O&M
costs, several yeactons In the USA have been closexd In recent yoats
because the electricity price was so low to not even cover the O& M costs
[58]). Regarding decommissioning, the coat keaps Incressing, the pro-
Jects are often over budget, and the stakehoklers have limited uncler
mndlnx of why this hoppers [69), More studies about O&M and
costs  are neededd before embarking In the

dersl

'y

3.3.2. Exploring different fi e and thetr (mplk

Financing is a critical issue for SMRs. Indeex, SMRs are scalnble in-
westmeats, with the cost of @ single SMR belng substantially Jess than o
single LR. Howsver, given o certain identical total powes to be instalied
averall, the overall cost of & programime is stinklar for SMRs and LRs
[72], ranging in the decades of billions of dollars. The financing of an
SMR peogramne is n key issue for several countries, and diffesent op-
tlans are lered [22). FI g Is challenging b nuclear
power plant projects are well known to be often delivered over bucdget
and lase (pmutula(tv In tho EU and USA) [59), and thevefore, |

construction.

3.3.4. Explore the link between modulanisation and circular economy
Bullding on the previous polnt about decommissioning, there is the
highly relevant and unexplesed topic of “circular economy”. According
to Ref. [20): “The bask: ilea of the Clrewlar econamy is 1o shift from a eyatem
i which resources are extracted, turned into products and finally discarded
towards one in which resources are maintained at their highest value
possibie”. In the case of puclear powes plants, this Inchides a range of
soluticns including recycling and g of comp and sy A
key g fition to ump the axl ages of medularisation in a “clrculas

lack Ficl, in ! project amd progs Is
extremely risky, project ﬂmmcxns is pot applied like in other energy
infrastructure [86], and several stakehalders are reluctant to do it. SMRs
have pros and cans in this perspective. The pros are that the single in-
vestment has less “value at risk™ than a large Investment. This s
particularly relevant for PFOAK project, where the money is “gambled”
an a much smaller investment. Fusthermmore, the fact that, for the same
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P e s the asessiment of the lfecycle opticas of
modubes nnte the conoapt phase. Further ressarch might investigate to
what extent SMRs coukd leverage their medularisation for decoupling
the life-cycle of modules (or systems) from the lifecycle of the plant. In
theary, medularisation conukl reduce the resources needed In conatruc-
tion and waste generated in the deconstruction process.
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3.5.5. Ddfine new criteria for the cost-bensfit analysis of mucloar reaciors
The methodologies for the cost-benefit analysis are aften inaxd

mhmmdyappﬂedtodulwlthamd&pmmm lmked.lhe
b of a nucl invalves a wide mnge of stake-

| el

held
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However, [53] annlyse the suitability of SMAs for Jordan, and pmm oul
that “SM&s are only going to heighten the mic chall

omeMuowwmewmmmmcf
course, not specific to Jordan™ (Page 241), [92] argue the same consid-

b (ko rep 1 taxpayers), utilities,
regulator(s), fAnances, local community ete, Indeed, the idea to apply
the cost-benefit analysis to infrastructure is not a good idea since the
cost-benefit analyses are not perceived at tee infrastructure bevel, but ot
stakeholder Jevel, where the stakeholders can be an ceganisation or even
persons. Therefore, each stakehokler sees o different cost-benefit anal-
wuis that might be extremely positive for some stakehboklers and
extremely negative for others (wil everything in the middle), Furthee-
mare, cansldoring that the entire life eycle of a nuclear Infiastiucture
can be for 100 years, some stakehoklers (company andd people) are not
even existing when the reactor ks built All this consideced thece is pot a
single reference praviding the cost-benefit analysis of SMRs with respect
1o LRS or other reactors, There is either a classical cost-benefit analysis
(infrastructure level) or an enh d one (stakehalder level). A proper
holistic study is needed.
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This section provides a summary of the main areas of disagreenssnt
wmirged from the SLR.

3.4.1. Owerall SMR economic comperiivensss
As summatised in the previous secti

: "

in Ghana Furthermoee, [75] argue that there is no reason to
that SMR cly woukd | the | for NPPs.
[93] highlight that SMRs increxse the need for copstruction sites
cotstideting that mote SKRs are needed 1o obtain the same power of a
LR

el At

A4, Conclusions

Not umgb “wruly modular SMR has been bullt so far. Boammlc and
are ly hi g SMR de

tlere are plenty of studies aboux SMR economks anl nnm Tlmh
an SLR, this paper aims to provide an overview of what we know and
what we do not know about the economics and finance of kand-based
SMRs, and to suggest a research agenda. Iutandnlunadmomlmml
tive review, an SLR has been p ! to provide o holisti
auxl allow repeatability, Ope of the Iummnomo( anSIR B xhe lnchuon
of papers of different pesspectives (still published in respectable jour
mals). Furtheimote, more recent papers are, in principle, comidered
equal to okler references that might have less up todate infoemation
and theories. The exclusion of papers b of the auth
disagree on or consider too ald is an arbitrary cholce. The strength of an
SLR is the high ecientific rigour allowing a full repeoducibility of the
woark. Ope of more option-based papers leveraging an arbitrary choice of

" Lori 1

(factocy fabrication, learming, co-siting shorter Tion
time, otc.) should, in theary, comp far the lack of the ecanamies of
scade arxl make SMR investment attractive. Howevet, four documents
[75,91-93] deny some SMR unlqn- characteriatics or even define SMR
i ive. A g to Ref [91], each SMR design has
specific charactecistics, bur o ooe of them presents all the character-
istics that should compensate for the lack of the economy of scale. In
genernd, SMRs might reduce the construction cost with respect to LRs,
but it 1s unlikely that SMRs will present a lower cost of generating each
unit of electrical enetgy than LRs [91] paint out how that the SMR
competitivenass is even warse |f compared 1o other enorgy sources (e.g.
coal axd patural gas-bussd thermal power). Accecding to Ref. [75],
regularors clabm an smn coat (whbm cost s mr MM 30% highet
than LRs. In parti the d coat 1 ined by fac
oy Mllcamn I8 tooopﬂmlmc because “mass mnnubcmlmg‘ presenty
problems n the case of very pleces of eq in & small
number [75], [75] also points out how dmneaglng nnd tequiring a huge

amount of capital is the ron of a bly line. This
approach could also hindes 3 driving ion and cost
reductlon. Apothes aspect that should be Idered In the eval of i

fe ancl data can be considered a follow up from this work.

A3 highlighted by the words “Sisali” and “Modulas”, SMRs present
lheemninpendhxlmﬂlhmpenmhgemkuﬁbwulmcm
wrndler size, and modulatity. SMR ssze bas thiee main
Implications: loss of the “ecanomy of scale”, for lhcummuunlhd
moee units can be built f i i Bike the ind
leaning, aodd the reducton of tho upﬁml lxmamam pet unit. This
lotter makes SMR i icularly idering the
multi-billicos up-front lnve«mem of LRs, Modnh:lm has mml
Implications: working In a better-coatiolled environmens, stand-
udlnﬁou and design simplification, reduction of the construetion time,

glstical chail Wodularity allows having a favourable cash flow

wodle. taking ulvamue of lhe co-siting economies, cogenetation for

the load following of NPPs, o higher and faster Industrial learing, and

better aclaptability to market conditions. Furthermore, the interest in

SMM ugwwlm because of the different lppllcanom— whectrical, heat,
, and deaak

Tln su\ l:lghu;lm how mast of the quantitative studies about SMR
ecanomics axl finance focus on SMR cagital cost, companent and sub-
of the capital cost {i.e. overnight cost, base construction

SMR economic competitiveness ks that the introduction of new tech.
noloc‘be- nuelmocmt significancly,

canpot bal the di of scale
beam“mlsbnbeenmemlnmnpm‘mﬂtnmmeoﬂbe"mo
nomical number” of 5MRs neaded ro benefit from the learing effect [75,
93],

3.4.2. SMR potential market

Although the SMR suitability for small, remote or isolated areas is
very often recognised as oue of the main SMR characteristics, o even o
key advantage for increasing the possibility of NPP construction all over
the workl, [92,53] strongly deny this point, Accarding to Refs, [13,30,
74], SMR size allows providing power where the bigges power of LRs iz
not peeded, ancd whete the grid connection b not abke to reliably handls
the power provided fitional Lis. Purth SMR size allows
Incremental Investment reducing the financial tisk and the huge finon-
cial resources associated with LRs Therefore, in theory, Jordan and
Ghmmﬂhmgwdcmﬂuuhﬂdlawﬂnﬁmhmnd
ering the grds with small ity and the Bmited fi
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cost), Inchi of le ancl financial performances (LODE, NPV,
IRR). The of focusing on O&M and decommissioning
costs 1s exrromely low, and there is a gap in knowledge abour the coss-
benefit analysis of the “modular covstruction”,

There I8 a Jack of a standardised approach in the evaluation of the

de and 6 Lal perfc of SMRs, making a proper com-
parisan impossitle in most of the cases.

Mast of the stuxdies are ar plant-lesel (1 SMR ve 1 LR) or site-Jevel (X
SMRs vz 1| LR of equivalent total size), neglecting the focus at the
programme-lesel and the lnmdlwudmty between the programme and
the strategy of each country. P most of the methodologl
fou the cost-benefit analysis are often Inadequately nppmd. by no!
considering that the devel af a 1
wide 1ange of stakeholders.

The SMR weckd strongly needs a standardised approach ar the pro-

= 1

2

gramme level taking a holistic and realisti P in the evaluation
of SMR jc and i dal petith to foster SMR
development.
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ARTICLE INFO ABSTRACT

Kepmorehs isting energy infs have a technleal and/or le lfexyele pred Ined by the lfetime uf

Muhiarisaion cectain ¢ mmpooents. In energy infrastructare, the resideal lifetime of civil stracture or other companenty with &

Grerdns aconicany Tonger life i wssally wistod. Modubar energy infi cun b meonfigamabie d 2 the life af the

mmm infrestrussure from their modules, and extending module and/or infrastrocture llfa'p!e Modularisation coatd

priteder lecome & curnerstone 1 cn&k cmcullt v (CE) and enbanced bility. Remarkably, despéte the
Arowing inlerest umooy £t and woademics i both CE and modulurisation, there is u lack
ollmon’hlgenhnunhcnn‘ (:I!nnd dulari mwhﬂmumw-mwc
Literature eview, this paper derives the gap i b fed, @ the Fmk b CE and modulari m
wnorgy infrastrecterne. This Snb & thon investigated in other wmm enifying edevint implicationm sech
seductivn of consteuction wasie and achievesvent of the chned-boop materdal cycle. Fanhemore, the cese of
Yamal Liguefied Nateml Gas project is used to pare and twn perspy “‘l‘rldlmn-lm
seation” and “Moduler CE™ Lastly, the paper disecuyses ing. policies, po ;mlw; (]
faster “Modular CE” n energy infrastractune and suggests a ressarch agenda.

1. Introduction provides a compeehensive view of barriers, drivess, and mechanism of

Policy-makess, practitioners and academics ave Increasingly discus
sing the topies of medulatisation and Citcolar Economy (CE) in the
eneigy sector. However, these oopu:: m uuunny dlna-ud lndlvldully.
failing to recognise their § ¥.

Implementation and Impact of wedudarisaticn, enabling to Identify

fularisati Ities in different domains.
Tlndl!lonnl 'dck built energy infrastructure have & lifecycle pre-
that are difficult or very expensive to

A

+

1l il

of C8

dency is crucial bx can b n hty
and dramatically change the lifecycle of energy infrastructure.

The toditional nanatve an modulasisation, with spect to stick-
buslt construction, deals with working in a better-controlled enviran-
ment, locreasing the quality of the componmn fredocing mistakes in
construction, ¥s etc.), reducing heduke, and makn-

cost b of n of the probability of Milure of
componenss. (Cagrelll el Ingersoll, 2014; Maromarl et al, 2017;
Thomas, 2019 Vegel am! Quine, 2017), Modularisation coald deter.
mine a cost-saving in labour and construction anxd nholmprovl workers
safety cnaite because they handle a small of
{Locar=li et al, 2010), By contrast, the supply chain um(-up cost is
expected to increase (UxC Conanlring, 2017), (Migaaces or al, 2016)
summatise the quantitative infocmation about two key implications of
modularisation I Infrastucture: schodul (an nge of
30%) and costsaving (an average of 15%) (Michell =t ul, 2019),

A

author.

ity Aol g/ 10, 1040/ empand U0 3 3107

P Thekqﬁhtix_edmdmmhhlmwululnfm
structure could be madlo receafigurable and extend/adapt their Mfecycke
by decoupling the life of the infrastructure from their modules. Modules
can be destgned bn & way that, when a module reaches Its end of life, it
could be exchanged exterxling the life of the infrastructure. Purther
moge, when the infrastructure needs to be retired, modulkes thar ate sl
functioning could he used in other infiastructure, In this way, the re-
sidual Lifetime of certoin moclales with a longer life is not “wasted”. Ina
wides pcnpmlw, CE forms n commerstone of this novel strategy to

Lialne ief

‘l’hore s 0 plethora of definitions of CE, a8 reviewed by (Kiichhen
ot al, 201 7). This paper Is based on the definition of (1 eston aid Lebne,
W17 'mmmdmmhwdmm«mhuﬁrﬁwu
are extracted, umed i products and finally o ane (n
whdnmcsmmvmndnrdn‘rhighm value possible”. This mesns:

4
L3

1
Lo

1} R and

L3 o

Corvespooding
ool eodifressens cnbmmis loeds ne ub (8. Migmsoen), 5 locme i oot ae ob (G, Loontellid, o vodemurfé loede e ok (A Videnturd)
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2) Recavering components and uaing theon into new products o for pew
uses;

3) Restructuring a system so that the wuste of one process can be the
feedstock for anather ane.

In CE, the design not only focuses on functionallty but alsa on
managing the infrastructure end of life optimally, how the comp

Py Pollcy 149 (NIA) 111371

modularisation,
This paper coenl the methodologies to canduct a SLR p d
by (D Mackdalonl s Davie, 2007; Suinatl et pl,, 2017), The selection
of the publ ludes two. A deaks with

publications extracted from Scopus, and section B deals with reports
published by relevant imrintions.
S A has three main stages. The frst stage is the identification of

can becomne parts of & pew infrastiveture/production clsains (Molios
Morepo e al, 2017). Medularisatica is already applied in the buildiog
constiuclion sector contributing to circulatity in four ways (E£4. 2017)

1) Waste is in 2 smallec quantity in a controlled environment (factory)
than on a waditional oomtrucdon site;
2) less port of ial and comp thus reducing

redevant keywords celated to the research objective, Several iterations
led to this Lise:

« Clreular economy: “craudor economy”, “re-use”, “reuse”, “repair',

“recover”, restruchure”, "rqnl‘m:‘
- Modul ", “modwlarisasion”, “modularity”,
tori”, "pre- fabricarson’.

3) Possibility of disussembling, refocating and refutbishing modules to
reuse them, reducing the demand for raw material and the amount of
energy;

i

P

In the secouxd stage, 2 single string with the Hoolean operator *AND*/
*OR* it introduced in Scopus:

4) Possibility of repalring/modifying puts or matenials
destroying the building's basic structure.

Modularisation could raduce construction and demolition waste, and
could improve deconstruction process [acilitating the achievement of
the closed-loop materinl cycle (Cheng e al, 2045, Lalumam, 201 1a;
Pulasii et al, 2004),

When an energy Infrastructure reaches the end of life, it should be
decommissionsd.  Decommissioning projects are the pew, emerging,
£lobal, unavoidable challenges policvimakers will face mose and more
severely in the future (Luverniexi et al, 2019). For instance, in the nu-
chear Industey, there are 453 operational reactons in the world, 170 re-
mlnpelmnenr' m, 55 in ion ond only 17 had been

s wlnchmumlmnhaemllbemmno
dlnmanrlc ar least other 661 nucloar reactors (IA[ A, 2019). However,
nuclear plants are not the ouly eneigy i to g
decommissionlng projects. The total glebal wind pewer Installed is 540
GWe, the vast majority installed in the last 10 years (CWEC, 2019).
Considering an operating life of about 25 years (Thecal, 2012), In a
decade or two, there will be d L gaprojects in the wind
power sector {Purnell o1l , 2018) A atmilu tomidu‘auonan be given
cansidering about 500 GWe of solar powes installed.' These numbers
clarify the impoctance and the impact of menagiog energy infrastioctue
lifecycles, Including extending the lifetime of the Infrastucture and
theit modules.

“edreud: " OR “re-use” OR “reuse” OR “repair™ OR “recover”
OR “restructure” OR “replace” AND “modulansation” OR “modlarisation™
OR “modulanty” OR “prefabrication”™ OR “pre-fabrication” (search date

04/02/2019).

Scopus was ¢l b of the scientific meit of the indexed
Ik A timedi was oot sel i a priori but emerged to be
15682019 b the first publication is dated 1968, The first selec-
tlon step med the af tioned string (applied to title, abx or

Keywoeds) and retrieved 917 publications (exclwding 2 non-Erglish
publications and focwsing on Articky, Conference Paper, Review,
Article in press, and Book Chaptet).

Amnmrdc. the lolkrwum wbm areas were excluded because not

1 to the Sci Mathemati

Physics and Astronoany, Medl:lne 1nochau-uy. Genetics and Molec-
ular Blology”, Neurasclence, Pﬂyehology Amand Humanities, Chem-
istry, Bealth Professions, Denti Jogy and Microbiology,
Nussing, Multidisciplinary, c!mnlaal Engloearing. The atrlewed pubdi-
cations after the second stage were 366,

The third stage is the “filreting™, which is characserised by a carelul
reacling of the title and ah of each publ filtering our publi-
cations not related lomermehobjecdweordwlieaﬁon. Alfter the
filtecing stage, 366 p tlans were d, leavieg © pabli
strictly focuse] on the research objective, Hnm 7 pubhcauom
highlight the link berween modular building and CE, and 12 publica-
tions highlight the link between CE and modular product. These publi-

The rest of the paper is stuctured as follows: Section = presents the cations have been carefully read amd apalysed, =ip 2 summarises
u R (SLR)} leading to the gap in | led; tion A of the selectica p

msmunmmmmdnomm:mmmm In section B of the selection p , following d with ex-

buslcling anc prod Section 4 p acase study from YAMAL LNG perts, the pubd were bl on the ARUP, KPMG, laing

and compares “Traditional modulmisauon aod “Modular CE”. s«:ﬁm

O'Rourke, Butges Sslmon, and Elken MacArthur Roundation wetsites”
b aof leading in publishing high-quality reparts in relevaar fiekis

5 pravid pollcy datlons 1o enable CE principies. th
fulark Section & Juscl lheppetmudunmuaberol
future research opportunities.
2. Systematic Literature Review
The auth ducted a SLR, | | of a tradi 1 re

view, to allow repeatability, objectivity and ttamsparency. Vg, | sum-
marises the research area and the research cbjective.

Rmknhly if the three elements (CE, modularisation, enesgy

) are hexl together, theve are no Scopus publications

focusing an the hnk between medularisation and CE in energy infra-

structiure (even when adapting the keywords), Thecefore, the authoss

decided to expand the search by dropping the keywards related to en.

ergy infrastrocture and analyse all the papers concerned with CE and

-3 Awmwimn!rd wember by Hiip/ovweww st b2 (8 wepeomeswploodis 360
JOAOGSPT CMZ0TG Tl yemmlinn

40

Two keywords related to the research cbjective were used to search
publicagions: “Clreular Economy™ and “Modular™ (search dmr 8/02/
201%). No publications strictly reloted to the h cbj

retieved, Only (AﬁUV J016) shows the Bok betwesn mduhﬂmion
and CE bue f on the bulkil etbon sectar, Table 2 (In the
Appenidix) uponnbueulend pubbcmiou in Section A and Section B
of the seloctian process.

T AP s e inedependans firm [ | working ocnoss every aspect of today s budk
smvrwament” (Beips e anip ooms o firm), KPMG s "a global aework of
profiaionnl srvices firms providing Audit, Tor and Afwsory sevicax™ (Wiipe < 5
o kg e Some careem/ who we-sse hiad), Lalng O'Rourke i “a pn
witaly ownel, avematioanl engineering  entenwise | )0 (o e
ggormmmrhe oo w i weare sgre). Burges Selmaon is am independent UK law
ferm Curips S ey salasan com Zalautox ). Ellen MacAsthur Fousde
than e s UK registersd charity warh @ mssion (o accelemste the sraraition o cir
el econonty” (hiips/ wiwse ifllesmmacert urfuundatim g/ puliciesk



B Migwos o

Research objective: To identify “what
we know" about the knk between
Clrcular Economy and Modularisation
in Energy Infrastructure

Fevgy Follcy 149 CNEND) 111371

Flg. 1. Resenrch aros wnd objictive.

e N N
E

1) Search strige deveioged
with the help of the

1) Metfication  of ',':";;‘, i Speay }
an withal Bt of Soreen out
2| Bxlusion of noaEagish
eywurds through peblications
reeeeyl Iterations a
3] Badusion  of  sbjedt
srems not elsted to the
\ research obective /
FINAL RETRIEVED
12 KEYWORDS DOCUMENTS: 19
— Il ——
op 7 11 pubicatiors
“Suicty” related 1o refated %0 "Modutar related to “Naod
the revescen Produst and Bulding and
objective Circolar Economy” Cimrwtar Tcovamy”

Pig. 2. Sederting prooess - Seetion A Layout sedapted from (00 Maddalon an® Davis, 20070

Vg 3 the numbes of publications that highlighted the Hnk
between “modular preduct sl CB" and "modular buikling and CE” pet

Year,

3. Linking circular economy and modulatisation: lessons
leamed

There were no publications focusing on the link between CE and
modalarisation in epergy inf ture. Few publi focus an this
link 1o the bullding construction sector, and several publications point
out the link between CE and modular products, Following the proced-
ures from Section 7, the authors scoutinised In detail 20 pub (19

to modulsr products, and 8 refer to the building construction seceoe. This

section summarises the key concepts mxl practices highlighted in these
20 publications.

3.1 Moedular buddings

3.1.). Redwcrion of construction end demolition waste

According to (Cheng ot al | 2015), peefabrication can reduce con
struction and demolition waste; | » the authoes do not detall the
reagons. (AR UP, 201¢) points out thar medularisation, coapled with the
dezign for disassembly, allows eagy changes to the structure reducing the

fromn Scopus plus (AR UP, 201 60)) showing 1 anxl peacti

waste. Purth Julari using 3D pring and

related to the Rok between modulacksation and CE. 12 p;nbilcannntm

41

liti L ‘v.mlghtr;lmemam!shmtmmemum-
tion schexdule, saving £300 m per yeas (ARUP, 20010} (Ll ot 2l 2014)
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Number of publications per vear

:I| Iﬂﬂﬂ

199% 2001 2004 2000 2011 2012 2013 X4 203 016 N

@ “Modular Prodect and Cirauer Economy” 0 *Moduiar Building and Cirouler Eccuomy”

¥ig. 3. Number of publations per year

present a model to evaluate the impact of peefabricarion oo construction the lifecycle stages is achdevable only if the lifecycle options of the

waste, and validote the model using data from a construction project in np are eval | anil determined since the ensly product

Shewzhen (China), The analysis mls the possibility of ududns <on- design stages (Uimec ot al, 2000), The key points abour the module

struction waste using prefabri [ 1 of the | method design in a CE perspactive are

and points out that the policy of i ing the subsicy for prefubsicati

of square meter gly infl the p won of prefat - The design of a modukar procluct should aveld joining components

sloption and construction waste reduction with respect to tax i made of different materials, and components with different physical

benefits life o facilitate the Kfecyche options (Huty of ul, 2001), This latres
point is also stressed by (Yan ol Feog, 2014) who argue that a

3.2.2. Achievement of closed-loop building marersaf cycle diffevent approach would waste resources,

(Lelmmasn, 2011h, 20) L Pulask) e al, 2004) highlight the impoc- G fules in a product family and the inchsion of the likely
mnoe of the design for deconstuction/dismsembly to achieve the reusable cmpo(mum he sanse modide raolimm the reuse (Hi
closed-Joop bullding matertal cycle. Thev alse recagnise the merit of ot al,, 2001; Liu, 20£3). Purtly h I stability, func-
modularisation  in  improving  the dJecovstruction fostering  the tiomal upgxulﬂhlily. Jang life, ense of quahty mame.and enee of
closed-loop material cycle, Furthermare, stmple and stanclardised con- cleaning and repalr are kev medule ch o the
nections simplify the assembly and dizassembly process. The authors do posgibility of reuge {Kianua et ul, 2001),
not pravide desalls about the reasons and the effective implications of - The Inclusion of the likely upgimding compeoents n the same
modularisation. medule coukl enable the module to be replaced as o whole unit

facilitating the upgrading process (1, 2007),
3.1.3. Reduction of Hfecycle energy requirements - The Inclusion of unrecyclable or pon-tessable compooents having

Prefobuication can reduce the lifecyele eowergy requiterent. In e same processing method in the same modubes coukl facilitate the
particular, (Aye o ul | 2017) assess the Nfecyck enecgy requlrements of processing process (1iu, 2013).
thiee different forms of construction for a residential building: pre- - Modular products might include electronic monitoring to predict the
fabricated fimber cosstruction, prefabricated steel construction, and expity date of the modules according to thelr use (Allwood of al,
conventional concrete construction. Although the energy embodied in 2011).

the prefubricated steel bullding is up to 50% highes than the conven-
tlonal ones, the seuse of the maln steed structure of the modules and 3.2.2. Different modularisation methods and different goals

other P it 0w building coubd determine asaving of the 1% According to (Hakirabess o al, 2015), there are 1wo groups of
of thar energy. mecularisation mathods “methads for single product modularisation™ and
“methods for product family modulansation”, The first group has two main
2.2 Modular products seps: doct a singhe d pasition and create a single preduct ar-
chitecture. The second group also has two steps canduct multiple de
The modular design coukd improve performances in di o1 positi andd aggregate the elements o & family product
ability, maintainabifity, upgradability, reusability, aml recyclability in ~ Mehitecture.
produces (Haza ot al, 2001; Unseda o al, 2009). Modules that can be (Halatenbery et al, 2015) present the “Targes-orfented Modulatisa-
nembled in dil'femnl ways allows applying the required changes (e.g. non.Mahad‘ which allows. defining pmduf:t nrchmcmn. based on
Inp A ) withous making a solution obsolecs  ¥PECiBC goals. Haweves, the authors only pr the g d
(Schualts, 2039). lm sevesal factors nesd to be considered to  ©F diffevent product architecture alternatives and do not provide derails
achleve optinsal \n terms of CE. about choosing goals and related Lmplications,
w» pesiomumon (0 ec b, 2013) highlight that ttn “material reuse moddularisation™
; x| “technical system modularisation' are two different concepts. The
3.2.1. Assesmment in eurly design stages e O e
The link between modulaz clesign and the enhanced pexfi In TR is 1ot only an expansion of "technical
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svstem modularisation”™, On the contiary, meduks detecmined by the

I reuse modularisation” might be with the modul
1 ined by the hinical systen fularisaticn”. The auth
present a deciskon medel that Iders bath modul
Accarding to (Schischke et al, 2014), there ne different levels of
modularsation and different related | design

strategies. Foousing on smartphones with a modular design (Schischhe
wial, 2014), paint oul five levels of modulatisation (Add-on, Material,
Hnlmn,kzpalr Mix & match) and, when applicable, the related can.

I dessign (eg. haeo(nmmem:eand
repals, Di

Fevgy Follcy 149 CNEND) 111371

This Is an Internal project worth $27.6 billlon and delivered in the
period 2011-2018 (Alten, 200% NY Lnergy, 2010). The praject started
with Frant-End Engineering in 2011, folkowed by the first piling works at
the e of 2013, and the first LNG carvier In 2017, The LNG camplex
reached its full capacity (16.5 million tonmes per year) in December
2018, coe year earller than planned) (Alten, 2019 Aavesny-Benneiol
etal, 2019),. Thech istics of this area (ie. wilderness area,
lack of infrastiucture, extremne weather, etc ) drove twe choice of mod-
ularisation {(Alesn, 2019). With 150 modules mainly fabricated in ship.
wdsmmvmummj«(hmmdcdmcwwsml

i joct (Alten, 2019).,

ic 35 the 4 of
peripheral functicanlities to a cove (e.g. display-CPU). The possibility to
some jaks (e.g b iex) easily iz the main charactesistic
or material modalarisation. In the cose of platform modubarisstion,
procucts are configured for a range of incdividunl specs. The possibility to
ensily exchange the key P i the main characteristic of repair
modularsation. Finally, the Mix & match modulasisation devel, which
considders spece for all moclules, standar@sed modale interfaces,
hot-swapping, maximum Dexibiiity and Inehodes vepair modularisar
presents the strongest correlstion with the design for CE g

bly and biy, L lallity and adapeability).
Tb:AMonmodulxtnﬂonmin !

L )

4.2, Comparative analysis

The authors had 8 series of communications lmluang ane lmlep(h
interview with a YAMAL LNG senior proj g the
role of modularisstion over the Be cycle of mmu energy Inlnsuuo
tuze, with particular focus on the YAMAL LNG case. Leveraging the body
of knowlelge from the previous sections, the communications & in-
dep(h Inmvlew. the participotion ot & seminas about the \'AMAL LHG
project, a 1 analysas of the li and the authars

(Senlschbe o al, 2016)

323, Undergoing the reuse or recycling process “directly
The envircamental Joad and the cost of ogistics and recavery pro-
ceses resloce when the module can undergo the reuse or recyeling

wxd retlection, it was possible to (dentify the key drivers, ennwn; fac-
tors, challenges, advantages and disadvantages of the “Traditional
modularization”, Hsted under the “Traditional modularisation”™ column
In Table |. Leveraging the results of the SLR in section 2 axd discussions
with experts in CE, the auth a new perspective of “Modalar

process directly {without the need for disassembiy in components). This CE™ In Tahle 1.
18 a result of the methodology presented by (Umedda et al., 2009) and
applied In the evaluation of the enviromnental load of two different
modular structures. (Pokushigs e al, 2009) preseat a modular design
mﬂmhndonmm«ydemh The method considers modules s
Ised by P itable for the same lifecycle options, | YR DA 1) L5 S
pennitting modules undn‘olng the Hfecycle options withoat disas- Tha st ol peres “Tandiions’ i ety SO Btk TN
5 socand  codumn W CE™ v T
sembly, and In terms of resource Moodilar CE” retatis cnabling factor, challenges, advantages and disadvantagss
efficiency of “Iraditionsl modularisation”.
3.2.4. Modularisation is a key enabier of the mverse manufacturing Trdiond s =
A lifecycle simulstion wemmnwmmmeeﬂeadmoduhx Feivens Eovisotrmate] condiions - Develop uotmmabls wergy
design in a CE perspective. (Monomiun and Umeda, 1999) presents and “f‘“:‘"l { "‘f‘_‘m’"ﬁ e
applies a lifecycle simulation system showing that an spprogri Sentmiusie Develipraat
modular design is a key enabloc of Invesrse manutacturing. Cronds
Enalling Modala design dered cE & deved e
fwcteen wines enedy desgn stages warly dimig sages
4. Case study: Yamal Liguefied Natral Gas (ING) modular i ityet ps: il s
project for Whing and whes/componeats inaterials
Srsyportalion
plained In the p there Is a gap s knowledge Clallenges Ueersding and regedathon Design for decomstimtion
about the link between modulacisation and CEin energy infrastrcture. Logiaics tisveenibly
This section prosents the Yamal LNG medulas proyct to compare two :‘"’""'"“""' Design mud {ievfiacs
"leacli oo s auad gy pe " standiodisation
pectives: "7 and CE". "Modular Mvasages Tmpeoved qualiny M‘mlmn'«m-!mm-ul
CB"hauovel | concept i duced in this paper, nxl can be dacting of msbidrs m litiom wrede
defined as “the facrory fabricarion, transportation and instailetion on site of consmtion snd rewik Facilitation of design towned
modules aiming 1o focilitate the reuse/repair/replacement/recycling of erewesd gpuincihity schiptbilicy st Jovort
p ateriols " Thesefore, this new pesspective retalns """'""'"'T"‘"y Sudolictutiy
lexrermed gossialicy of Lhesitasion of the usage of sow
the implications (factory fabricati ion and instsllztion on- W ntecialy
site of modules) of “Traditional modulnmaxlon" but also expands to Fuoductivs of Sfecytle varezy
inchude the development of sustainable energy Infrastructure. YAMAL vequicesments
LNG project i an ernb) case 1o analyse being th world's Iargest m"""‘:"’""""
modular project (Alsen, 201 9), and, being very recent, It allows verifying Aireetly A
the abeol Ity of the “Modular CE” strategy Faster malnienanoe and
L
Loagee e of the lasmce
+1. Cuse ’ Dessivanseagrs Sugply cwin san up cos ot oot |Derraes
Lk of adugtisility oo Scherdude could increase
Yomnl LNG project enromoam the construction of a plant tor chaiges Higher compleniy
p age and export of LNG from Incremed coondinaticn,
mmuymnmmpmmmemdmvm Hmiog and
O Cathon

Peninsula in Siberla (Auverny-Hennetor et al, 2019; Yomal LNG, 2018),
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4.2.1. Trodivonal n»ddamauon
This sectica pe Harities of the YAMAL LNG peoject and
highlights how uwmmﬂdnn to “Traditional modularisation” influences
the lifecycle of energy | The le behind the cholce of
“Traditiona! modularisation” in the case of YAMAL LNG project was to
the vi | conditions an-site (e.g. extreme
cold until -80 “C, strong wind >40 m/s, wilderness area, etc.). Sevesal
non-process modules (e.g. pipe tacks) and process modules (.8 mod-
ules to move the gas from gaseous sate to lgaid stare) were bullt in
yards Jocatex in Chitsa andd Indonesia and transported oo-site with spe-
cific vessels. Moving the yards from the construction site (Siberia) to
China and Inclonesia allowed:

o Quakty impr aixl reduction of mistakes in construction and
reworks through specialised vards with a better-gualified workforee

o Cost-maving through a lower labour cost arxl construction schedule
reduction

Purthermoce, the transitbon from stick-built construction to “Tradi-
tional modularisation” determined

- Anincreased level of complexity in the management of suppliers, For
ple, political pr es in "country X" where a sub.
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2004). This représents ooe of the mln chalkngss of “Modular CE™, a8
well as design and interf: fisation (further detalls in Secti
L )

Regarding the lifecycle of energy Infrastructure, there |s a major step
forward in this case Indeed, through the opportunity of a moee
stralghtforward  replacement/refurhishment of modules and compo-
nents, and the posibikity to reuse modules (and/ce P and
materiaky), “Modubu CE" ¢an be a game-changer all over the infra-
structure Bfecycle (not caly design, p and as
*Traditional modukarisation™).

5, Enabling CE principles through modularisation: reflections
and policy recommendations

Based on the SLR, case study analysis and expert discussions, this
section first offers an overview of the policy and regulatory context, and
then proposes two néw policies to exploit the advantages of modular-
Isation In o chrcular perspoctive andd a refloction o further lmprove the
*Medular CE".

5.1, Poficy and regudatory context development

was located led to the shipment on-site of uncompleted modules.
Mareover, “supplier ¥ (fixed price ) delivered modules not
respecting the design specifications. In both cases, modules were
complesed on-site where the labour cost was much highes than (o
"country X©.

- Tesnsporsation challenges. Long and detailed stixlies to & how
structures in the modules coulkd move during the maritime transport
were peeded. No structure damages occurred in the case of YAMAL
LNG project.

The analysis of the YAMAL LNG preject polnted out how the Jiok
between modularisation and CE is cunrently not considered and, indi-
rectiy, confinmed the poveldty of “Modular CE™ strategy introduced in
this paper,

The lifecycle of energy infrastrueture ie usually charactedised by

dard plh : deslgn, p constiuction, operations, and
decommissioning. The transition from “Stick-built construction” to
“Traditlonal mecluladsation™ substantially modifies the first three phn-

Progress to integrate CE approachses with energy infrastiocture has
b skow due to a dlo-mentality in policy and regulation, Policies
should aclopt a whole-system jained-up approach to accelerate change in
Industry practice, This section will furthes elaborate on tiese points by
using the United Kingdom (UK) policy as o meaningful case.

The subjects of energy, infrostructure and CE are generally in sepa-
tate policy siloes In the UK enecgy s handled by the Dep for
Business, Energy and Industrial Strategy (BEIS); infrastructure is part of
the portfollo of the Treasury's Infrastructure and Projects Authority; and
resources il CE are with the Dep for Envi Food and
Rural Affaixs (DEFRA). Climate change Is slowing stazting to belng en-
ergy and resoutce policy together.

The merging of energy anl climate change policy resulted in the
Climate Changs Act (2008 |, which Introduced Jegally binding targets for
carbon teductions across industties. The Clean Growth Strategy (2017)
ot our plans to grow the economy while limiting greenhouse gas
emissions, with a strong focus on energy elficiency improvenvents across
the economy (UE15, 2017), Howeyer, enargy effickency measures akone
will be insufficient to achieve the aspired 'net-ze10” target by 2050,

CE can gignificantly reduce carbon emissions, potentially to the tune
of 200 MtCO2Ze by 2032 (Green Alllancs mnl CIE MAP, 2015), Material

wes of the infiastructure lifecycle: design, p and

However, the operaneas and decommissioning phases are not different
from a stick-bullt Infiastructure. The “Modular CE" changes this
paradigm.

422 Modulor CE

This section provkies further detalls about the novel thecretical
concept of “Modular CE, and highlights how the transition fom
“Traditional modularisation” to “Modular CE™ influences the lifecycle of
energy infrastructure.

As adorementioned, “Modulu CE™ is “the factory fabrication, trares-
povtation and installation on-site of moadules aiming to facilitate the revse/
repair/replacemant/recycling of modieles; components/materals” These-
fore the tutlonake behind the cholce of Modukar CE is ro develop sus-

ble energy Infrnstiucture ond acdressing the United Naticos
Sustalnable Development Goals (mitsd Matlons, 2015). Indesd, this
novel stategy could both give value to the residual Ufetime of still
ugable modules when the infrastrocture needs 10 be reried, and facil-
itate the exch of medules {(when a madul hes the end of life)
exundmgthelﬂ'eo‘ the energy infrastructure. However, the opportunity
to exchange modules and/or move modules berween energy Infia-
should be considered in the early design stages. In other words,

design for decomstruction/disassembly shoukl be congidered in the case
of epergy Infrastructune, in the snme ways as it s in the bullding con-
struction sectot (ARUP, 201&¢ Lelumann, 2011b, 201 1a; Puiaski et ol ,
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e ing and manufacturing reguire vast amounts of ensegy. Modular
CE strategies that promote resse and repall save embocdied carbon
invested in the production of enetgy infrastructuse components, Valuing
wich solutions, when compared to Roear ‘toke-make-use-dispose’ prac-
tices, 1equires a longer-term app h o the of costs and
Ienefis than currently proctised by Government. The Geeen ook
guidance, far example, sets our the Government's appsoach ta the
evaluation of new infrassructure projects which, despite recent sdditions
e inwgmn sockal and envircomental valies with the eccocmic, In

p still is believed to be limited to short-term economic thinking
(HM Treasuy, 20138, 2015). This poses & disadvantage for CE 2l
that g more ic, social and enwvi ] value over 3

[onsex period (Veleatus! and Jopeon, 2019} While collnboration be-
twun departments lupouibh for energy, resources and CE, and

tare s i ng (Velenturf, 2018), policies must be inte-
Mﬁuﬂnmmhﬁnmldmmmmwaa
joined-up approach.

This is visible In strategies, policles and regul for tho P
en:rgyma.;ull&gmnnd bles. In Scocl i
afforts have been made to apply CE mtmlpbmlmmmmmof
Notth Sea oll & gas infrastructure (e.g. (R5A, 2015),). However, these
installations were: a) Not designed with the end-of-use in mind, and b)
Generally bespoke for specific locaticas and purposes. This poses
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challengos for 1he reuss and tepurposing of components (3515 2018), In
acldition, the State is functioning as a d 2 af Jast vesoce, with
a significant proportion of decommissioning costs being passed down to
taxpayers (NAD, 2019),

To prevent the issues encountered in the oil & gas wector, changes
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comldering the diffevent bevel of complexity (e.g. wind farm vs nuchkas
power plant), firstly its implensentation should be at sector Jevel (wind
fatm, nuclear etc.). Secondly, it shouk! be considered at country-level
arxl uitimately intesnationally.

were made foc offshare renewables, but progress in policy,

At country-level, ind sities ond g need to
gulary fevelop a common gy to p the CE In epergy Infrastructuse
by h _,dle Ivantages of modularisaticn,

and imxlustry practice has been minor, Operstors must now p
decommissioning plane before gerting permission o dmlop new in-
stallatians (Eoesgy Act, 2004), but the of this

limited so far. Omhmewind &mmimonmgplnmmn!ound mbe
imnuhu: i3 nature, g g of

1 I

A K it needex] to cbligate industiies o consider
and upp)y (ilpc-ihle) “Modular CE' mmpla For example, m;ulnm
could define the minimum p 2 ful
lak thncubemdlymm‘dn:ﬂ,lfpuﬂbh,mmdnﬁmh

)4

anxl vag: rehmfnnnebutpracbmlnwm
mmqgmmnﬂbo time oldwammushm;\g (Jenseq ot al, pulwmitted),
Decommissioning costs are Bkely to have been und i d by at

Infmmmemchenﬂleemiorlll: J could alse obdi the
| af d lho ose of ncyclln; process

s 1

Jeast a factor fous, similar lomhmknmadebetoteln lheoll&gmuc(m

(HRIS, 2008; Purnell et al., 2000). b4 =

adslmmdzo—ﬁmu maximising durabilicy tolimlubemol
and ith

Pun'th:-mme. the transition from “Traditional modularisation” to

but, crucially, ssill
unpnr.n on decommissioning costs, the ability to reuss ccmpumm in
new developments and the recyclability of materals (Punell o al,
2018).

