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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.e. other major infrastructure) and the Qil
& 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
MODULAR REACTORS

SMALL

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 smallness 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 [5,7]. [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. 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
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
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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. lkpe 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
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
fabrication 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 etc. 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
such as scope, schedule, cost, and quality. A risk may have one
or more causes and, if it occurs, it may have one or more
impacts”. According to De La Torre [29], the increased risk is
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one of the disadvantages of the modularization, and it is related
to the necessity of expertise, the interdependency of activities,
and the lack of adaptability to variations. Moreover, previous
studies evaluating the modular construction in offshore Oil &
Gas projects have highlighted that risks are mainly