Insight into & CE thar eptimises the value of resources and the

dards aim for “Modular C2 might be not cost effective, at least in the shoet term. In
lhn cue lnean:kve from the government {0 industries developing
iclering the i maCEp ive coukl be a soluzi
A J-hand } mhlobe 1 to reuse modules, simila
to what exists for components and m k. Inno {a&nd therefs

technology obsolescence) and changes in regulation represent two main
bmlan to the creation of a second-haod market. Indeed, although the

planning, managenent and ds issioning of energy inft ture is could be designed and built th h “Maoctular CBY, when
um largely segregated across the policy | cape. New approaches at e infrastrocture reaches te end of life (e.g. m 40 years), technology
lc level in G nsmllalnlndutrypnakum could be obsalets, ar lations could be changed. In & l, inter-
momrymmvefumnl In the following we p two ticnal supply chaing represent one of the main barriers to the imple-
new polickes ro promore Modular CE mentation ag country-level of “Modlular CE™. Indeed, it is highly ualikely
that all the modules of an enecgy infrastructure are built in caly one

5.2 Working toward standardisation country. This woolkd be I contrast with several main deivers of modo-
larisation (e.g. lower labour cost in other countries, higher expertise of

Standardisation is a b | in 1 ¢! , design thie wotkforos in other countries, ste. ) Thecefore, it is highly unlikely 1o

standsrdisation represents one of the main challenges el “Moddelae CE”
In enecgy infrastructure, as shown In Table 1. Standardisation Is key to
enable e reure of modulk and fals The reuse is
critical In two maln cases: 1) Pummuu retirement, and 2) Parts have
still useful life when energy infrastructure reach the end of life. Bow-
evar, the complete stancardisacion of energy infrastructute Is unrealis-
tic, at least in the shoet and madclle term. Por example, in the case of the
oil & gas sector, the peculian characteristics of the extracted gas derer-
mine different needs and, consequently, different plants. However, the
"eomplene plm standardisation” is not essentinl since the stand-

dule interfaces might be already a glant leap forwasd In
the right :.llrecﬁan. A peculinr example to uiderstand the criticality of
standard interfaces I o desktop computer workstation, Clarent com-
puter workstations, even if very different, can be considered modular
and have standdasdd Interfaces. If for exampbe, modele X (o.g. keyboard ar

“fully” harness the advantages of medularisation ln a CE perspective at
country-level, However, in theoty, "Modular CE" implensented at
country-level presents highee benefits 1n torms of sustalnability with
respect to "Traditional modularisstion”,

Al the International level, bartlers like technology obsalescence,
hanges In regulation and | | supply chains could be, tn the-
ory, overcome relotively more easily. Indeed, if after X years country Y
moves o0 to newer technologies for | a technology could
still be sl in country Z. However, an agr and a
mugyh«wmcmnuyYundlbdouﬂmemmumm

ic and reg: v couk! kx| country Z to use a lesser
advanced technokogy with respect to country Y. Moveover, “Modula
CE” imp} d at ianal-Jevel is not in with the main
drivers ol modululmlon Therefote, policy-makers should develop

2 scyeen) reaches the el of life, It can be easily replaced, and the
wotkstation kept in ploce. I the “computer cose™ reaches its end of lite,

kel % to foster the development of modular energy Infra-
structure lh:ough farsal
Furthermore, murdm centres nking Industries, univessities and

the pesiphernls can be wsod In another warl Slmilar consid
atiom can be done for the modules (CPU, RAM, hard drive) insice a
computer case. In the energy sector, In the case of wind farm, the tower
(that can be conaidered a module) coukd setll have useful time when the
wind turbine gearbox reaches the end of life. In that case, standard in-

terfaces can enable the reuse of the tower, Moreover, concrete founda.

gover e ontbe li af “Modular CE” are gy
recommaencded as wcu as Inlmulm of open innovation (CGroco ot al,

2017; Peskmann s Wilsh, 2007). The implications of this novel
npp:oxﬁneedlobeuw«ugmdmunammaml from diffesent per-
spectives (e.g. ete ). A
song lmmmvuﬁmgmnmem mmk could create the

tions have a Jong fe that could be used for | cyches if designes for
future use with larger nurbines. Palicy-makers shoull develop appro-
priate policies fostering the standard design and intecfaces, and pro-
moting the re-use of medules and components acrass plants to develop
more sustainable ensigy infrastructure.

5.2 tmplementation by sector and ar different levels

The transition from “Traditional modalagisation” o “Modular CE” I3
a ph Its Lmpl jon at different degrees {e.g. com-
plete v pmtlnl plant starxlardisation, or “ealy” unnda.ldmhon of the
interfaces) might already be largely techuically feasibl

»
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1" ) dedl for the develop af medular energy Infrastruc-
ture in a CE perspective.

5.4, Fram moddansation to modealanty

“Modulari " and ty" are often used interchangeably
although they have complesely different Moduk Is
the “process of converting the design and construction of a monolithic or
stick-bule plame ro faciltrare faceory fabricarion of modules for shipment and
(nstaliation in the ficld as complete assemblies™ (018 LMW, 2007) (Page
24) (CIVEIAWE, 2005). defines modulasity as a "Generic term, repre-
senting a comparative use of meny standardézed smaller unirs, with a lesser
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mmdwmmmmuommm(ww(mozz)
P Jordli is “a fr vk of agr to which all
relevant parties in an industry or erganisation must adhere fo ersure that all
processes associated with the creation of a good or performance of @ service
are perfe d withén et g " (lnvestopedia, 2019),

Fig. 4 compares the definl of medularisation and lularity,
also highlighting the meaning of stick-built and pure standardisation.

Modularisation and ludatity are two different concepts with
Mamlmpllmxlumudﬁmﬁbemadamh Table | summarises
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6. Conclusions and policy Implications

Policies fostering the development of sustainable infrastructuce
leveraging the principles of CE are essentinl for the enesgy sector
Traditiona] stick-built energy infrastiucture have a Bfecycle pre-
determined by the liferime of their companents. Modular Infrastnictuse
might be reconfigurable and extend /adapt their lifecycle dacoupling the
life of the ucture rom their mwodudes, I o wider perspective, CE
mﬂhamoﬁ&hmﬂmmmmm&

themnin i by kari Modularity allows i 1
Adits co-aiting i joa and load following
(Mxrnmm ool Locatslll, 2020) Moduhl CE" strategy can deliver the
highest benefits fram a “CE™ perspective when a standard plant ls
sssembled onsite from factory produced modules of a smaller capacity
than a monolithic plant {modularty elfect), Indeed, considering stan-
clard modular plants of a smaller capacity than a traditional modul

TM:pupm,l!nnug,hnlel identified the mu!hou!‘aboutdn
CE and b = A L

despite the growing | of poll s 1 and Indh ,ln

bol:h CE und mocdularisation, ﬂue wetem publications focusing on the

link b CE and modulatisation L the ewergy sector, State of the arl

includes few publications highlighting this link in the buikding con

plant, moere modular plants are needed o leach the same pawer mupul
‘Therefore, the need for d-haod

muaiounactoc,and inting out the link between a

would increase, and it would be eatier to create nsetond-l'mnd market.
Moreowver, modue lifting and transportation (ooe of the challenges of
moclalarisation (Mignaces et al, 2019)) would be much is easier in the
case of smaller medular plants nnd. theretare, smaller modules and
Poe ple, the rotce d of a wind turbine E:

E- 5»3 (BOOKW) i852.9 m (Wind-tur bl tuosdels, 2019), while the totor
dinmeser of a wind turbine Epnescon E- 126 (7,58 MW) s 127 m
(Wind-tushine modeds, 20190), The greater effort (and therefore coet)
needed In the design to implenent this novel sirategy woukl, in theory,
be compersated from the economy of multiples (e 5. the scovomic merit
of “mass production” of certain systems) On the other hand, the kack of
the economy of scale (the ic merit of i 1g the size of a
syater) should be considered. “Modular CE" stratezy i not applicable
{or with very fewer bepefits) In the case of stick-bullt or pure stand-
ardisation. Indeed, the absenoe of modules does not allow a “fully”
tmphmmnm of 'Moduln a" mw Howevat, moving from

----- to i 5 CE principbes), in ardes to
develop even more uulnnbleemm' infrastructure thm “Modular CE"
preseated in this paper, is 2 major keap forward. The first (and currently
more walmle] shott-tem step would be providing policies and tegula-
thons f 12 the link b 1 and CE (1e. “Madular
CE"), Anemmll. in a long tetm perspective, policies and regulstions
pmmonng the development of even meve sustalnable Infiastivcture

o

product and CE. Mmmpubﬂcﬂhﬂhﬁglngmeum
of energy infrmtructure, modularsation and CE together,

Policles alming to pramote modularisation could Improve perfor-
mances in disassembly, maintainability, upgradability, reusability, and
recyclability. The lnclusgion of components with similar characteristics
(e.g same likelihood of reuse or recycling) in the same infrastructure
modude facifitates the ochievement of the CE mh Futthetmore, mox)-
ularisation could reduce and o waste.
isation could also reduce the fifecycle snergy requitement and mmml
corsumption of enegy Infrastructure anl as such form a key past of
aclieving targets of both energy and resource policies. To make the most
of thig potentinl a further integration ts sequired for the policy areas on
energy, resources and CE, and infrastrocture,

I the case of 0 modular product, there nre several modubsrisation
motheds, aml each method |5 related In a diffecent way o CE A
precondition to aclieving the expected advantages of “Modular CE' is
the assessment of the lifecycle options of compenents/modules in the
early design stages, Purthenmore, | methods that allow evaluati
the lmpact of “Modulor CE™ bave been developed already at an academk
level, Jess at an industisal level and are almost absent at the palicy level
The sabeholders involved in the planning and delivery of energy
Infrastroctuse shoald familiarise with these concepes and practises to
develop sustainable energy infrastiucture reducing waste, CO; emis-
whoos, minimising the use of raw materialy, etc,

This paper presents the Yamal LNG case to compare and contrast two

Vncdirl

Seichobuie plant: A pam construcsed i The
field withaut estensive use of madule; abo
tefleired 10 & n mosolthic plent

[ A

Medulsriation: Process of

orreerting  the Myl md deftvery of (nearly) destics! stick-
of » chales, ussaly of smaber bult gower plainty form »

Mphmnmmahm capacity than » monelithe plant, to onvatent set of stakeholdurs in

fabeication of modules for ahi the benetz  from the peaject delvery chain

wed batalation o the fiseld o moddarity sffects

complere assemblies

Fig. 4. Mennisg of modalers dulariny disstion, stick-buils (Migse e and Loouelll, 20203
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pmpmwu "nndmoml modularisation” and “Modular CE™, showing
how } can | the sustainability even for “tradi-
tional” infrastructure such as gas plants. Furthermore, this paper pro-
vides two main policy items to fully exploit the advantages of
modularisation in a circular perspectives working towards stand-
ardisation, and Implementation by sector and ar diffevent levels, and
suggests how moving from medularisatica to medularity could even
allow the development of mote sustainabie ensrgy infrastructure,

The gap in knowledge about palicies to foster more sustainable
infiastructure leveraging modularisation is a strong motivation for
deoing further research. This paper paves the way to a number of futwe
research opportunities. Among the others, the following ressurch
1 are, ling to the authors, the mast rel

- Policy and Jegislation: What are the implications of the link between
CE and modular energy | ture from a legal point of view? [na
widet petspective, whaot are the relotioaships between countries with
different palicies and legiskation about energy infrastructure? How
coukl fiffe b e’ policy and Jegislation nffect the
cholens of business tegarding Investment and dwuopmeom Ta
whu extent could barmonisation E bep 17

- ion: Coubd innovatl beahﬂ«lolhtintheumucnm
modularization? Could new techiology ionovation make the reuse
of modukes unworthy (ie. technologically outdated)?

« Module lifting and transpartation: Module lifting and transpartation
it one of the critical points of moclularisation. In the case of a
modular energy Infrastructure designed to exploit the benefies of
modularisation fully in @ CB perspective, module fifting and trans-
portation could be mote critieal than in the case of "l’mdluonal

modularisation”. How are module lifting amxd P v
Jated to the fnk L nloth:lnxhaﬂondeB?
- Valoe of ERCEIA 1k 9 v/pollcy at an Inter-

national level: The value of 3 modile could bzdill’aem scoording to
the country because the circumstances could be difforent (eg.
Jegislation, labour cost). To what extent coukd this disparity acddress
the issues vedated to lnnavation and degislation?
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- Seapxlardisation of the Intertaces: A precondition of the link between
modularisation axl CE is the stundardisation of interfaces. Who
thould be responsible for the Ll of the intetfacen?

- End of life cost: What s the impact of the link between modular-
isation aod CE on the end of lfe cost? Coukd cost be dectensed?

- Emerging technologles: What Is the impact of emerging technologles
zuch as the Intesrnet of Things, digital twin and cyber physical sys-
teins in the development of energy medular infrastiveture in a CE
perspective?

Finally, learning the right way to fully exploit the benefits of med-
uhxhnlloninaCEpalpecdvehmmﬂwupulmu‘upuﬁcymd
Industrial level, lated over the vears In ather sectors coukd be a
key success factor to develop inabl ular enecgy i

ucture.
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Abstract

There is a growing body of literature surrounding Circular Economy (CE) and energy infrastructure
projects. However, most of this literature focuses on CE initiatives related to material recovering and
recycling. The body of knowledge about reusing components is limited and mostly related to the need
for reusing rather than providing solutions on how to reuse components. Modularization can be a step
towards a solution, enabling entire modules or their components to retain their functionality in other
infrastructures. Leveraging 23 semi-structured interviews with nuclear and oil and gas experts, mainly
based in the UK and US with international experience, this paper deals with the link between
modularization and CE (defined Modular CE) to identify enabling factors and barriers for the reuse of
modules or their components. Relevant enabling factors are the monitoring of module and component
conditions, standardization of module and component designs, and early planning. Relevant barriers are
the lack of a second-hand market, economics, and regulatory challenges. The results are relevant to the

stakeholders involved in planning, building, operating, and decommissioning energy infrastructures.
Keywords

Modularization, Modularity, Standardization, Infrastructure, Sustainability, Circular Economy
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Introduction

Modularization is the “process of converting the design and construction of a monolithic or stick-built
plant to facilitate factory fabrication of modules for shipment and installation in the field as complete

assemblies” (GIF/EMWG, 2007) (Page 24). The transition from traditional stick-built construction to
modularization is a key driver for reducing construction time and cost of Energy Infrastructure Projects
(EIPs), as described at length in the literature (Choi et al., 2019, 2016; Nabi and El-Adaway, 2020;

O’Connor et al., 2014). Building on (Invernizzi et al., 2020a), EIPs can be defined as “the planning,

construction, upgrading, and decommissioning of energy infrastructures”. This paper deals with an
under-researched topic, i.e. the link between modularization and EIP environmental sustainability

through the implementation of Circular Economy (CE) initiatives. There is a plethora of definitions of
CE (Kirchherr et al., 2017); this paper adopts Preston and Lehne’s (2017) definition: “The basic idea of
the CE is to shift from a system in which resources are extracted, turned into products and finally

discarded towards one in which resources are maintained at their highest value possible” (Page 4). In
other words, CE is concerned with maintaining resources at their highest value possible through CE
initiatives such as reuse, repairing and recycling of components and materials (Ellen MacArthur
Foundation, 2020; Minunno ¢t al., 2020; Rausch et al., 2020; Velenturf and Purnell, 2021).

The opportunity to improve the EIP environmental sustainability by leveraging modularization has been
mostly overlooked by academics, practitioners and policy-makers. (Mignacca ct al., 2020b) recently
highlighted this gap in knowledge by utilising a systematic literature review. They also theoretically
conceptualized the link between modularization and CE, presenting the Modular CE, i.e. “the factory
Jfabrication, transportation and installation on-site of modules aiming to facilitate the

reuse/repair/replacement/recycling of modules/components/materials” (Page 5). (Mignacca et al.,

2020b) focused on two main objectives of the Modular CE: 1) Extending infrastructure lifetime, and 2)

Extending module and component lifetime.

Regarding the first objective, traditional stick-built construction can hinder the repairing and replacing
of components; it might be challenging and too expensive to remove components, limiting the

opportunity of repairing and replacing during operations, ultimately determining the infrastructure
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lifetime. Modularization could extend the infrastructure lifetime by enabling an easier repairing and
replacement of modules and components.

Regarding the second objective, when the infrastructure reaches its end-of-life (e.g. due to economic,
legal or functional reasons), some components have still a residual lifetime, which is usually wasted.
Modularization could facilitate the reuse of components with residual lifetime by reusing entire modules
(or their components), retaining their functionality in other infrastructures.

In this setting, modularization could facilitate the implementation of CE initiatives. There is extremely
limited empirical or theoretical literature supporting the link between modularization and CE in EIPs.
By engaging with practitioners, this research focuses on the second objective of the Modular CE, aiming
to empirically investigate which factors enable or hinder the opportunity of reusing energy

infrastructure modules or their components.
Needs and research questions

As part of the United Nations” Sustainable Developments Goals (SDGs), SDG 9 (Industry, Innovation
and Infrastructure) is focused on infrastructures. Infrastructures are also considered within SGD 11
(Sustainable Cities and Communities) and SDG 6 (Clean Water and Sanitation) (United Nations, 2020).
Globally, infrastructures will require $94 Trillion until 2040 for brand new investment, replacement
investment and spending on maintenance (Infrastructure Outlook, 2020). Out of this $94 Trillion, $28
Trillion will be required for energy infrastructures. These numbers give an idea of the grand challenge
of implementing sustainable initiatives in infrastructure projects in general, and in EIPs in particular, to
achieve the SDGs. The implementation of Modular CE initiatives would, for instance, reduce the need
for raw materials and the embodied carbon invested in the production of modules and components.
Remarkably, there is no empirical research investigating the factors enabling or hindering the reuse of
modules or their components in EIPs. This paper aims to fill this gap by addressing two Research
Questions (RQs):

RQ1: Which factors enable the opportunity of reusing energy infrastructure modules or their

components?
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RQ?2: Which factors hinder the opportunity of reusing energy infrastructure modules or their

components?
Scope and organization of the paper

The scope of this paper concerns EIPs. The reasons relate to the characteristics of energy infrastructures:
relatively short life-cycles (compared to, for instance, roads and rails), making the reuse of modules and
components extremely relevant; the budget to be invested until 2040, i.c. $28 Trillion (Infrastructure
Outlook, 2020); and their environmental impact. The paper is organized as follows: a review of the
literature on the main arcas investigated in this paper, i.c. modularization and CE in EIPs; the
methodology adopted to answer the aforementioned RQs; the results and related discussions;

conclusions, contributions and future research recommendations.

Literature review

Modularization in energy infrastructure projects

Most of the literature concerning modularization in EIPs deals with working in a better-controlled
environment leading to quality improvement, construction schedule and cost reduction (Choi et al.,
2019, 2016; Ikpe et al., 2015; Mignacca et al., 2018; O’Connor et al., 2015, 2014). Modularization is
essential to build infrastructures in remote arcas characterized by logistic or environmental challenges,
such as extreme temperatures (Auverny-Bennetot et al., 2019). Modularization can bring further
benefits (e.g. in terms of cost and schedule reduction) if coupled with standardization. (O’Connor et al.,
2015) stressed this point and highlighted two approaches to integrate design standardization with
modularization: “Modular Standardized Plant”, i.e. standardization of plant design and modularization
of the design to obtain standard modular plants; and “Standard Modules”, i.e. modularization of the
design and standardization of some modules. The degree of standardisation is a key aspect for EIP
planning and delivery (Choi et al., 2020c; Shrestha et al., 2020). The most relevant standardization
critical success factors are the discipline to maintain standardization, operations and maintenance

considerations and the definition of the standardization approach (Shrestha et al., 2021).
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Modularization also presents challenges, such as a higher project management effort (Carelli and
Ingersoll, 2014), the need for designing collision-free cranes before construction (Han et al., 2015), a
higher cost for transportation activities (Mignacca et al., 2019), the managing of excessive geometric
variability risks (Enshassi et al., 2019), and uncertainties in off-site logistics (Yang ct al., 2021).

Prior research investigated the factors influencing the successful implementation of modularization.
(O’Connor ¢t al., 2014) identified 21 critical success factors; the top five-ranked are: 1) “Module
Envelope Limitations” (i.¢. preliminary transportation evaluation); 2) “Alignment on Drivers” as early
as possible among relevant stakeholders; 3) “Owner’s Planning Resources & Processes” (i.c. carly
modular feasibility analysis supported by owner’s front-end planning and decision support systems,
work processes, and team resources support); 4) “Timely Design Freeze” by owner and contractors;
and 5) “Early Completion Recognition”, i.e. business cases should include economic benefits derived
from earlier project completion. (Choi et al., 2016) investigated the effect of each of the 21 critical
success factors (or a critical success factor combination) on cost and schedule performance. A key result
is the mix of sufficient solutions for cost success, i.c. “owner-furnished/long-lead equipment
specification”, “timely design freeze”, and “a combination of vendor involvement and owner delay
avoidance”. Another key result is the mix of sufficient solutions for schedule success, ic. “a
combination of vendor involvement and management of execution risks”, “timely design freeze”, and
“a combination of owner-furnished/long-lead equipment specification and management of execution
risks”. (Choi et al., 2020a) showed the innovative technologies and approaches most impactful on
modularization success, i.¢. standardization, materials logistics management, and automated design.
The literature also discussed models defining the optimum level of modularization to maximize its
benefits. (Choi et al., 2019) presented a business analysis model identifying the optimum level of off-
site work hours considering the owners’ objectives. The model estimates the total cost saving according
to a different percentage of modularization, considering implications such as safety and quality benefits,

transportation cost and yard management.
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Circular economy in energy infrastructure projects

The literature about CE in EIPs is minimal, and in some cases, ambiguous. In the next sections, prior
literature of CE in EIPs is categorized in three domains: 1) Raw material (e.g. steel); 2) Module (e.g.
pump) and component (¢.g. valve); and 3) System (infrastructure as a whole).

Raw material domain

The majority of the literature regarding CE in EIPs deals with raw materials, describing CE initiatives
aimed at recovering and recycling. (Busch et al., 2014) stressed the importance of monitoring the critical
materials (i.e. materials at risk of supply disruption, such as rare earth elements, cobalt, and lithium)
embedded in infrastructures, thereby enabling opportunity for material recovering and reusing. The
authors presented a stocks and flows model to quantitatively evaluate CE initiatives.

(Lapko et al., 2019) identified enabling factors (c.g. legislation support for waste reduction and
collection of end-of-life products) and bottleneck conditions (e.g. lack of appropriate recycling
technology and instability of market for recycled materials) for the implementation of a closed-loop
supply chain for critical raw materials in the case of photovoltaic panels and wind turbine technologies.
(Heath et al., 2020) focused on the materials of crystalline silicon photovoltaic modules, suggesting
initiatives that could improve the effectiveness of photovoltaics recycling, such as recycling
infrastructures able to deal with several modules designs and considering the trade-offs among costs
and revenues and environmental impact. (Roelich et al., 2014) presented a method for monitoring
changes in material criticality (i.e. “potential for supply disruption of a particular material, and the
impact of this disruption on the system of interest” (Page 379)) during the transition to low-carbon
infrastructures. Furthermore, (Christmann, 2018; Dong et al., 2019; Ng et al., 2016; Reuter et al., 2015)
discussed the importance of sustainable management of metals (such as lead and zinc and their minor
elements) and minerals both in terms of higher reusing and recycling.

(Krausmann et al., 2017; Schiller et al., 2017) stressed the fact that the industrialized nations have
accumulated and keep accumulating anthropogenic material stock in terms of infrastructures and other
durable goods. According to (Schiller et al., 2017), this stock should be considered as future capital

stock and be properly exploited and managed, and not only focused on the input of raw material.
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(Schiller et al., 2017) presented an approach allowing analysis of the anthropogenic material stock of a
national economy.

Module and component domain

The distinction between module and component is complex (Brusoni and Prencipe, 2001). For instance,
a pump can be considered both a module (including components such as bearings) and a component (as
part of a reactor pressure vessel). In general, modules and components are functional units and are
treated as such in this research. The literature in this domain is scarce and mostly highlights the need
for CE initiatives rather than CE solutions. According to (Invernizzi et al., 2020b), policy-makers need
to act proactively in developing policies favouring CE solutions (e.g. the reusing of components) for
future energy infrastructures to tackle the challenge of decommissioning megaprojects. (Jensen et al.,
2020) highlighted this need in the case of low carbon infrastructures, focusing on offshore wind.
(Invernizzi et al., 2020b) argued that existing energy infrastructures could also adopt CE solutions;
however, costs and benefits can be optimized if the design (and construction) phases consider CE
principles. The aforementioned model of (Busch et al., 2014) also includes components with their own
stocks and flow dynamics to evaluate the potential for reuse quantitatively.

Regarding the modules, (Mignacca et al., 2020a) focused on the specific case of Small Modular nuclear
Reactors (SMRs), providing a ranking of the factors favouring or hindering the reuse of SMR modules.
The ranking shows that standardization of module designs and interfaces are critical factors for the reuse
of modules. (Mignacca et al., 2020b) conceptualized the Modular CE, arguing that modularization could
favour the implementation of CE initiatives, such as reusing and replacement. Remarkably, there is no
empirical research about the identification and examination of the factors favouring and hindering the
reuse of energy infrastructure modules or their components. The theoretical conceptualization is
compared to the empirical results of this research in the discussions.

System domain

The system domain focuses on CE initiatives by considering the infrastructure as a unit of analysis.
This literature deals with topics such as using infrastructure waste as feedstock for other infrastructures
or products. A much-discussed topic is represented by the opportunity to reclaim energy from waste

and, more generally, resources from waste (Fuldauer et al., 2019; Liguori and Faraco, 2016; Purnell,
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2019; Venkata Mohan et al., 2016; Vondra et al., 2019). For instance, (Vondra et al., 2019) focused on
the biogas plants (i.c. plants that rely on anacrobic digestion to produce methane gas from organic
waste), highlighting how an unsustainable treatment procedure for residual liquid digestate could
determine the escape of bio-resources from the CE, gencrating net waste. (Vondra ct al., 2019)
recommended a vacuum evaporator system and presented a techno-economic analysis tool to favour
the decision-making regarding its implementation.

(Velenturf et al., 2019) reported a series of technologies under development that can recover organic
and inorganic fractions from waste, such as “biorefineries that incorporate microbially-mediated metal
recovery approaches to produce new catalysts from liquid wastes, for the production of liquid and
gaseous fuels in addition to generating electricity from bio-hydrogen via fuel cell catalysts” (Page 967).
Another key topic in this area is cogeneration, i.e. the generation of two different valuable products
from a single primary energy source, saving a significant amount of energy (Locatelli et al., 2018,
2017). According to (lacovidou et al., 2017), traditional decision-making methods such as life-cycle
assessment and cost-benefit analysis do not address the multi-dimensional value spanning the
economic, social, environmental and technical domains. (lacovidou et al., 2017) provided a novel
approach that allows assessing and evaluating complex value in said domains by adopting a whole-

system perspective and providing multi-dimensional outputs.

Research methodology

Research context

The context of this research is EIPs, particularly nuclear and oil and gas. The vast majority of nuclear
reactors in operations are stick-built, but recently considerable effort has been invested in moving to
modular structures (Locatelli and Mignacca, 2020; Wrigley et al., 2021). Four modular reactors, called
AP1000, have been built in China, and two are under construction in the US (World Nuclear
Association, 2020). Furthermore, a new class of reactors, called SMRs, has been proposed and

discussed over the last two decades. Modularization is one of the main characteristics of SMRs (Lloyd
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et al., 2021; Mignacca and Locatelli, 2020a). The oil and gas sector is also relevant to the research as
modularization has been practised for the last 40 years (Bjornstad, 2009).

Research approach

In order to investigate the factors enabling and hindering the reuse of modules or their components, and
given the exploratory nature of this research, the authors adopted the inductive approach. The inductive
approach does not formulate hypotheses at the beginning (Thomas, 2003), and it is appropriate to
explore a new phenomenon, identify the patterns and contribute to new generalizations (Bryman and
Bell, 2015; Saunders, 2011).

Data collection and sampling strategy

Data were collected through semi-structured interviews following (DiCicco-Bloom and Crabtree,
2006)’s recommendations. Experts (interviewees) and researchers have the opportunity, in semi-
structured interviews, to ask for details, clarifications or follow-up questions (Rubin and Rubin, 2011).
Experts were selected by combining purposive sampling (Palinkas et al., 2015) and snowball sampling
(Goodman, 1961). Two criteria guided the selection of the experts: 1) At least 10 years of experience
in the nuclear or oil and gas sector, and 2) Sufficient expertise about modularization. Fourteen experts
were selected by purposive sampling (initial sample), who then involved another ten experts in the
research (snowball sampling). A total of 23 interviews were conducted between April and November
2019, corresponding to a total of 24 experts (two participants preferred to be interviewed at the same
time). At the time of the interview, the 24 experts had on average 29 years of experience in the nuclear
or oil and gas sector, mostly in the UK and US. These experts worked, at the time of the interviews, for
20 different companies. The appendix provides detailed information about the experts. Data collection
stopped when data saturation was obtained, i.e. when data collection became redundant, and the content
was clear to the authors (Hennink et al., 2017). Three out of the 23 interviews were pilot interviews to
verify the knowledge of the experts about CE and the clarity of the questions. One of the three pilot
interviews was conducted with a cross-sectorial end-of-life management expert in order to ensure the
“circular economy” lens of the research. The 3 pilot interviews lead to the final version of the
questionnaire. Table 1 shows the final semi-structured questionnaire used as a basis for the dialogue

and the related purpose.
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Purpose Semi-structured q i ire questions

Preliminary questions 1. Could you tell me your definition of modularization?
2. Could you give examples of modules in your field?

RQ1: Which factors enable the reuse of energy | 3. What is necessary for deciding to build a “modular plant” instead of a traditional plant
infrastructure modules or their components? built on-site?

4. What is necessary to reuse the modules as a whole?

5. What is necessary to reuse the components of modules?

RQ2: Which factors hinder the reuse of energy | 6. What are the barriers of modularization?

infrastructure modules or their components? 7. What are the barriers to reuse the modules as a whole?
8. What are the barriers to reuse the components of modules?
Circular economy knowledge 9. Have you ever heard about the circular economy?
Snowball sampling 10. Could you kindly advise some experts like you to contact for an interview?

Table 1: Semi-structured questionnaire questions - Layout adapted from (Locatelli et al., 2020)
The expected length of each interview was 30 minutes, but 2 interviews lasted around an hour. On
average, interviews lasted 31 minutes. Interviews were conducted via Skype except for one that was
conducted in person and one where the interviewee emailed the answers. All the participants gave
permission for recording the interview, and anonymity was guaranteed.
Data analysis
Interviews were transcribed and analyzed through thematic analysis (Nowell et al., 2017), i.e. “a method
for identifying, analyzing and reporting patterns (themes) within data” (Braun and Clarke, 2006) (Page
79). It is “a form of pattern recognition within the data, where emerging themes become the categories
for analysis” (Fereday and Muir-Cochrane, 2006) (Page 82). The thematic analysis researcher does not
necessarily relate frequency with importance, where the content analysis researcher would, but rather
focuses on the relationship between a theme and the RQs (Vaismoradi et al., 2013). Considering the
exploratory nature of the research, thematic analysis was conducted in order to avoid missing themes
that could be relevant to this and future research.
After the interviews were verbatim transcribed, the interviewer (one of the authors) carried out the
coding process (i.c. the identification, analysis and reporting of patterns (themes) within the transcripts).
NVivo 12, a Computer-assisted Qualitative Data Analysis Software, was used to facilitate a systematic
categorization of the information. A two-step coding process was followed, as suggested by (Saldafia,
2015): 1) Summarising in a few words each relevant section. These represented a theme or sub-theme
(nodes); and 2) Reorganizing the long initial list of nodes in a smaller number of themes and sub-themes
based on similarities (final coding). The coding can start both from themes or sub-themes (Nowell et
al., 2017). In this case, the final coding started from sub-themes.
After the first coding process, several discussions between the authors led to the final list of themes and

sub-themes. Table 2 reports two examples of the main steps of the coding process.
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The two step-process in Table 2 led to the identification of 2 themes (enabling factors and barriers) and
10 sub-themes. The “enabling factors” theme includes four sub-themes: monitoring of module and
component conditions, design standardization of modules and components, suitable dimension for
transportation and inspection, and carly planning. The “barriers” theme includes six sub-themes:
regulation, political pressures, lack of a market, economics, lack of maintenance, and module and

component contamination.

Final
coding
(Themes)

Final coding (Sub-

Extract from the interviews Preliminary coding (Nodes) themes)

Does its condition affect the performance of a new plant
that it will be inserted

When you get the end of your design life, it may be that
there are auxiliary systems of modules in which case
you might be able to refurbish and reuse them but [... ] | Understanding module conditions
you're talking 60-80 years into the future, so one would
have to see the condition of those modules

This is one of the design requirements, as engineers [ ... |
we put design requirements on our systems, if you
impose a design requirement that it should be easy to
disassemble

In order to be able to do that, your modularisation
approach and your design [ ... ] has to account for that
[...] at the beginning, so making sure that you can
safely detach modules

Performance of new infrastructure

Monitoring of module and
component conditions

Enabling
factors
Planned easy to disassemble

Early planning

Planned safe detachment

Table 2: Examples of the coding process

Results

Enabling factors

Monitoring of module and component conditions

A relevant factor enabling the reuse is the monitoring of module and component conditions. An
interviewee explained why and for which stakeholders monitoring is relevant: “Requirement for reuse
is monitoring the condition of the pump or motor or pipe; because if you're going to be the receiver of
a used module, you want to make sure that it has a lifetime, it's not [going to] break the week after you
get it; and also allows the initial user of the module to determine when it's no longer feasible for my
Jfacility fo continue using the module ™.

Monitoring is already a common practice in some circumstances, even if it cannot be fully accurate, as
one interviewee highlighted: “We have very good [ ... ] ageing monitoring programs in place that are
becoming even broader and cheaper because of the information technology boom. Sensors can relay

transmitted frequencies or thicknesses back to a central location rather than have to send people out
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with a handheld instrument to do all the monitoring [ .. ]. If you're monitoring [ ... ] the thickness of a
pipe because pipes tend to rust and corrode with use [ ... |, you don't monitor every inch of a pipe, you
try to pick the most limiting locations and assume that everything else is better shaping than. So you
have to convince yourself and any prospective users that you've selected the right points, the most telling
points [ ... ]. If you don't, then you sell them a part that breaks a week later; he's probably going to sue
you. So that it's becoming easier [... |, we have fewer surprises, but that's still a challenge because
whether you are buying a used car or a used module from nuclear power plants or component, you
want to have some assurance that it will last a while”.

Design standardization of modules and components

The interviewees stressed the importance of standardizing modules and components to enable their
reuse or make it more cost-effective: “If you got a module or a set of components standardized | ... ],
you'll be able to replace them and reuse [them] in somewhere else [ ... ]. Standardization will allow to
optimize that reuse, will make that more cost-effective [ ... ]; systems or different work plants will be
working on the same conditions, and you can use and standardize components [ ... |, [this is the] main
driver for reusing”. Some decades ago, standardization was a key enabling factors to reuse components,
as one interviewee highlighted: “For the “X plant” in “Country Y", when it shut down [ ... ] in the late
1970s and into the early 1980s, a number of their components [ ... ] were used in another plant because
there were other plants [which] needed exactly [the] same components [ ... |”.

Some comments about the relevance of standardization were not strictly related to the reuse but to the
Modular CE initiatives in general. On this matter, one interviewee commented about the opportunity of
easier and more cost-effective upgrades: “If you have a fleet of [identical] modules, then you can
maintain them all in the same way at low cost, and you can optimize them all in the same way. [ ... ] If
you look at today's nuclear fleet, all of the control systems are different, and if you had an enhancement,
it's very difficult to roll it out across the fleet; whereas if you've got a fleet of modular plants and they're
all the same device, you can keep the sofiware in much better control and control the updates lot better”.
Suitable dimensions for transportation and inspection

The transportation of large dimension modules is a significant challenge in traditional modularization.

In the case of reusing modules, module dimensions need to be suitable for inspection and transportation
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to other infrastructures. On this matter, one interviewee stated: “The modules should be respected in
size and weight, so that they can be removed from the site and returned to a place where they can be
refurbished or reloaded if necessary with fuel, and inspected properly [ ... ]. The size of the module itself
/... | needs to be smaller enough to remove, [ ... | transport, and inspect”.

Early planning

The interviewees stressed the importance of early planning to allow the implementation of the Modular

CE initiatives in general (e.g. casier replacement), and the reuse of modules and components in

particular: “We have [ ... ] reused some parts from nuclear power plants, either that have permanently
shut down or some parts wear out [...]. We haven't done a real good job of pre-planning [...]. For
example, some of our large parts were installed in the concrete walls [ ... ], so we had to cut holes in the

walls to remove the large parts when they wore out, [ ... ] we didn't anticipate that need and designed
forit [...]. I think [ ... ] a modular plant with some pre-planning, you can benefit or maximize the reuse

of those materials whether it's modular walls, pipes, pumps, whatever”. Another interviewee stated:

“Lirst of all, the design has to be done from the very beginning with the intention of reusing it [ ... ]. If
you don’t plan for that at the beginning, then reusing becomes quite expensive if you have to cut the

piping system, you have to cut the wiring”. Furthermore, “design for disassembly” was mentioned as a
design feature to consider in early planning: “For reusing, [... | I would look for design features that
allow [ ... ] the modules to be disassembled”.

Barriers

Regulations

Interviewees argued that regulatory challenges could hinder the opportunity of reusing. One of the key

aspects is the demonstration that modules or components can be used “safely” in other infrastructures:

“If after 20 years you decide [ ... | to move a module from point A to point B, you're [going to] have to

demonstrate that it has enough life lefi in it to make it worthwhile. You can't take a 20-year-old module

and put itin [ ... ] a new plant and try and get a 40-year licence without doing a [ ... | lot more work to

demonstrate that something that was right for 40 years can now work for 60 [ ... |; you have the whole

lifetime justification to do”. Overcoming regulation challenges can be more complex in the case of
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reusing modules or components in different countries: “In the “Country X they used “Code Z” [ ... ],
when we brought that design to the “Country Y to license it through the generic design assessment
process [...], “Country Y~ regulators just said that code doesn't apply [..]. “Vendor A” had to
effectively go back to first principles calculations to demonstrate why the civil structures were
acceptable for the nuclear power station™.
Regulation challenges can determine choosing to build a new module or component instead of
demonstrating its suitability for the reuse: “Coming from “Country X to “Country Y”, [ ... ] a piece of
equipment that was already [ ... | used in “Country X, no longer in use, it was [ ... | effectively in a nice
frame, so I thought that could just be lified. [...] Then I [... ] said no [... ], when I thought about [... ]
how do I demonstrate his pedigree to the “Country Y regulator for a piece of second-hand equipment
[... ], how do I translate codes and standards, wiring standards, [ ... | all those different things. I came to
the conclusion that [ ... | we will be better constructing it in “Country Y.
Political pressures
A relevant challenge is the role of politics in limiting the opportunity of reusing. An interviewee
explained how a political strategy to increase job opportunities in a country set limitations on the import
of equipment by setting country localization requirements: “Coming from “Country X to “Country Y,
[... ] a piece of equipment that was already used in “Country X", no longer in use, itwas [... | effectively
in a nice frame. [..] I thought that could just be lifted, and then [... ] I said no [... |; there was another
driver in “Country Y because I was there in “Year Z” and so “Country Y governor” [...] was in
charge, they made good progress [ ... |, wanted to continue that progress and [ ... | put as much work in
“Country Y [ ... ]. So it wasn't a major driver, but it was a lot of pressure on there”.
Lack of a market
The lack of a market for second-hand modules and components is a major barrier to their reusing. The
interviewees pointed out several factors that could hinder the creation of a second-hand market.
Technology obsolescence determined by technological progress can be a major barrier: “Even if it's
only a few years old, the turbine supply might say [ ... ] this new turbine it's got the Gen-4 blade set in

it that gives a 9.5 per cent efficiency advantage out of the turbine, and you get your calculator out, [ ... |
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and it saves you ten times more money than [ ... | using the old device”. One interviewee mentioned the
“not invented here syndrome™ and the interest of the vendors as two factors hindering the creation of a
second-hand market: “I think [ ... ] is the not invented here syndrome, how do you get over that, and that
requires a coherence at the top of the organization [ ... . The vendor might want to sell 12 rather than
one moving around. [It] depends [on] what the relationship between the vendor [and] the operator is;
[ ... ] ifthat's a transactional relationship driven purely by cost, then the vendor might design something
that [ ... ] isn't [ ... ] transportable”. The difficulty in performing maintenance and obtaining spare parts
could also hinder the creation of a second-hand market: “7he ability to perform maintenance and obtain
spare parts becomes more and more difficult over 60-80 years”.

In the case of plants for gas treatment or compression, the peculiarity of the gas can also hinder the
opportunity of reusing: “If you have a treatment or compression plant that is designed in a specific way
for a particular gas that comes out from a well, [...] the well in place A can be completely different
from the well in place B both in terms of gas flow rate and composition; [...] in this case, it is very
difficult and complicated, and the loss in efficiency [ ... ] can be a bit heavy”. Remarkably, in the case
of very small modules, a market (although very limited) already exists: “I’ll do an example. Many
extraction wells, all of them more or less with similar characteristics but they are activated in different
times; if you build a module, a small module with everything is needed for gas treatment, oil treatment
[etc.] for one of these wells; then when the well is closed [ ... ] because in these areas they have not a
long life, so it is used 3,4,5 years in this well, and then it is taken, moved fo another place for 3,4 years
and [ ... | so on. This is a very particular market, usually very small; we are talking about small wells
[... ]; therefore, everything around is also small”.

Economics

The choice of reusing a module or component or deciding to build or buy a new one can be driven by
cconomic reasons, and the reuse option may not be cost-effective. On this matter, one interviewee
stated: “Ir will be a relatively expensive process [ ... ], and it will also be the cost-benefit of doing this
versus the cost of buying a brand new reactor assembly of the same design [ ... |. [If] you have a facility
that's building [...] 10 or 15 of these a year, so you are now already at the economics of the nth unit

being produced, [... | the marginal cost of producing an additional unit [is] relatively [low]. If you
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compare that with the costs of dismantling the other facility, taking it apart and moving it to a new
location having to work with radioactive components, it may not be cost-effective. The analysis would
need to be done, but my initial reaction would be that perhaps it would not be cost-effective”.

The cost and availability of a module or component could also influence the choice of reusing: “7 think
[... ] the primary driver will probably be either cost and/or availability of that specific component. [ ... ]
If it's a consumable type off-the-shelf commercial grade, you might not reuse it [... ] because there's
a cost of [ ... ] disassembly, reassembly, but if'it's high-value [ ... ]”. Furthermore, an additional design
effort is needed to allow the reuse, which results in an additional cost that could limit the opportunity
of reusing: “Any additional design effort which is required to design a power station that could be
recycled or reused will incur additional costs, and it's difficult to see how that cost could be recovered,
given that seems unlikely that today a customer would be willing to pay that extra premium”. Although
most of the interviewees agree on the fact that economics could hinder the opportunity of reuse, one
interviewee stated: “If can be a big saving [ ... | in terms of time and in terms of cost, maybe not so much
in term of quality if [ ... ] you think about the three dimensions [... |; because those components have a
life-cycle which is extremely lower with respect the other components of the other plant, but [ ... | maybe
1 am reusing that turbine to another plant which has already ordered and whose turbine is exhausted,
so [... ] itwould be a good way to saving money and time”.

Lack of maintenance

In some circumstances, module and components are not properly maintained, preventing their reuse:
“When Iwas in “Country X" I was construction manager of the revamping of the refinery of “Company
Y, and it was crazy the situation over there [ .. ], lack of maintenance [ ... ], one furnace got fired, there
was the other besides that continued to work, was full of leakage of gas everywhere, constant danger
of explosion, they didn’t care, they continued to refine and postponing the maintenance [ ... |. In certain
situations, in some countries [ ... |, the maintenance is so poor that the risks are so high [... . Another
interviewee argued: “Barriers would be [ ... | lack of maintenance to maintain the mechanical structural

integrity, if modules are not strong enough, then you can’t move them to reuse”.
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Module and component contamination

Modules and components can get contaminated, preventing the reuse: “7The barriers would be if [ ... ] a
part of the plant [is] radioactively contaminated, then the module itself may become slightly
radioactive. That's not a showstopper, there are ways to decontaminate pipes or walls and so on”. The
interviewees provided the following suggestions to deal with this barrier:

- Proper shielding during transportation: “Moving large radioactive assemblies has been done before
but typically [ ... ] these are transported for burial, for disposal [ ... ]. The transportation of components
was done over roads and so on with proper shielding [ ... |, but they were mainly, as far as I know [ ... ],
destined for burial and disposal, not for reuse”.

- Focusing on the balance of plant: “It would be best to focus on the balance of plant, because [ ... ] in
the case of a fission plant they're not hot [ ... |, [there is the] whole area of the core that you can't reuse
because it's hot, it's radioactive, it's impractical”.

- Considering the differences between the technologies: “In balance of plant fairly straightforward on
a PWR [Pressurized Water Reactor], less easy on a BWR [Boiling Water Reactor] [ ... | where the steam
goes directly into the turbine and hence is likely to be more active”.

- Length of plant operation does not influence the contamination challenge: “If doesn't really matter
[...] you've operated one or two years, you're [going to] have the activation of materials, the

contamination will be there whether you operate for two years or fifty years”.
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Discussions

The words modulanzation and modularity are often used interchangeably in EIP scientific and industrial
Iiterature. although they have different meanings, Figure | clanifies the difference between
modularization and modularity in EIPs and provides a graphical summary of the construction strategies
discussed in this paper.

The Modular CE is a novel strategy in EIPs, theoretically conceptualized in (Mignacca et al., 2020b).
The Modular CE refers to a series of initiatives fostered by modulanzation, such as the reuse, repairing
and recveling of modules, components and matenals. The idea of leveraging modulanzation to favour
CE mplementation and improving EIP sustaimability comes from modular products (c.g computers),
where the link between modularization and CE is already recognized and. to a certain extent.
implemented. However, the Modular CE has never been empincally investigated in EIPs. This paper
fills this gap in knowledge by empirically identifving cnabling factors and bamers for the reuse of
energy infrastructure modules or their components,
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Figure 2 summanses the factors favouring or hindering the reuse of modules or their components.
showing: new factors that emerged from the interviews; factors that emerged from the interviews
consistent with the theoretical conceptualization of (Mignacca et al, 2020b): and theorencally
conceptualized factors that bave not emerged from the interviews. Furthermore, Figure 2 provides
relevant insights on how enabling factors and barriers arc influenced, positively or negatively, by other
factors.

(Mignacca ct al, 2020b) stressed the importance of standardization at two different levels: the
standardization of modules (and their components) and the standardization of modular mfrastructures
(1.c. modularity). The mterviewees fully acknowledged the importance of standardization of modules

and their components but only tangentially mentioned the standardization at infrastructure level.
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The standardization of modules and components designs scems more realistic (at least in the short-term)
with respect to the standardization of infrastructures as whole systems. Indeed. components such as
turbines have a higher degree of standardisation than a whole power plant, This is consistent with the
study of (Choi et al, 2020b). which highlights that in defining the standardization strategy. the impetus
may be firstly given at component level, followed by module level, and eventually at infrastructure

level.
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Another key enabling factor mentioned by the interviewees is the monitoring of module and component
conditions to evaluate their residual lifetime. This is also highlighted by (Allwood et al., 2011) in the
case of modular products and by (Mignacca et al., 2020a) in the specific case of SMRs. The interviewees
stressed the importance of considering Modular CE principles since the early design stages. This is in
line with the recent study of (Wijewansha et al., 2021) on CE, who also highlighted the relevance of
considering CE principles before “freezing the designs”.

Reuse is seen by most of the interviewees as an expensive, challenging process, sometimes unjustified
and disadvantageous. The traditional “take-make-use-dispose” approach currently has limited
implications from an economic point of view in EIPs, the nuclear sector being an exception where the
cost of disposing of waste and components is relevant and widely investigated. In this regard,
(Cooperman et al., 2021) recently highlighted how the cost of disposing of wind turbine blades in the
US is relatively low with respect to the overall energy life-cycle cost, which thereby hinders the
implementation of CE initiatives. According to the authors, this paradigm needs to change in EIPs. Both
CE initiatives in general and Modular CE initiatives in particular need to be enforced by economic
drivers in order to foster the transition to more sustainable EIPs and contribute to the achievement of
the SDGs. A driver could be implementing a pay-as-you-throw approach, as in the case of some
municipalities (Batllevell and Hanf, 2008), making the infrastructure’s owner pay on the basis of the
waste gencrated at the end of the infrastructure lifetime. Symmetrically, another driver would be to
provide economic incentives (e.g. tax relief) for companies reusing modules or components. This
approach could change the economic balance and, therefore, the perspective of the industry about the
opportunity of reusing.

Currently, one of the focuses of the energy infrastructure industry is to increase the economic
attractiveness by maximizing infrastructure lifetime; however, equal attention should be paid to the
decommissioning phase and the opportunity to save modules and components. The lack of attention to
the decommissioning phase and the opportunity to save modules and components is, to some extent,
confirmed by the answers of the interviewees to question 9 of the questionnaire about CE knowledge,
i.e. “Have you ever heard about the circular economy?”’; most of the interviewees were not aware of the

meaning of CE or even the concept.
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Another key barrier that emerged from the interviews, consistently with the theoretical
conceptualization, is the lack of a second-hand market. According to the interviewees, factors hindering
the evolving of a second-hand market are: technology obsolescence determined by technological
progress, difficulty in performing maintenance and obtaining spare parts after a long period of time, the
“not invented here syndrome™ hindering the willingness to include used modules and components in
infrastructures, and the interest of the vendors to sell more modules and components that could hinder
future uses of modules and components. Regarding technology obsolescence, the theoretical
conceptualization suggests that it could be overcome by an implementation of the reuse initiative at the
international level. Indeed, if country X wants to move to more efficient technologies with respect to
technology A, country Y could be interested in technology A. However, the implementation at the
international level could make the regulatory challenges associated with the reuse even more
complicated, as pointed out by the interviewees, due to the different regulatory frameworks.
Furthermore, shipping modules or components from a country with more environmentally advanced
legislation to a country with more permissible legislation could have relevant environmental and moral
implications that need to be carefully considered. The role of legislation (and policies) is also stressed
as relevant in implementing traditional CE principles (Khan and Haleem, 2021).

A second-hand market will evolve if ad hoc initiatives are promoted by policy-makers, such as the pay-
as-you-throw approach, incentives for reuse and, in general, the development of reuse strategies
involving relevant stakeholders within a specific regulatory framework.

In summary, Figure 3 presents a comprehensive sense-making about the main forces pulling from
“Circular Economy” to “Modular Circular Economy” and from “Circular Economy” to “Traditional
Linear Economy”. The authors derived Figure 3 informed by the empirical results presented and

discussed in this paper and the theoretical conceptualization of the Modular CE.
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The remarkable novelty of the Modular CE is shifting the mam focus from component to the module

level, leading to the casier implementation of CE nitiatives. The component level is still considered,

however, as less valuable. Morcover, a key msight 1s extending the life of encrgy infrastructures by

replacing modules. Figure 4 compares the traditional CE and the Modular CE approach in a general

way,
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Tigure 4: Traditsonal crcalar ecomomy approach (Data from (Mibelcic et al., 2003)) vs Modular circular v appeoach

Three main considerations about Modular CE can be derived from Figure 4. 1) Extending the life of
infrastructures by replacing modules and/or their components (1.¢. remanufacturing infrastructures) is
expected to be the most valuable mitiative: 2) The module level 1s expected to be more valuable than
the component level for all the CE mutiatives: 3) Distinguishing between infrastructure-modules-
components creates more alteratives than the standard conceptualization of CE.

Finally, based on the results of this rescarch and their reflections and expenence, the anthors recommend
the following guidelines for EIP stakeholders (primanly designers and policy-makers) to foster CE:
promote modular infrastructures with respeet to stick-bwilt. foster the standardization of modules and
components. design modular infrastructures having disassembly 1in mind. include and improve the
systems to monitor the conditions of modules and components, promote ad hoe policies to promote
rense instead of disposal (¢.g. the pay-as-you-throw), enhance the knowledge of practitioners about CE

and sustainability practices, and encourage the standardization of modular mfrastructures,

Conclusion

In this paper. factors enabling and hindering the reuse of modules or their components in EIPs have
been established. Upon interviewing experts m the nuclear and o1l and gas sector and examining the
data collected through thematic analysis. two RQs have been answered. Regarding the first RQ, ie.
“Which factors enable the opporaumity of reusing energy infrastricture modules or thetr components? ",

the authors identified four enabling factors: monitoring of module and component conditions. design
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standardization of modules and components, suitable dimensions for transportation and inspection, and
early planning. Regarding the second RQ, i.e. “Which factors hinder the opportunity of reusing energy
infrastructure modules or their components?”, the authors identified six barriers: regulation, political
pressures, lack of a market, economics, lack of maintenance, and module and component contamination.
The authors presented and compared the empirical results of this research with the theoretical
conceptualization of the Modular CE, highlighting: new factors that emerged from the interviews;
factors that emerged from the interviews that are in line with the theoretical conceptualization; and
theoretical conceptualization factors that did not emerge from the interviews.

Furthermore, results have been discussed through the lens of the existing literature and the author’s
reflections and experience, leading to seven main steps to foster Modular CE in EIPs, as reported at the
end of the discussion section.

This research presents three relevant limitations. First, data have been collected only in the oil and gas
and nuclear industry. Although both are relevant for this research, Modular CE needs to be investigated
in other industries. The wind and solar sectors are the next logical step, given their increasing relevance.
More advanced technologies (such as nuclear fusion) could also be considered since they are now at
the design stage, where Modular CE can provide its higher contribution. Second, this research focused
on reuse, neglecting other Modular CE initiatives such as recycling. This can be relevant for sectors
such as the wind industry, where the management of blades life cycle is a relevant unresolved issue
(Cooperman et al., 2021). Last, this paper is purely qualitative; therefore, a quantitative analysis might
be relevant. This quantitative analysis could consider the economic or environmental merit of the

Modular CE.

Contributions

Contribution to the body of knowledge
There is a growing body of literature about CE and EIPs. However, it is limited and mostly focused on
the material and system domains. The body of knowledge about the reuse of modules and components

in EIPs deals with the need for reusing rather than providing solutions on how to reuse. Modularization
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can be a step forward towards the solution. This research empirically investigated which factors enable

or hinder the opportunity of reusing energy infrastructure modules or their components.

Contribution to the industry

When infrastructure reaches its end-of-life, the reuse of components in other infrastructures potentially
saves on raw materials and the embodied carbon already invested in construction. This has implications
globally for achieving SDGs related to infrastructures. Modular CE strategy could favour CE by reusing
the entire module (or its components) in other infrastructures. For companies designing future energy
infrastructures, it is essential to consider which factors could favour or hinder the implementation of
the Modular CE in general and the reuse of modules or their components in particular. We identified

and examined these factors.

Future research recommendations

This research paves the way to future exciting research, including:

- Defining new criteria of modularization success based on the implementation of CE initiatives;

- Investigating other Modular CE initiatives such as how modularization could foster material recycling
in energy infrastructures;

- Empirically studying solutions to the barriers of the Modular CE identified by this research and the
previous theoretical conceptualization;

- Assessing how different levels of standardization influence the implementation of the Modular CE;

- Investigating the opportunity of implementing Modular CE initiatives in other complex products and
systems, such as airports, and in other industries, such as the renewable industry;

- Quantitatively evaluate the economic and environmental impact of the Modular CE.

Data availability statement
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Appendix: Profiles of the interviewees

Position (At the time of the interview or | Sector/s  of | Main country/ies of | Experience
latest position if retired) experience experience (Years)
1 Project Manager Oil and gas Belgium,  Algeria, | 20
Indonesia,  Russia,
Philippines, Poland
2 Head of Onshore Business Strategy Oil and gas Ttaly 10
3 Executive Director Oil and gas Saudi Arabia, | 24
Singapore,  United
States
4 Technical Director Oil and gas United States, China, | 47
Canada,
5 Product Leader Qil and gas Italy 22
6 Managing Director End-of-life Italy, Netherlands, | 18
management | United Kingdom
7 Principal consultant Nuclear United Kingdom, | 37
South Africa, United
Arab Emirates
8 Strategy and Business Development | Nuclear United Kingdom 16
Manager
9 Senior Advisor Nuclear Romania 45
10 [ Chief Executive Officer Nuclear United Kingdom 31
11 | Principal Engineer Nuclear United Kingdom 40
12 | General Manager Nuclear United Kingdom 30
13 | Programme Director Nuclear/Oil | United Kingdom 20
and gas
14 [ Senior Reactor Systems Engineer Nuclear United States, Italy, | 45
Belgium
15 | Director Nuclear United States 40
16 | Senior Staff Engineer Nuclear United States 48
17 | Senior Strategic Advisor Nuclear United Kingdom 18
18 | Engineering Director Nuclear United States 15
19 | Modules Team Leader Nuclear United Kingdom 10
20 | Executive Director Nuclear United States 45
21 | Consultant Nuclear United States 38
22 | Project Manager Nuclear United States 26
23 | Managing Director Nuclear United Kingdom and | 40
South Africa
24 | Senior Engineer Nuclear Japan 21

Table 3: Profiles of the interviewees
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1. Introduction SMRs are “newer generation [muclear] reactors designed to

Affordable and clean energy is one of the 17 United Nations
sustainable development goals [1]. Nowadays, around 85% of the
world global energy consumption Is met by fossil-based fuels [2,3).
However, some of the fossil's fuels reserves could run out in this
century [4,5], and the consumption of coal, natural gas and oil for
clectricity and heat is one the greatest sources of global greenhouse
gas emissions [6 ], Along with the improvement in energy efficiency
and the deployment of technologies using renewable plants, Nu-
clear Power Plants (NPPs) are one of the key technologies to
decrease greenhouse gasses In generating electricity | 7). However,
NPPs require a multi-billions upfront investment, five to ten years
of construction and are often delivered over budget and late [8).
Environmental goals, along with the hurdles in bullding Large Re-
actors (LRsL are key reasons behind the growing interest of aca-
demics, practitioners and governments towards Small Modular
muclear Reactors (SMRs),

* Corespanding author.
Eamil odfresses bo@kendsacul (B Mignacca)  glocatelistlends acuk
(G Locatelli), T5amabends ac uk (T, Samati)

fetpw Jidoiorg) 10 101G]) energy 2020118137

generale electric power up o 300 MW, whose components and sys-
rems can be shop fabricated and then transported as modwles (o the
sites for nstailation as demand arises” {9] (Page 1),

Globally, there are about 50 SMR designs ar different stages of
development [10). SMR designs adopt both mature technologics
such as light water seactor (the technology used by the vast ma-
Jority of NPPs in operation), less mature technologies such as
sodium-cooled reactor, and “never commercially operated” tech-
nologies such as molten salt fuelled (and cooled) advanced reactor
193,

Discussions about technical and economic aspects of SMRs
started to gain traction in the carly 2000s {e.g. see the IRIS reactor
[11)). However, as 2020 there are only two loating SMRS in oper-
ation |Akademik Lomonosoy 1 and 2 {35 MW each) in Russia).
Furthermore, there are only two msclear reactors below 300 MW
under construction |[Carem25 (29 MW) in Argentina and Shidao
Bay-1 {210 MW] in China) out of 53 |12]. The reasons behind the
slow adoption of SMRs are unclear and Investigated in this paper.
This paper addresses three research questions leading to three
main contributions, relevant for the stakeholdess involved in the
SMRs business (eg. policymakers, vendors, regulators) enabling to

0360-3442(¢ 2020 The Authors. Published By Elsevier Ltd. Thes s an open acoess anticke woder the CC BY Boense (e Joeaivecommmuuneg/beomes v 4 0L
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focus on a series of steps to promote the construction of SMRs and
Improve SMR life-cycle, including decommissioning.

The first contribution relates to general elements hindering SMR
construction addressing the following research guestion (RQ):

RQL: What are the most Important genesal elements hindering
the construction of SMRs?

The second contribution refates to a specific critical Issue for
SMR construction, i.e. SMR licensing and regulation [ 13| addressing
the following RQ.

RQ2: What arc the main licensing and regalatory clements
hindering or favouring the construction of SMRs?

‘The third contribution relates to SMR decommissioning |.e. the
opportunity to reuse SMR modules, Modularisation. in addition to
being a major determinant of the expected constnxtion schedule
reduction of SMRs with respect to LRs [ 14], coukd enable opportu-
nites for improving SMR decommissioning. A novel topic poten-
tially improving SMR decommissioning s the link between
modularisation and circular economy (CE), Le. "Modular CE”
[15.36). [15] define Modular CE as: “the facrory fabrication, trans-
portation and installation on-site of modules wiming to focifitate the
reuse/repair/replocement/recycling  of modules/components/mate-
nals”, According to Ref. [ 15], modules of energy infrastructure {SMR
modules in this case] could be designed In a way that when the
infrastructure reaches the end of life, modules that have still useful
life could be reused in other infrastructure, In this regard, this paper
addresses the following RQ:

RQ3: What are the main elements hindering or favouring the
reuse of SMR modules?

The rest of the paper is structured as follows, Section 2 details
the methodology; Section 3 presents the three areas investigated in
this paper: General elements hindering SMR construction (3.1),
SMR Jicensing and regulation (3.2), and SMR decommissioning
(3.3 Sectlon 4 presents and discusses the results; section 5 con-
cludes the paper.

2. Research design

The research design of this paper is based on a critical analysis of
the Jiterature, in-depth discussions with experts in SMRs, modu-
larisatson and CE, and the data collected via a questionnaire survey
distiibuted to SMR experts. The rescarch has been conducted
fallowing the methodology used by Ref. [1718), and consisting of
three main steps as detailed in the next paragraphs,

Step 1: Derlvation of the elements constituting the survey
through a critical analysis of the Iiterature and in-depth discussions
with experts in SMRs, modularzsation and CE.

This step, lengthy discussed in Section 3, led to five tables
{Tables 1-5) ising: 1) General el hindering SMR
construction, 2) Licensing and regulatory elements hindering SMR
construction, 3) Licensing and regulatory elements favounng SMR
construction, 4) Elements hindering the rease of SMR modules, and
5) Elements favouring the reuse of SMR modules,

Step 2: Collection of primary data through a guéstionnaire
survey sent to NPP experts via SurveyMonkey.

The questionnaire survey had four sections, The first section was
designed to collect information about NPP experts:

1. The main area of expertise;

2. Years of experience in the nuclear sector;

3. Familiarity with SMRs (1 — not familiar, 2 « slightly familiar,
3 = moderately familiar, 4 = familiar, 5 = very familiar);

4, The most familiar country with the deployment of SMRs,

In the second, third and fourth section, the five tables derived
from Step 1 were provided. For each element In the tables, the

experts had to provide a score through a 5 point Likert scale
(1 = not important, 2 — slightly important, 3 — moderately
important, 4 — important, 5 = very important), Experts were given
the opportunity to add other elements of to comment about the
questions, and not to score elements where they were unsure.

Fig | shaws the structure of the questionnaire survey,

Before sending the questionnaire to the entire sample, several
measures were adopted to improve the reliability of the data
coliected. According to Ref. [19), the main goal of improving reli-
ability is “to decrease the possibilicy that the measure is due to
misunderstunding, eror, o mistake, bur instead reweals the frue
score”. The authors initlally tested the questionnaire survey with
ten experts in the nuclear sector (with different expertise and
senjority) asking them to comment about the clanty of the ques-
tons and the possibility to add or eliminate clements, The authors
improved the guestionnatre following thelr recommendations. In
order to ensure consistency, their responses were not considered in
the data analysis [Section 4).

The questionnaire survey was then conducted from the 22°4 of
Navember 2019 to the 20 of January 2020 and distributed to 2174
professionals in the nuclear sector, granting anonymity. In order to
improve the response rate, a personafised email linking to the
questionnaire was sent. Out of 2174 questionnaires sent out, 151
were returned with valid responses (response rate of 7%). Qut of
151 valid responses, 97 are familiar (43) or very lamiliar {54) with
SMRs. These 97 responses are consydered for this paper. The Ap-
pendix provides the details of the data collected,

Step 3! Data analysis.

Based on similar previous stixlies, such as [17,20], the mean
score method was used 1o determine the ranking in descending
order of the elements in Tables 1-5, as perceived by the 97 experts.

Cronbach’s coefficient alpha was calculated using IBM SPSS
Statistics 26 to measure internal consistency among the clements
to evaluate the reliability of the five-point scale. [21] recommends a
value of 0.7 or higher. Considering each section of the questionnaire
survey focuses on a different area, Cronbach’s coefficient alpha was
calculated for each section (ie. general elements hindering SMR
construction, clements of licensing and regulation hindering SMR
construction, etc.) and resulted higher than 0.7 for all the sections,

Results of the data analysis are in-length discussed in Section 4,

3. Background and derivation of the questionnaire survey

Enhanced modularisation and modulatity are the maln charac-
teristics which differentiate SMR construction from traditional
monolithic LRs,

Modularisation {factory fabrication, transportation and instal-
lation on-site of modules [22]) can increase the guality of the
components, reduce the construction schedule and maintenance
costs leading to a cost-saving in labour and construction [23-25],
The positive (or negative) impact of modularisation on the capital
cost strongly depends on the extent of its application [24.06- 28],
Several challenges ase associated with modularisation, For
instance, the supply chain start-up costs are higher for a modular
plant than stick-built [29], along with more complicated project
management and logistics [14,25.30].

Modularity (a plant built by the assembly of identical or nearly
identical reactors of smaller capaciry [22]) translates into four main
advantages for SMRs with respect to LRs: 1) Incremental capacity
addition, allowing to generate revenue from the first SMR to
potentially co-finance the construction of further units {31}; 2) Co-
siting economées (several units on the same site), allowing to save
on fix and semi-fix costs {e.g. llcences, human resources) when
installing the subsequent units [23,72) and to share personnel,
upgrades (eg. software] and spare parts across multiple units; 3)
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Stronger and faster learning considering that more SMRs than LRs
are buile for the same power installed, allowing to reduce invest-
ment cost [$1,33]; 4) The opportunity of switching some of the
SMRs for cogeneration, allowing to run at the full nominal power
and maximum conversion efficency | 34.35),

Fig. Z illustrates the different classification of NPPs according to
the construction strategy.

Next sections introduce the three areas investigated in this pa-
per (ie. General elements hindering SMR construction {3.1), SMR
licensing and regulation (3.2), and SMR decommissioning (3.3)),
explaining the gap in knowledge and deriving the list of the ele-
ments constituting the questionnaire survey.

3.). General elesments hindering SMR construction

‘There is a Jong-standing intercst in SMRs because of the afore-
mentioned unigue characteristics, but a pawcity of investment in
construction, and it is unclear what is slowing SMR adoption. This
paper aims to fill this gap in knowledge, identifying and ranking
general elements hindering SMR construction.

Table 1 p a list of el P lally hindering the
construction of SMRs that emerged from the literature review and
in-depth discussions,

Table 1 shows that the elements potentially hindering SMR
construction are across all the main phases of SMR life-cycle
(design. construction, operation and decommissioning) and are
refated to four main categories;

- Economics of constructson. SMR smaller size with respect to LRs
determines the "diseconomics of scale” [40-42] and could
make unattractive the (nvestment In SMRs [39,40). Further-
more, there is still uncertainty about the O&M and decom-
missioning costs of SMRs. Most of the fiterature focuses on
analysis at plant-level (1 SMR vs 1 LR} or site-level (X SMRs vs 1
LR of equivalent total size) | 16], almost ignoring that the focus at
the programme level can be a major determinant |8, as in the
case of the “successful nuclear programme” in South Korea |47,
Economics of operations. Avallabllity of cheaper andfor less
capital intensive alternative technologics to generate electricity
and the wholesale price of electricity emerged as two potential
elements hindering SMR construction |40], In this regard, the
Q&M costs are also a key parameter, considering that several
reactors in the USA have been closed because the electricity
price was so Jow that did not cven cover the operating and
upgrading costs |48).

Table 1

- Financing. The nvestment cost of a single SMR can be a fraction
than a single LR. Howewer, considering the same total power to
be installed overall the total cost of a programme might be
similar [49], ranging In the decades of billlons of dollars {16}
NPPs are often delivered aver budget and late |5, determining a
high percelved investment risk by Investors.

Readiness. The lack of a first-of-a-kind (FOAK) or "reference
plant” s a crtical issue for almost all SMRs, while non-light
water reactors also nood substantial research and develop-
ment. Furthermore, & consistent up-frant investment is needed
to develop the supply chain |16) There Is an incompatibllity
with SMR characteristics (¢.g. shorter construction schedule) of
the current licensing processes developed for LRS. For these
reasons, investors perceive a relevant completion risk, particu-
Larly for the FOAK SMR

'

22. SMR ficensing and regulation

All NPPs are subject to thorough regulatory oversights that are
primarily concerned about the safe and secure use of nuclear powes
|S0L A key component of the regulatory scrutiny Is the licensing
process that is a stage-gate process taking place before, and along,
the construction of NPPs. The regulatory body assesses the tech-
nical features of the reactor (plant). the capabilities of the operator
(eg. people, pracedures, financial capabilities), the suitability of the
nuchear site, and the interacoons between these aspects |51,52)
The regulatory body has the authority to grant licenses for the
construction and opesation of NPPs. It can force the prospective
operator (Le, licensing applicant) to stop the construction, provide
additional Information and safety demonstration, re-design or
rebuild part of the reactor [51,57.54). These compelling actions can
severely harm the construction performance of NPPs that are crit-
ical for their economic competitiveness. Historically, each country
developed its own licensing processes, implicitly having in mind
large stick-built NPPs. Consequently, the deployment of SMKs sees
peculiar challenges from a licensing point of view,

Firstly, the actual tuming of traditional licensing processes in
many countries is compatible with LRs but can delay the faster
deployment of SMRs, reducing their financial advantages |55).

Secondly, the cost of licensing for the FOAK is almost indepen-
dent of the size; therefore, the cost per kKW is higher for SMRs with
respect to LRs because of their reduced power output | 29].

Thirdly, to realise the economic benefits envisaged by SMRs,
significant changes to the traditional licensing process are required,

General ddements hindering SMR construction. Layout adapeed fram |17]
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in particular concerning the scope and type of regulatory assess-
ments. Some SMRs are based on integral designs that are “assem-
bled and sealed” in factories as opposed to nuctear sites | 31,44].
This technical feature is pivotal for the modularisation and involves
critical drawbacks for rraditional licensing processes. Additional
regulatory assessments (e.g inspections, tests] are required at
factories, potentially in third countries, implying changes In
established procedures of regulatory bodies. Another concern is
whether certifications released at the factory are still valid after the
transportation and Installation at the site. In traditional licensing
processes, the burden of proof is on the applicant, carly certifica-
tlons (and authorisations and license] do not prevent regulatory
badies to cither reject operating license or impose the compelling
actlons previously described. As a result. the perception of
completion risk from a nuclear operator is relevant until the final
operating license is granted, Some of the envisaged advantages of
SMRs concerning the installation efficiency and risk reduction can
clash with the intrinsic features of traditional licensing provesses,

Finally. promoters of SMRs advocates for reducing the regula-
tory requirements for SMRs, as these designs are inherently safer
compared 1o LRs. For example, alternative siting requirements can
be considered, including the reduction of the Emergency Planning
Zooe (EPZ) |55), In many countries (e.g. France, USA) some of these
requirements are introduced by statutes (e.g. nuclear law), and
their amendment requires 3 padiamentary discussion, which is a
lengthy process, particularly if the introduction of SMRs s not
perceived as an urgent priority in the country, Therefore, the status
quo of the existing legal and regulatory frameworks, as well as the
procedures within regulatory bodies, is something difficult to
change in the short term and might represent a critical impediment
to the realisation of some envisaged advantages of SMRs.

The bottom line is that there is plenty of licensing and regula-
tory elements potentially affecting SMR construction. However, it &
unclear which the key clements are, and which changes could kead
10 a step forward for SMR construction. This paper aims to fill this
gap in knowdedge, identifying and ranking licensing and regulatory

elements affecting SMR construction.

Tables 2 and 3 respectively summarise the licensing and regu-
latory elements hindering and favouring the construction of SMRs
emerged from the literature review and in-depth discussions,

3.3, SMR decommissioning: Linking modularisation and CE

NPP decommissikming  projects are risky., complex, long,
expensive and prone to averbodget [58,59). As aforementioned in
the Introduction, SMR decommissioning could be impraved has-
nessing the link between modularisation and CE. Regarding CE,
there are a plethora of definitions, as reviewed by Rels. [60]. This
paper is based on the definition of |61 ): “The basic idea of the CE is 1o
shift from a system in which resources are extracted, nemed into
products and finally discarded rowards one n which resources are
maineained at their highest value possible”, |15 introduces the link
between modularisation and CE in energy infrastructure, defining
Modular CE as a strategy preserving the peculiarities of modular-
isation but also aiming to facilitate the reuse/repair/replacement/

Tabde 4
Elements danckering the rewse of SHR medulies. Layout adagsed from |17
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Elements lvouring the reuse of SMR modubes. Layout adapted from | 17),
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recycling of modules/components/materials. The key insight of
Modular CE strategy Is to haraess the advantages of medularisation
to improve the sustainability of energy infrastructure. In other
words, transkating | 15] in the specific case of SMRs, SMR modules
(e.z turbines) could be designed in such a way that when SMR
plant reaches the end of life, modules that have still useful life could
be reused In other SMR plants. This approach would allow
exploiting the residual lifetime of certain SMR modules with longer
life. Furthermore, modularisation facilitates the replacement and
repair of modules and components, as well as the recycling of
materials contributing to pursue two United Nations Sustainable
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Development Goals: Goal 7 (Affordable and Ciean Energy ). and Goal
9 (Industry, Innovation and Infrastructure) [62]

However, the link between modularisation and circular econ-
omy in the case of SMRs is an under-researched area. | 15| only
mentions the oppartunity to leverage modularisation to implement
CE principles, and points out the "design for disassembly” as a key
enabling factor. This paper, focusing on the opportunity of “reusing
SMR modules” to improve SMR decommissioning. aims to identify
and rank the elements affecting the reuse of SMR modules. Tables 4
and b summarise respectively the elements hindering and favour-
ing the reuse of SMR modules emerged from the literature review
and In-depth discussions.

The in-depth discussions confirmed most of the clements
introduced by Ref. | 15] in the general case of energy infrastructure.
In addition, the experts suggested other elements that could hinder
the reuse of modules in the specific case of SMRs, such as module
contamination, lack of successful track record, public acceptance,
et {all of them in the first section of Table 4). The elements
affecting the reuse of SMR modules in Tables 4 and 5 are related to
three main categories:

- Design. A key requirement for the reuse of SMR modules is the
design and interface standardisation |15, Modular CE strategy
in general and the reuse of SMR modules in particular need to be
considered in the early design stages, including requirements
such as “design for disassembly” [15,16] and the continuous
monitoring of module conditions,

- Economics and market: The reuse of SMR modules could add

complexity both in terms of regulation and design pbase in

general, which could lead to an increase in cost and schedule.

The economic feasibility could limit the implkementation of the

Modular CE strategy in general and the reuse of SMR modules in

particular [ 15]. Political support could solve this potential bar-

rier, The creation of a market for second-hand modules is one of

the key enabling factors for the reuse of SMR modules | 15)

Peculiar SMR challenges: The contamination (chemical, radio-

active, ete.) of SMR madules could limit the reuse. Furthermore,

transportation is one of the challenges of modularisation [20),

and its complexity could increase in the case of contaminated

modules. A new licensing and regulatory framework dealing
with the reuse of SMR modules could be needed.

4. Results and discussions
4.1. Sample information

The 97 experts have, on average, 32 years of experience In the
nuclear sectors, The majority {89%) is familiar with the de-
ployments of SMRs In the United States of America, and the
remaining part in Canada (5.1%), no specific country (4.2), Japan
[1%), and United Kingdom { 1%}. The majority of the experts (48.4%)
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highlighted “Technical - Nuclear Engineening” as one of their main
areas of expertise (each expert could choose more than one area of
expertise), Fig. 1 summarises the experts” areas of expertise.

42. General elements hindering SMR construction

4.2, Results
Flg. 4 shows the ranking of the general elements hindering the
construction of SMRs in Table 1, as scored by the experts {see
Appendix Afor more details about the frequency of the responses ).
Consistently with [ 17, elements with a Mean Score (MS) higher
than the average total value (3.46) can be defined as “crirical

general elements” strongly hindering the construction of SMRs.
Therefore, from the 1st (percelved Investment risk) to the 1ith
(supply chain availability) ranked element can be defined as “crit-
ical general elements™ to SMR construction.
One of the experts commented directly about the 3rd-ranked
| [Le. the availability of ch alternative technologies to
generate electricity) and indirectly abourt the 1st-ranked element
(Le. the perceived investment risk):

"The problem with new reactor deployment is admost oll financlal.
the industry has not credibdlity thar it can deliver for the projected
cost and schedule, and other forms of electricity are much cheaper-
cheap gas and subsidised renewables”,

Another expert commented about the need for political support
(6th-ranked ) to speed up the construction of SMRs:

“To achieve rapid development, govermment may have to fund first
unity”,

A third expert commented about the relationship between the
safer design (and therefore the size of the EPZ) and the public
acceptability;

"Emergency response suppart for local communines. Large nuclear
plants poy feesftaves to supplement local police and fire de-
partments for emergency needs. The designs for SMRs suggest the
risk is very low, and emergency planning zones don't extend
beyond the site. This means no funds would be given o support
lacal emergency respanders, which may resulr in public appesition
due to the appearance of understating potential risks, and signifi-
cantly changing local expectations estabtished by larger nuclear
plant operations”,

One of the experts commented highlighting elements favouring
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the construction of SMRs:

"Key to construction cermainty is minémisarion of on site safery
related work, regularory oversight, change process and testing”,

4.22. Discussions

Relevant considerations can be drawn by the summary of the
results in Fig. 4. The main elements hindering SMR construction can
be categonised as follows,

- Financing

The 1stand 2nd ranked elements (Le. pesceived investment risk
and availability of funds) are both related to SMR Fnancing,
Therefore, financing represents the maln issue for SMR construc-
tion, according to the experts, A high perceived investment risk
(volatility and value at risk) determines a lack of confidence in
potential investors, However, according to Refs, | 16], the “less value
ar risk™ with respect to LRs should be a key advantage of SMRs,
particularly for the FOAK where the money Is “gambled on a much
smaller investment”, A reasonable hypothests is that, although SMRs
should be a less risky investment (in terms of value ar risk) with
respect to LRs, the lack of a FOAK (Sth-ranked) and the lack of a
supply chain [11th-ranked) enabling to harness the advantages of
modularisation and modularity determine a high perceived In-
vestment risk,

- Economics

The 3rd and 4th ranked elements (Le. availability of cheaper
alternative technologles to generate electricity and wholesale price
of electricity) are related o SMR economics and SMR competi-
tiveness in the electricity market, Therefore, according to the ex-
perts, SMR could be uncompetitive with respect to other energy
sources, and this represents a cnitical element hindering SMR
construction.

9

w

- Technological readiness

The 5th, 10th, and 11th ranked elements (Le. the lack of a FOAK,
technology readiness and supply chain availability} are related to
SMR technological readiness (and in a certain extent to SMR
financing). This element is particularly relevant for SMR designs
adopting "never commercially operated” technologies such as
molten salt fuelled (and cooled ) advanced reactor technologies [9).
On the contrary, the other elements of the “technological readi-
ness” category can be reasonably generatised to all SMR designs.
“Technological readiness” elements are characterised by a relatively
long resolution time and are strongly Influenced by the elements
related to “policy and regulation”,

- Policy and regulation readiness

The 6th and 7th ranked elements (Le. political support, licensing
and regulatory constraints ) are related to SMR policy and regulation
readiness {and Lo a certain extent 1o SMR financing ) As discussed in
Section 3.2, current licensing processes represent a key issue for
SMRs for several reasons, including timing and cost. Political sup-
port in developing specific SMR licensing processes could be a so-
lution to avercome these barriers and lower perceived investment
risk by investors,

- Other critical elements: Public acceptability and uncertainty
about the cost/benefit analysis

Another critical clement hindering SMR construction is the
"uncertainty about the cost-benefit analysis” (Sthoranked). As
highlighted by Ref. |16], the mechodologies for the cost-benefit
analysis are often inadequate to deal with a nuclear programme,
and there is elther a classical cost-benefit analysis [infrastructure
level) or an enhanced one (stakeholder level)

Another consideration regards the public acceptability (9th-
ranked) of SMRs. which is a controversial point in the literature.
According o Ref. [36,63), public acceptability of NPPs can be
improved with SMRs for the following reasons: security
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improvement, environmental impact improvement. proliferation
resistance improvement, passive safety system and massive
deployment. On the contrary |46,64] consider the public accept-
ability of new concepts as one of the disadvantages of SMRs that
mast be overcome to develop SMRs In the near future. However,
the role SMRs could have on the public acceptability is fundamental
for the future of NPPs Indeed, as highlighted by Ref. [ 35). ltaly {all
national plants decommissioned after a referendum) and Finland
(where Olkiluoto inhabitants agreed on the construction of an NI'P)
are exampies of the key role of the public. According to the experts,
the public acceptability is among the "critical general elements®
hindering SMR construction.

Governments should fund (directly or indirectly) a consistent
amount for the FOAK SMR to reduce or eliminate the 2nd-ranked
element hindering SMR construction (i.c. availability of funds). This
would allow baving a reference plant Impraving the confidence of
the investors. This would also promote the development of a supply
chain enabling the expected advantages of modularisation and
modularity, and the definition of a strategy at national or interna-
tional level. For instance, developing an SMR design and building
the supply chain and the reactors In its own country alming to
export the technology [16] could make SMR investment more
attractive with respect to other technologses, Vendors and sup-
pliers should develop a supply chain enabling to achicve the ex-
pected advantages of modularisation and modularity in oeder to
both reduce the “percetved investment risk™ and to improve the
overall SMR economic competitiveness,

4.3, SMR licensing and regularion

4.3.1. Resuits

Iz 5 shows the ranking of the licensing and regulatory ele-
ments hindering the construction of SMRs, as perceived by the
experts (see Appendix B for more details about the frequency of the
TCSPONses ).

Consistently with | 17], licensing and regulatory elements with
an MS higher than the average total value (3.27) can be defined as

“critical licensing and regulatory clements” strongly hindering the
construction of SMRs. Therefore, from 1st (timing of the licensing
process) to the 4th (ownership and financial requirements associ-
ated with the operator of a nuclear power plant) ranked element
can be considered “critical licensing and regulatory elements” to
SMR construction,

One of the respondents commented explaining one of the rea-
sons behind the long licensing process:

“In USA Part 52 regudation creates seral process [, | results in fong
regulatory process”,

One of the experts stressed this point, commenting:

"the Regulatory process and its cost is more than can be recovered
far plants less than LOGOMW in elecrmical output”.

Another expert focused on the 6th-ranked regulatory element
(Le. the Hmited experience and capability of the regulatory body)
commenting:

"I the US, SMR lcensing is limited to LWR designs because NRC has
no technical or regulatory capacity to Neense next generaron de-
signy, even if sofer or move efficient”.

#lg 6 shows the ranking of the licensing and regulatory ele-
ments favouring SMR construction (Appendix C for more details
about the frequency of the responses).

Licensing and regulatory clements with an MS higher than the
average total value (351) can be defined as “critical licensing and
regulatory clements” strongly favouring the construction of SMRs,
Therefore, from the 1st (promote the early meetings with the
regulatory body in order to reduce the licensing and regulatory
risk) to the Gth {allow the in-factory certification) ranked element
can be consldered “critical licensing and regulatory elements”
favouring SMR construction,

i
1-Timing of the teensing orocoss
'
i
2-Cost of the fcerming process |

3 - Risks involved in the fosnsing process |

4-0 hips s Fin Ireq
operator of 3 nuckear power plant
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W —

|
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H
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432 Discussions

The uncertainty arising from the regulatory framework, and in
particular the licensing process, is perceived as a critical barrier for
the efficient and effective deployment of SMRs. The survey results
in Figs. 5 and & show consistently and respectively the main
licensing and regulatory elements hindering and favouring SMR
constiuction, and can be categorised as follows.

- Time

Fig 5 shaws that the timing of the licensing process is the 1st-
ranked element hindering SMR construction. The duration of the
licensing process can severely harm the efficient installation of
SMRs, limiring the envisaged advantages of modularisation. |13)
argue that SMR lhicensing could be even longer than SMR con-
struction because of several elements, such as the novelty of the
technology, the different safety principle with respect to traditional
LRs, the high number of institutions involved. Consistently, as
shown In Fig 6, the experts point out two key elements related to
the timing of the licensing process favouring SMR construction:
“Reduce the time of the licensing process before construction”
(2nd-ranked) and “Reduce the time of the phases of the licensing
process (n parallel with the construction and commissioning of
SMRs" (3rd-ranked )

- Cost

According to the experts, the costs associated with the licensing
process (2nd-ranked in Fig. 5) is a relevant barrier for SMRs,
Compared 1o LRs, SMRs cannot dilute this cost on large power
output [29]. Furthermore, [29] highlights a cost for regulatory
approval for SMRs higher than for LRs because of the newness of
the SMR designs and the overall SMR concept. Consistently, as
shown in Fig, & the experts point out that the reduction of the cost

1 - Promote the early meetings with the regulatory body in order to
reduce the Bearing and regulatary risk

2 - Reduce the time of the licensing process before construction

the §censing process in paraliel

3 - Reduce the time of the phases of
ion and @ af Small Modular Reactors

with the

4 - Reduce the cost of the lieensing process belore camtruction
5 - Reduce the size of the Emergency Flanning Zone

6 - Alow the In-factory certification

A\

of the licensing process before construction {4th-ranked in g, 6) s
a key element favouring SMR construction.

- Risk

According to Ref, |13.29], the SMR licensing process is less
predictable than LRs determining investors percelve a relevam
completion risk, This is confirmed by the results in Fig. 5, showing
that. according to the experts, “the risk involved in the licensing
process” (3rd-ranked) and the “ownership and fnancial re-
quirements assoclated with the operator of an NPP” (dth-ranked)
are two licensing and regulatory elements hindering SMR con-
struction, This risk is particularly relevant for the FOAK reactors as
there ks limited experience in licensing SMRs. Moreover, traditional
licensing processes have been developed for LRs, and there are
some potential incompatibles with SMRs. These potential mis-
alignments between SMRs planning and delivery and traditional
Heensing process can be particularty critical for nuclearised coun-
tries, with Jong-established laws and regulations, Some nuclearised
countries are acting proactively to overcome these barriers of
traditional licensing processes; for example, the UX Is developing a
policy promoting SMRs that inclide changes to the licensing pro-
cess |65), Conversely, newcomers” countries, can design thelr reg-
ulations and law to accommadate their nuclear programme, and
p ially i d b licensing process and regulatory
requirements for SMRs,

Consistently. as shown in lig. 6, the experts point out that the
promotion of the early meeting with the regulatory body in order to
reduce the licensing and regulatory risk is a key element favouring
SMR construction.

According to the authors, the survey results suggest that sub-
stantial changes in the licensing process are needed to favour SMR
construction, There is space for improving the licensing processes,
including reducing the licensing time and cost, fostering “early

P
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moeetings” with regulatory bodies 10 order to reduce the licensing
and regulatory risk and enhancing manufacturing certifications
{6th ranked in fig 5) The survey confirmed that these are some of
the most effective measures 1o reduce the side-effects of licensing,
and regulatory requirements. on the economics of SMRs,

44, SMR decommissioning: Linking modulansation and CE
4.4.1. Resufts
Fig. 7 shows the ranking of the clements hindering the reuse of
SMR modules {see Appendix D for more details about the fregquency
of the responses).
1 -Standardisation of the design
2 - Standardisation of the interfaces

3 - Political support

4 - Onginal plant engineered with the “design for
disassembly”

Consistently with | 17| elements with an MS higher than the
average total value (351) can be defined as “crirical elements™
strongly hindenng the reuse of SMR modules. Therefore, from the
15t (economic feasibility) to the 4th (contamination) ranked
element can be considered “critical elements™ strongly hindering
the reuse of SMK modules,

One of the experts commented on the Issue of standardisation:

“Reactor modules will be very unique in most cases”,

Fig 8 shows the ranking of elements lavouring the reuse of SMR
modules {see Appendix E for more details about the frequency of

I

5 - Continuous manitoring of module conditions

LJ

Average total value = 353

.

.

.

H

% i PR o —— :
6-Anew ¢ and reg Y | -
7 - Cost to dispose a patentially reusable modul ] E O <353

.
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HE B Ranking of the elements Lrvnoning the reuse of SMR modules.
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the responscs),

Elements with an MS higher than the average total value (3.53)
can be defined as "critical elements” strongly favouring the reuse of
SMR modules, Therefore, from the 1st (standardisation of the
design) (o thc 4th (onglnal plant engineered with the “design for
dis v can be congidered “critical ele-
ments” iavourlng the reuse of SMR modules.

One of the experts commented;

“I don't see thix as a significent issue in the introduction and
deployment of modular reactors at this stage of development”,

Another expert commented on the importance of regulatory
acceprance and the issue of contamination:

“The keys ro reuse are (1) public and (2) regulatory acceptance and
(3) veut con, Once the moduie is hot, there is nio way it can be reused
in the US in all ikelihood”.

442 Discussions

Figs. 7 and & show consistently and respectively the main ele-
ments hindering and favouring the reuse of SMR modules, and can
be categorised as follows.

- Economics

Acrording to the experts, the main element (1st-ranked) hin-
dering the reuse of SMR modules is the ec i feasibility. | 17)
point out that the overall "Modular CE” strategy (ie, “the foctory
Jobrication, trenspartation and installation on-site of modules aiming
to facifitate the reuse/repair/replacement/recycling of modules/com-
ponentsimaterialy”) could add complexity both in terms of regula-
tion and design phase of energy infrastructure, potentially leading
to an increase in cost and schedule, Consistently, as shown in Fig 8,
the experts point out the political support (3rd-ranked) as a key
clement favouring the reuse of SMR modules. A reasonable hy-
pothesis i that political support can balance the increass in cost
and, therefore, favour the reuse of SMR modules and the overall
SMR sustainability.

- Design

Fig. 7 shows that two key elements hindering the reuse of SMR
modules are the "lack of design standardisation” (2nd-ranked ) and
“lack of standardisation of the interfaces” [3rd-ranked). Consis-
tently, the experts point out, as shown in Fig. 5, “standardisation of
the design™ (1st-ranked) and “standardisation of the interfaces”
(2nd-ranked) as the main elements favouring the reuse of SMR
modules. In the general case of energy Infrastructure, these two
clements are pointed out as key challenges for the reuse of modules
L15L 115] highlight that, in general, the "complete standardisation™
of energy Infrastructure (s unrealistic, at least in the short and
muddle term, This is also valid for the case of SMRs, However, as
argeed In the case of energy infrastructure [15], SMR "complete
plant standardisation”™ is not essential, Indeed, the standardisation
of SMR module interfaces might be already "a glant leap forward in
the right direction”, Furthermore, [15] highlight that Modular CE
strategy In general and the reuse of SMR modules in particular need
to be considered in the early design stages, including requirements
such as "design for disassembly” [10,17]. In the building constric-
th'sn se«ot. lss-bs| point out the key rode of the design for

bly to achieve the closed loop material
oycle, and mcognlse the merit of modularisation In fostering the
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buikiing closed-Joop material cycle. The need for a “design for
disassembly” s confirmed by the survey results (dth-ranked in
Fg. B)

- Contamination

Another consideration regards the 4th-ranked item In Fig 7, Le.
contamination (chemical, radioactive, etc.) of SMR modules. Ac-
cording to experts. contamination coudd limit the reuse of SMR
modules. However. MS is much fower than the first three ranked
items, According to Ref. [69], most of the components of an NPP do
not become contaminated {or at a very low level), Therefore, a
reasonable hypothesis is that contamination is a strong barrier for
the rewse of SMR modules that become contaminated, bat it could
regard a relatively small percentage of SMR modules and
companents.

The results of the latest section of the survey can lead to a range
of possible steps to improve SMR decommissioning leveraging
modularisation. According to the authors, the most relevant are:

1) Further investigation of the "Modular CE* strategy. Further
research Is needed to evatuate the technical feasibility and related
mplications of Modular CE strategy over the life-cycie of SMRs, In
particular, It is necessary to assess which modules/components
could be reused and which could not. [n the case of reusable

dules and ¢ enabling factors {e.g. a second-hand
market, smndaniisanon of lhc interfaces) and challenges (e.g, In-
crease in complexity, e feasibility) shoukl be considered, In
general, further studies on SMR decommisssoning through a “cir-
cular economy” lens are needed,

2} Policies fostering “Modular CE® strategy. In the case of
techno-econamic feasibility of Modular CE strategy, policymakers
should provide policies fostering its implementation. As shown by
Refs. [15] in the case of modular energy infrastructure, policy-
makers should develop policies fostering standard design and in-
terfaces promoting the reuse of SMR modules across plants, and
considering Modular CE implementation at different levels (ie.
country-tevel and internationally).

5. Conclusions

Driven by the interest in decarbonising the eéconomy, there is a
growing Interest in SMRs. Despite several advantages oves the large
counterparts, the construction of SMRs has been minimal, and the
reasons behind the stow adoption are unclear. This paper provides
three main contributions,

The first contribution relates to the identification and ranking of
the general elements hindering SMR construction. The results show
that the e¢lements hindering SMR construction are related to three
main categories {in order of relevance): 1) Financing, 2) Economics,
amndt 3) Readiness, The perceived investment risk (MS = 4.20),
availabliity of funds (MS — 4.12), and the wailabllity of cheaper
alternative technologies to generate electricity (MS = 4.11) are the
main eetnents hindering SMR construction,

The second contribution relates to the identification and ranking
of specific licensing and regulatory elements affecting SMR con-
struction. The results show that the timing of the licensing process
(MS = 4.0), its cost (MS « 3.86G) and the risk involved in the
licensing process (MS < 3.7) are the main licensing and regulatory
clements hindering SMR construction. On the contrary, the pro-
motion of the early meetings with the regulatory body (MS — 3.95),
the reduction of the licensing process time before construction
[MS « 3.94), and the reduction of the time of the licensing process
phases in parallel with the construction and commissioning of
SMRs (MS « 3,84) are the main licensing and regulatory elements
favouring SMR construction.
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The third contribution relates to SMR decommissioning, i.e. the
opportunity to reuse SMR modules. The results show that the ele-
ments affecting the reuse of SMR modules are related to two main
categories: 1) Economics, and 2) Design. The economic feasibility
(MS = 3.96), lack of design standardisation (MS = 3.92), and lack of
standardisation of the interfaces (MS = 3.72) are the main elements
hindering the reuse of SMR modules. On the contrary, stand-
ardisation of the design (MS = 4.18), standardisation of the in-
terfaces (MS = 3.94), and political support (MS = 3.64) are the main
elements favouring the reuse of SMR modules.

The results of this paper are meaningful for critical stakeholders
(regulators, vendors/designers, policymakers, etc.) involved in the
nuclear business, allowing to focus on a series of steps to favour the
construction of SMRs and improve SMR life-cycle, including
decommissioning. According to the authors (based on the results of
the survey and their reflection and experience), the most relevant
steps are: 1) Government support for the FOAK SMR and devel-
oping a supply chain 2) Amending the licensing process to reflect
the nature of SMRs, 3) Further investigation of "Modular CE"
strategy, including the development of appropriated policies.
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Appendix A

Ranking of general elements hindering SMR construction

Frequency

General elements hindering SMR construction 1 2 3 4 5 Mean SD Rank
Perceived investment risk 1 6 14 28 48 420 0.97 1
Availability of funds 2 5 13 35 40 412 0.97 2
Availability of cheaper alternative technologies to generate electricity 4 5 16 23 49 411 1.11 3
Wholesale price of electricity 3 5 19 27 43 405 1.06 4
Lack of reference plant(s) (or lack of First-Of-A-Kind Unit) 2 10 14 27 44 404 1.09 5
Political support 3 11 23 26 32 3.77 1.13 6
Licensing and regulatory constraints 2 15 19 32 29 3.73 1.11 7
Uncertainty about the cost/benefit analysis 1 12 32 32 20 3.60 0.98 8
Public acceptability 3 17 25 22 29 359 118 9
Technology readiness 6 14 18 36 22 3.56 117 10
Supply chain availability 1 14 31 34 17 354 0.97 1
Lack of planning at programme/country level 4 16 29 28 20 345 1.11 12
Uncertainties about the Operation & Maintenance costs 5 17 35 26 14 328 1.07 13
Diseconomies of scale with respect to large reactors 9 21 31 22 14 311 117 14
Lack of experience in operations 13 23 24 26 10 297 121 15
Site availability 19 31 25 13 7 256 117 16
Uncertainties about end of life 22 32 30 10 3 2.38 1.04 17
Uncertainties about the decommissioning cost 23 41 21 9 3 226 1.02 18

Appendix B

Ranking of licensing and regulatory elements hindering SMR construction

Frequency

Licensing end regulatory elements 1 2 3 4 5 Mean SD Rank
Timing of the licensing process 0 9 14 37 32 400 094 1
Cost of the licensing process 2 11 20 24 35 3.86 1.12 2
Risks involved in the licensing process 0 9 32 27 23 3.7 0.95 3
Ownership and financial requirements associated with the operator of a nuclear power plant 5 16 25 34 12 335 1.08 4
Size of the Emergency Planning Zone 5 25 24 17 21 3.26 123 5
The limited experience and capabilities of the regulatory body 9 19 22 25 17 324 125 6
The sequence of steps characterising the licensing process 6 18 30 27 10 3.19 1.08 7
Absence of in-factory certification 8 21 29 26 8 3.05 1.10 8
Exclusive liability of nuclear operator 9 29 27 15 12 291 118 9
Availability of slots for the licensing (resource availability in the regulatory body to review the design) 10 35 19 16 12 2.84 122 10
Inability to separate the license for design, site and the operator 17 28 27 13 6 259 1.14 11
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C. Overall discussion and conclusion

This section provides an overall discussion of this PhD research, its contribution
to knowledge in terms of theory and practice, the overall limitations and

suggests future research opportunities.

C.1 Contribution to knowledge - theory

There is a growing body of knowledge about modularisation and CE in energy
infrastructures. However, before this PhD research, CE and modularisation
were analysed separately in energy infrastructures. In addition, before this PhD
research, the difference between modularisation and modularity was often
neglected in peer-reviewed literature, leading to an unclear definition of the
implications of modularisation and modularity.

First, this research clarified the difference between modularisation and
modularity in energy infrastructures, as presented in Publication 1 and 2.
Shedding light on this difference is relevant for future research. Second, this
research identified the main advantages, disadvantages and economic
implications of modularisation in the case of SMRs. Last, this research identified
and theoretically conceptualised the link between modularisation and CE (i.e.
Modular CE) in energy infrastructures, as shown in Publication II.

The introduction of the Modular CE is the key novelty of this PhD research and
its most relevant contribution to theory. Figure 2 compares traditional CE and

Modular CE.

Figure 2: Traditional CE vs Modular CE - Extracted from (Mignacca and Locatelli, 2021)
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C.2 Contribution to knowledge - practice

When infrastructure reaches its end-of-life, the reuse of components in other
infrastructures potentially saves on raw materials and the embodied carbon
already invested in construction. Modular CE could favour the implementation
of CE initiatives, as explained in Publication Il, Il and IV. For companies
designing future energy infrastructures, it is essential to consider options for
improving energy infrastructure environmental sustainability. Therefore, the
industry can benefit from the Modular CE.

This PhD research focused on the reuse initiatives, contributing to practice by
identifying and examining enabling factors and barriers for the reuse of
modules, ultimately providing a set of guidelines for the implementation of the
Modular CE in energy infrastructures. Moreover, this research also identified
and ranked the most relevant factors in the specific case of SMRs by conducting

a survey involving 97 SMR experts, as in Publication Ill.

C.3 Overall limitations and future research opportunities

This exploratory research is affected by a number of limitations. First, data have
been collected only in the oil and gas and nuclear industry. Although both are
relevant for this research, Modular CE needs to be investigated in other
industries. The wind and solar sector are the next logical step, given their
increasing relevance. More advanced technologies (such as nuclear fusion)
could also be considered since they are now at the design stage, where Modular
CE can provide its higher contribution. Also, modular CE can be investigated
outside the energy sectors, for instance, in other complex product and systems.
Second, this research focused on reuse, neglecting the other Modular CE
initiatives such as recycling. This can be relevant for sectors such as the wind
industry, where the management of blades life cycle is a relevant unresolved
issue (Cooperman et al., 2021).

Third, this research is mostly qualitative (except the survey in Publication lll);
therefore, a quantitative analysis might be relevant. This quantitative analysis

could consider the economic or environmental merit of the Modular CE.
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Last, this research is at a microeconomic level. Explorative research at a

macroeconomic level might be relevant.

The absolute novelty of the Modular CE paves the way to several future

research opportunities, as detailed in each publication. For instance:

Policy and legislation: Investigating the implications of the Modular CE from a
policy and legal point of view; in a wider perspective, examining the
relationships between countries with different policies and legislation about
energy infrastructures; investigating to what extent harmonisation between

countries could be promoted.

Standardisation of the interfaces: |dentifying who should be responsible for the

standardisation of the interfaces.

Standardisation of modular energy infrastructures: I|dentifying and examining
enabling factors and barriers for the standardisation of modular energy

infrastructures.

Other Modular CE initiatives: Investigating how modularisation could foster

other CE initiatives, such as repairing and recycling.

Modular CE in other complex product systems: Investigating the opportunity of
implementing Modular CE initiatives in other complex products and systems,

such as airports, and in other industries, such as the renewable industry;

Quantitative analysis of the Modular CE: Quantitatively evaluate the economic

and environmental merit of the Modular CE in energy infrastructures.

C.4 Concluding remarks

Policymakers, practitioners and academics are increasingly discussing the
transition from traditional stick-built construction to modularisation in order to
reduce time and cost and of energy infrastructures and the transition from a
linear economy to CE to reduce their environmental impact. However, these
topics were discussed separately before the candidate's publications.

Recognising interdependency is crucial because modularisation can become a
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key enabler of CE initiatives. This PhD research investigated the link between
modularisation and CE, focusing on the case of Small Modular Reactors (SMRs).
The aim of this research has been achieved by addressing the four primary
objectives in Section A.2. Research objective |, Il, lll and IV have been achieved
respectively through the research presented in Publication I, II, 1ll and IV in
Section B. The research presented in these publications contributed to
knowledge both in terms of theory and practice and paved the way for several

research opportunities.
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C.5 Other activities related to this PhD research

C.5.1 Presentations in conferences and workshops

1. Presentation of the PhD findings at the Leeds Project Management
Doctoral Group and at the Leeds Nuclear Group Meeting, 2021 (both
online):

e “Modular circular economy in energy infrastructures: The case
of Small Modular Reactors”

2. Invited presentation at the OFGEM (Office of Gas and Electricity
Markets) lunchtime seminar series (online), 2020:

e “Small Modular Nuclear Reactors: Economics, finance, barriers
and remedies”

3. Presentation at the 6th School of Civil Engineering Postgraduate
Researcher Conference, Leeds, United Kingdom, 2019, of the paper
“Transportation of small modular reactor modules: What do the experts
say?”

4. Presentation at the ARCOM (Association of Researchers in Construction
Management) Large Infrastructure Project Delivery Workshop,
Melbourne, Australia, 2019 (online):

e “Linking modularisation and circular economy in energy
infrastructure: State of the art and a way forward”

5. Presentation at the 27th International Conference on Nuclear
Engineering, Ibaraki, Japan, 2019, of the paper “Transportation of Small
Modular Reactors: What do the experts say?”

6. Invited presentation at the Small Modular Reactor Construction
Seminar at the University of Cambridge, United Kingdom, 2019:

e “Small Modular Reactors: Let's learn from other modular
projects”

7. Presentation at the Nuclear Future Seminar, Sheffield, United Kingdom,
2018:

e “The role of modularisation in the lifecycle of Small Modular

Reactors (SMRs) in a "circular economy" perspective”
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8. Presentation at the 26th International Conference on Nuclear

Engineering, London, United Kingdom, 2018, of the paper “We never
built Small Modular Reactors but what do we know about
modularisation in construction?”.
Presentation at the 5th School of Civil Engineering Postgraduate
Researcher Conference, Leeds, United Kingdom, 2018:

e “The role of modularisation in the lifecycle of Small Modular

Reactors (SMRs) in a "circular economy" perspective”

C.5.2 Teaching activities

Currently supervising 3 MSc students for their dissertation.

The candidate was responsible for the coursework of CIVE2910
(Introduction to Project Management) in 2021, supporting
undergraduates and marking their coursework at the end of April 2021.
The candidate reviewed teaching notes for the module CIVE5233M (Risk
Management) in 2021.

Guest lecture "Nuclear Fission: From Large Reactors to Small Modular
Reactors" at the University of Sheffield (Online), 2020.

The candidate mentored and is currently mentoring other PhD Students

in their 1t or 2" year.

C.5.3 External collaborations

1.

2.

The candidate is collaborating with Dr Victor Nian from the National
University of Singapore on a study investigating the economics of
nuclear power plants and related policy implications in Southeast Asia.
The paper deriving from this study will be submitted to a scientific
journal in 2021.

“Sustainability Ambassador” for the University of Leeds at the Major

Project Association since May 2020.
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3. Member of the CRP (Coordinated Research Project) on the economics
of Small Modular Reactors, organised by the International Atomic
Energy Agency since December 2020.

4. The candidate worked as a rapporteur (volunteer work) at the event
"Lessons from decommissioning” held in Leeds on 7th Mar 2019,
organised by the Major Project Association.

5. Peer reviews of scientific articles for the following journals from 2019 to
2021:

e International Journal of Project Management
e Progress in Nuclear Energy

e Energy Sources

e Applied Economics

e Energy

e Applied Energy

e Nuclear Energy and Technology.

C.5.4 Grants and awards

1. School of Civil Engineering Postgraduate Award Prize 2021 for Academic
Performance.

2. PGR and Postdoc Travel Grant — School of Civil Engineering (700£).

3. Major Projects Association PhD Research Grant Application (4000£ in
three years).

4. University of Sheffield travel and accommodation bursary to attend the

Nuclear Future Seminar (90f).
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D. Appendix

D.1 PublicationV

Mignacca, B., Locatelli, G., Alaassar, M., Invernizzi, D.C., 2018. We never built
small modular reactors (SMRs), but what do we know about modularisation in
construction? The proceedings of the 26th International Conference on Nuclear

Engineering, London - Scopus indexed proceedings
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WE NEVER BUILT SMALL MODULAR REACTORS (SMRs), BUT
WHAT DO WE KNOW ABOUT MODULARIZATION IN CONSTRUCTION?

Benito Mignacca
University of Leeds, School of Civil Engineering
Leeds, United Kingdom
cnbm@leeds.ac.uk

Mahmoud Alaassar
University of Leeds, School of Civil Engineering
Leeds, United Kingdom
mahmoud.alaassar@hotmail.com

ABSTRACT

The key characteristics of small modular reactors (SMRs), as
their name emphasized, are their size and modularity. Since
SMRs are a family of novel reactor designs, there is a gap of
empirical knowledge about the cost/benefit analysis of
modularization. Conversely, in other sectors (e.g. Oil & Gas)
the empirical experience on modularization is much greater.
This paper provides a structured knowledge transfer from the
general literature (i.c. other major infrastructure) and the Oil
& Gas sector to the nuclear power plant construction world.
Indeed, in the project management literature, a number of
references discuss the costs and benefits determined by the
transition from the stick-built construction to modularization,
and the main benefits presented in the literature are the
reduction of the construction cost and the schedule
compression. Additional costs might arise from an increased
management hurdle and higher transportation expenses. The
paper firstly provides a structured literature review of the
benefits and costs of modularization divided into qualitative
and quantitative references. In the second part, the paper
presents the results of series of interviews with Oil & Gas
project managers about the value of modularization in this
sector.

1. THE VALUE PROPOSITION OF SMALL
MODULAR REACTORS

The International Atomic Energy Agency [1] defines Small
Modular Reactors (SMRs) as “newer generation reactors
designed to generate electric power up to 300 MW, whose
components and systems can be shop fabricated and then
transported as modules to the sites for installation as demand
arises” (Page 1). Several SMRs designs, detailed in [1-3], are
currently at different stages of development. [4] provides a
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summary of the innovative feature of SMRs and describes
SMRs as “reactor designs that are deliberately small, i.e.
designs that do not scale to large sizes but rather capitalize on
their  smaliness to  achieve  specific  performance
characteristics.”

Several papers discuss the competitiveness of SMRs vs Large
Reactors (LRs) and how SMRs might balance the
“diseconomy of scale” with the “economy of multiples”[5—
11]. [12,13] analyse specific factors (such as grid
characteristics, construction time, financial exposition,
modularization, learning etc.) which distinguish SMRs from
LRs in the evaluation of the capital cost. Once these factors
are taken into account, the capital cost is comparable between
the two technologies [3,7]. [14] discusses the effects of ‘non-
financial parameters’, such as electric grid vulnerability,
public acceptance, the risk associated with the project,
licensing [15], during the evaluation of the best reactor size for
investments in the nuclear sector. For many of these
parameters, the authors explain how SMRs show an advantage
with respect to LRs. Another key advantage of SMRs is the
learning [16]. According to [16], the learning curve flattens
out after 5-7 units, determining that the nth of a kind is reached
with less MWe installed for SMRs respect to LRs [16]. SMRs,
having the power fractionated are also ideal for cogeneration,
as presented in [16-18]. Indeed, one of the key SMRs
advantages is the possibility to split a large investment into
smaller ones. The construction of a single LR is a risky
investment [20]. The construction of SMRs is an investment
decision with n degrees of freedom that allows hedging
investment risks. The economic merit of flexibility can be
calculated using the Real Options (ROs) approach [21].
However, despite the relatively large amount of literature
published on SMRs, there is a gap in knowledge on the merit
of having “small modular reactors” instead of just “small

1 Copyright © 2018 by ASME



reactors”. In other words, one of the key challenges for the
assessment of SMRs advantages and disadvantages is the lack
of empirical information, as no SMRs have been built yet, but
only “traditionally built small reactors”. Therefore, it is
necessary to explore the role of modularization in closely
related fields, such as large infrastructures creation, and
transpose the knowledge back to the nuclear and in particular
the SMRs sector. Therefore, this paper addresses the following
question: what SMRs in particular and the nuclear sector, in
general, can learn about modularization from the infrastructure
sector?

The rest of the paper is structured as follows: section 2
summarises the key references about modularization in large
infrastructure to show how the transition from the stick-built
construction to modularization impacts on the project
schedule, budget and risk; section 3 presents the methodology
used to collect and analyse data; section 4 shows and discusses
the results of interviews with Oil & Gas project managers
about the value of modularization in this sector; section 5
concludes the paper.

2. MODULARIZATION IN INFRASTRUCTURE:
LESSON LEARNED

Several papers and reports, hereby described, deal with the
costs and benefit of modularization. This section is divided
into two subsections to show the qualitative and quantitative
references. Qualitative references represent most of the
studies.

2.1 Qualitative references

e Schedule

The impact of modularization on the project schedule is widely
discussed in the literature. Understanding and planning the
criticality of the project schedule is one of the decision-making
factors that must be considered before the beginning of the
modular construction [22]. Habibullah et al. [23] studied and
compared modular design and Gravity Base Structure
concepts to that of the traditional stick-built plant, in
particular, the land-based large individual modules and the
Liquefied Natural Gas (LNG) process facilities installed on a
Gravity Base Structure. One of the main conclusions of the
study is that the modularization reduces the construction
schedule. Tkpe et al. [24] examined the modularization of
projects in the Alberta Oil & Gas industry. The research
methodology implemented was qualitative and involved
interviews with seventeen industry practitioners. According to
the authors, modularization has excellent potential to reduce
the schedule overruns and improve the performance of the
project. Moreover, in the construction of offshore Floating
Production System, after the transition to modularization,
most of the operators were able to reduce the schedule without
delay from the start till the first oil extraction [25]. It is
interesting the case of Yamal LNG Project, that is the
construction of a liquefied natural gas plant for production,
treatment, liquefaction, storage and export of LNG from South
Tambey condensate gas field. It is the world’s largest
modularised LNG Project, and it respected the schedule
[26,27]. Considering that an analysis of data from 318
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industrial megaprojects [28] shows that the vast majority of
megaprojects might be viewed as a failure when considering
adherence to schedule and budget as well as benefits in
operation, it wasn’t trivial that Yamal LNG Project respected
the schedule. There are several references [29-32] which
define the schedule compression as one of the key
characteristics of the modularization, but the critical point is to
understand why. De La Torre [29] explains its causes and
states: “the reduced schedule is caused by:

1) performing the design and procurement simultaneously,

2) working in parallel,

3) increasing the control of schedule (Wells, 1979),

4) higher productivity from the permanent workforce in
Jabrication shops,

5) the opportunity to train operators at fabrication shops
rather than on-site (Wells,1979) .

e Cost

A considerable amount of literature has been published on the
cost variations caused by the transition from the stick-built
construction to modularization. The key point is to understand
where the changes are, where the modularization determines a
cost reduction and where a cost increase. According to Musa
et al. [32], modularization can reduce the labour and material
cost but can increase the transportation cost. Moreover, design
and engineering phases require additional man hours and,
consequently, a cost increase [29,33]. On the other hand,
through high-quality materials and factory quality assessment
(QA)/ quality control (QC) management and control,
modularization determines a cost saving [32]. According to
Jameson [30], modularization can reduce the labour cost but
only if the off-site labour cost is less than the on-site one. This
often happens for the following reasons:

- The cost of tools, supervision, training ctc. is higher on-site
than in a shop environment;

- Some areas have a labour cost higher than some yards located
in a more economical environment.

The possibility to produce modules off-site increases the
quantity and diversity of potential fabricators for a project and,
consequently, the increase of competition that can determine a
reduction cost [28]. Eftimie [34] states that a modular method
is an alternative approach of doing engineering that aims to
minimise the total installed cost and optimise the return on
investment, sanctioning the standardisation for similar
projects in the future. Standardisation is at the origin of a more
efficient supply, construction and operations and it enables
suppliers and utilities to more rapidly benefit from the learning
economies [35]. Another essential characteristic of the
modularization is the possibility to achieve economy of scale
in production [36]. Moreover, one of the implications of the
studies explained in the previous section is the reduction of the
project cost [23,24]. De La Torre [29] concludes that despite
the increased cost listed above, most modular construction
projects show savings in installed costs over conventional
construction.

e Risk

According to 5" Edition of the PMBOK® Guide [37] , project
risk is “uncertain event or condition that, if it occurs, has a
positive or negative effect on one or more project objectives
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sueh ay seope, schedule, cost, and quality. A risk may have one
or more causes and, if it occurs. it miay have one or more
impocts”, According 10 De La Torre |29), the increased nisk is
one of the disadvantages of the modularization, and it is relased
to the necessity of expertise. the mierdependency of activities,
and the lack of adaptability 1o vanations. Moreover, previous
studics cvaluating the modular construction in offshore Ol &
Gas projects have highlighted thit risks are mainy due to poor
planning and poor detaiked engincering [38,39], The life cycle
of Offshore Oil & Gas projects is chamctensed by cight
phases, in which the risks are continuously assessed [40]. Cost
and schedule estimates for Oil & Gus projects arc commonly
set up during Front End Engincering Design (FEED) and
managed over the implemenation phase [41]. Morover,
changes during the project may contribule to significant
implications on the cost of the entire project cycle [42,43).
These changes are related to risk associnted with modularised
projects in Oil & Gas megaprojects [44.45]. On the other hand.
Jameson [29] explains a characteristic of modulanzation
which keads to a reduction in the safety risk: “Shufting work
nte o controlled shop emvironment generally benefits the
overall safety visks of a project. In addition, large vertical
sMructures can be constructed in the horvizontal by use of
modularization. This limits the amount of vertical work at
elevation and can decongest areax that, by their nature,
possess a riskier work emiraonment”. However, according (o
Shahtaheri et al [46], several sectors of constrction are
shifting away from the stick-built method i the use of
modularizaton due 10 11s advantages, despite the constraints
and risks that may impact is benefits,

2.2 Quantitative references

*  Schedule

The Modular Building Institute s an association formed by
mamfacturers, contractors, and dealers working in the
modular building sector. The organisation cmphasiscs the
benefit of modukarization in the definition of modulanzation
iscll: “a process in which a bullding is constructed off-site.
under controlled plant conditions, using the same materials
and designing to the same codes and standards  as
comventionally built facilities but in about half the time ™ [47).
Also Shelley [48] indicates that modular construction can
shorten construction time by 50%. Instead, Hesler [49] siates
that “in-depth studies have shown that modular power plants
show schedule savings approaching 409 " In the case study
“High-nse Building in Wolverhampton™, it was cslimated a
saving of 45% in the construction penod {36). Moreover, Chot
& Song [38] estimated schedule for stick-built and modular
method relative to the construction of an underground machine
room for a lugh-rise residential building. This study concludes
that the traditional approach takes about nine months and the
modularization about seven months. Therefore, it 1s possible
10 estimime a schedule saving of 22, 2%. Efnmie [34), instead,
focused on offshore facilitics. According to the data owned by
the  author: “reduced schedwle (up fo 25-50%); vard
fabrication allows early procurement of criticol equipment
and maximized parallel works  (workshop vy field civil
work site preparation); vard work can start befove obtaining
a site permir. Shovt schedules are important when vequired to
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markel products rapidly |..]". Another example of an
offshore project that adopted modularization is the Delta
House FPS in the Gulf of Mexico [25,50). The Delta House
began the project well before the arrival of any data (such as
volume. specific pressure, tempersture. and  production).
Conversely, most of the FPS projects use the conventional
developmental approach, wherein drilling tests the wells and
the reservorr composition 1s analysed before the design and
constrction phase. With the use of standardisation and
modulanzation. the Delta Honse was able to fimish their
project successfully in about three years after the construction
of the facility started. Comparing o other platforms in the Gulf
of Mexico. the Delta house project was roughly completed 2-
3 years eardier [50,51]. Considering that the construction time
of offshore FPS projccts using the traditional development
cycle 1s 5-7 years [25]. it is possible (o estimate a saving of at
least 28.6% in the construction period. Another specific case
study is the General Dynamics Electric Boat [52]. Electnic
Boat s the prinie contractor and lead design yard for the U.S.
Navy's Virginia-cliss attack submarines, According 10 the
company “lmprovements in construction performance will
reduce construction span from 84 months to 60 months. This
i heing  achieved through  greater wse  of modular
construction, pushing as mch work ay passible inte a
manmifacturing setting where It can be done more efficlent, ™,
Therefore. it is possible to estimate a saving of 28.6% in the
construction penod. Most of the references analvsed report a
schedule saving between 40% and 50% On the other hand.
two case studies in two different sectors show the same value
of schedule saving, 28.6% Figuwre | summarses the
quantitative information about the schedule.

Schedue eauction (W)
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Figure 1: Schedule reduction determined by the transition from
the stick-built method to modalarization

o Cost

This section summarnises the quantitative references about the
cost vanations determined by the transition from the stick-
buill method 1o modularization. Hesler [49] states that "in-
depth studies have shown that modular power plants show
capital cost savings of 20 % or more”. He explains that the
cngincering costs involved in the first modular construction
project are uswally greater becawse of inexpenence. In
particular, the first modular design "can be S0-60% more than
canventional construction design, particularly if the job is
done well. Thix of course, ix only 30-60%% more (than
conventional construction design; or 12% af the total installed
coxt". Shelley [48] shows that, in some cases, a reduction of
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capital costs by up 1o 20%, is possible. Therefore, Shelley [48]
and Hesler [49] agree on a capital cost saving of 20 % or more.
Tatum ¢t al. |53 evidence other significant benefits of the
modularization. They state that it has been estimated that the
modular engineering concept can save up to 10% of the total
cost of a facility, cut on site labour by 25%. and reduce the plot
[working] arca by 10% fo 30%. Parkingson & Short [54] show
other  examplks of reduced costs  through  modular
construction. In particular, they show that John Brown of John
Brown Engineers & Constructars Inc. stated thit savings of at
least 7% of the total contract amount were obtained by using
modular  constnscion methods rather than  conventional
methods for over 40% of the process facilities for the Sullom
Voe Oil Terminal in the Shetland Islands Jameson [29)
unalysed a gasoil hydrotreater modular project located in
North America, According 1o the anthor, modulanization
determined a cost saving of § [25-million on an
approximately § 70-million project. Therefore, a cost saving
of 17.8%. On the other hand, Glaser et al |33] state that the
additional man-hours required for design and engincering of a
modular  constrction  project  increase  the  design  and
cngincering cost by approximately 10% Because of the effort
meeded o evaluate and select vendors, fabricators, and
fabncation shops, and 10 administer contracts, the cost
associated with procurement increases by 20% in modular
construction projects, whilke the costs of the fabsication and
transportation activitics increase by approximately 17% and
13%. respectively. Instead. Kliewer [55] cites an engincering
cost increase of 15%, Moreover, Shelley [48] shows that the
transportation cost is about 1-2% of the value of the module,
Figure 2 below summanses the quantitative information about
the Cost saving

Coal saving %
e e T e e e T T
v (VRET Ty (VN vy 327 Totaw [VOO7)  swmer Pubegee

At [ 1

Figure 2: Cost saving determined by the transition from the
stick-built method to modularization

2.3 Summary

Both qualitative and quantitative references show that the
schedule reduction s ome of the implications of the
modulanization, There are examples inseveral sectors, and the
percentage can change from one to another onc. but also within
e same. Therefore, it should be assessed for cach project
individually. However, the references analysed show a
maximuum schedule reduction of 0% & mimimum of 22.2%
and an average schedule reduction of 37.7%. At the same
time, both qualitative and quantitative references show how
modulanization determines several cost vanation. Design and
engincering phase, procurement and transportation become
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more complicated than i the stick-built metbod, determuning
a cost increase. Nevertheless. the references analysed show a
maximam capital cost saving of 20%, i munitum of 7% and
an average cost saving of 13%.

3., RESEARCH METHODOLOGY

This section is concerned with the methodology used for the
study explained above. Table I below provides a summary of

the main research elements of this study
Research How modularization in offshore Ol & Gas
Question projects mupacts project cost and schedule?
Rescarch Incluctive, exploratery study that implements o
Des survey oach
Sumpling Purposive and snowhall sumpling
Strutegy
Data Qualitaive  data  collected  through  semi-
collection struetured mtarviews
Data Pilot-coding,  content  mnalysis  through
Analysis inductive coding,
Supplements NVivo Pro

Table 1: rescarch methodology, Bayout adapted from Bitite et
al [56]

3.1 Research Design and Research Method

The deduoctive approach and the inductive one are the primary
rescarch approaches. The deductive approach uses existing
theory to develop a hypothesis and ten tests it for validity, On
the contrary, the inductive does not formulate a bvpothesis at
the beginmng of the research [57]. The inductive approach has
been selected. in consideration of the research question that
aims 10 explore a phenomenon, identify the patterns and
coninbute to new gencralisations [38.59). Furthermore, tlis
research design 1§ calegorised as an exploratory study, Based
on Ssunders ct al. [60), qualitative rescarch works in unity
with interviews that consist of openended questions. Semi-
structured interviews have been selected. This method allows
open questions (o be flexible in acquiring in<depth knowledge
from the interviewees' responses [61],

3.2 Sampling strategy and Data Collection

The sampling strategy is based on the rescarch design, acoess
and representativencss of population [62]. For this rescarch
study, two sampling techniques are combined: the purposive
sampling and the snowball sampling. The purposive sampling
allows to be selective m choosmyg participants for the study .
The participants targeted are senior project munagers that
worked on offshore Oil & Gas projects in Norway, The reason
to choose this sample is that the concept of modularization in
offshore Oil & Gas projects began to develop from around 40
vears [63] and the Norwegtan industry 18 one of the most
advanced in the world in this sector. The snowball sampling is
a techmique in which the existing subject study propose other
subjects who might become part of the sample. The advantage
15 the possibility to interview candidates that are hard to reach,
muinly since the rescarch focuses on o closed network
industry. Data for this study were collected through interviews
held in Norway. all being conducted fnce-to-face except for
one phone-interview, witha total of 6 m-depth interviews with
leading expens, Discussions focused on the participants roles
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and company backgrownd, experience from offshore projects,
extent and view of modularization. further discussing related
ssues and examples. In all imerviews, English was used 10
communicate. English is considered the sccond language in
Norway. with participants in an induostry that adopts it as ils
working language, Table 2 presents an overview with detals
of the six interviews. laking into consideration the anony mity
of the inferviewees,

No.|  Date  |[Duratio| Current position Activity
n
| | 6™ June 17 | 35 mms | Engineenng Manse E&p
2 | 9%une 17 | 75 mms | Engineenng Munsager IEPC
3 [ 12%une 17] 70 mms | Engineenng Manseer EPC
4 | 20% Junel 7| 60 mins Director Supplser
3 [23% June 17) 70 mms Vice presudent Suppler
6.7 6% July 17 [ 60 mms |Discapline Jead & Semor| Concept &
engmeey Design

Table 2: Overview of inferview participants

Other data was collected in the process of setting up for
iterviews, such as phone calls and emails thit discussed the
research topic and its objectives, For instance, & conference
call with both participants 1 and 2 occurred over a month
before the face-to-face mlerview. It was imtially arranged 1o
briel participants more on the rescarch question and discuss
modulanzation before the formulation of the questions for the
interview. Data collectson is divided into two stages. In the
first, the interview questions were pat o the test by
mterviewing the first two panticipants, as prlot-lest mtenviews.
Inthe second stage, the other five participants were questioned
based on the kssons lcamed from the previous ones. A key
poml is Uy engagement of the participants and several follow-
up questions to attain claborate answers and explore
developing aspects relevamt to the rescarch question. This
includes implementing the laddening techmigue 1o ask ‘why'
questions and ask participants for example [64].

3.3 Data analysis

A key point of rescarch is the data analysss, which aims 10
finish the rescarch work by drawing logical conclusions from
obtwined datn [65]. Figure 3 below summuarnises the dat
amalysis plan of this study .

.
Figure 3: Data analyxis plan

From the data collection stage, the mierview transcripts were
documented and cach data content (six interviews transcript
and notes) were thoroughly read and understood. NVivo Pro.
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a Computer-assisted Qualitative Data Analysis Software was
cmployed to facilitate the analysis of data. Following the
gusdeline set by Saldaiia [66] i his coding mamsl, there are
wo cycles of coding. The first starts by reading the interview
transcripts and summansing in a word or two cach section of
data indo ‘nodes” that represent different categories or themes.
Funther, the second cycle focuses on outlining the codes and
reorgamsing the long initinl list based on thematic simlarity

Funthenmore, the coding of the transcribed data is executed in
two stages following a similar ammgement to the data
collection. The initial phase includes pilot<coding the first two
interviews using the cycles explained above. Following the
second cyele of coding. @ rough represemtation of the
citegones and sub-categorics is formoiaed, and preliminary
relationships were identified, The last stage proceeds 1o coding
the final interviews using the initial stage categones for
guidance. Throughout the process of coding. categorics and
sub<categones  were  rearranged,  combined and  titled
appropriately based on the accumulated knowledge of the daa.
The following Figure 4 shows the final organising categorics
based on collected dara

Figure 4: Category tree

The root category, Moduliatization. gives i unigue perceplion
of the offshore Oil & Gas scctor. The branching category,
Project paramcters. presents the identified  inferrelations
between modularization and the primary project constraints.
The last branching category. project lifecycle, is divided o
show the determining offshore Oil & Gas phases.

4. FINDINGS AND DISCUSSION

This sectron summanses the findings and discusses U results
of interviews in refation to the henture.

4.1 Modularization

This core category mainly focuses on defining modulanization
from the perspective of the partscipants. All of them agreed on
ils importance in the context of offshore projects. Most
interviewees expressed modulanzation as the split of a project
into varous scopes or medules. As participant 3 articulated:
Y. do take the complete project and split it inte fincttonal
paris and sphit the scope. It could be internally. we prepare
several modules that are fobricated ax separate units, and then
they are assembled on a later stage of the profect. Or it conld
be split up inte several scopes.. other parties have other
modides from the different party of the whole project”.
Participant 5 pointed out a key benefit of modularization as:
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“the good thing about modularization of the equipment is that
you can change out parts... then without having any downtime
Jor the rig you can replace that... otherwise you have to do all
retrofit work offshore”. Furthermore, the phases that
determine the modular approach were mentioned by
participant 6: “... we need to decide on the modularization as
part of the concept, pre-FEED and FEED . Hence, these early
phases represent the crucial stage which impacts the project
most.

4.2 Schedule

Extract from the interviews

Participants always acknowledge a direct relation between
schedule and cost. Participant 2 explained: “fo compress a
schedule that itself will have an extra cost due to overtime and
additional personnel costs”. Participant 3 highlighted the
importance of the control of the schedule: “the schedule is very
much controlled...it’s one of the largest lifiing vessels in the
world ... therefore it’s not an alternative o reschedule, so
things need to be finished on that day”. Another aspect of
having large modular offshore projects split and spread out is
pointed out by Participant 2: “the difficulty of managing site
teams and communications is both time consuming and costly
of course to have onsite follow-up of all these different sub-
projects”

Discussion

A critical variable identified is the reduction of the project
schedule. The shorter execution time influences the increase
in costs since contractors, subcontractors and suppliers focus
on delivering on time. These results support previous research
that reflects on the impact of project duration on the cost
performance [39,67,68]. Empirical evidence shows the
constraints posed by the final transportation and lifting plan of
these enormous modules are critical. Hence, the cost overruns
can increase significantly for the EPC contractor as the
schedule is very controlled. These results are in agreement
with findings on the effect of scope delay on overall project
commissioning [69]. On the other hand, it is interesting to note
the excellent practice in the industry, where studies are
performed on schedule performance issues upon project
completion, providing lessons learned for similar future
projects. The nuclear sector needs to familiarise with these
lifting practices, particularly for SMRs built not on the coast.

4.3 Cost

Extract from the interviews

As a result of the follow-up on modular parameters that impact
cost, participant 6 made this statement: “Weight is directly
linked to cost...if you have an idea of the weight of steel you
can just multiply the ratio number for cost and you get quite
an accurate price range actually”. On the other hand, when
asked about the impact of modular construction on the cost of
procurement, participant 5 stated: “you will have a more
efficient and cost-effective procurement and fabrication, 1
think”. Other responses to this point included participant 2
statement: “...vou have more complex logistics... and typically
you have misunderstandings of how and where various
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components are to be delivered, who shall purchase what. So,
ITwould say ... procurement is more complicated and reduced
in quality due to the modularization”. As for the cost of
transporting modules compared to the overall project cost,
participant 4 stated for small modules: “when you come to big
cranes ... it can be up to 10% of the cost of product”.

Discussion

The empirical findings presented the direct relationship
between weight, size, production capacity and cost. A similar
relation and the importance of taking into account for the cost
are documented in the literature [69]. However, the authors
[69] don’t consider design factors such as the met-ocean data
required for the early design of floaters and semisubmersibles.
The results presented that this design parameter influences the
size of the hull which causes a definite increase in cost.
Further, increase in weight affects fabrication costs due to
additional steel, massive lift cranes, engineering costs and
shipping costs. On the other hand, the relationship between
risk of rework and increase in cost is reported in the literature
[40,44]. The current study found that factors of rework risk
impact cost due to lack of carly involvement, the complexity
of planning and interface handling. These results support the
idea of developing interface management to better control
risks [45]. A significant finding is that the modularization
reduces in some instances the risk of rework. The results
suggest, having smaller modules as units that can be removed
or replaced would decrease the high costs of rework and
enable cost savings. A key point for the nuclear sector would
be to establish the exact size of the module(s), balancing the
economies of scale with the learning process acquired by
building a serics of modules.

4.4 Risk

e  Extract from the interviews

The participants illustrated several types of risk. Participant 2
stated: “due to the extreme focus of let’s say, turnover time. I
think the risk of under engineering or poorly planned
engineering...are the most critical”. Further, participant 3
presented an example related to modular parameters: “there is
a risk that maybe your assumption in the beginning was a
module 20x20 meter and hopefully that will be enough space
to house all the equipment and all the functionality you put in.
But, ifit turns out you cannot fulfil the requirements within the
space, then you will have a very big problem”. Additionally,
the schedule is linked to many risks. Participant 6 stated:
“Usually delay is a risk, for instance these topside modules
built, even ifiit’s on the same yard, it’s still different locations
and it needs to be timed correctly, needs to be finished at the
right time because maybe you have one block that goes in
before you have the outer one installed”. Moreover,
participant 5 presented the risk of rework: “...the equipment
should be incorporated in the 3D model, when that fits
together you start to do the construction...if the actual
equipment isn’t 100% identical with the drawings then... your
assembling doesn’t fit fogether. You have to do some
rework... that should be in a small workshop not at a yard,
an...you hold back maybe the whole fabrication”.
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e Discussion

Previous studies evaluating the modular construction in
offshore Oil & Gas projects have highlighted that risks are
mainly due to poor planning and poor detailed engincering
[38,39]. The empirical results presented the risk of not
fulfilling the weight and capacity requirements due to poor
detailed engineering and lack of communication among the
parties in the EPC phase. On the other hand, findings present
the risk of delays due to weather conditions to be critical for
topside modules, since they require special large transport
vessels. However, delays are not regarded for smaller modules
that can be transported by commercial container ships for
instance. Construction in the nuclear sector has often been
affected by huge risks leading to overbudget and delay. If
modularization will be able to offset some of these risks, it
would be possible to have more investors confident to embark
in nuclear projects. However, a key point will always be to
properly allocate the different risks to the stakeholders better
able to handle them. Novel solutions, like the usage of SPE,
should be carefully investigated [70].

4.5 Project Life Cycle

e  Extract from the interviews

» Concept Design

The relationship between the project characteristics of
offshore Oil & Gas projects and modularization starts with the
concept phase. Appropriate decisions made during the early
design impact cost as stated by participant 7: “7o get
robustness, to get a good start, ifyou do a lot of changes in the
later phases it might be more expensive you have fo redo a lot
of things..”. Moreover, the decision made on lifting of
modules may impact the modular design, participant 3
claborated: “you have to decide early for instance how fto
install this, shall this be an offshore installation with lifting or
do you install the modules on the yard with skidding, that will
affect the design of the modules”.

» Front End Engineering Development

When asked about complications that develop during the
FEED phase, participant 6 related to module layout: “for
instance you add all the different sizes of piping and you will
see that thing will increase in size... when you get to really do
things in detail you will see the actual required space and not
the assumption we made early on”. Participant 5 argued about
FEED with an example: “we had one project they have done
FEED phase and the quality was not good enough, so the
whole platform needed to be reinforced or increased in size
and weight, that affects everything, the cost and schedule...”.

» Engineering, Procurement and Construction

Following the concept phase and FEED phase, the company
developing the concept is usually not involved anymore.
Participant 7 stated: “we have done engineering up fo a certain
degree, and then the detailed contractors do the detailed
engineering”. About the selection of EPC format, participant
1 said: “normally the main hurdle is actually to have all the
engineering in place before you start construction. I think
that’s actually where most companies or projects fail”. The

115

reason behind this problem is illustrated by participant 3: “a//
projects that we have been involved with have a very tough
timeframe and... you are normally forced to start fabrication
early, even when it’s still a lot of remaining issues to be
resolved in the engineering phase”.

» Transportation and Commissioning

The complete overview of transportation of different modules
till the commissioning of the final offshore platform is
presented from a project by Participant 3: “fo reduce offshore
work that is very expensive ... they assemble it as one unit ... and
transport it to the field... that is cost efficient”. On the other
hand, transportation arrangements act as constraints that
influence key milestones in the project. Participant 5
mentioned this remark: “vou might be building the hull at the
vard and then you have the milestone to take the hull firther
Jor topside integration. Then you have a certain milestone ...

to just transport the vessel ...”. Conversely, the delay may
come from the transport or lifting vessel. Participant 1 stated:
“...we were two months delayed on the offshore installation of
the module, that was actually due to harsh weather west of
Africa...”. Most participants agreed on the impact of
transportation, yet participant 4 stated: “our equipment, it'’s
smaller, it’s not big structures, they are small and can maybe
go into a container and they can go on fast going vessels, they
maybe don’t need special transport”.

» Interfaces

This matter was stressed upon by both participants from the
EPC company, as participant 3 explained: “Because you might
have several engineering companies for systems engineering,
you have several companies for fabrication, you can have
several subcontractors .. the number of interfaces are
increasing your risk”. Moreover, the communication and
integration between the various parties during the early project
phases was acknowledged by participant 6: “... the different
disciplines have direct contact with the disciplines if we have
a major client in UK or US ... I need to have a contact person
Jor my relevant discipline for the site”. Further, participant 7
followed with this statement: “And in later phases, it might be
required to work in integrated teams”. Participant 2 talked
about an example to explain how to mitigate the impact of the
interface: “fo handle all the interfaces ..that was a
modularised project, the demand for engineering phase was
that all participants shall be co-located at a physical
location... to counter the adverse effects...5 or 10 teams with
separate scopes that should be integrated’”.

A key problem for the nuclear industry has often been related
to start the construction, still without a detailed design
completed. For instance, in the case of Olkiluoto 3 the
regulator said “The schedule of Nuclear Island is now about
Jour years behind the original plan. Main reasons for this
delay are: [..] — inadequate completion of design and
engineering work prior to start of construction. — lack of
experience of parties in managing a large construction” [71].
Also “making design as early as needed for smooth
construction, & qualifying the new design features and
technologies” were key points raised by the regulator [71]. As
clearly presented in the Oil & Gas sector, modularization
would be a key driver here. It could exacerbate these aspects
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if not properly management (e.g. poor detailed design), but
could also be the “silver bullet” if the designed is improved
and optimised in the case of “series production”. Again, SMRs
would be an attractive proposition only if a multitude of
identical units will be manufactured, commissioned and
operated.

4.6 Key takeaways for the nuclear sector

A key result of the research reveals the actual importance of
vendor selection, for the timely inclusion of modules, interface
information and freezing critical modular parameters.
Morcover, carly engagement of suppliers and regulators
during FEED phase is recommended to improve information
sharing and decrease the impact of conceptual premises that
affect the project life-cycle further. This is consistent with
findings that show the impact of early decisions on modular
construction projects [22,72]. Furthermore, empirical results
presented the size and complexity of projects, which increases
interdependence of interfaces among project scopes and
increases risk. Under this perspective, SMRs might have a
clear advantage respect to larger GWe scale reactors. Small
projects arc usually fast-paced and, in several instances,
engineering and construction overlap causes an increase in
requirements for interface handling. Failure to fulfil such
requirements will impact installation and functionality of the
whole module. Similar findings are documented in the
literature. According to Love & Edwards [40], initiation of
construction before engineering is completed causes risk of
rework. Moreover, as the yard contractor subcontracts smaller
modules as equipment packages to the supplier, further the
supplier may subcontract the fabrication to distant sites to
reduce costs. Although this particular notion is not specified in
the presented literature, theory highlighted the crucial factors
in EPC phase influencing the risk of rework due to the
dispersion of the project team [40]. The literature on
modularization of plants focuses on the impact of interfaces
handling in terms of cost overruns, for instance, due to rework
or other technical risks [38,40]. Nonetheless, as the empirical
findings stated, if requirements for critical parameters such as
weight and size exceed the specified range in the construction
phase, then changes lead to extreme cost overruns for
contractors causing, in certain case bankruptcy. In the nuclear
sector, where the number of “qualified contractors™ for a
certain task is usually small, this might become a key risk.
The empirical findings show that contractors adopted
concurrent planning and partnering with experienced
subcontractors and suppliers. The theory recognises these as
factors that enable the success of modular construction
projects through the experience of contractors [43,72].
However, empirical findings present a limitation of these
applied enablers, that is the discontinuity through projects
phases due to the use of different contractors and consultants
from one step to the next, or gap among the parties within one
step. According to Olaniran et al. [73], implementation of
integration teams would assist in improving the continuity and
effective communication. An interesting empirical finding to
point out is the recent measure taken by the main client in the
Norwegian industry, that is the implementation of large
integration teams at one location. This presents a development
in client leadership in order to improve cost and schedule
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performance of modular projects, through the management of
execution risks, delay avoidance and continuity through
project phases. Otherwise, the repercussion according to
empirical evidence has increased in costs for the topside
contractor due to the interdependence of assembly on other
modules, further increase of delay risk on schedule due to the
critical transport and lift milestones for offshore delivery.

5. CONCLUSION

A keyword in “Small Modular Reactors” is “Modular”.
Despite many studies and papers discuss the economics of
SMRs very few of them provide a sensible analysis of the
modularization aspect. The key reason is that SMRs arc a
novel type of reactors, therefore historical data are not
available. This paper addresses this gap in knowledge
analysing modularization in other types of infrastructure. It
describes, through a literature review analysis, how
modularization in infrastructure impacts on the project
schedule, cost and risk. Moreover, this paper summarises and
discusses the results of interviews with Oil & Gas project
managers about the value of modularization in this sector.
Schedule reduction and cost saving can be considered as two
of the key advantages of the transition from the stick-built
method to modularization in infrastructure. On the other hand,
the increased risk as one of the key disadvantages. Therefore,
the aim of this paper is to show what we know about
modularization in infrastructure on three key project
parameters: schedule, cost, and risk.

The results of the literature review analysis and of the
interviews suggest that the evaluation of the transition to
modularization in infrastructure requires the consideration of
several variables. However, the empirical evidence presented
in this paper confirm the merit of modularization. This doesn’t
imply that the transition from the stick-built method to
modularization in the nuclear sector will determine the same
consequences. Future research might provide some cost
comparison between the SMR with loop type PWRs.
However, SMRs in particular and the nuclear sector in general
can learn from modularization in the infrastructure leveraging
the experience accumulated over the year. “Learning the right
way to do modularization” will be a key success factor for the
deploy of SMRs.
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ABSTRACT

One of the key characteristics of small modular reactors
(SMRs), as their name emphasised, is the modularization.
Modularization implies factory production, which in turn
implies transportation of large, heavy, complex and fragile
modules from the factory to the site. Various vendors and
organisations are developing several SMR concepts and
designs, but there are extremely limited information about the
crucial element of modules transportation. Conversely, in
other industries (e.g. Oil & Gas), the experience on modules
transportation is much greater. This paper provides a
structured analysis for the knowledge transfer from the
general literature (i.e. other major infrastructure) to the SMR
world. Firstly, the paper provides a summary of the literature
about transporting large modules. In the second part, the paper
presents and discusses the results of a series of interviews with
transport industry experts about large modules transportation.
The third part provides a summary of the findings and the key
takeaways.

1 INTRODUCTION

The International Atomic Energy Agency (IAEA, 2016)
defines Small Modular Reactors (SMRs) as “newer
generation reactors designed to generate electric power up to
300 MW, whose components and systems can be shop
Jabricated and then transported as modules lo the sites for
installation as demand arises”. Several SMR designs, detailed
in (Locatelli, er al., 2013; IAEA, 2014, 2016, 2018), are
currently at different stages of development. (Ingersoll, 2009)
provides a summary of the innovative features of SMRs and
describes SMRs as “reactor designs that are deliberately
small, i.e. designs that do not scale to large sizes but rather
capitalize on their smallness fo achieve specific performance

characteristics”. Several papers discuss the competitiveness
of SMRs vs Large Reactors (LRs) and how SMRs might
balance the “diseconomy of scale” with the “economy of
multiples” (Carelli, ef al., 2008; Trianni, et al., 2009; Boarin,
et al., 2012, 2015, Locatelli, et al., 2012, 2014; Locatelli,
2017). (Carelli, ef al., 2007, 2010) analyse specific factors
(such as grid characteristics, construction time, financial
exposition, modularization, learning etc.) which distinguish
SMRs from LRs in the evaluation of the capital cost. Once
these factors are taken into account, the capital cost is
comparable between the two technologies (Carelli, 2008;
Boarin, 2012). (Locatelli, ef al., 2011) discuss the effects of
‘non-financial parameters’, such as electric grid vulnerability,
public acceptance, the risk associated with the project,
licensing (Sainati, et al., 2015), during the evaluation of the
best reactor size for investments in the nuclear sector. For
many of these parameters, the authors explain how SMRs
show an advantage with respect to LRs. Another key
advantage of SMRs is the learning (Carelli, 2010). According
to (Carelli, 2010), the learning curve flattens out after 5-7
units, determining that the n™ of a kind is reached with less
MWe installed for SMRs with respect to LRs (Carelli, 2010).
SMRs, having the power fractionated are also ideal for
cogeneration, as presented in (Carelli, 2010; Locatelli, ef al.,
2015; Locatelli, Boarin, ef al., 2017). Indeed, one of the key
SMR advantages is the possibility to split a large investment
into smaller ones. The construction of a single LR is a risky
investment (Brookes, ef a/., 2015). The construction of SMRs
is an investment decision with n degrees of freedom that
allows hedging investment risks. The economic merit of
flexibility can be calculated using the Real Options approach
(Locatelli, Pecoraro, et al., 2017). SMR components and
systems are designed to be factory manufactured and
transported to the site as modules. Therefore, SMR modules
transportation is one of the three main steps: factory
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manufacturing, modules transportation and installation on-
site. However, despite the relatively large amount of literature
published on SMRs and despite several concepts and designs
being developed by various countries, there are extremely
limited information about the crucial element of SMR
modules transportation. Therefore, it is necessary to explore
modules transportation in closely related fields (e.g. Oil &
Gas) and transpose the knowledge back to the SMR sector. As
later discussed, modules transportation is strictly related to the
country. This paper investigates how SMR modules can be
transported in the United Kingdom (UK) and what can be
learned from previous experiences. The rest of the paper is
structured as follows: section 2 summarises the key references
about transporting large modules; section 3 presents the
methodology used to collect and analyse data; section 4 shows
and discusses the results of interviews with transport industry
experts about modules transportation. The last part provides
guidelines about SMR modules transportation and the key
takeaways.

2 TRANSPORTATION IN MODULAR
INFRASTRUCTURES
2.1  Modularization: what it is and its implications
Modularization is the process of converting the design and
construction of a monolithic plant into a plant that facilitates
factory fabrication of modules for shipment and installation in
the field as complete assemblies (GIF/EMWG, 2007). Several
papers deal with the costs and benefit of modularization (De
La Torre, 1994; Azhar, et al., 2012; Bondi, et al., 2016,
Upadhyay, et al., 2016). Most of these references are
qualitative, like the recent review of modularization in the
nuclear industry (Upadhyay, 2016). Factory fabrication is
usually cheaper than site fabrication, but the costs associated
with shipping of modules to the site must also be considered.
Smaller plants can take better advantage of modularization
since it is possible to have a greater percentage of factory-
made components. Although there are a number of works in
the literature describing the qualitative advantages of
modularization, only a few of them are able to quantify the
underlying advantages. (Mignacca, et al., 2018) provide a
summary of the quantitative information about two key
implications of modularization in infrastructure: schedule
reduction and cost saving. Therefore, modularization implies
factory production, which in turn implies transportation of
large, complex and fragile modules from the factory to the
site. According to (Vegel, et al., 2017), SMRs will be in the
factory for the first two years (build time and testing), and in
the last year will be transported and installed on site.
However, the literature about SMR modules transportation is
almost inexistent. Conversely, in other sectors (e.g. Oil &
Gas), the experience on modules transportation is much
greater.

2.2 Transporting large and heavy modules

This section summarises the key concepts about transporting
large and heavy modules. According to (De La Colina, ef al.,
2016), heavy lift impacted successfully on the construction
industry, opening the doors to new construction alternatives,
methods, and strategies. Modularization is one of them.
However, modularization presents significant logistical

challenges (Mammoet, 2018b). Once prefabricated modules
are ready, they must be lifted, transported, and installed in the
right sequence (Mammoet, 2018b). Modules transportation is
recognised as one of the main disadvantages of
modularization. According to (Musa, et al, 2016),
modularization can reduce the labour and material cost, but
can increase the transportation cost. One of the reason is the
additional material needed for proper transportation and the
structural requirements of the modules (De La Torre, 1994,
Choi, et al., 2014). (De La Torre, 1994) also includes modules
loss and modules transport damage in the main risks of
modularization, and points out how the interdependence of
planning, design, fabrication, transportation, handling, and
erection determines more planning and communication than
the stick-built method. Furthermore, (De La Colina, 2016)
states that modules are usually fabricated in different locations
respect to their final position. These locations are usually
specialised yards away from the site and sometimes even
different countries, determining the increase of the
transportation cost and making logistics even more complex.
Furthermore, modules and equipment have grown in size and
complexity, causing new challenges for the transport industry,
requiring custom-made techniques depending on the load and
dimensions of the module (Mammoet, 2018b). However,
(Wrigley, et al., 2018) point out as the recent technology
development such as driverless electric transport might reduce
the transportation cost. Currently, there is a large range of
heavy transport equipment used in the industry, ranging from
conventional trailers and barges to skidding system and Self-
Propelled Modular Transporters (SPMTs). As common in the
transportation industry, the main heavy transport and lifting
techniques are here categorized by road, barge, and rail
transport methods.

2.2.1 Road transport

There are two main methods to transport large and heavy
modules by road: conventional trailers and SPMTs. (Fagioli,
2018c) defines SPMTs as: “multi-axel trailers designed for
the transportation of heavy and large objects”. They are
characterised by 4-8 axel lines that have a maximum load
capacity ranging from 44 tons up to 60 tons per axle line and
are controlled through a remote operation console with several
steering programs. SPMTs consist of a strong metallic
framework which also acts as a load carrying platform. It is
supported by hydraulic rams which act as the suspension of
the SPTM and provides lifting ability. They are mainly used
for short distances (Fagioli, 2018c; Mammoet, 2018d). On the
other hand, the conventional ones are heavy load trailers
characterised by numerous axel lines and high bearing
capacity (36 tons per axle line). They are often connected with
beams to create a larger trailer. The external propulsion is
often generated by truck, and in some cases by several trucks
(Mammoet, 2018d). Furthermore, (Smith, 2010) states that
“Container Shipping” and “Dimensional Shipping” are the
two main methods used to transport heavy modules into
containers by road. Container shipping consists of trailers that
have standardized size and lifting methods. Conversely,
dimensional shipping requires custom dimensions.
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2.2.2  Barge transport

“The river transport is another important activity [..]
especially with the size of the items getting bigger and bigger
and the new infrastructures do not always supply for these
large items to be transported by convoy” (Fagioli, 2018a).
More in general transportation by barge is usually used when
module dimensions don’t allow using land transport method.
This transport method provides an alternative both when the
roads are extremely busy and to avoid restrictions such as
bridges. The module is usually loaded onto the barge by using
a gantry crane. The main advantage of this method is that a
standard barge has a capacity 50 times more than a normal
trailer, determining a significant cost saving (Fagioli, 2018a).
(Devgun, 2013) also states that transport by barge is usually
the favoured method for very heavy modules.

2.2.3  Rail transport

Transportation by rail consists of railcars having a carrying
capacity ranging from 200 to 1200 tons (Mammoet, 2018a).
The heavy-duty railcars have 8-44 axel lines which can be
shifted horizontally and vertically allowing the transportation
of the over-sized load. (Fagiloli, 2018; Mammoct, 2018a).
Rail transport and road transport tend to have a similar cost,
but rail transport tends to have lower lead time, frequency, and
service flexibility (Larsson, 2009).

2.2.4  Cranes and special equipment

(Devgun, 2013) states that heavy and large modules would
require the use of Very High Lift (VHL) cranes, but they are
very expensive. Some less expensive alternatives to the VHL
cranes are (Fagioli, 2018b; Mammoet, 2018c):

Crawler Cranes: It is a crane that is attached to an
undercarriage with a pair of caterpillar’s tracks to provide
steadiness and mobility. It is commonly used at power stations
and refinery projects and offers lifting capabilities up to 3000
tons and a total lifting height up to 200 meters.

Strand Jack System: It consists of a jack pulling a bundle of
wires called strand. It has an upper and bottom clamp which
are connected to a hydraulic cylinder that moves up and down.
This system has a capacity of 15-750 tons (depending on the
number of strands).

Skidding System: This system is used to move extremely
heavy loads such as offshore platforms and complete
buildings. It is simple and can only be fitted in a straight line
which uses a skidding track to allow large loads to be moved
with a limited force.

Gantry Lifting System: This system is a combination of 2 or
more legs and overhead beam. There are usually four jacking
units supported on wheels having one vertical lift cylinder and
avertical lift on top. The legs are hydraulic, which enable the
system to lift loads up to 800 tons.

3 RESEARCH METHODOLOGY

This section is concerned with the methodology used for the
study explained above. Table 1 provides a summary of the
main research elements of this study.

How can SMR modules be

Research question transported in the UK?

Research design Inductive, exploratory study

Sampling strategy | Purposive sampling

Semi-structured interviews and

Data collection secondary data

Data analysis Content analysis (inductive coding)

Supplements NVivo 11

Table 1: Research methodology - Layout adapted from (Bititei, et al., 2016)

3.1  Research design and method

For this kind of research there are two main research
approaches: deductive and inductive (Saunders, ef al., 2007).
The deductive approach generates hypothesis starting from
the existing theory, and then move towards specific
observations testing the validity. On the contrary, the
inductive does not formulate hypothesis at the beginning of
the research but starts from data (Dudovskiy, 2018). In
summary, a deductive approach tends to test the theory, while
an inductive generates theory. The inductive approach has
been selected, in consideration of the research question that
aims to explore a phenomenon, identify the patterns and
contribute to new generalisations (Saunders, 2011; Bryman,
et al., 2015). Furthermore, this research design is categorised
as an exploratory study. Secondly, based on (Saunders, ef al.,
2012), qualitative research works in unity with interviews that
consist of open-ended questions. Semi-structured interviews
have been selected. This method allows open questions to be
flexible in acquiring in-depth knowledge from the experts’
responses (Rubin, ef al., 2011).

3.2 Sampling strategy and data collection

(Kumar, 2011) states that in qualitative research, the
researcher should be guided by his/her judgement on who
might be able to provide the “best” information. A purposive
sampling technique has been selected for this study, which
allows being selective in choosing experts in heavy-lifting and
transporting modular projects. The reason to choose this
sample is that the most critical SMR modules are heavy and
large objects. The authors created an interview questionnaire
to investigate how SMRs modules can be transported and
what can be learned from previous modules transportation
experiences. The main data collected were primary data from
the interviews, but secondary data were also provided by some
of the experts in form of internal company handbook, project
drawing, etc. In summary, nine interviews were conducted:
four by phone, four by Skype, and one questionnaire was
answered through email. In all interviews, English was used
to communicate, except for some terminologies in Arabic in
two interviews. Table 2 presents an overview with details of the
nine interviews, giving consideration the anonymity of the
experts.
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Date | Duration Experience’

(2018) |(minutes) Fesition (years)

TCI{ 0304 | 15 | Engincering Marager | 10-15
Site ralions

naf 2oe | 6o hgp':!scf 5410
TC2 1304 30 Transport Manager 30+
L2 1804 | 50 Project Enginces 510
TC3| 01/03 20 Transpon Marager 10-15
TCal a5 | 30 Director 0+
W3] 11061 50 Project Engimeer 10
TP | 22/06 | cmuil Consultant 10-15
HLA| 2107 | 40 ""’J":d‘:.f’m‘”“‘ 5.10

Talve 2: Chwrvew af the exparts, TU = Transpartation compry, HL-Heavy
iifiing amd sransportanan company, TP Tranparnation professional

3.3 Data Analysis

A key pomt of research is the data analysis. which aims 10
drw logical conclusions from obtained data (Mermam, 199%)
Following the guidelines of (Bailey. 2008), the first step to
conduct qualitative data anilysis was the transcoiption, which
15 the process of converting recorded interviews dita into text.
Subsequently, following the gnidelines of (Hesse-Biber,
2010; Saldafy, 2015). the intervicw transcripls were
formatted in a common layour, and thoroughly read and
understood to identify themes and specific sections of
informaton related to 1he research question NVivo 11, a
Computer-assisted Qualitative Data Analysis Software, was
emploved to facilitate and speed up the analysis of data. The
data was then coded to organise the collected dati. asscssing
which category they would be relevant 10, The nmin purpose
of this rescarch is to investigate the pre-conditions. cnabling
factors, and barriers 1o transporting SMR modules. Therefore,
they were the three nain categories, Based on data collected,
an additioral category called “transportation method™ wis
created to explain which transporation method was preferred
based on the background of the experts. Figore | and Figue 2
show the main categories with their coded subcategonies and
codes.

4 FINDINGS AND DISCUSSION
This section summarises the findings und discusses the results
of the interviews.

4.1 Pre-conditions

*  Evidence from the experts’ interviews

Experts  acknowledged the heavy burcaucratic  process
inchading several permits and procedures that mwst be
prepared before transport, TC3 stated: /st of all we try 1o
get all approvals from the consultant in the factory before we
start shifting the module as this avoids any rejection or
correction whick might lead uy to return the module hack to
the factory. Then vou should make sure that the site is ready
o recenve the module. And all authorities permits " Regarding
the licenses TC2 stated: “f huve a special licence for that. and
that's called a stig, S<1-1-G-two. That allewes me to transport
over sixti-five fon on the road” Conversely, HLA stated:
“special licence no because since it is very specialised work
there 15 no one which can certifv vou about vour abilities”.

Figrere I: Snmmary of pavgories, sub-cutegonies amd codes (part /)

Fignre 2: Snmmany of codegories, sub-categoner amd codes (part 7)

Furthermore, TCT highlighted the roke of law and authoritics:
“Imean like the size of the transported object to be matching
with the maximum height allowed 1o he passing under the
existing hridges and the weight of the obgect to be matching
with the maximum axle weight permisied by the road
authorittes”™. Another key aspect about pre-conditions is
pointed ouwt by HL2: “The preliminary works that we have fo
hefore the bid phase |s going to see all the path the module
have to do in the future”,

*  Discussion

Experts  highlighted that several relevamt  permits  and
procedures mast be prepared before transport, respecting local
regulations (e.g. load, size. delivery time, storage arci). The
common documents mentioned are: method statements. risk
assessments, permits, drawings, communication plan, and
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contingency plan. (ESTA, 2009) also highlights that these
documents should be accepted by all parties involved, as they
state the method, risks, mitigating actions, and liability of each
task. Regarding the licence, experts pointed out the need of a
licence (STIG 2) to transport heavy loads (>65 tons) on the
road. However, there is a controversial statement about this
point. A key point highlighted is that every transport requires
a preliminary route survey to be conducted and documented.
The transported SMR modules would require the route
conditions to be checked and assessed to whether public
infrastructure such as roads, bridges, etc. can be used. The
route survey would also be used to assess whether any
obstructions will be in the way of the transporter or load.
Examples of these obstructions could be trees, power lines,
pipelines, etc. Furthermore, other route settings such as
slopes, ground surface, maximum ground bearing pressure,
and permitted axle load would need to be analysed to ensure
the module can be transported appropriately. An internal
document also states that work preparations such as ground
reinforcement would be the responsibility of the client or the
operating company depending on the contractual agreement
between the stakeholders. Furthermore, heavy and/or large
modules are usually required to satisfy special requirements.
For example, the transported module must match the
maximum eight allowed under a bridge, and the weight must
match the maximum axle weight. Prior the transport, the
authorities will also need to approve any solutions for
constraints such as building a new path or disconnecting
overhead electricity. It is also stated that the usual working
hours permitted are early morning or late night and that the
authority is a key factor to start the transport process.
Furthermore, internal documents supplied by the experts point
out the importance of communication and contingency plan
which tackle unanticipated events, describe the
responsibilities of various stakcholders involved, and the
communication method agreed.

4.2 Enabling factors

e Evidence from the experts’ interviews

A critical enabling factor identified is the communication.
TC2 highlighted a type of communication: “The driver
especially needs to know what he is doing, he will probably
also be on a walkie-talkie. Ok, so normally we have got
walkie-talkies so we always make sure that everybody is
communicating with everybody. It does not matter how small
it is, whether not there is a small problem to a large problem.
Everybody needs to know communication”. TC4 also
highlighted the importance of communication, but focusing
on another aspect: “communication between the transport
company and manufacturer would be very helpful. Like in
certain cases they build the module and face many problems
due to it being very heavy or for example requiring more
expensive lifting methods”. Several equipment were also
suggested by the experts. In particular, HL1 stated: “for
example I can help you if the path will not be so long. I can
suggest to use SPMT, it is a kind of trailer ... it is a hydraulic
trailer that is driven (sic) by remote control and is very
versatile. [ mean there is a lot of kind of steering option, it is

very easy lo use, and this is used especially in a small area
where you do not have so much space to manoeuvre”.
Furthermore, HL3 stated: “One thing either for transportation
and especially the lifting ... the vendor that is designing the
equipment he should also involve or he should know how the
equipment will be installed so if it will be installed by crane
or by strand jack he should know it so he can prepare a lifting
point or whatever the way we will transport it”. Another key
element to consider is the insurance, as highlighted by HL3:
“But when you're transporting a cargo for example from
Germany to the Middle East then it should have insurance to
transport it there inland transport from the factory to the port
also will have another insurance for the sea transportation
then another insurance when it reaches the middle east. And
at each stage there is one contractor which having insurance
Jor the equipment they transport with”. Furthermore, HL4
pointed how the final location can influence the
transportation: “if you go to some bigger big port they have
the capabilities to handle. If you go to smaller port they don't
have the capabilities”. The quality control is also considered
fundamental in this kind of transportation, as highlighted by
HL2: “there is a surveyor but there is a team of surveyors
around the transport. Because you need to check...ok all the
movement”. Furthermore, TC4 pointed out the importance of
a proper equipment, stating: “1 think safety is an important
thing to consider. So use proper equipment”.

e Discussion

Communication

The experts presented the importance of communication in
ensuring the success of the transportation process. In
particular, two types of communication have been pointed
out: “Design communication” and “Communication during
Transport”. Regarding the first, the transport company should
be involved in the design phase, because specific design
requirements such as lifting points must be implemented. This
might improve the overall cost. The need of involving
transport company in design phase is also pointed out by
(Naqvi, et al., 2014) in the literature, who states that modules
transportation becomes challenging because it is finalized late
in a project. Regarding the second, it is an enabling factor that
helps reducing errors such as tipping. For instance, the truck
driver and convoy vehicle should be in constant contact to be
aware if something irregular is happening.

Equipment and design

The experts pointed out the following special equipment and
design consideration which would allow SMR modules to be
transported and lifted:

SPMTs: When using this equipment, it is suggested to have
the module at least 1.3 meters high. The SPMT is equipped
with suspension and is used to jack up the structure. With the
aid of a transport beam and building the module at that height,
the module would not need lifting determining a lifting cost
reduction. More than one SPMT can be used to transport an
item. The difference between conventional trailers and
SPMTs is that they require trucks to pull it and have
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mechanical steering. SPMTs are also stated to have better
manocuvring than conventional trailers.

Gantry Crane: This equipment is used to lift the module from
the SPMT. It can be used in the fabrication yard and on-site
and is stated to be cheaper and faster than using a crane due to
it requiring less space. It can also be prepared faster than
normal lifting cranes and is used to install items at low
positions.

Strand Jack: It is a very strong tool used to lift heavy objects.
They are sometimes combined with a gantry crane, and is also
considered a faster method to install very heavy items than
cranes. Usually, this combination is used when the module
needs to be installed at a higher height or underground. If
strand jacks will be used, the design of the module must have
‘lifting lugs’ to be connected to the strand jacks.

Saddles: They are like stools shaped to take the module on the
SPMT or trailer. The saddle should be wider than the module
and the trailer to make it easier when switching from SPMT
to the conventional trailer. The saddles must be designed well
to accommodate the module and lashed well to have a good
connection between the module, saddle, and the trailer.

Cranes: For small modules which can be transported in
containers, it would be cheap to lift them with cranes but
would mainly depend on the port cranes lifting capability.
Crawler cranes are also mentioned but are considered
expensive compared to other lifting solutions.

Overall the experts stated that the transport equipment used
would depend on the module’s size, weight, and the location
of its final position. It is fundamental for the design of a
module to know how it will be lifted and transported, as it will
require design requirements such as lifting lugs, span and
height requirements, etc.

Insurance

The experts highlighted how the transported module’s
insurance is based on the agreement between the client and
the transport company. It is usually insured by the
manufacturer; however, the insurance company asks for
documents from both partics to make surec documents such as
the method statement and drawings are signed off and
assessed properly prior the transportation. There are also
several insurances dependent on the country you are
transporting the item in and the transport method selected.
Contractors transporting the module would need their own
insurance for their equipment such as SPMTs, trucks, etc.
However, the experts stated that sometimes the client includes
them in their insurance policy. If the item was to be lightly
damaged during transport such as a scratch, the client usually
fixes it; however, if there are big damages, the insurance party
comes in. In summary, the insurance is dependent on the
responsibility and risk allocation agreement between the
stakeholders involved.

6

Final location

One of the key enabling factors pointed out is the final
location of the modules. Experts stated that if the final location
is accessible by river/sea or by rail, then that may be an
advantage. However, this is dependent on the availability of
equipment and capability of the location. For example, there
might be a nearby port to the final location but the available
crane there is not strong enough to lift the module and thus
would require a special crane leading to a higher cost. The
final location also influences the safety measures and quality
control required. Furthermore, according to the experts, if the
fabrication yard and final location of the modules are in the
same country, the transport process is easier and cheaper,
since the country’s capability and government requirements
would be recognised easily by local transport companies.

Quality control

The experts also showed the importance of the quality control,
usually through a visual check before and after the transport.
However, it depends on the agreement with the client and their
internal requirements. A surveying team may also be assigned
to check when the module is being lifted onto a barge or when
being transported near bends and obstacles to ensure it does
not collide or get damaged. Additionally, qualified personnel
are with the transport and keep monitoring that they are on
track while regularly updating the risk assessment. One expert
mentioned a new technology called ‘Point Cloud’ improving
the quality of the pre-surveys and planning of transport, and
is usually implemented when the engineering of the transport
is very busy. ‘Point Cloud’ is similar to a google car but
instead of an image it creates points on a software of the
original path and its surroundings such as lamp posts and
trees. Nonetheless, another expert mentioned that this method
is usually expensive and that the experience of the staff and
transport company is more effective.

Health and Safety

The experts stated that transport by rail and barge would be
the safest options as interaction with the public is limited.
Safety of the transported module must also be prepared. For
example, in sea transport, the module must be fastened
properly to avoid damage from oscillations. It is also
mentioned that when dealing with large and heavy items,
safety consideration must be taken for the route to make sure
nobody is injured or harmed and not to cause damage to any
property. Safety must also be maintained when lifting the item
onto a transporter, to a barge, or at the final position.

4.3  Barriers and challenges

e Evidence from the experts’ interviews

Several barriers and challenges related to module
transportation have been pointed out by the experts. The
experts pointed out several typical incidents and obstructions
faced during modules transportation. For instance, HL4
stated: “some fransport being bent..let’s say can happen
tipping...then during the fransport you hit something with the
module you are transporting so usually small damages. With
of course tipping you have a big consequence”. Regarding
modules lifting, TC1 stated: “During our shifting of a pre-cast
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unit, we couldn’t unload it in the proper place with the
available crane there due to the big distance between our
truck and the final location. So we had to wait and change the
crane to a bigger size, to cover the big span”. HL4 also stated:
“Yes but the problem that in any case you have to deal with
the infrastructure actually existing so usually for example in
a port the ship to shore crane are designed for a range
between twenty to sixty ton”. Furthermore, expert HL1 pointed
out two key challenges of modules transportation: “the main
challenging (sic) is for sure the load. The load and the size of
the module”. Expert HL1 also highlighted this point focusing
on possible solution: “This is the main issue yes, that is why
in that case as I said, if you have possibility to use barge... the
only other option would be barge, otherwise you have to
consider to reinforce the road if it is not enough and to
reinforce the bridge if they are not strong enough”. Another
challenge related to modules transportation is the route, as
pointed out by HL3: “mainly the ground preparation like
when you have a two thousand ton equipment you need to
maintain certain ground preparation and many cases ground
not capable to do this so you have to prepare
either...sometimes you have to prepare bridges, sometimes
you have to prepare new roads, sometimes you need to level
the ground and compact it with some special material”.
Another challenge is related to the transport environment, as
stated by HL3: “Yes yes for sure the high tide especially when
the tide going up then they can make either loadout or load in.
If the tide is going low then this will be issue as they start
putting equipment inside the barge or taking the equipment
out of the barge and the water level going down then the load
can tip over”.

e Discussion

Incidents and obstructions

Despite careful planning, unexpected incidents can happen.
Based on the experiences of the interviewed sample, one
typical incident is the tipping of the module or transporter. It
is due to road failure, load capacity, passing over an
underground pipe not highlighted in the drawings, mechanical
failure due to overloading, etc. When a module is tipped and
gets damaged, there would be relevant consequences for the
project. If the module gets damaged and cannot be repaired,
then a new module needs to be fabricated. This will determine
schedule and cost overruns. The lack of adaptability to
changes is also mentioned in the literature as one of the main
disadvantages of modularization (De La Torre, 1994).
According to (Shelley, 1990), it is very important to avoid
changes during construction of a modular project because the
cost could increase significantly. According to the experts,
there have also been incidents where the design of the module
was not calculated well and caused issues when
transporting/lifting. Sometimes transporting modules over
infrastructure such as bridges can cause issues due to its size
and weight. Possible solutions mentioned are: building a new
bridge specifically for the transport, using an alternative route
if available, or for example, if faced with a height constraint
sometimes the transport equipment/tires may be slightly
adjusted to pass over or under the obstacle.

Module lifting

The experts have identified several barriers regarding module
lifting. The main barrier is usually related to sea transport.
Several issues are related to the dislocation of the dock and
ship as well as the lifting capability of sea/river ports. Some
ports may not have the lifting limit required and would require
more expensive lifting methods. Another barrier is the
availability of cranes and special lifting such as strand jacks.
Train terminals and normal seaport usually have lifting
capabilities of 20-60 tons, anything larger would require large
cranes. The common suggestion for lifting larger SMR
modules is a combination of Gantry Crane and Strand Jacks,
which are stated to be cheaper and faster than large cranes.
Strand jacks would definitely be used as they would allow the
SMRs to be vertically installed underground.

Load and dimension

One of the biggest challenges is the load and dimensions of
the module being transported. These measurements affect the
calculations such as how the load will be spread and
determining how many axels are required for the
SPMT/conventional trailer. The number of axel lines is
determined from the ground pressure caused by the module,
the trailer, saddles, and all equipment used to transport it on
the road. For road transport, the load capacity is usually 10
ton/sq., and anything higher would require reinforcing the
road and infrastructure such as bridges, determining a big cost
impact and causing scrious delays.

Route

According to the experts, the route has always to be planned
before transport. If the route encounters problems such as
holes or weak soil, then the ground would need to be
reinforced. Additionally, experts who worked on projects in
Europe, Asia, and the Middle East state that temporary roads
or bridges made with steel stools may need to be built to
overcome route barriers. However, one expert states that in
the UK it is not a common solution. Often with heavy loads,
if the load does not match the ground bearing capacity of a
certain road, then an alternative route or transport method
would be made. An example of a normal route was 244
kilometres covered in 45 days. An example of a challenging
route was around 1300 kilometres covered in 10 months.

Environment

Another challenging aspect which often causes delay is the
weather condition. Weather conditions such as fog and snow
cause a lot of delays and losses. Additionally, if sea transport
is used, rough sea conditions may damage the module through
internal and external vibrations.

4.4  Transport method

e Evidence from the experts’ interviews

Regarding the best modules transportation method in the UK,
TC4 stated: “But I think best is barge then rail if possible since
the UK has the facilities”. On the other hand, other experts
stated that rail transport is the quickest one, as TC2: “The
quickest...the quickest method would be by train”.
Furthermore, regarding the road transport, HL3 stated: “Ok
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Jor short distance I believe it will be the best fo do it either
with conventional or SPMT we can consider it the same.
Conventional or SPMT this is for short distance”.

e Discussion

The majority of the experts thought that barge would be the
best transport method for SMR modules in the UK. It is
common in Europe and is considered safer and faster than
other methods. However, some experts stated that it is a riskier
method especially if the module’s design is weak externally
and internally. It is usually considered an option when the
module’s weight or dimensions do not match the road
capability. It is also faster than road transport but is restricted
to the availability of sea or river. On the other hand, some
experts stated that rail transport would be the quickest method
and the least vulnerable to have an accident. However, this
would depend if the final site is near/will use the normal rail
routes available in the UK. Empirical findings highlighted
how the most common method currently used is road
transport. It might not be the fastest or safest, but it is found
to be the most flexible. For short distances (10-15 kilometres)
SPMTs and conventional trailers would be a preferred
transport method. Nevertheless, there are instances where
they have been used to transport modules up to 900 km. The
main issues related to this transport method is that it is slow
and dependent on road capability.

5  Key takeaways for SMR modules transportation
Modules transportation is a very complex process requiring
the consideration of several factors and (after the module has
been fabricated) the participation of two main stakeholders:
transportation company and client. One key takeaway from
previous experiences of modules transportation is the division
of the responsibilitics between the transportation company
and client. Table 3, developed from a document supplied by
one of the experts, provides the division of responsibilitics
adopted by several transport companies. The SMR sector
needs to familiarise with the division of the responsibilities
during the SMR modules transportation process. Table 3 also
mentions most of the main categorics and subcategorics come
out from the analysis of primary data. In particular, a key
result of the rescarch reveals the importance of
communication both during the design phase and during the
transportation process. Transportation companies should be
involved in the design phase, providing cost analysis of
different transport options. Furthermore, the involvement of
transportation companies in the design phase would allow
avoiding the possible incompatibility of module designs with
transport method and local regulation. Considering this aspect
might be a key advantages for the SMR sector. In particular,
it might allow knowing route and site restrictions before the
arrival of the heavy/oversized SMR modules to the final
location, avoiding any related project delays. Furthermore, it
would allow obtaining earlier permits from local authorities if
needed, and SMR designs would be developed according to
the transport and lifting requirements.

Task Company Client
The load of the module
Design to be transportable S P
Engineering
Load properties - P
Route situation P-Offsite P-Onsite
Threshold engineering values P S
Perform adequate engineering P -
Preparation
Route survey P-Offsite P-Onsite
Civil work P-Offsite P-Onsite
Permits P (Mutual agreement)
Risk assessment P S
Method statement P S
Toolbox talk P S
Operation
Employees P -
Communication P -
Performing final checks P S
Monitoring weather conditions P

Table 3: Responsibility matrix. P= Primary, S = Secondary
Adapted from (ESTA, 2009)

It is also recommended a preliminary route survey before
transport. The transported SMR modules would require the
route conditions to be checked and assessed to whether public
infrastructure such as roads, bridges, etc. can be used.
Furthermore, the following special equipment should allow
SMR modules to be transported and lifted: SPMT, Gantry
Crane, Strand Jack, Saddles, and Cranes. However, the use of
one rather than another one depends on module
characteristics. The SMR sector needs to familiarise with
these practices. Regarding the best transport method for SMR
modules in the UK, there are controversial opinions from the
experts. There are several factors to consider such as
availability of infrastructure, weight and height of the module,
safety and speed of the transport method. However, the choice
is strictly dependent on the SMR modules final location. A
“condicio sine qua non” pointed out by the experts is the
attaining of the necessary documentation such as contracts,
permits, and licences (in particular the STIG-2 licence to
transport more than 65 tons). The SMR sector needs to be
aware of the needed licences, contracts and permits to
transport SMR modules in the UK. In particular, SMR should
be developed considering the UK transport limitations
reported in Table 4.

Category | Weight | Length | Width Height
Normal 44 tons 18.65 m 2.9m 4.9 m
Abnormal | 150 tons 30 m 6.1m 49 m
Special | >150 tons | >30 m >6.1m 49 m

Table 4: UK transport limitations
Data from (Driver & Vehicle, et al., 2018; Harrison, 2018)

Proper contracts, permits and licences characterise each
category. SMR sector needs to consider these information in
the design stage. Table 5 provides three examples of RPV
(Reactor Pressure Vessel) specifications in order to allow a
comparison with the UK transport limitations. Regarding the
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three SMRs in Table 5, there are no information about weight
specifications, except for the NuScale SMR. (NuScale, 2018)
reports the following information about SMR weight “~700
tons in total are shipped from the factory in three segments”.

Westinghouse-SMR | NuScale SMR-160

(>225 MWe) (50 MWe) | (160 MWe)
hl:il;; 28 m 178 m 150m
‘,.Rp\i 3.7m 3.0m 3.0m

Table 5: SMR specifications.
Data from (IAEA, 2018)

Furthermore, other main factors to consider are: transported
module’s insurance (based on the agreement between
transportation company and client, but usually insured by the
manufacturer), quality control (usually through a visual check
before and after the transport, but it depends on the agreement
between transportation company and client), weather
conditions (often cause of delays and losses, they have to be
kept under control).

6 CONCLUSION

“SMR” differ from “small reactors” of just one word:
“modular”. Modular refers to modularization. Modularization
is a construction technique which implies factory
manufacturing. Indeed, SMR components and system are
designed to be “factory manufactured” and “transported” to
the site as modules. However, despite the relatively large
amount of literature published on SMRs, there are extremely
limited information about SMR modules transportation. This
paper address the gap in knowledge analysing modules
transportation in other sectors. It summarises, through a
literature review analysis, the main heavy transport and lifting
techniques: road transport, barge transport, and rail transport.
It also provides a summary of the main cranes and special
equipment used to transport and to lift heavy and large
modules. Furthermore, this paper summarises and discusses
the results of a series of interviews with transport industry
experts about transporting large modules. Therefore, this
paper aims to summarise the main aspects of modules
transportation, in order to allow the SMR sector to avoid
mistakes learning from previous experiences. The results of
the literature review analysis and the interviews suggest that
modules transportation is a very complex process requiring
the consideration of several factors. Communication is a
relevant factor both in the design stage and during the modules
transportation. A right communication and the engagement of
transportation companies in the design stage would allow the
reduction of cost and schedule overruns. Furthermore, the
choice of the “best transport method” for SMR modules is
strictly dependent on the final location of SMR modules.
There, the complex project of module transportation and the
evaluation of several factors (insurance, special equipment,
licences, quality control, possible incidents and obstructions,
environment, etc.) start after the definition of the final location
of the SMR modules. However, SMR sector can learn about
modules transportation from the experience accumulated over
the years in other sectors.

ACKNOWLEDGEMENTS

This work was supported by the UK Engineering and Physical
Sciences Research Council (EPSRC) grant EP/N509681/1.
Furthemore, this work is partially supported by Major Project
Association (MPA). The authors are immensely grateful to the
MPA members for their support. The opinions in this paper
represent only the point of view of the authors, and only the
authors are responsible for any omission or mistake. This
paper should not be taken to represent in any way the point of
view of MPA or any other organisation involved.

7  REFERENCES

Azhar, S. ef al. (2012) ‘Modular v. Stick-Built Construction:
Identification of Critical Decision-Making Factors’, in 48th
ASC Annual International Conference Proceedings.

Bailey, J. (2008) ‘First steps in qualitative data analysis:
transcribing.”, Family Practice, 25(2), pp. 127-131.

Bititei, U. ef al. (2016) ‘Impact of visual performance
management systems on the performance management practices
of organisations’, Infernational Journal of Production
Research. Taylor & Francis, 54(6), pp. 1571-1593.

Boarin, S. ef al. (2012) ‘Financial case studies on small- and
medium-size modular reactors’, Nuclear Technology, 178(2),
Pp. 218-232.

Boarin, S. ef al. (2015) “10 — Economics and financing of small
modular reactors (SMRs)’, in Carelli, M. D. and Ingersoll, D. T.
(eds) Handbook of Small Modular Nuclear Reactors. Elsevier,
Pp. 239-277.

Bondi, A. et al. (2016) “Supporting Decisions on Industrial Plant
Modularization : A Case Study Approach in the Oil and Gas
Sector’, in International Conference on Industrial Engineering
and Operations Management. Kuala Lumpur, pp. 742-753.

Brookes, N. J. et al. (2015) “Power plants as megaprojects: Using
empirics to shape policy, planning, and construction
management’, Utilities Policy, 36, pp. 57-66.

Bryman, A. et al. (2015) Business research methods. Oxford
University Press, USA.

Carelli, M. et al. (2010) ‘Economic features of integral, modular,
small-to-medium size reactors’, Progress in Nuclear Energy,
52(4), pp. 403—414.

Carelli, M. D. et al. (2007) ‘Smaller sized reactors can be
economically attractive’, in Societe Francaise d’Energie
Nucleaire - International Congress on Advances in Nuclear
Power Plants - ICAPP 2007, ‘The Nuclear Renaissance at
Work’.

Carelli, M. D. et al. (2008) ‘Competitiveness of small-medium,
new generation reactors: a comparative study on capital and
O&M costs’, in 16th International Conference on Nuclear
Engineering. Orlando, Florida, USA, May 11-15,2008: ASME,
pp. 1-8.

Choi, J. et al. (2014) ‘Evaluation of the modular method for
industrial plant construction projects’, International Journal of
Construction Management. Taylor & Francis, 14(3), pp. 171-
180.

Devgun, J. (2013) AManaging Nuclear Projects. Edited by
Cambridge: Woodhead Publishing Limited.

Driver & Vehicle et al. (2018) Special types enforcement guide.
Available at: https://www.gov.uk/government/publications/spe
cial-types-enforcement-guide/special-types-enforcement-guide
(Accessed: 15 August 2018).

Dudovskiy, J. (2018) The Ultimate Guide to Writing a
Dissertation in Business Studies: A Step-by-Step Assistance.
Available  at:  https://research-methodology.net/research-
methodology/ (Accessed: 4 August 2018).

128



ESTA (2009) Best Practice Guide for Self-Propelled Modular
Transporters. Available at: http://estaeurope.eu/media/downlo
ads/ESTA_Adversie_ DEFdigitalHIR-pages.pdf.

Fagiloli (2018) Rail Wagons. Available at: https://www.fagioli.c
om/en/equipment/transport/rail-wagons  (Accessed: 2 July
2018).

Fagioli (2018a) Barges. Available at: https://www.fagioli.com/e
n/equipment/transport/barges (Accessed: 2 July 2018).

Fagioli (2018b) Heavy Lifiing. Available at: https://www.fagioli.
com/en/equipment/heavy-lifting (Accessed: 2 July 2018).

Fagioli (2018¢) SPA/Ts. Available at: https://www.fagioli.com/e
n/equipment/transport/transport-spmts (Accessed: 2 July 2018).

GIF/EMWG (2007) Cost estimating guidelines for generation IV
nuclear energy systems - revision 4.2.

Harrison, L. (2018) Wide Loads on UK Roads — What is the
Maxcimum Size/Weight Allowed? Available at:
https://blog.ntex.co.uk/wide-loads-on-uk-roads-what-is-the-
maximum-size-weight-allowed (Accessed: 14 August 2018).

Hesse-Biber, S. (2010) ‘Analyzing Qualitative Data: With or
without software’. Available at: https://www.bume.bu.edu/crro
/files/2010/07/Hesse-Bieber-4-10.pdf.

IAEA (2014) Advances in Small Modular Reactor Technology
Developments. A Supplement to: IAEA Advanced Reactors
Information System (ARIS). Vienna.

TIAEA (2016) Advances in Small Modular Reactor Technology
Developments. Available at: https://aris.iaea.org/Publications/S
MR-Book_2016.pdf.

IAEA (2018) Advances in Small Modular Reactor Technology
Developments.

Ingersoll, D. T. (2009) ‘Deliberately small reactors and the second
nuclear era’, Progress in Nuclear Energy. Elsevier Ltd, 51(4—
5), pp. 589-603.

Kumar, R. 2011) Research Methodology: A step-by-step guide
Jor beginners. 3rd edn. Edited by SAGE Publications Ltd.

De La Colina, M. F. et al. (2016) ‘Handling Heavier Loads in
Construction’, in Procedia Engineering.

De La Torre, M. L. (1994) A review and analysis of modular
construction practices. Lehigh University.

Larsson, S. (2009) ‘Weight and dimensions of heavy commercial
vehicles as established by Directive 96/53/EC and the European
Modular System (EMS)’. Brussels, Belgium.

Locatelli, G. ef al. (2015) ‘Load following with Small Modular
Reactors (SMR): A real options analysis’, Energy, 80, pp. 41—
54.

Locatelli, G., Pecoraro, M., ef al. (2017) “Appraisal of small
modular nuclear reactors with “real options” valuation’,
Proceedings of the Institution of Civil Engineers - Energy.
Thomas Telford Ltd, 170(2), pp. 51-66.

Locatelli, G. (2017) “Fusion: Go small to go fast’, in Proceedings
of the 2017 25th International Conference on Nuclear
Engineering, pp. 1-10.

Locatelli, G., Boarin, S., ef al. (2017) ‘Load following by
cogeneration: Options for small modular reactors, gen IV
reactor and traditional large plants’, in 25th International
Conference on Nuclear Engineering, ICONE 2017; Shanghai;
China. American Society of Mechanical Engineers (ASME).

Locatelli, G. et al. (2014) ‘Small modular reactors: A
comprehensive overview of their economics and strategic
aspects’, Progress in Nuclear Energy, 73, pp. 75-85.

Locatelli, G. et al. (2011) ‘The role of the reactor size for an
investment in the nuclear sector: An evaluation of not-financial
parameters’, Progress in Nuclear Energy, 53(2), pp. 212-222.

Locatelli, G. et al. (2012) “A framework for the selection of the
right nuclear power plant’, International Journal of Production
Research, 50(17), pp. 4753-4766.

Locatelli, G. et al. (2013) ‘Generation IV nuclear reactors:

Current status and future prospects’, Energy Policy, 61, pp.
1503-1520.

Mammoet (2018a) Heavy-Duty Rail Cars. Available at:
https://www.mammoet.com/equipment/transport/heavy-duty-
rail-cars/heavy-duty-rail-cars/ (Accessed: 2 July 2018).

Mammoet (2018b) Heavy Transport. Available at: https://www.
mammoet.com/heavy-transport/ (Accessed: 2 July 2018).

Mammoet (2018¢) Special Equipment. Available at: https://www
.mammoet.com/equipment/?filters=j 10bV6x%2FGh%2B80uj
WbD%2F6dQ%3D%3D (Accessed: 2 July 2018).

Mammoet (20184d) SPMT. Available at:
https://www.mammoet.com/equipment/transport/self-
propelled-modular-transporter/spmt/ (Accessed: 2 July 2018).

Merriam, S. B. (1998) Qualitative research and case study
application in  educations. San Fransisco: Jossey-Bass
Publishers.

Mignacca, B. et al. (2018) “We never built small modular reactors
(SMRs), but what do we know about modularization n
construction?”, in International Conference on Nuclear
Engineering ICONE26).

Musa, M. F. et al. (2016) ‘Towards the adoption of modular
construction and prefabrication in the construction
environment: A case study in Malaysia’, ARPN Journal of
Engineering and Applied Sciences, 11(13), pp. 8122-8131.

Naqvi, D. ef al. (2014) “Transportation considerations in module
design’, Structures Congress 2014, pp. 1771-1781.

NuScale (2018) How the NuScale Module Works. Available at:
https://www.nuscalepower.com/technology/technology-
overview (Accessed: 25 November 2018).

Rubin, H. J. et al. 2011) Qualitative interviewing: The art of
hearing data. Sage.

Sainati, T. ef al. (2015) ‘Small Modular Reactors: Licensing
constraints and the way forward’, Energy, pp. 1092-1095..

Saldafia, J. (2015) The coding manual for qualitative researchers.
Sage.

Saunders, M. et al. (2007) Research Methods for Business
Students. Edited by E. P. E. Ltd.

Saunders, M. et al. (2012) Research Methods for Business
Students. 6th edn. Harlow: Pearson Education Limited.

Saunders, M. N. K. (2011) Research methods for business
students, 5/e. Pearson Education India.

Smith, R. E. (2010) Prefab Architecture: A Guide to Modular
Design and Construction. Edited by New Jersey: John Wiley &
Sons Inc.

Trianni, A. ef al. (2009) ‘Competitiveness of small-medium
reactors: A probabilistic study on the economy of scale factor’,
in International Congress on Advances in Nuclear Power Plants
2009, ICAPP 2009.

Upadhyay, A. K. ef al. (2016) ‘Modularity in nuclear power
plants: a review’, Journal of FEngineering, Design and
Technology, 14(3).

Vegel, B. ef al. (2017) ‘Economic evaluation of small modular
nuclear reactors and the complications of regulatory fee
structures’, Energy Policy, 104, pp. 395-403.

Wrigley, P. ef al. (2018) “Design for Plant Modularisation:
Nuclear and SMR’, in Proceedings of the 2018 26th
International Conference on Nuclear Engineering (ICONE 26),
22-26 July, London.

129



D.3 Publication VII

Locatelli, G., Mignacca, B., 2020. Small Modular Nuclear Reactors. Book chapter
in Future Energy: Improved, Sustainable and Clean Options for Our Planet, pp.

151-169, Scopus indexed chapter.

130



B

Small Modular Nuclear Reactors

Giorgio Locatelli, Benito Mignacca

UNIVERSITY OF LEEDS, SCHOOL OF CIVIL ENGINEERING, LEEDS, YORKSHIRE, UNITED
KINGDOM

8.1 Introduction

The International Atomic Energy Agency (IAEA) defines small modular reactors (SMRs)
as “newer generation reactors designed to generate electric power up to 300 MW, whose
components and systems can be shop fabricated and then transported as modules (o the
sites for installation as demand arises” |1]. IAEA also defines medium-sized reactors as
“reactors with an equivalent electric power between 300 and 700 MW" [2]. Large reactlors
(LRs) are generally considered reactors with an equivalent electric power higher than
700 MWe. Regarding SMRs, which is the main topic of this chapter, Rel. 3| provides a
summary of the innovative features and describes SMRs as “reactor designs that are
deliberately small, i.e., designs that do not scale to large sizes but rather capitalize on their
smaliness to achieve specific performance characteristics.” Purthermore, Rel. (4] explains
the meaning of “small” and “modular” as follows:

Smiall refers to the reactor power rating. While no definitive range exists, a power
rating from approximately 10 to 300 MWe has generally been adopted |...|
Modular refers to the unit assembly of the nuclear steam supply system (NSSS)
which, when coupled o a power conversion system or process heat supply system,
delivers the desired energy product. The unit assembly can be assembled from one
or severe submodules |...]

SMRs encompass a large number of technologies such as “pressurized water reactors,”
the most commaon technology used for LRs in operation and under construction, to more
revolutionary designs based on Gen [V reactors that are mostly unproven [5.. Rel. (6
provides an overview of the different types of SMRs. SMRs, by their nature, are designed
to be factory manufactured, transportable, and, for few designs, even relocatable. The
term "modular” in this context refers to (1) a single reactor that can be grouped with
others to form a large nuclear plant and (2) whose design incorporates mainly pre-
fabricated modules assembled on site. While current LRs also incorporate factory-
fabricated components or modules, a substantial amount of fieldwork Is required to
assemble components into an operational plant. SMRs are envisaged to require less work
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on site, and some extreme designs are expected to be almost "plug and play” when
arriving from the factory.

One of the key challenges for the assessment of SMR advantages and disadvantages is
the lack of empirical information, as no modern SMRs have been built yet, but only
“traditionally built small reactors" such as the CNP-300 (300 MWe) and the PHWR-220
1220 MWe) |7 . However, a key discussion aboul the competitiveness of SMRs versus
LRs regards how SMRs might balance the “diseconomy of scale” with the “economy of
multiples”. [8—16] analyze specific factors (such as grid characteristics, construction
time, financial exposition, modularization, learning, ete.), which distinguish SMRs from
LRs in the evaluation of the capital cost. Once these factors are taken into account, the
capital cost is comparable between the two technologies (10.17], Furthermore, Ref, 18]
discusses the effects of "non-financial parameters,” such as electric grid vulnerability,
public acceptance, the risk associated with the project, and licensing |19, For many of
these parameters, the authors explain how SMRs show an advantage with respect to LRts.

Another advantage of SMRs is the possibility 1o accelerate the learning curve [16].
According to Ref, [16], the learning curve flattens out after 57 units, determining that
the nth of a kind is reached with less MWe installed for SMRs with respect to LRs [16].
Another key feature of SMRs is the possibility to split a large investment into smaller
ones. The construction of a single LR is a risky investment [20]. The construction of SMRs
is an investment decision with n degrees of freedom that allows hedging investment
risks. The economic merit of flexibility can be calculated using the real option approach
(ROA) [21]. SMRs, having the power fractionated, are also ideal for cogeneration, as
presented in Refs. 120,22,23].

The rest of the chapter is structured as follows: Section #.2 provides an overview of
economics and financing of SMRs; Section 8.3 summarizes the “external factors” that
have been identified from the literature about the differential characteristics of SMRs
with respect to LRs; Section 8.4 concludes the chapter providing a brief explanation
about why no-one SMR has been built so far,

8.2 Economics and financing of SMRs

8.2.1 Introduction to the economic evaluation of nuclear power
plants

The nuclear industry commonly clusters nuclear power plant (NPP) life-cycle costs as
capital cost, operating and maintenance, fuel, and decommissioning. Two broad cost
estimation approaches can be used to calculate these, known as top-down and bottom-
up approach (24", Following the top-down cost estimation approach, a new project is
compared with similar projects already completed (called “project analogs”). Cost and
time needed in “project analogs” are adapted and used as predictors for the new power
plant or parts of it (e.g., a turbine). In the bottom-up cost estimation approach, the
power plant is divided into activities, and, subsequently, the cost of each activity is
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estimated. According to Ref. 25/, the bottom-up approach is most suitable for prajects
near canstruction, where the design has been almost totally developed. On the contrary,
in the early stages, when there is a lack of information, a top-down approach is preferred.

Furthermore, in the power plant cost estimation, it is fundamental to consider that
“power plants do not exist in isolation,” but plants are interconnected with a wider
system both from a technical and economic point of view. Rel. 26] focuses on this key
point, highlighting how each electricity generation power plant is characterized by three
cost levels:

1) Plant-level costs: the direct costs to build/operate/decommission a power plant;

2) Grid-level costs: the costs incurred Lo enhance transport and distribution grids, w
connect new capacity to the grid, and to maintain the long-term and short-term
electricity supply;

3) Total system costs: this represents a broader set of costs, including effects difficult
to monetize and beyond the power reactor itself, e.g., COz emission, impact on the
security of energy supply, country’s strategic position, etc, |18,

The following Fig. 8.1 summarizes these concepls.

Several indicators are used to investigate the profitability of investing in an NPP for
utilities. One of the most important economic indicators for policymakers is the levelized
cost of the electricity produced by the NPP. This indicator, generally termed “levelised
unit electricity cost {LUEC)" or “levelised cost of electricity,” accounts for all the life-
cyele costs and is expressed in terms of energy currency, typically (§ (KWh) "), Net
present value (NPV) and the internal rate of return (IRR) are other two key indicators of
financial performance. NPV measures absolule profitability ($) and depends by the
discount value, i.e., the factor used to weight “present cost” versus "future revenue." The
discount value usually depends on the source of financing and for many practical

FIGURE 8.1 Plant-, grid-, and system-fevel costs, Adapted from OECD, Nudear Energy and Renewables: System
Effects In Low-Carbon Electricity Systems, 2012
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applications can be intended as the weighted average cost of capital (WACC). A low
WACC gives the same weighting to present cost and future revenue (promoting capital-
intensive plants such as nuclear power stations), while a high WACC is weighted more
toward the present cost with respect to future revenues (promoting low capital cost
solutions, such as gas-fired power plant). The IRR is a dimensionless indicator, i.e., the
value of WACC that brings the NPV to zero. The greater the value, the higher the profit for
the utility.

The NPP cost (both construction and operation) depends on how many identical
{or at least very similar] units are planning to be built both globally, in the country and,
most important, in the site. When the same identical plant is delivered more than one
time (ideally several times), the economy of multiples is achieved and therefore, a cost
reduction. Economy of multiples in the construction of NPPs is somehow rooted in the
idea of "mass production”, a concept born in the automotive industry and later adopted
in other fields, such as aerospace {e.g., the production of aircraft}, IT (e.g., the production
of computers and smartphones), or even the food industry (e.g., the production of ready
meals}. For NPPs, the economy of multiples is achieved because of two key factors:
learning process and co-siting economy. On the other hand, techno-economic analyses
show that the average investment and operating costs per unit of electricity are
decreasing with respect o increasing plant size (i.e., "economy of scale” principle).

Regarding SMRs, several papers discuss the competitiveness of SMRs versus LRs and
how SMRs might balance the “diseconomy of scale” with the “economy of multiples”
[8=14]. The "economy of scale principle” cannot be directly transferred into the in-
vestment analyses of SMRs versus LRs because it relies on the clause “other things being
equal.” Effectively, this presumes that SMRs are the same as LRs except for the size. If the
designs of large and small units are very similar, the unitary capital cost of a larger unit is
significantly cheaper than for a smaller version. By contrast, SMRs exhibit several ben-
efits that are uniquely available to smaller innovative reactors and can only be replicated
by LRs to a very limited extent. The most important are modularization, co-siting econ-
omies, learmning, and construction time.

8.2.2 Modularization

One of the key characteristics ol SMRs, as their name emphasized, is the modularization.
Ref. 25| defines modulanzation as the “process of converting the design and construction
of a monolithic or stick-built plant to facilitate factory fabrication of modules for ship-
ment and installation in the field as complete assemblies.”" Several papers and reports
explain the costs and benefits of modularization. Most of these references are qualitative,
like the review of modularization in the nuclear industry [27]. Factory fabrication is
usually cheaper than site fabrication (see Section 8.2.5 for a more detailed explanation
on the reasons), but the costs associated with shipping of modules to the site must also
be considered, Smaller plants can take a better advantage of modularity as it is possible
to have a greater percentage of factory-made components. In the nuclear sector, Hayns
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and Shepherd (28 were the first authors to illustrate why the technical solutions that are
embodied by the small plant design might reduce the investment cost for a given plant.
The most relevant elements of the small plant concept are the standardization of
components and a broader safety by design approach. Standardization is at the origin of
a more efficient supply, construction, and operation (see Ref. [29] for a general discus-
sion of the effects of standardization through design modularity), and it enables sup-
pliers and utilities to more rapidly benefit the learning economies (30]. Although there
are a number of works in the literature describing the qualitative advantages of modu-
larization, only a few of them are able to quantify the underlying advantages. Ref, ‘31|
focuses on the impact of modularization on cost and schedule in infrastructure,
reporting quantitative information about schedule and capital cost saving determined by
the transition from the stick-built construction to modularization. In particular, Ref. 311
reports a range of schedule saving between 7% and 20% and a range of cost saving
between 22% and 50%. Furthermore, Ref. [32] shows a methodology to evaluate the
impact of modularization in the construction of an NPP, applying this methodology to
Westinghouse SMR. In particular, Ref. [32] evaluates the TCIC {total capital investment
cost) for three different construction strategies with different degrees of modularization.
The authors include in the definition of TCIC the cost of activities and components
during construction and the time value of capital. The Westinghouse SMR design is
characterized by 12 supermodules that are assembled in five assembly areas on site,
Three construction strategies are evaluated:

- Complete modularization: modules fabricated in factory, supermodules in the as-
sembly area, and then installed creating the nuclear island.

- Lesser degree of modularization: modules fabricated in the assembly area, super-
modules in the assembly area, and then installed creating the nuclear island.

- Stick-built construction: no supermodules.

The analysis shows a TCIC saving for the first and the second strategy, respectively, of
39% and 21% with respect to the stick-built strategy. Therefore, the analysis shows the
positive impact of modularization,

8.2.3 Co-siting economies

Co-siting economies result from the cost saving of the setup activities related to siting
(e.g., acquisition of land rights, connection to the transmission network), which have
been already carried out and, by certain fixed indivisible costs, which can be saved when
installing the second and subsequent units |14, Therefore, the larger the number of NPP
co-sited units, the smaller the total investment cost for each unit [16,17,23]. Operational
costs would also be reduced because of the sharing of personnel and spare parts across
multiple units [8] or the possibility to share the cost of upgrades on multiple units, e.g.,
the cost of upgrading software, In the literature, there are many statements about
cositing economies, For example, Ref. (34 suggests that “the average cost for identical

135



156 Future Energy

units on the same site can be about 15% lower than the cost of a single unit, with savings
coming mostly in siting and licensing costs, site labor and common facilities. The 58 PWR
in France built as multiple units at 19 sites are good examples."

8.2.4 Learning and construction schedule

For the same power installed, SMRs can exploit two strong synergic advantages with
respect to LRs: learning and construction time.
Regarding the first advantage, there are two key aspects [16]:

Modularity—learning economies

Ref. [35] explains what a learning rate is: “A progressive increase in efficiency and effec-
tiveness can be achieved by building experience and learning how to perform a process
and use tools to deliver a product. The learning rate is the cost reduction realised in this
way, for every cumulative doubling of production.” Learning rate increases through [35]:
modularization and factory fabrication, high production rates, standardization of design,
and a consistent delivery chain, in a stable regulatory environment. SMRs rely on the
supply of standardized components and their assembly and maintenance within the
plant site, with a reduction of investment and operating costs. The standardization of
SMR design and components is a necessary condition for suppliers, along with the
smaller size of units, to replicate in a factory the production of SMR units and to reap the
learning economies. SMRs are characterized by an expected learning rate higher than
LRs. The nuclear sector has always been characterized by a lower learning rate than the
other industries, between 1% and 3% [35). According to Ref. [35], the expected rate of
SMR industry ranges between 5% and 10% (with a proportion of factory fabrication of
45%—60%). Fig. 8.2 summarizes these information, providing also a learning rate com-
parisan between different industries and between SMRs and LRs.
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FIGURE 8.2 Learning rate comparison, Data from Emst & Young Global Limited, Small modular reactors - Can

bullding nudear power become more cast-effective?, 2016, Tony Rouistone, Nudear's Economy of Scale vs
Volume, 2015. Avallable: htipsiiwer youtube comiwartch?v - A2Xpllbopnd,
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Mass production economies
For a certain installed power, many more SMRs than LRs are required as the power
provided by an SMR is a fraction of the power provided by an LR. Therefore, it is possible
to have a large bulk ordering process of components, like valves, that are specifically
developed for a certain reactor design. This aspect allows SMRs to exploit the economies
of mass production and a more standardized procurement process.

Regarding the second advantage, construction time represents a critical aspect in
NPP for two reasons.

Fixed daily cost

On an NPP construction site, there are thousands of people working and the utilization
of expensive equipment (e.g., cranes). Consequently, each working day has high fixed
COSLS,

The postponing of cash inflow

Because of the postponing of cash inflow, there are two negative effects. First, each year
of construction delays the time when cash is expected to {low into the utility increasing
the interest to be paid on the debt. Second, the present value of future cash flow de-
creases exponentially with time.

SMRs have an expected shorter construction schedule than LRs [16,21,35,37], The
projected schedule is 4/5 years for the first-of-a-kind SMR and 3/4 years for the nth-of-a-
kind SMR 35,38, instead ol the 6 years of LRs '38], The SMR characteristics, which
determine the shorter construction schedule, are [16,57—39] smaller size, simpler design,
increased modularization, a large fraction of components produced in a factory, serial
fabrication of components, and standardization.

Three key consequences of schedule reduction are

1) Reduction of the time to market [3,.211];
2) Reduction of the interest during construction [16,40};
3) Possibility to match the demand growth (3]

8.2.5 Life-cycle costs

82.5.1 Capital cost

Firstly, it is worth clarifying the difference between capital cost and CAPEX (capital
expenditure, also called overnight cost). Capital cost is the sum of the “overnight capital
cost” and the “interest during construction (IDC)” 411, Rel. 25| defines the "overnight
capital cost” as “the base construction cost plus applicable owner's cost, contingency, and
[first core costs. It is referred to as an overnight cost in the sense that time value costs (IDC)
are not included.” Examples of owner’s cost are land, site works, switchyards, project
management, administration, and associated buildings [42]. The capital cost is also
defined as TCIC, Ref. |45 highlights that SMR CAPEX can be reduced up to 20% by way
of (1) modularization and factory fabrication, (2) advanced manufacturing, (3) BIM
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{building information modelling), {4) advanced construction methods, and (5) co-siting
of multiple reactors. Regarding BIM, it is defined as a “combination of Computer Aided
Design (CAD) tools and additional functionality, which gives a digital representation of
the physical and functional characteristics of a facility. This can be used (o collect and
share facility information in order to improve decision making over the course of the life
cyele” [35]. The use of BIM might determine a CAPEX reduction for SMRs by 4%—10%
(consistently with saving in other industries) 43|. The same percentage of CAPEX
reduction is also envisaged for LRs [35]. Regarding the advanced construction method,
open-top construction can determine a CAPEX saving of up to 2%. Parallel construction
and crane optimization can further increase the CAPEX reduction. These methods have
to be considered early in the design phase. Considering the limited maturity of SMR
designs, the possibility to achieve a CAPEX reduction is higher for SMRs than LRs [35],
Regarding the last point, the reasons because of SMRs can benefit from the co-siting
economies are summarized in Section 8.2.3. However, Ref. [35] points out a CAPEX
cost saving of 5%—14% for SMRs (considering between 2 and 12 reactors on the same
site).

Ref. [17] compares the 335 MWe IRIS reactor (SMR representative) and a 1340 MWe
Generation 1+ PWR {LR representative) evaluating six factors: size, multiple units at a
single site, learning, construction time, match of construction schedule to demand, and
design-related characteristics, The comparison shows how the economy of scale is a big
disadvantage for SMRs if the two plants are comparable in design and characteristics.
Indeed, by considering only the factor “size,” TRIS reactor has an average cost (€/kWe)
70% greater than a 1340 MWe Generation 11+ PWR. This percentage changes if other
factors are considered. Rel. |17 considers the following factors and the corresponding
cost reductions (%) in the case of 4 versus 1 plant comparison: multiple units at a single
site (14%)}, learning {8%]}, construction schedule (6%), and design-related characteristics
(17%). When these factors are considered and combined, four 335 MWe SMRs have a
capital cost (${MWh) ') 5% higher than a 1340 MWe LRs [17].

Refl. [40] considers four plant sizes (1600 MWe, 1200 MWe, 300 MWe, 150 MWe) o
compare the “economy of scale” and the “economy of multiples” paradigms and two
scenarios: NPPs deployed by a big ulility and two minors and NPPs deployed by a single
utility. The main results are

- By considering only the "economy of scale,” the overnight cost (€(kWe) ") of the
first SMR (300 MWe) would be 89% higher than a single LR (1600 MWe);
By considering not only the "economy of scale" but the “economy of replication”
too, the gap reduces to 13%.
If the "IDC" is considered, the gap between SMRs (300 MWe) and LR (1600 MWe)
reduces to 7%—10%.
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8.2.5.2 Operating expenditure

Firstly, it is worth clarifving the meaning of operating expenditure (OPEX) and O&M
{operation and maintenance), Ref, [35] defines OPEX as “the cost of maintaining a plant,
including both the cost of keeping the plant available to generate (fixed opex) and the
incremental cost of generation (variable Opex). Variable costs of operation include fuel,
outpui related repair and maintenance, residue disposal and the incurring of charges that
will fund the decommissioning costs after the operating life of the asset.” Furthermore,
Ref. |15 defines O&M as “all actions which have the objective of retaining or restoring an
ftem in or to a state in which it can perform its required function these include the
combination of all technical and corresponding administrative, managerial and super-
vision actions.”

The OPEX breakdown for LRs is usually characterized in this way: 50% fixed O&M,
25% fuel, 15% variable O&M, and 10% decommissioning [15. O&M costs are the “maost
addressable areas” of the OPEX 35!, SMR fuel cost is expected to be higher than the LR
one, in particular with the single-batch fuel strategy adoption. SMR decommissioning
cost is also expected to be higher than the LR one. Regarding the “most addressable
areas”, Ernst & Young Global Limited '35] highlights that they are expected to be higher
for SMRs with respect to LRs. The main reasons are the expected higher workforce
costs per unil of output (considering the lack of the economy of scale) and the expected
higher manning costs. SMRs might reduce the expected higher OPEX through co-siting
of multiple reactors, operational learning, and shared control. In particular, cositing of
SMRs might reduce the fixed O&M costs by 10%—20% (7%—14% of the OPEX). The
operational learning (determined through familiarity with the designs and a consistency
of operations} might improve the capacity factor (potential increase by 5%—10%) and
reduce the variable O&M costs (potential saving of 5%). The shared control (single
control for several reactors) can reduce the staffing cost [35].

In another study, Carelli et al. [17] compare the O&M costs of four 335 MWe SMRs
(IRIS) with a 1340 MWe LR using a multiple regression analysis. According to the analysis
carried out by Carelli et al. [17], the O&M costs of four 335 MWe SMRs (IRIS) are 51%
greater than a 1340 MWe LRs, if only the “economy of scale” factor is considered, This
percentage becomes equal to 19% if the following factors and corresponding cost re-
ductions are considered in the comparison: multiple units at single sites (15%), addi-
tional outage cost (3%), and outage duration (4%).

Furthermore, Refs. [44,45] highlight another two factors that might reduce the SMR
O&M costs: the higher quality determined by factory fabrication and the fewer com-
ponents with respect to LRs.

8.2.5.3 Decommissioning cost

NPP decommissioning is complex, long, and expensive [16,47]. However, SMR decom-
missioning cost is the least life-cycle cost component analyzed in both scientific and
industrial literature. According to Refs. [48,49], SMR decommissioning stage appears
technically easier for full factory-assembled reactors, as they can be transported back to
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the factory in an assembled form. The dismantling and recycling of components of a
decommissioned NPP at a centralized factory is expected to be cheaper compared with
the on-site activity, in particular due to the economies of scale associated with the
centralized factory. However, estimates of decommissioning costs vary between authors.
Locatelli and Mancini (50| compared one or two LRs (1340 MWe) versus four or eight
SMRs (IRIS reactor, 335 MWe), both in the case of immediate and deferred decom-
missioning. The analysis shows that, if the economy of scale is considered as the only
driver, the specific decommissioning cost (${MWe) ') of SMRs is three times higher, but
if other factors are considered (site sharing and different technological solutions), the
gap will be reduced.

8.2.6 Small modular reactor financing

Reduction of the investment risk with respect to the LRs is a key advantage of SMRs.
SMRs are characterized by lower up-front investment, lower capital at risk during con-
struction, and lower financial distress than LRs, allowing the reduction of the investment
risk [40,51]. SMRs can be a solution to reduce the financial risk of NPPs (that are often
taken by national government utilities or companies that already have several NPPs),
and, therefore, the possibility Lo altract investment increases with respect to LRs [52,53).
SMRs are also characterized by the successive addition of multiple units at the same site,
determining that the revenue from completed units can help finance the construction of
successive units and build investor confidence (51,

However, considering that some aspects of the technology feasibility have to be
proven, and the commercial deplovment might be long and complicated, few investors
are inclined to take these early stage risks [53].

Ref. |15 evaluates the competitiveness of SMRs versus LRs from many points of views
with the support of a simulation software. The main results of the analysis are as follows:

- The NPV of the LR option is higher than that for SMRs {$752 » 10% vs. $110 » 105
(752 million US dollars vs. 110 million US dollars), with an uncertainty range that
may influence the profitability of the investment;

- SMRs are characterized by an average debt lower than LR (3825 = 10° vs.
$1342,825 » 10%, but by a duration higher (9 vs. 13.3);

SMRs are characterized by an equity capital required lower than the LR. This happens
because SMR's capital cost is higher than SMR's benefits of the margin generated by the
previous units in operation.

Furthermore, Ref. [54] compares the investment in LR with SMRs (4 SMRs of
335 MWe each and an LR of 1340 MWe) on the same site using ROA, evaluating how the
profitability of SMRs changes if ROA approach is applied instead of a DCF (discounted
cash flow) approach. According to Ref. [547, the ROA permits o consider management’s
flexibility to adapt later decision. On the contrary, DCF ignores the management’s
flexibility, then resulting inappropriate in valuing the flexibility given to managers by the

140



Chapter 8 o Small Modular Nuclear Reactors 161

SMRs. Furthermore, Locatelli et al. [54] chose the following "state variables,” which are
the variable influencing the investor strategy: electricity price, equipment cost, licensing
time, and cost. The profitability is evaluated in terms of FCFO (free cash flow from
operation) both with an ROA and with a DCF methodology. The results show that the
managerial flexibility has a value, and it is higher in a modular project {more options to
take advantage) than in one LR project. However, the profitability is higher for an LR
project.

Furthermore, Locatelli and Mancini [55 point out that in energy-gencrating portfo-
lios, small plants (therefore also SMRs) might provide a lower investment risk than LR
(2 GWe). The reason is that with SMRs, it is possible to increase the diversification in a
portfolio, particularly in case of 2-3 GWe.

8.3 External factors

In the energy and nuclear field, most of the researches about the profitability of electrical
power plants are focused on the generation cost (using indicators such as the LUEC) and
the financial performance of the investment {using indicators such as TRR, NPV, etc.).
Beside these important indicators, private or public investors must include in the analysis
the so-called “external factors.” These factors are called external because they are not
always monetary factors under the control of the investor, but they strongly influence the
economic performance and the feasibility of the project itself. This section, elaborating the
work of (18, provides an overview of several external factors that have been identified
from the literature about the differential characteristics of SMRs respect to LRs.

8.3.1 Regulation

The licensing process (LP) is a key issue for the deployment of SMRs. Sainati et al. (19|
discuss SMR specific aspects of the LP, highlighting the following key topics.

Regulatory harmonization and international certification

One of the key debates concerning licensing SMR is the regulatory harmonization. In the
nuclear industry, there are few major reactor vendors, contractors, and "nuclear
manufacturer suppliers™. However, the nuclear industry operates internationally (several
countries are interested in SMRs), and the LP and nuclear regulations are country-
specific [56]. Consequently, reactor vendors cannol "produce a standard plant” and
simply ship/build identical units all over the world, A necessary precondition for the
deployment of nearly identical/standard units in more than one country is the harmo-
nization of law and LP, It is extremely difficult lo make significant progress in this di-
rection in the short—medium term because of the heterogeneity of [57]: legal systems
and jurisprudence, institutional systems, and LP structures and underlying principles.
Because each government has power over only its country, a short-term harmonization
is unlikely.
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Duration and predictability of the licensing process

The existing LP has been designed for LRs that are characterized by long construction
periods. LRs require various assessments that take time and are performed in parallel
with their construction. SMRs are designed for a shorter construction, and consequently,
the “parallel” LP time could be longer than the SMR construction schedule time, pre-
venling the expected time saving. Furthermore, Sainati et al. [197 state that the SMR LP
could be longer than the SMR construction time because of “novelty of the design
technology, issuance of diffevent safety principles with respect the conventional Nuclear
power plants, lack of experienced and specific regulatory framework, the multitude of
institutions involved, and the various bureaucratic passages.”

Manufacturing license

The manufacturing license was introduced by the US Nuclear Regulatory Commission
for certifying the processes of critical nuclear suppliers. The manufacturing license does
not substitute the LP, but it speeds up the LP because the manufacturers are known and
certified by the regulatory body. Indeed, the plant must be certified onsite at the end of
the construction because “the reactor owner cannot get rid in any way of the nuclear
operator liability, it is the ultimate and sole responsible for the nuciear safety” |19, Even il
all the “mechanical components” would be certified in the factory, the LP applies to
another unit of analysis: the system installed at the site; the LP relies on the NPP in a
specific site and not on its parts, Even if the components are certified, the LP requires
the appraisal of the specific context, i.e., the site, the NPP, the interaction between the
operator and the NPP, ete.

The need for a new and regulatory framework

Another issue is the need for the development of specific laws, regulations, and LP for
SMRs. This approach is already common for small nuclear research facilities, Three main
challenges make difficult 1o develop a new legal and regulatory framework. Firstly, il
requires a significant review of legal and regulatory frameworks. Secondly, it implies a
complete rethink of LPs that in turn implies a redefinition of the institutional framework.
Thirdly, it implies a reduction of licensing protections in institutional and democratic
terms (e.g., exemption from public inquiry processes).

8.3.2 Electric grid characteristics/market dimension

This factor refers to the adaptability of the reactor size to the grid extension. Typical
markets that will take advantage from SMR deployment are countries with a population
requiring electricity in remote locations. A site for an LR must have an appropriate grid;
however, on the opposite, the SMR can fit where an extension of the current electric grid
for LR is not feasible or the extension is very expensive. Two of the key purposes of SMR
technology are the construction of NPPs in developing countries (with limited grid
capability) and in isolated areas {as power or multipurpose energy) (58!, According to
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Ref. [549], the capacity of a single-power plant should be lower than 10% of the grid's total
capacity. Therefore, for instance, in countries such as Jordan, which has about 3400 MW
of installed electricity capacity, SMRs are regarded as an option. Furthermore, the large
vessels used in LRs limit the siting of the NPPs to coastal area or along major rivers (3]
Conversely, SMRs use smaller vessel size leading to the opportunity for inland and
remote sites (3. Ref. (47 highlights another two SMRs features determining flexibility
in plant location and the increased possibility of NPP construction. The first is the
reduction of radionuclides produced by the fission process (the radionuclides produced
are roughly proportional to the power level), determining a reduction of the site boundary
leading to flexibility in plant siting. The second is the reduction of the water needed for the
rejection of the waste heat. Smaller plants produce less power and, consequently, reject
less power leading to the possibility of NPP construction in countries where only small or
low Mlow rate rivers are available.

8.3.3 Public acceptance

The public acceptance of nuclear power is the attitude of the public toward the deploy-
ment of this technology.

Regarding SMRs, there are two different main points of view about public acceptance
of SMRs:

According o Refs, 60,611, public acceptance of NPPs can be improved with SMRs for
the following reasons: security improvement, environmental impact improvement,
proliferation resistance improvement, passive safety system, and massive deployment.

- Vuji et al. and Canadian Nuclear Laboratories [45,621 consider the public acceptance
of new concepts as one of the disadvantages of SMRs that must be overcome to
develop SMRs in the near future.

8.3.4 Safety and security

Increased safety and security are two key advantages of SMRs with respect to LRs.
Several papers highlight the increased safety as one of the advantages of SMRs with
respect to the LRs (3,45,511, The reduction of the type and number of the safety com-
ponents and simplification of the remaining ones determine a dramatic increase in
safety [16], Furthermore, some SMR designs are characterized by an improved separa-
tion of systems and functions 51], determining a lower probability of compromising
safety functions. Ref. |3 highlights three main reasons determining the enhanced safety
as follows: (1) "the reduced inventory of radionuclides produced from the fission process,”
{2) "the potential to eliminate design features that introduce accident vulnerabilities,”
and (3) “the opportunities to passively respond to unexpected transients.” Furthermore,
considering that SMRs are characterized by a smaller area of skyline than LRs leading to
a reduction of terrorist air attack probability, NPPs security is improved 16,40], SMR
security is further improved in the case of SMR designs characterized by an underground
siting [51].
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8.3.5 Emergency planning zone

The emergency planning zone (EPZ) is the area surrounding a nuclear facility where
special regulatory requirements apply {e.g., specific emergency preparedness procedures
need to be available, the demographic density needs to be lower than a specific limit,
etc.). Each country prescribes the regulatory requirements assoclated (o their EPZ. The
[AEA [63] suggests an EPZ radius between 5 and 25 km {for reactors having a power
higher than 100 MWth). Many SMR reactor vendors advocate a smaller radius because of
the improved safety concepts of SMRs (compared with LRs) and because of the limited
radioactive material they store. Ref. [64] points out that the Nuclear Regulatory Commission
agrees SMRs need scalable EPZs.

8.3.6 Cogeneration

Locatelli et al, [65] provide an overview of the main challenges and opportunities related
to the use of cogeneration for the load following of NPPs and highlight three most
relevant technologies for the load following (particularly with SMRs): district heating,
desalination, and hydrogen. SMRs are more suitable for cogeneration than LRs because
it is possible to switch some of the SMR fleet for the cogeneration, and, consequently,
SMRs can run at the full nominal power and maximum conversion efficiency 23]
Furthermore, a specific requirement for the cogeneration is the siting of the heat or
desalination plant near the end-user areas (3,16,

In particular, Locatelli et al. [66] analyze the load lollowing of SMRs by cogeneration of
hydrogen, providing an assessment of the technical and economic feasibility of coupling
hydrogen production facilities with SMRs, investigating three different hydrogen pro-
duction electrolysis technologies: alkaline water electrolysis, high-temperature steam
electrolysis, and sulfur—iodine thermochemical. Alkaline water electrolysis is technically
feasible, and the investment can be profitable depending on the hydrogen and electricity
price {hydrogen price =040 €(Nm*) ' and the electricity price relatively low). For high-
temperature steam electrolysis, the coupling with an LWR SMR might be challenging
because of the different temperature between the steam produced and the cogeneration
process requirements. This coupling becomes profitable when the hydrogen price is in the
range of 0.30-0.45 €Nm”) ' or above. For sulfur—iodine thermochemical, the coupling
with an HTGR SMR is possible, but the coupling with an LWR SMR it is not feasible. This
coupling results very profitably as far the hydrogen price reaches 0.30 €(Nm®) . Locatelli
and Ingersoll et al. [22,67] analyze the coupling of a NuScale SMR plant with different
desalination technologies. The analysis shows how the coupling is easy and effective.

8.4 Why has nobody built SMRs in the last two decades?
And the way forward

Most SMRs have attractive characteristics of simplicity and enhanced safety and require
fewer financial resources than LRs. However, they are usually not considered as
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economically competitive with respect to LRs because of the accepted axiom of “bigger
is better”, i.e., a misguided application of the economy of scale principle. The economy
of scale principle applies if and only if the comparison is 1 large versus one small and the
reactors are of a similar design, as this has largely been the case in the past. This is no
longer true today, however, where smaller, modular reactors have very different designs
and characteristics from large-scale counterparts. Thus, assuming by definition that
because of the economy of scale principle the capital cost of a smaller size reactor is
higher than for a large size reactor is simplistic and not wholly applicable, and assuming
that SMRs presents several advantages with respect to LRs (suitability for cogeneration,
enhanced safety and security, increased possibility of NPP construction, reduction of the
time to market, etc.), a reasonable retort is “why has nobody built SMR in the last two
decades?” There are a number of reasons, the most important being:

- In the nuclear industry, there is a strong belief in the economy of scale. However,
this is not supported by the data. An example is analyzed by Grubler [68] for the
French case, In this instance, the author showed that with increasing the size came
increased construction time without the economy of scale.

- In general, in the last two decades, relatively few reactors have been built globally,
with most investors (mainly in South Korea, Japan, and China) using "proven de-
signs”, Le., the large GEN II reactors further developed in large GEN 11T reactors.

- To be fully competitive, the SMR needs to balance size reduction with technical so-
lutions that can only be enabled by a reduction in size; a typical example of which
is an integral vessel, incorporating the heat exchangers, able to rely on natural cir-
culation. Solutions like these are impossible to be fully implemented on LRs. It was
not possible to implement these solutions in the 1970s because (quoting a senior
engineer from an important nuclear vendor) “to properly exploit passive solutions
like natural circulation you need a great deal of computer simulations and codes.
Twenty to thirty years ago those tools were not available, so the only option was to
use a pump (plus the backup pumps). From an engineering perspective it is much
easter to control fluids using several pipes and pumps than to rely and make sophis-
ticated simulations with computer codes”.

- One of the enabling factors to build cost competitive SMRs is the modularization
(again expensive to implement in terms of software resources) and the availability
of advanced technology and software (e.g., BIM), which have emerged only in
recent years.

Very recently, the UK government commissioned several studies about SMR eco-
nomics and financing, as |35,53]. The reports are publicly available and the authors
encourage the reader to read them.

The authors also want to close the chapter echoing the wise words from Admiral
Hyman G. Rickover, delivered in 1953: “An academic reactor or reactor plant almost
always has the following basic characteristics: (1) It is simple. (2) It is small. (3) It is cheap.
(4) It is light. (5) It can be built very quickly. (6) It is very flexible in purpose. (7) Very litile
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development will be required. It will use off-the-shelf components. (8) The reactor is in the
study phase. It is not being built now. On the other hand a practical reactor can be
distinguished by the following characteristics: (1) It is being built now. (2} It is behind
schedule. (3) It requires an immense amount of development on apparently trivial items.
(4) It is very expensive. (5) It takes a long time to build because of its engineering devel-
apment problems. (6) It is large. (7) It is heavy. (8) It is complicated.”
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ARTICLE INFO ABSTRACT
Aapmves Thee |s & Jongstandieg aod growlng kierest in Molten Salt Heactoes (MSRs) mainly because of their potential
Molten st s advantages in ferms of safety, sustninable fm cycle, and the high melting and boiling points of salt which allw
Feouinicy opersions ul high sy and exic with p 1 mwerifs n i of cost. A iy abjertive
“u;:" of MSRs & to have a lifecycle cost ndvunagr over other encegy soures. Leversgiog o systematic lllmnure
Sochdadieation review, this paper finsly provides an overview of “whae we dnow™ aboat MSE scs and finance [ g
GEN IV reactor o main strosmse soientific and ind d B P dly, thiv puper highlighty “whar we should know
Mlhgmndnmmofmmmdngamnhw1& Ilmmkvcrymndﬁnm
om MSR overnight capétal cost estimtions and the i MSR oot of ebectricity and other energy
somnvs, Cosd astimations navd 1o be mom tnasparent sod indeopendently assessod . Furthermaon:, thens is mo peer
reviewed Memitere cn MSIL Anancling, only cales from vendoes.
1. Introductioa SCWR (Supercritical- Water-cooled Reactor) is a thesmal/fast reactor
technobogy coobxd by supsseritical water. It is congidkered as nn
The evolution of Nuclear Power Plants (NPPs) is usually divided inta evoluticn of the actual boiling water reactor because of its compa
four genecations (GIF, 2014): rable plant layout and size, same coolant and identical main appli-
cation, Le. electricity production;

=1 generation (1950-1970): eatly prototypes to test different - GFR (Gas-vooled Past Reactor) is o fast reactor techinology cooled by
technologies ) belium In the gaseous phiase. This technology ainss to put together &

« Il generation (1970-1996): medium-Jarge commercial NPPs, mostly high-temperature reactor with a fast spectrum core;

Light Wster Reactors (LWRs), ived to be reliable and - LFR (Lead-cooled Fast Reactor) is a fast resctor technology cooked by
economically competitive; lend or Jead bismuth eutectic. [t is a Bquid metal reactor (zimilar to

- WA 4 generation (1996-2030); meostly an evolution of the (I SFR) for electricity peoducton and actinides managenent;
gonetation LWR; - MSR {Moken Salt Reactor) Is a fast or th | reactor techno)

- IV genetation (2000+ ) designs called “revolutionaties™ b of cooludbynolmsmmugﬁqtddphnumdmukxmmmmt
thelr discontinulty with the LI/ + geoeration NPPs. cases, by the graphite. [n this technology, the fusl can be In eithes
The G ion 1V 1 ional Focum (GIF) lists six GEN IV tech Bquid or solid form (Zheng es al |, 2018),
nologies (GIF, 2014);

VHTR (Very High Temp R ) is a th | reactar tech Currenddy, there is an increasing interest in MSRs both from industry
nology cooled by belivm in the gaseows phase and moderated by and academia, (Zheny of al, 2019) summatise the advantages of MSRs.
graphite In the solid phase; The high melting and baling poinss of salt allow operating at high

- SFR (Sodium-cooled Fast Reactor) bs o fast reactor techmology cooled temperatures (increasing the efficency in electricity geseration) and
by sodium in the quid phase. It s the most investigated fast reactos; nrmhmc pressure (lowering the risk of o significant break and loss of
b of an sccident]), 1 xddition, the opportunity to dissolve
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&-mond andifresees; cnbim G leedsone wk (8, Miggraaoea), g boontel 16 beedbs e ub (G Loeateliik
10 iy worth carifying the difforence Wotween tocheniogy, design, and peojoct right ar the sturt of the peper with an comple, An exsmple of techmokogy is the
Pressurised Water Reactors (FWR), which has several designs. An example of FWR design s the AP1000. A project lmplesenting the APIOON ks the HAIYANG 1 in
Chirs. Therelorn, for ench techoology there sev seversl desigrs, and for ench dosign there moadd be different projects ammed the warld,
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fuel marerials n the salt eliminares the fabricasion and Ssposal of wlld
fuel. Purth, the constantly fssion p

Frogress i Nuaclear gy 1200 (NIN) 1RSS50

the uummcl (e.g. the utllisy) pays for a procloct or seevioe, and It is

Lt >4

from unhquldhglalhmahlﬂmﬁnlbwmpamllmdxaybulh

kee.driven. Therefoae, the cost s an endogenous measuze
(dqukmunlechnology clesign, etc.), while the price is an exogenous

generated after reactor shutdown. MSRs are akso ch ised by a
hutdown ability, low-p piping, negative void reactivity
fficlent and chem) table coolant (Saead ot al,, 2016; Zheug ot al.,

2011, MSRs can be designed as nuclear waste “burness” or “beeeders”,
In the case of “butvers™, MSRs liove the potential to reduce nuchear
waste. [n the case of “‘breeders”, MSRs could greatly extend muclear fuel
resoutces (IALA, 20000 Zhoo = al, 2020).

Glven their attractive features, the luterest in MSRs it not new,
Indeed, from the 1950s to 2020, many MSR concepts axl designs have
been propased wsing different fission fueks (Le. Uranlum, Pluscalum or
Theeium) and salt compositions (e.g. chlorides, luotides) (IALA. 20020
Serpoet il 2014), 1o the 19608 and 19708, the Cuk Ridge National
Lab y (ORNL) d 1 many aspects of the MSR technology
with the MSR Experiment, where the MSR ran for a relatively Jong
period of time (15 moaths), and maintenance was carrled out safely and
without substuntial issues (Macphesson, 1965; Ouk ludge Natiamsl
Laborarery, 2010 Setp ot ul, 2014),

fent an the ket, palley deck , ete.), Price can be
le.ﬂunouul for example, the vendees aim to build a reference plant
te gakn experience (and not directly profiting from it) or to make a peafit
from selling additional secvices (e.g. maintenance) or products (e.g
fuel).

2.2, Top-down vs bottom-up approach

These are two main cost estimation appeonches: top-down and bottom.
up. Mbwkum:mamm:mmmnmw«lnﬂmﬂu
d (Trendowlcz and Jeffeiy, 20149), and the cost of

npmjetlunﬂmam by increasing or decressing the cost items (e.g. ma-
terlal, equipment, sy ) of similar projects. The top<down appeoach |s
preferred when there is o lack of information (CIF EMWG, 20073
Convarsaly, followlng the bettom-up appreach, the cost of a prowct is
estimated as the sum of the costs of each element (e.g. 0 pump), material (e
¢ kg of conerete), labout (e.g. the number of hours workex! by osetain type

However, although there is a Jong standing and growing i in
MSRs, there ave no MSRS in commercinl opecation, under constroction
oxphlmdﬁornummmwdalopunﬁm {IAEA, 2039), Theref

of workess), service (e.g. site secusity), ete. The battoen-up approach Is
moet suitable for projects with a detsiled design, a specific site foc the

while the vast msajority of MSRs li [{ on technical
thuenlnkhhwdcnldm nbum!heeonnomlcsmﬂ.nnndngofusﬁ

projects (Serp et nl , 2014; Wang et al, 2020; Wooten and Fratoni, 2020;
Zeng vt ol, 20205 Zhou et ul,, 20005 Zhoang et al, 2000),

Information about MSR economics axd fi is d L

a lew academic popers, not peer-reviewed publications And vendor
websites. This paper aims to provide, through a Sy
Review {SLR), a sumamney of “what we know” and Mwmrdkm»"
about the econocmics and finance of MSRs Instead of a taditional
mnuiw.-mm.m&l.khnbeen i 1 to provide s bolisti
perspective and allow biliry, ‘nw 1eseqaich objtctlw Is “to eritl-
cally summarize the state-of-the-art about MSR economics and finance
and the mwost relevant gags in kmmladm

The rest of the paper is d as foll Section 2 h
key economic anxd financial conoepts; smkm 7 presents the methodol-
ogy used to duct the SLR; Sectlon 4 rises “what we know'
about MSR and £ Section 5 ivex “what we
should know” auggesting a h da; Sectson G Yades the
paper.

2 B ic and fi 11

Ly

Considering this paper deals with the econcmics and finance of
MSRs, it is worth clarifying the difference between econoenics and
finance. E:onomla 13 lb- mmy of the management of goods aml set-
wvices, peisi ton, and the elements affecting
them (E)uhnull "lll i Invesiapedin, 2019), Beonomic studies deal
with cost estimations (es. conetruction cost, decommussioning cost),
identification of cost drivers (e.g. size, costruction technigue), etc
Usuially, b lels do not iler the pay af taxes,
remuneration of debt or equity, cc debt amortisation captured by
financial analysis (Vhahocdy, 2011). Finance focuses on cash flows of

equivitlent means. For instance, asking “how much is the construction
mdeSR?"han«munkqumon.whhmun;“wbowmmm
build an MSRY = a R ion. The next sections provide an
overview of the main ic mwl financial pts esabling the
reader to understanl the following sections of the paper,

2.1, Costvs price

Commonly misuxlerstood are the terms cost and price. The cost is
the sum of the exp for 3 company to I aproduct (e.g. an
M5R) or to pravide a service (e.g. mnlnvemnna) The peice is the amount

and lbikty of detalked data (CIF EMWG, 2007)
(CIEEMWG, 2007) provides gukleknes on both top-dovwn and bottom up
cost estimation approaches for Gen IV reactols.

2.3, General cost items

Direct costs: All costs to baild an NPP apart from support services (e
g Beld indlrect costs, construction supecviskon) and other indirect
coats (e.g. design services) (GIF/ EMWE, 2007). Far inatance, (117,
2019) includes, among sthers, tye following rect costs in the MSR
cost estimation (summarised In Sectlon <1 ) costs for reactor and
turbine plant equipment; labour costs for installation; and civil work
coets to prepage the site.
Indirect couts: Design services, construction supesvision, and all the
costs not divectly associared with the comtruction of an NPP
(CIF/EMWG, 2007), For instance, (MIT, 2016) includes, among
otbers, the following Indirect costs in the MSR cost estimation
(summarised In Sectlon 4 |k costs for construction management;
quality inspecti project fees; and taxes.

mmtx'rhunmnlﬂl’l’m before valldai
cost alpustments (18 EMWG, 2007).

- Base comtiuction cost The most likely NPP comtruction cost,
coenicering anly direct and Indirect costs (15, EMWG, 2007).

- Comtingency: An addition to account for uncertainty in NPP cost
estimatian (GIFASIWG, 2007),

and any

2.4, Generarion costs of o muclear powvy planr

In the nuckear sector, the generation coets (ot life-cycle costs) are
commonly divided Into four groups: capltal cost; operation aml maln-
tenance costs; fuel cost; and decommissioning cost.

- Capital cost & the sum of the “overmight capital cost” and Intersst
During Coastruction (IDG) (WIT, 2038 (C1¥/ EMWE, 2007) defines
the “overnight capital cost” as ‘the base construction cost plus appli-
cable ommer's cost, contingency, ard first core costs” (Page 25),
Thesefore, the time value costs (eg. 1 During Coa tlan)
are not inclded. Examples of owner's costs age land, site warks,
switchyards, project management, administintion and associatod
buildings (Warkl Nuclear Awmoclation, 204¢2), The “overnight cagital
cost” 15 ako defined as “overnight cast™,

- Dpesation and Mai (O&M) costu are the costs to maintain
anil opetite an NPP, Le. all the non-fuel costs, such as plant staffing,
purchased services, replaceable cperating matedals (e.g worn
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parts), andd equipment, Q&M costs can be divided into fixe u\d
vatiable. erdO&Mcmdomldependondmpowu
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10 1500 IMWe and moge. The reason behind Increasing the size of NPPs s

the y of scale principle, i.e. "bigger is cheaper'. According to the

levd.e.,g plant staffing. Variable O&M costs depend on electricity

y of scade principle, the capital cost [curtency/kWe] and LCOE

1, e.8. non-fuel il ((.w/m\\\.,;-m/}'lb-ﬂmd
muwbyhdnmmperwmgedaﬁnmu

- Fuel cost ks the sum of all activitkes velatex to the nucleas fuel cycle,
from mining the uranium ore to the final bigh level waste disposal

L

[currency/MWh] of an NPP decreases when size incseases. ‘The cagital
cost reduction is due to several factors such as: the rate reduction of
mique set-up coats (e.g. siting activities, work to acoess the transmissbon
network); the higher pesformance of krger equipment (eg. steam

(HEA 1954). Enrichmsent of utdnium, manufacture of nuclear fuel,
reprocessing of spent fuel, and any associated research are examples
of activities related to the nuclear fuel cyele (1AZA, 2005),

« Decommissioning coat iscludes all the costs from the planning far
decommissioning until the final remediation of the site. Therefore,
the costs In the transition phase fiom the shutdown 1o decom-
missioning and the costs to perform the decontamination, disnsan-
tling and management of e waste are included (AEA, 2013
Invernizz et nl., 2020b, 20193; 201 7; Locarelli and Mancin, 2010),

2.5 Indicators of the
panr

- levalisad Coat of Electricity and Lovelised Avalded Cost of Electricity

ard fimancial perf of & power

One of the 1wost relevant indicators foe policy-nsakers &5 the levelised
cost of the electricity procluced by the power plant. This ixdicator,
usunlly termed “Levelised Unit Electricity Cost™ (LUEC) ot “Levelised
Cost Of Electricity” (LOO#) accounss for all the life cycle costs, and it ks
expressed in tetins of energy currency, usually us (3/KWh] (IAEA, 20100
In the nuclear sectar, the maln camponent of the LOOE is the capital cost
(507500}, followed by Q&4 and fued cost (Carelll und Ingemoll, 2004
From a policy perspective, o power plant is comsidered ecanomically
attractive when its projected LOOE is Jower than its projected Levelised
Avolded Cost of Elecrricity (LACE). LACE is the power plont's value to
the grid (EiA, 2019 In other words, accarding to (EIA, 2035), LACE
“roffects the cost that would be dncurred to provide the vame supply to the
system (f new capacity wsng that speciic rechnology was not added™, LACE Is
usually expressed as [S/kWh)]. LCOE and LACE are extremely relevant
fw polcymnhn and dnappmunl of the dulsn in its eatly mg«

ig clase to fallow

" o

nko umm
= Net Present Value and Internal Rage of Return

Two of the most relevant indicators for utility companies (or in-
vestors in genoral) 1o assess the profitabilicy of investing in a power plant
are the Net Present Value (NPY) and the Internal Rate of Return (IRR)
(locatel® ot a), 20145 Locatwlll and Mopciid, 20115 Mignsoca and
Locatell, 2000), The NPV uses a discount factor to weight “present coar”
versis the “future revenue” and messures the absolute profitability in
terms of currency (lovestopedl s, 201 55), The discount fn:nx deperxls on
the source of fi ing and applied in practice as the § 1
Cost of Capltal (WM:C) Ahigh WAccmmmnmwmowmmm
with respect to future (p ig Jow capital technologhes such
a8 gas plants). A low m\cc gives dmllu wnlshﬂng 10 present cost and
future revenues (p logies such m
NPPs). ﬂsemnmnsmﬁcdmﬁonlusmmm i, the value of
WACC that hrings the NPV to zero. The greater the [RR, the higher s the
profitnbility of the investment as a percentage on the money invested
(lovastopedia, 2019 Locmalll ot ak, 2014)

2.6, Potrntinl approaches for cost reduction

This section provides an overview of three key approaches to reduce
the costs of NPPs.

26.1. The economy of scale
Hustogically, the size of NPPs has Increased from a few hundred MWe

i L pumps); and the move efficient use of raw matetial (Lol
et al, 2014). However, the implementation of the sconowmy of scale
prindple can p drawbacks. Fou i other things being equal,
the larger the reactor size, the highes is the up-front lovestment and
problems of affordability for the utility companies. Furthermore, grid
connection could struggle to rellably bandle Increased power (flach
wbal, J01S5; OECD/NEA, 2011). These and other factors, such as econ:
omy ol multiples and snbanced modularisation, are diiving the growing
interest in Small Modukr nuckear Reactoes (SMRs) (Mignocca and
Locatelll, 2020).

26.2. The ecomamy of multiples

NPP lifecycle costs (construction, operations, decommissioning)
depend oo how many identical (or at least very similar) units are butlt in
the same site, country or globally, When the same identical plant is
delivered more than once (ideally several times by the same ceganisa
tions), the economy of multipes i achieved teducing, other things being
equal, the unitary Investment cost (Boarin =t al, 2012; Lecatell and
Mancini, 20120, Mignaoen and Locatelll, 2020). The economy of mul-
tiples In the of NPPs is relatex] to the Idea of “mass pro-
duction”, firstly adopted in the automotive incdustry and later in other
flekds (2. pace, production of 18 and snartphone), The
economy of multiples is achieved bacause of two key factors the
lesming process and the co-siting economies (Localell, 2008),

- Learning prooess

The replicated supply of plant coenp and the replicated con-
snuction and operation of the plant determine the kaming econonmies.
The learning process teduces the cost of equipment, material and wock

Locatedll, 2019) and veduces the comstiuction schedude (EY, 2015
Mignacca and Locatwlll, 2020), As shown In (locatelli vt al,, 2014), the
comstiuction schedule is o critical economic and finandal aspect of an
NPP for two maln reasons:

1. Fised clatly cost, On an NPP coostruction site, mamm mmnndso(
peaple working, often utilising experns| P q ¥,
each working day las relevant fixed oaw.

2. The postponing of cash in-flow. Postpaning the cash in-flow has two
manin negative elfects, First, each extra-year of constiuction increases
the interest to be pald an the debr. Second, the present value of future
cash flow decreases exponentially with time.

Therefore, the unit cost of a First.of A-Kind (FOAK) MSR is expected
to be higher than the unit cost of an Nih-of-A-Kind (NOAK) MSR. The
q of the learning p should be consicerad at two levels:

1) Woarld-levei — After the FOAK MSR for commercial operation In the
world, a cost reduction for the NOAK MSR is expected even if they
are ballt In different countrles,

2) Country-devel — If a country plans to buikl a series of MSRs for
commercial eperation, theee is & katning process fioa the FOAK 10
the NOAK MSR stronges than the “watld-Jevel” bacause of the same
regulatory regime and similar (or identical) supply chain.

Co-siting economies

Co-siting eccoomies result from the set-up nctivinumlmed tositing (e.g.
nequisition of land rights, to the o k) which
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have already been casried out, and by cectain e Incivisible casts which
can be savexd when installing the second and subsequent units (Locare|l,
2017). Therefore, the larger the number of co-sited units, the lower the
ol investment cost for each umit (Carelll ot al, 2008, 2007). Opera-
tional costs across MSRs woald also be reduced because of sharing of
persannel and spare parts across multiple aoits (Cacell e ul, 2007 ) or the
poesibility to share the cost of upgrades, e.g. the cost of vpgrading soft-
ware (Locatelll, 2010), {LAEA, 2005) suggests tsat identical units at the
same site cost on average 15% Jess than a single unit. Siting and licensing
costs, site labour and comimon facilities mostly drive such cost reducti

Frogress i Nuaclear gy 1200 (NIN) 1RSS50

wiection stop retrieved 476 documents by wiing the aforementioned

string (applied to tithe, al ar keywards), excluding 52 non. English
documents (ot related to the research objective).

The third filtering stage ks cly dised by the following two steps:
1) Carefully reading the title and ab of ench ok

out d not refated to the ch abjective or dupllcnnon.
After the firet step, 461 documents were screened oul

Therefare, two identical MSRs ot the same site are envisaged to cost bess
than doubling the cost of a single MSH.

26.3. Modufarisation

Modularisation is o fion stuategy c d by the fac-
tntyfabdmmnofmﬁulufmnhnpcuntmdlumlhﬂmmﬂun
complete assemblies (GIF/ZAWE, 2007)., Faboication in ¢ L

2) Carefully reading the intreduction and husion of each document
ieved after the Gret step, ing out d not related 1o

the reseach chjective After the | step, 11 d were
screened out, Jeaving 4 to be Iywedt (Moir, 2002),

(Moir, 2002), (Samalova et al., 2017), and (Richards ot al., 2007\
hr l wmmmhec the nj«:ﬁon process for Section A,

i with expests, (1417, 2011) which
rides rel indl tian about MSR economics wis added.

HE

factary envirooments: tncreases the quality of the compooents (e.s
reducing mistakes in coustruction and ks); rexl
schedules; reduces malntenance cost because ol a reduction of me

r-ln tion B of the selection p documents were firstly searched
on 1esctor vendor websites with the aim to retrieve informaticn about
eoommm and umce af M.Slu. Vendor wohlm ofmn peavide links to

probability of filue of components; ol supp wafer

processes (Boldan of al, 2014, Caselli and Ingeysoll, 2014; Maronuti
et al, 2017). Purthermore, factory fabrication coukd determine a
cost-saving in lobous nod construction. By contrast, the supply chain
start-up cost ln expected to be high (UxC Conmlting, 2017). The ex.

about eco-
nomice and finamee of MSRa were mmdou comulud. Secondly, docu-
ments were searched on the JABA (international Awmlc &mw Agenq)

pected higher cost of transpertation activities is » further dissdvantag
of modulagisation (Carelll ik Wgemall, 2014; Mignacea ot al., 2019
UxC Conmulting, 2013). (Mignacen et al, 2010) teview the cost reduc-
tion {an average of 15%) and schvedule saving (an ovesage of 37.7%)
resulting from the transition from stick-built cunmu:ﬂon to modular-
isation in infrastructure peojects, Thevef: by | ul
MSRs might have a lower cost amd nﬂmmsdwlublbanmdzbuh
MSRe. However, challenges and costs typically sseociated with medi-
larisation such as setting up 4 supply chaln and medube trarsporaticn,
need to be carefully considered.

3. Methodology

This paper provides an SLR combining the methodologies presented
by (I Madcalons widd Davis, 2017; Mignoces and Locarelll, 2020 Sai-
nath et al, 2017) Starting from the sesearch objective “to critically
summarise the state-of-the-att about MSR ecopomics and finance and
the most relevant gaps In knowledge”, the selection process of the
documents includes two sections. Section A deals with academic docu-
mu\natm::dfrun lhmhmw&opuwwu\lhkmm
the 1 1 li (eg. o maostly providex from reactor
vendets) and reparts published by relevant organisations (e-g. Interna-
tional Atomic Energy Agency),

Sectian A has thres maln stages. The first stage s the idenrification of
relevant keywords related to the ¢h objective Discussions with
experts and several § led to the following Hst:

« MSR: “Moizen sait reacror” and “MSK";
- Economlcs “Economic™ apd ~Cost';
« Flpance: *Finance” and “Financing”.

In the secouxd stage, the following search string was developed with
the Boolean operator *AND*/“OR* and introduced in Scopus 10 search
the relevant literature:

- “Molren Salt Reactor” OR “MSR™ AND “Economic” OR “Cost” OR

"Finance” OR “Financing” (search date: 05,06,/2020).
S b by ofits i | covesage from major
sdeml!k pw-fa'szd pmmh. conference papets, and books A
£l was not selected a peioed (th It is 1966-2020). The

and NEA (Nuclear Energy Aamcy] bed ( p
IAEA ancd NEA were sel they ase leading isations In
the nuclear feld and poblish high-quality reports. 'l‘wolmyum(hrdmd

1o MSRs were used to search documents on the IAEA and NEA webites:
“Molten Salt leactor™ and “MSR” (search date: 05/06,/2020). Howevet,
thege are o pab focusing on Ies andd finance of MSRs
Adfter discussions with experts, the Advanced Information Reactor Sys-
tem (ARIS) was cotsulted, ARIS is an [AEA resctor database teporting
several MSR designs and related documents providing Informatien
nbout MSR economics and finance.

4. What we know abourt the economies and fuance of MSRs

ﬂmucnonglmana«wmolmoemodm lluruuunbour
econamics mxd fi af MSRz= foll 1g twe main A
i industrial lrerature. For the sake ol mnoonm)ty and reprociuc-
Ibility, guantitative data froem the ieved are d in
wection 4 1 and <2 and scaled to 2020 prices ($) in seetion < “(wmmm
mwl comparison),

4.1, Scientfic literamre

The scientific hit abous the ics of MSHs is very scarce
mxd almost noa-existent in terms of their financing. Four scientific pa-
pers were retrdeved from the SLR [(Mour, 2002),° (Mo, 2008),
(Ssmudava et al, 2017), (Bicharde «f al, 2017)], and (41T, 2038) was
adklod after discussians with experts.

(Mo, J002) estimates the MSR LCOE and benchmarks this value
with comparable PWR and caal plant estimates, basex! an the evalua-
tions of the ORNL in 1978 (Kngel et al | 1900, 19/0). According to (Moir,

2002), a cost breakdown and description of a 1000 MWe MSR, an equal
skze PWR amxl coal plant were peesented in the ORNL repott; all of them
NOAK plants. Starting from this repoct s other sources (IMaiz, 2002),

s the following two main b

- LOOE of a 1000 MWe ISR (20% ensiclwd): $36.5/ MWl
- LOOE of a 1000 MWe MSR is 7% lower than an equal size PWR and
9% lower than an equal size coal plant.

X (Mm' ‘KM. 20123 woem 1o enloskate the LCOE in a simplified manner
i time-dependent aspects snch i cnh fow disostting,
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Fig. 1. Section A of the weloction process - Layout wduptod froms (100 Saddbon und Dutls, 2007

However, the analysis does not consider the impact on the cost of
wevarnl Itenss such as safety, lcensing, and umental el

(Mals, 2009) also compares the LCOE of a 1000 MWe MSR (20%
entiched), a 1000 MWe MSR (100% ensiched), o 1000 MWe PWR and a
1000 tAWe coal plant, Table | ises the comparison; it is woetlsy
of highlight that the ensichment has to be lower than the noo-weapon
grade for Industrial and commesclal plants (<2006 U o1 <12%
F20) (M, 2006; Siemer, 2019). The difference between the LCOE of
the two analyses [(Molr, 2002) and (14oir, 2008)] Is due to a different
capacity factar (95% vs 9044).

(Samsalovy 1 al, 2017) compate cost estiativns of thiree different

zral Mol salt K (IMSRs) (IMSREO00, IMSRI00, and
IMSR80) and an Advanced Passive PWR (APL000), using the Toxd

Table 2
APLEOO and IMSs total overnight cost - Adapted from Coomalivn o0 o 2070

Cooor MWe Total Overiigh Cost [MS) Crvermight Cost [$,KWe]
Ao o 240005 200257
SO0 Fa BN AT ;00097
as00 " sS40 s
S0 s 297.8400 viedan

Table 3
AP0 and IMSEs LODE (Discount rate: 5%) - Adupted froms (Sanabova o o
7).

alogy developed by the GIF Economle Modelling Working Group
(GIFEMWG, 2007), (Samalova et al, 2017) follows a top-down
approach, because of the ksck of data preclixling a bottam-up approach.

Table 2 shows the calculated total Overnight Cost (OC) [MS$] and the
OC [$/kWe] for the AP1000 and three different IMSRs.

Ynfle 2 highlights low the IMSR's total OC is about coe-quastes of
AP1000's tota] OC, However, considesing that the IMSR's powet output
is one-thixd of AP1000's coe, the OC pes kWe is comparable. The
IMSRA0 is characterised by n significantly higher OC per kWe, buat nlso
by a significantly lower total OC, (Sasalova et al, 2017) also caleulate
and compate the AP1000's LOOE amx! [MSRs" LCOE (Table 7) and the
relative share of LCOE components for AP1000, IMSRG00, IMSRI0C and
IMSRS0 (Fiy. 2).

(Samalova ot al, 2017) highlight that the APLOOD presents a capital
cost share slightly highes than the IMSRG600, Consldering that the

Cuomspoaents (S/MWh] A000 INRSO0 IMSE00 IMSEBO
Capltnd e wnTe anua ww T0es
Oporsticoal cot w28 185 1715 MY
Fard cyede - Froor Fad 7.9 701 7 a2
Pk cyche - Back tod L 1m 1 14
DD Saking Fead ols 0xs oz 035
Total [S/MWh) 3939 4413 5458 126,06

the IMSRG00 capital cost share would be lower if IMSRGOO and AP1000
are compared with the same power output {Sommbova «f al, 2017)
Furthermoare, (Samalovs et al, 2017) cany out an LCOE sensitivity
analysis to the discount rate (3% low scenatio, 59 base scenario, 10%
high ). Eig. 3 ises the results. In another study, (Uclunds
etal, 2017) caleulate the MSR's LOOE under different OCs ranging from
$2000/kWe to S7000/kWe ($2000/4We Is the lower manudacturers
imation, $7000/kWe iz a reasonable high end). Fig 4 summarises the

AP1000 has about three times higher power autput, it is exp ! that

Table 1
LOOE [S/MWh] MSR - PWIR - conl. Adapted from (Vo 20080

Compomely MSR (0% coriched)  MSR (YOO enniched)  PWR Cuoal
Capiral 03 w01 7 1m0
M o8 o8 s HO
Fosd 111 10 74 17.2
Wade dgosal 1.0 10 10 s
Dervmposition. 0.4 (LX) 07 -
Total a4 ua a1 a9

results,

(Richards =f al, 2017) compares the cost of various electsic grid
scenarios introducing MSRs, idering the following oxits of nuchsar
pawer:

- MSR OC: $3000/KWe;
- Light water SMR OC: $5028.58/kWe;
- Large ecale LWR OC: $5451.06/kWe;
Varinble MSR O&M costs assumexl the same as large scale LWRs;
- Fixed MSR Q&M costs assumed to be similar to light water SMRs.
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Fig. 2. LOOE brenkdawn [%] Sur AP1O0O, IMSREGON, IMSRZ00, IMSRELD - Duts
from (Samlown ot al, 2017

o orddey 1o campare severnl ios, the aothors start from the
following base case uing the US electricity generation mix: coal (33%),
notural gas - combined cycle (32%), LWR (206), hydiopower (6%),
wind (4,7%), naturnl gos - combustion turbine (1.7%), biop

Prggress (n Nclear Enrgy L20 CXEN) 1RG5O0

Loe

[Sinrah)
o 8 888 8 E B

1000 2000 3000 4000 5000 AOOC 7000 @000
Overnightcost [§/kwe]

Fig, 4. MSR overmght cost semsativity analysiv - Dats from (06 s

vt ul, 2017),

20148, [ndhirecs coste have been consideved as o percentage of the direct
costs because of the lack of Information. Furthenmore, a consingency based
on the design maturity, related technology developmerst and supply chain

idesations has been dered (2006 for HTGR and SFR, and 30% for
FHR and MSR). The key hypoth area ion time of 60 I
anxdd an interest tate of 536 (S0% debt and S0% equity Msancing, 30 years as

(1.6%), solar - photoveltaie (0.696), and gecthermal (0.4%), (Richaide
ot al, 2017) analyse several los, bat these focusing on MSRs are:

- Replcing coal with Nght water SMRs and MSRs (16.5% each); this
eph 1 ines an 11 cost redduction of 8.3%;
- Rephcing LWRs with MSRg; this replacement determines an overall
cost recuction af 10% (mostly due to the Jower OC).

In another study, (W11, 2010) provides a detalled capital cost estl-
mation of the ORNL 1000 MWe MSR scaled to 2014, as summarised in
Table 4. Fusthermexe, (MIT, 2010) provides a capital cost comparison
t | NOAK adn 4 . High Temp

the ic life of the plant). Pusth (AT, 2014 reports an LCOE
estimation of the ORNL 1000 MWe scle] to 2014 of $119.25/MWh.

4.2, Industrial Mserature

This section summarises the Information retdeved from Section B of
the SLR. Some MSR designs have not been included in this section
because, ot the time of writing, there is no public information about theis
econamics and finance. For each design, firtly economic information

coaled Reactor (HTGR), SFR, Fluoride salt-cooked High-tenpserature
Reactor (FHR) (Large), PHR (Small), and MSR (summary in Fig. 5).
CMTT, 2011) cost estimation i based on stick-built construction in the
US for a BOAK plant. NOAX plans Is considered Identical to the POAK,
except for some site-specific characteristics, MSR direct costs lave been
calculates) from an eatly- 19808 pre-concopeual design escalating them to

from verdor websites are briefly p | (where available). Secondly,
ecovomic information from external industiial documents/websites are
b ised (where available). Lastly, financial information from bath

vendar websites and external sources are sutmmatised (where publicly
available).

4.2.1. Terrestrial Energy s integral Molten Salt Reactor
Terreetrial Boergy’s 195 MWe IMSR uses graphite as moderator and
molten salts as coolant {Tesrestilal Energy, 20170), Terrestrial Energy's

%0
Drwcournt ratw
-159.67
200 d LELY
%
g 150 410
= 12605
X .
g .
100 BLas 10355
62 b i
. 4 L
¢ 48,33 - frivd
w 3533 , i LT
L2254 ;
o
AF1000 IMSRECO IMSR300 IMSRRO
Fig. 3. 1COK sexeitivity analysis 1o the disconnt rase - Dati fross (Samalove ol 20170

o
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Table 4
ORNL 1000 MWe MSE - MIT Cost estimation Adapsed from (M11. 2010),
Cost mens 18/4%e] Tousd [S85We]
Direct costy
Structiges ad dmgrovemneses 65
Feactor plant gl pment Loyl
Turbitw gt st 490
Hetrioal pfane equipaent s
Misoellamoons plant expipaent e
Mador Coal bisat repoet sydise 61 2455
Indirect Conts
Omnier's costy W Darect
ot esion servios % [ieect
Tiomse Office Englie & Servioe o Dheect
Field Offios Tngloe & Servien ™ Divect 16600 (6N%)
Base cost 4125
Contingency 1237 (30%)
Total overnight cost a6z
Interest during comstraction 751 (20%)
Total [$%We] €113
IMSR Is anvisaged to adopt moclul s a i Sategy.
The modular approach woukl allow the 195 MWe IMSR power plant to
be bailt in 4 years, requiring an upd of Jess than I BS

(Teryestminl Energy, 2017%). According to (Tervesuinl Energy, 2017b),
IMSRs can dispatch powes at under 350/MWh,

ARIS reports the IMSR-400, charactedised by an edectrical capacity of
194 MWe per module (IALA, 2010a). However, accarding to (WHA,
2018}, there are three proposed sizes of the Tecresttial Energy's IMSRs:
80 MWt (32.5 MWe), 300 MWt (141 MWe), and GO0 MWt (291 MWe).
These three sizes are equivalent to those presented in the scientific
literatuse an IMSRs (Le. (Samalova et al, 2012)) (Terrestrial Energy,
2015) states that IMSRG00 and IMSRI00 levelised cost is estimated
respectively $43 and $59 per MW, Purthermore, (111, 20750) reparts
an interview with the Terrestrial Enesgy CEO, stating that the levelised
mlo(dnplamthOOMWe |mnhpxo)medaxmsomm

Regarding IMSR financing, T | Energy website cep

Frogress i Nuaclear gy 1200 (NIN) 1RSS50

Captal Cost Comparison - Advanced Reactors

WIGK sn " A MR
{LO00Mwe} (100N GADOMWE) (12642 MWE] (2275 MW

CEEEEEEE

Fig. 5. Capital cost P « Ad d © Adapted  from
M7, 20)8),

mx! the total electricity generation cost is about £30/MWh (IAEA
20160).

4.2.3. ThorCon MSR

The ThotCon Is & 250 MWe scaled-up Onk Ridge MSR Experiment,
designed by Martingale in the US, which uses graphite as moderator and
o mixture of socdium and beryllium Nuoride salts as coolant. Thorcon
NPP drawing presents two 250 MWe powes modules (ThoeCow, 2019)
(ThorCon, 2019) reports a capital cost estimation of $600-1000/kWe
arxd an electiicity generation cost of $30/MWh for a 500 MWe ThorCon
NPP.

ARIS reports the 250 MWe par modude (AT, 20000). Accosding o
{WHA, 2015), the company clainms g costs of $30-50/MWh
(deperxling oo scabe).

4.2.4. Moltex Energy s stable solt reactor (SSR)

links to exmnnl saurces. The retrieved information nre categocised by
year and peesented in chronclogical order.
I 2016, Terresttial Evergy raised:

« 7.1 M$ in venture capital for [MSR technology developenent (111,
20160);

4.4 M$ from Sustainable Development Technology Canada for IMSR
pre-commercial activities (Muckear Stoeet Nows, 2016k

« 4 M3 (umspecified how), leading to 17.2 M$ recesved from its
inception (Cantech Jetter, 2016),

Furthetmere, in 2016, the US Department of Energy (DOE) invitex
Terrestrial Eneegzy 1o submit the secomx! part of its application for & US
federal loan guarantee. Tesrestrial Energy applied for a loan guarantee
of betweeny BOO MS and 1.2 BS (Woeld Nocksu News, 2016),

In 2018, T | Enesgy d a technology develop
voucher of 0.5 M$ from the US DOE (DO, 2018),

4.22. MSR.FUN

MSR-FUJI is & stze-floxible {100 MWe-1000 MWe) MSR which uses
graphite oz mod and fluaride salt as coolant. it has been developed
dince the 19608 by a Japonese group (now, International Thorlum
Malzen-Salt Forum: Jopanese, Russian and US consortium) based on the
ORNL resulte {IAEA, 20161 nternational Thariwn MolteaSalt Focum,
2017, WHA, J018). The developecs wobaite (um-nun.mul 'nkulum
Maolter-Salt Forum, 2017) coes. not pravid, ar ial
Information

According to (IALA, 20160, the typical MSRFUJL design Is 200
MWe and can be consideced an SMR (CATA, 20160), The estimared
construction cost of the 1000 MWe MSR-FUJI is Jess than $2000/kWe

doltex Energy’ s S5Rs are modular with a size flexible from 150 MWe
to 1200 MWe Moltex !ln«gy commissioned a cost estimation from
Atkins Led (nuch pany), which estimated a cost to
build a NOAK 1 GWeSSRo(SZO&'!AWe. putting the cost tange at
$1339-3703/KWe (Fowrgy Econamlst, 2015), {NEi, 2016c) reports an
interview with the Moltex' Energy Chief Operating Officer, stating that
the capitul ecat of 1 GWe SRR I8 estimared ar $1950/kWe anxl the LCOE
ar $44.64/MWh.

Regarding its financing, Moltex Evergy webdite (woww moRoxene gy
o) pravides informarian aboat its financing In the period 2018-2020,
also providing links to exwersal sources,

Moltex Enesgy received In 2014:

- 4300k contract by the UK Gosernment in otder to develop &
feasibility study for SSR deployment in the UK (Molies lnegy,
20150, ond

-5M$ofﬁnﬂndalluppunfrommw- vick Energy Solutl
C ico and New B & Power to the develop
of rh- SSR-Wastebanwr technology in New Brunswick (Mol En
ey, 2018b).

In 2019:

- 2.5 M$ from IDOM Consulting, l!nglnuﬂng, Architecture SAU In
order to acceb the SSR pre-l i b Vendor
Design Roview and expand New Bﬂmﬂﬂd ameo (Mullc: thergy,
20150, 20190

- around 7.5 WS through ccowdfunding to support the company
through the predicensing process In Capada amed  business
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devetopment In the UK (around 170 investors contriboted nearly half
of the amount) (Moltex Hnergy, 2015, J015%; WNN, 2019); and

- 2,55 M3 from the US DOE to develop Composite Str | Tech-
nologhes for SSRs (Moltex 2nergy, 20715%0),

n 2020

- an unspecified amount (rom Canadian Nuclear Laboratoties to
progress fuel development (Molies Energy, 20203 and

- 3.5 M$ from the Advanced Research Projects Agency-Energy (e, an
agency within the US DOE) to advance SSR technology.

4.2.5. The Elysum s molten chlorde salt fast reaczor (MCSFR)

The Elysium's MCSFR is o size-flexible (50-1200 MWe) MSR which
vtes Chloide based Fued Salt as coolant (Flvstam lnduatiies, 20173
However, ARIS does ot repoet ca this type of MSR (LALA, 20006),
Regarditg MCSFR econcenics, (Elysium lndibes, 200 7) peavides only
= series of ch istics Jeading to cost implicat

- Slmplified engineering systems with a natwal sechalque for pessive
operation amd safety;

- Simplified yesctor control system eliminating human operator
actions;

- It op at relatively p U ining the reduction of
the size and coet of the reactor, vessel and containment bulldings
with respect to conventioml PWR;

- Sold! fuel fabrication and validatian are eliminated;

+ Passive safety system determines the reduction of the cost fated

with the emeggency cookant injection system;
« It can be fuelled with spent nuclear fuel, partially addressing waste
disposal isses.

The reactor presents a ligher batnup than thenmal water reactoes,
and the fuel can be reusedd In the subsequent reactar, n 2018, Elysium
Industries received 3.2 MS from the US DOE to develop the computa-
tional fuld dynamics models to sipulate and optimise the flows of
chloride molten salt fuel In a reactor vessel and heat exchangers (Soesgy
Cential, 2010). Furthermore, in 2018, Elysium Industries ceceived 0.5 M
$ from the US DOE te foster techaology development {Office af Hucloar
Loergy, 2018),

4.2.6. Transatomuic Power's MSR

Transatomse Powsr (TAP) modified] the design of the 19608 Oak
Hidge MSR using a zirconlum hydride moderatos instead of graphi
(TAP, 2017). TAP ceaged operation in 2018, TAP website repotts the
maln reason: “we haven ¢ been able w scale up the company repidly enough
o build our reactor i o reasorable tmeframe * (TA7, 2019), TAP intel-
loctual property will be opan source (TAP, 2018). The envisaged first
commercial NPP was 520 MWe, characterised by an esti d igh
coat for the NOAK of $3846, 15/kWe (TAF, 2017). ARIS does 0ot repart
an the TAP MSR (IALA, 2020b),

Regording TAP financing, TPA received 2 BS (rom FF Science, an
investment vehicle of Founders Fund (1.e. a San Francésco-based venture
capital firm) in 2014 (TAF, 2014), In 2015, TPA receivedd 2.5 BS from
Acaxdia Woods Partness, Peter Thlel's Founders Pund, and Daniel
Asgerter of Armada Investment AG (A2, 201 5),

4.5 Overull summary and companson

Tohle 5 summarises mxl compares the main sconomic information
retrievad fram the sclentific and Industrial Bteraturo. Data are scaled to
$2020 using the CPI (Consumer Price Index) cakulator provided by the
US Bureau of Lobor Statistics (US Buivan of Labos Saatletics, 2020),
Wlien the reference year was pot provided in the retrieved liternture, the
publication dite was used as the reference year. Fig © provides o general
summary of the quantitative economic Information about MSR LCOE,

Frogress i Nuaclear gy 1200 (NIN) 1RSS50
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5. What we should lmow: a research agenda

In this section, the authors present the key areas that need furthes
Investigation, suggesting a research agenda,

5.1, Economics

Licensing cost and time. The p of I i@ A nuc

design
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Fig. 6. Genoral semmury LOOE, Overnight snd Capital cost ($2000),

o

3 point since MSRs coald help to deal with the waste from

Is, pasticularly in the US and Eurcpe, a Jengthy and
Even for “classical PWR" the duration and cost meexu«nﬂy mlevmt le
£ 10 years for the AP1000 design to complete the UK regulatory
assessment (Cifice fin Noclear Regulation, 2017a, 20170)]. The more
mtmdmamhomdn'cmwwwn dulsn the longer and more

ve the | i ia d to be. Por i the

taditional LWRs (considering that MSRs can be designed as nuchear
waste burners or bresders), but at the same time, even these reactors
produce waste (although less high-level waste) (1454, 20200). More
m, unlike LWRs, thc f\nl usec| by MSRs Is not a standard “nclustrial

with R ch is peeded across the entire fuel

NnSulo SMR design uamd the US NRC (Nuckear Regukatory Commis-
sion) pre-application process kn 2008 (Muscale, 2020) and, at the dme of
writing, it has completed] Phase 4 out of the 6 phases of the NRC's design
review certification {Wov k! Nuclens News, 2019). In Canada, relatively
few MSRs are completing pre-liceming vendor design reviews ( Canodian
Houeleur Safery Compilmion, 2020), Consequently, particuladly for GEN
IV reactors, these are a number of challenges across the licensing
Journew (Sainan of al, 2015), Tharefore, more information aboat the
process, cost, financing, time and risk involved in the licensing p
waouald be useful.

Construction and operations — Reference plant. MSKE proposed
outiet temperatures are in the mage of 700 C BSO‘C.Imc-l!rm
apnnioo above 650 “C determines d, for

to the cor af fuel sale (BT, 2016, winr.hwukl
determine the peed for unpeoven anxd po«mhlly expensive mwlah
increasing the cost of the main P the p
charncteristics of M58s can impact an Oka Fot lmmu:'. in the
cage of MSRs wming fAuccide sak as coolant, lithi Inthcnllpmdueu

cyclo This impli that the of the fnol cyele noeds fo ho
Investigated considering both costs and, e lly, re St

the economics of decommissioning, alieady uncertain for Lwns
(vernizzl et xl., 2077, 207 9%; 20190, 20204), need substantial research
for MSRa, (Mignacea et al, 2000b) lmmdu:e the Modular Cimh
Eoonamy strategy o imp & 2 In the g | case of
energy infrastructure, amd (Mignocos et ol 20200) discusses this strat
egy In the specific case of SMRs. Accoeding to {Mignacca et al | 2000a),
SMR dules could be designed in o way that when the SMR plant
reaches the eod of Tife modules having still useful life can be reussd in
other plants. The implementation of this strategy bhas an impact on
ecovomics and fivance, and it should be considered in future MSR SMR
cost estimations and financial analyses.

5.2, Financing

As af o d. In

inf), the basis for the estimate are

Mhuhmm

Iy indl

tritiuvm which will permeste through hot structures requisi o
use yesplrators to pecform O&M (417, 2014). If Ls often uacluu if these
and other aspects (=.g. O&M m:lmnudunng the circulaticn of diszalved
fuel o bong-term e 1g the freq ,ol placemsent
) are s 1 h '-hg 1! l'“"‘

most ollheamlm vefer to very old docummu(e_; (Euxﬂ - ul 1990,
1078)) with Bmited information and § i
tions. However, mehdddmmwnum:ml!mmwudal
assumptions in economic analyses Bullding o prototype (even of few
megawatts) could Jead to additional insights, geperating new data and
thereby creating oppotunities to carry out more telisble sconsmic an-
alyses arxl foster MSR commercinl operation.

Fuel - Waste management and decommissioning cost, This is o

p

unciear. It 15 often unclear how the costs have been cakulated (e.8, how
the cost of the turbine has been established) and what has been
Included/excluded {eg owmer costs, detailed design). A further
reseasch aren weald therefoce be to develop a thisd-party assessment
arxl standrdisation of the cost estimati thods, thereby adding
transparency and credibllity to the Adding tr v and
credibility to the estimates of both costs and 1evenues could unmct in
vostors. Simllarly, a riak analysis it necessary to Identify the key cost
drivess, their magnitude and uncertainty.

Floancing. Fi ing deals with q such as “who Is providing
the mooey to buikd the reactor?”, *Who Is accepting the risk of cost
escalation and will provide the maney to cover extra-cost?". Most of the
retrieved documents focus on MSK economics. The scientific literatuse
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negheces MSR financing, aod Information lu the industrial Brerature u e

Frogress i Nuaclear gy 1200 (NIN) 1RSS50

- There 15 wery limited Indormation on economics and finance.

from comprehensive about who is fi g MSR techoology d
ment, e mostly governments (¢.g Usnommdwivmm@g

Moltex crowdfunding). The financing of the next MSR develog

stages (eg. Aoancing NOAK MSRs) is not receiving the v

thon. This Is a lssue for the new advanced nockar reactars
where, in gensral, publications are scant (Boarn et al, 2012; TPWG,
2018; Mignoces and Locadelll, 2020; Sainml of al, 2020, 2019), Gov-
ernments across the world are setting up task forces to addiess these
questiors. The studies are often confidential with few exceplions, one
being the waotk done in the UX (17w, 2019). Particularly relevant will
becﬁdugninhlnguuﬂmndngo(ﬂm FOAK unit (3 very higls-risk in-

) from the fi 1g of the NOAK unit (where the risk has been
redluced by the upetienu:) (Locs urlll :ml Mancini, 2012b)
Furth the d ie and industrial documents pdnl
out how the di fi on LCOE {uxdi

mostly for policy-makers), neghecting indicators of financial perfoc-
mance such NPV and [RR, which are rek foe utility panies {and
investors in general) to messure the profitabelity amnd risk of the MSR
investment. Fuvther studies focusing on othes Indicators of economic
and fnancial perf: e DAk
M«nm. (1217, 2018) point outs several other potential applica-
ﬁnmube:lhmelecnmtypmducuonfotusm.le. pcoombenﬁo(
i ynfuels and other chemicals, and icle trans-
mutation for fast 4SRs. These applications might Ideatly be combined
with load-following (Locatelli et ol 2014, 2017), enabling potential
revenues, which need 1o be caredully estimazed in future econcmic and
financial analyses.

6. Conclusions

MSRs are ooe of the six GEN IV technologies presented in (C1F, 2014,
2002), and as such shate the economic goal of having "o life erele cont
advantage over other emergy sources* (GIF/IMWG, 2007) (Page 9). If
MSRs are pocentially o reb chiology foc the middlke/Jong term,
then the available k dge about Ics and fi of MSRa Is
very limired, fragmented and in peed of further investigation. This papet
provicks a structured summmary of the § Jed

xge about “ec
finance” of MSRs, following two nsain scientific and industrial
lizoranure.

n, 3

i B

the e, caly four papers are strictly
mlned [ m- ressarch cbjective, |oouanz on MSR economécs whilse
neglecting thels financing. (14cir, 2008, 2002) paint cut that @ 1000
MWe MSR is charsctedised by an expected LCOE lower than an equal
size PWR anxl an equal size coal plant. The analysis carrled oot by
{Samalows e al, 2017) points out how the IMSR cost structure is ex-
pectod to be similar to the PWR one. Generally, MSRs might not need a
thick contalnment unit like LWRs and are characterised by higher
tennperature determining an Increased thermal effickency. These two
characteristics are the main factors determining an lower
capital cost than LWRs (Malt, 2008; Bichosds et ol 2017} Manufac-
turers estimate an avernight cost between $2000/kWe and $4000/kWe
for n NOAK MSR (Richards et al, 2017).

Regarding the Industrial leeratuee, this papu pravides a brief
introduction to several MSR designs, foll ic and finan-
clal informarion. MSR desigis bave been selected accerding ro the
availlablity of ic and fi lal inf ica. The results of the
inclustrial fiterature review analysis show that there are very few eco-
nomic and financlal studies about MSRs, and in most cases, they are
provided by reactor verdors with evident coaoflict of interest. The
financing of MSR technology developmant is et by governments (e.g.
US DOE) and pr (e.g. Moltex crowdfunding). Howeves,
the fisancing of the mext stages (e.g financing NOAK MSR) ks not

ng 2k yet.
In summary, the key takeaways from this paper about the sconamics
and finance of MSRs are:

nw

P larly in the fic literature whese infocmation is very

scarce and £ an MSR icx. The information about MSH
lcs amd A It “‘bymdotwnhslunndothu
1 (ie. LAEA) is also frag 1 In g bncli

of financial performance (eg. NPV, mn. and ucm ure neghected
from both scientific and industrial literature,

-~ Tlwe low qualdity of the inf The it does not use a3
standard method to assess economics and finance, limiting the reldi.
ability of the comgarison and hindering a critical and in-depth
analysis of the data.

- MSRs have a coet beeskdown structure simila to LWRs. As shown in
#g. 2, M5Rs will be capital Intensive.

- These are I gaps in knowledge, as highlighted in Section &
MSR decommissoning cost md MSR finandng represent huge gaps
in the hterature

- MSR competitiveness. Based on the literature, MSRs are expected 10
be cost-competitive with other enesgy sources. Hawewver, furthes
stixlies are needed.
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Developing UK strategy  srenos
for nuclear SMRs s

Giorgio Locatelli, Tristano Sainati, Benito Mignacca

Nuclear Small Modular Reactors (SMRs) can play a role in UK decarbonisation,
providing low-carbon electricity and heat. SMR investments are more affordable
and less risky, therefore attracting a wider range of potential investors. The UK
government needs to develop a consistent strategy to support UK SMRs.

Overview

+ Compared to large nuclear reactors, Small
Modular Reactors (SMRs) could be cheaper,
easier to finance and a less risky investment.

« However, our research suggests that novelty,
construction cost risk, regulations, and
long term economic uncertainty can be key
barriers for SMR construction.

« We recommend the UK government develop
short to medium term policy and regulation
to support the development, licensing
and construction of the first SMRs with
substantial investment. A long-term policy
should support market mechanisms to build
and operate a fleet of standardised SMRs in
the UK,

Developing UK strategy for nuclear SMRs
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In ceder to meet cimate change cormmidments, the UK energy
sactor neads to decarbanise Nuclear anergy s & low-carbon
eneqgy source that can alter its output %o match demand,

as well 28 providing heat for non-electricity aneqgy needs.
potentially playing & valuatie rale in decarbonisation

Multibillien megaprojcts are financially risky mvesiments,
higtorically often delverad ovar-budget and late. Traditonal
large ruciear reactors megaprojects are not an exception, as
recently seen in the EU and USA (Locatelli, 2018), leadng

to significantly higher cost of financing, and thus higher cost
of slectricity. Decreasing the size of investment (&.g. bulkdng
SMRs) is 3 strategy o reduce the investmant nsk and cost of
financing, 50 nuclear energy is more financially sustainable

Tna Government has indicated their commtment to nuciear
energy in their ten point plan for a green industrial
revolution, This has been supgorted by an annocuncemant in
tha 2020 spending review of investment of £525 million

Page 1



for nuclear energy projects, including smail moduiar
ctors and next ger advanced modular reactors

It is mportant the UK Government dlarifies its strategy

for future deployment of SMRs. It must decide whethar to
suppart their develapment, which will Eargely detsrming

if the UK will be an importer or exporter of SMRs. If the
Govemment decdes 1o support domestic reactor vendors,
decleive and timaly actions are reguired. This coukd Include
laying the foundations for the early deployment of SMRs in
the UK 1o gain credibility in the international market. A UK
poaition of fist mover advantage’ 1 possible and an essantial
sspect 1o gain shares of the SMR market globally

The case for nuclear power

In June 2019, the UK Parliament approved legislation to
reduce carbon emissons to net-zero by 2050, Progress since
1990 has baen good with gresnhouse emissons reduced

by In excess of 43% (BEIS, 2020), However, since the UK
started with & high carbon base (e g coal), decarbonising the
naxt 40% might be harder than the previcus 40%. As of 2018
the biggest source of greenhause gas emissions is transport
(28%) but decarbonising by electrifying fansport, will further
increase the demand for elactricity,

Net-zero carbon alactricity can be producaed both by
renewable resources (e.9. wind, solar, hydrepower) and
nuclear power plants These technolegies have unigue
qualities and therefore combinations of all of thern may be
neaded on the power network. Wind and sclar plants are
becoming cheaper to construct and operate, but depend on
prmary sources that are infermittent. and uncorrelated to the
nead of electricity, For the proper cperation of the elecancal
prd and the systems connected, the production of electricity
needs to match the demand very closely. Today, the variability
of renewables i3 mostly compensated by gas plants.
However, the increasing share of electricty generatad by
renewables, and the phase out of coal and gas, will require
more elaborate and expansiva solutions, including energy
storage and demand management

Renewables are cost-competitive in terms of pure “ganeration
cost” (usually measured as Levelised Cost of Electricity)
but they need also backup costs (e g the cost ta provide
electricity when power plants are not working), balancing

account for the vast mapority of reactors in operation and
under censtruction This technolegy 1s well understood and
the necassary elemants (e.g. the nuclear fue! cycle} exist
or require relatively Mtle technological development. S1l,
thare are no SMR designs certfied for UK deployment and
the designs require detailed engineenng and devalopment
It s unkkely that any of these designs will be in a positon o
produce electricity in the UK before 2030 unless substantial
ir s and poltical v s are made, Other
technologies (e g. moiten sait) have tachnical advantages,
but far less construction and oparating experence. They
might require substantial R&D and may not be deployable
until after 2080 (Locstelh et al , 2013; Mignacca and Locatell,
2020}

The case for SMRs

Largs raackrs, like Hinkley Point C i the UK, mcorporate
the technological lessons earnad from over the last 60
yaars Due to ther size, they require massive muitbillion
Investments and long constructon times {a decade is
cormmen ), leaving them prane o large budget over-runs

and delays in construction (Lacatwsdl, 2018). Consequently
stakeholders are extramaly cautious about investing, In the
UK, in the last 15-20 years, several nuclear pants have been
proposed, but only Hinkdey Point C has started construction

Tha challenge of dedvering megaprojects is not limited

o ruciear power piants. The majority of megaprojects

are affectad by cost ovérruns snd delays in planning and
construction, as the vast literature on this shows (Locatell,
2018) In thes regards, cost escalation is common for long-
planned, multi-billion peunds, one-of-a-kind infrastructure
projects. The literature, supported by several empirical
studias, shows that the larger the project, the greater is the
likelihood and magmtude of cost overrun and axperence of 8
delay, The uniqueness in design and nvestment size are the
cntcal drivers and predictors for likelihood and magnitude of
cost overrun and delay of construction projects.

SMRs are desgned to be smal and standardisad 2o that
they can be largely manufactured i series in factories, which
15 less exposed % extarnal factors such as the waather
resulting In poor productivity as characterised by megaproect
sites (Mig and Locatelli, 2020b). The
smallar 528 means the financial cost and risk are signifcantly

A

r d compared o radional nuclesr ptants because

costs (6.0 reserves to ensure system stability) and p
storage cost (e.g. hydrogen or batteres), in the UK, with
Scarces hydroslectnc resources. nuclear power plants are the
only available technology that can preduce net-zero carbon
electricity "on demand”, with lower backup and balancing cost
with respect to renewabls plants. As today. nudlear power
produces about one quanar of UK electricity, however all but
one of thesa pawer stations will close by 2030

What are SMRs

The Intemational Atomic Energy Agency (IAEA) defines
SMRs as ‘newer generahon reactors dasigned fo genarate
alectric powsr typically up o 300 MW whoss components
and systems can be shop fabricated and then fransporied
as modudes to the sites for installation as demand arises
(IAEA. 2020). SMRe are 8 family of tachnologies and design
philosoplues SMRs Include water cooled reactors, which

iy

the investment required for an SMR is a correspondingly
small SMR construction time is shorter, allowing for earfier
revenuas which increase investar confidance, which furthar
lower the financial cost and risk. Lower financial cost and risk
make investments i nuclear more sustainable and more able
to sttract private Investors. Private invesion need a degree
of certainty, therefare are unlikely to finance the first SMR
units, but could support the fir ing of a subsequant SMR
fleat. SMRs sre ideal for co-generation of electricity and heat
particulady If bullt closs 1o cites or industrial parks (Locatelll
et al, 201B)

Barriers to SMR deployment
For the past 20 years there has been an interest in SMRs
for electricity and heat The latest IAEA report (IAEA, 2020)
Identifies 72 reactor designa, deveioped In 18 countries, at
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various stages of development. however, only 2 units are in
operation, and the vast majority still at the design stage We
identfied the main elemants hindering SMR construction

by cellecting opinans from around 100 nuclear experts
(Mignacca etal  2020)

Financing of the first unit{s): Although SMRs are a lass
nsky investmant in tarms of value, compared to Brger
reactors, the lack of a “first unit” and the tack of 8 supply
chain create a higher perceived investment nsk

Economics: Availabiity of cheaper alternative tachnologies
to generate electricity and low wholesaie price of elactricity
are 8 threat 1 SMR economice and compeatitivensss in the
elactricity market. Today $ie electricity market considers

only genaration costs, dsregarding backup, balancing and
storage costs, penalising plant that can “produce elsctricity on
demands” Nke nuclear power plants,

Technological readiness: The lack of a frst unit, technology
readiness and supply chain availabdity are bamars related to
SMR technological readingss (and in & cartain extent to SMR
fnancing)

Licensing and regulatory constraints, lack of political
support: These are barriers related to SMR poficy and
regulation readiness Politcal support In developing specific
SMR liceneing processas could be a solution 1o overcome
these barmers and lower perceived investment risk by
Investors

Public acceptance: Public sccaptabiity of nuclear power
may be improved with SMRs becauss of batter sacurity, less
environmental impact, profiferation resstance, passive safety
system and masswve deployment However SMRs can also
be percelved as “novel and tharefore more risky”

Licensing and regulations

The licansing process can be a key hurde for SMRs (Sainst
etal 2015) Nudear installations, mcluding SMRs, are
subjectad to a strict regudatory control concerning nuclear
safaty, sacurity, safeguards and environrmental protection.

In the UK, the Offica for Nudiear Regutaton (ONR) grants,
amends, suspends and revokes nudiear site iconses. The
nuclear site licanse allows the licenses to undertake activities
such as the construction, testing, and operation of nuciear
pawer pants. The licensing system in the UK |s refatively
unique with a high degrea of Saxibility for ONR and the
lieansing spplicant. Tha applicant s comparatively free to
propose new reactor designs but needs 1o provide convincing
“safety case™ 1o the ONR to obtain the nuclear site koense
This process is uncartain and can postpone the construction
and operation of nuclear power plants by months of years,

The ONR s commatted o reducing the tme and percaption of
investrmant rsk for stakeholders with non-binding guidelines,
early meetings, and issuing Generic Design Assessments
(GDAs). The GDA is a regulatory assessment providing
prefiminary and g | safety 1t an new

designs. This approach reduces the percesved investment
sk and promote liceneing applications from alternative

e

resctor designs, including SMRs. GDA does not substtute
the nudear site license and & not formally binding, even if
the axpectation is that it anticipates part of the reguatory
assessment The ONR has resource constraints, therefore
an SMR design needs poltical support to secure the
possibility of being scrutinise for @ GDA The angneening and
experimentsl work relsted to a GDA Is expensive, fnancial
support is therefore mportant

Financial arrangements

The daployment of SMRs s consldered as the business
under which the nuclear sector will evoive and renovate,
including tha financing approach. even if chalsnges remain
(Ssinat et al., 2019). For thess reasons, the UK Department
for Business, Energy and Industrial Strategy (BEIS). in 2018,
convened an indepandent Expert Finance Workang Group o
produce an assessment of the market framework for finanang
SMRs (EFWG, 2018) This nitatve identfied aRemative
financing stuctures and models, includng altemative forms
of project fingncing. bespoke models Inspired by existng
projects in the UK and overseas, in nudear and other ssclors.
The study highights that tha role of Government can be
plvotal for promoting SMRs, particularly for the frst units
deployed.

The international dimension
Many countries sre interested in bullding SMRs, however
mast of them are nat kean %o buy an SMR that has not

besn aveady successfly bult elsewhere becausa itis
perceived & a risky investment. Most SMR vendors aspire
to gain significant market share because it is essential to
manufacture at scale and reduca costs. Economic feasdility,
I8 oftan ralisnt on the ability to manufacture and install many
SMRs in multiple sites. Under this view, SMRs could become
cheaper thanks %o a sort of ‘mini-mass producton” similar to
alreraft production.

Many reactor vendors are supportad by their respective
Governments. For instance, Russia has a long tadition in
tha nuclear sactor and it is 3iming o export SMRs along

with providing extensive financaal and technical support
China aims at producing cost compebtive and reliable SMRs,
offading @ competitive fnancial package to prospective
buyersimportars of SMRs. The USA s raditonaty orlented
toward the open electricity market and does not promote their
domestic reactor vendoers directly, but does so indirectly, e.g
with grants for companies developng SMR. Vendors such as
NuScale are gaining significant interest and reputation due to
their ability to obtain nuclear lcenses in the USA,

The UK has some advantages including:
* Along tradition of developing nuclear power plants.
A flexible regulatory process that it s open for altematve
reactor technology.
+ An excellent reputation for safe nuclesr nstallation

Long established politcal and commercial relations with
foraign countries, partoularly n the Commonwealth
Reactor venders such as Rolls Royoe with extensive
exparience in emall nuclear reactons (3 technology
comparable to SMRs) which are historically used for
military applicatons such as the nuclesr submarines,

Developing UK strategy for nuclear SMRs
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Recommendations

Our research Indicates that 1o support SMR deployment

the UK government needs to develop a long-term ensrgy
policy for nudear energy asming at the construction of a fleet
of identical SMRs, with a standard supply chain involved

in the canstruction, operaton and decommissioning. We
recommend the following actions:
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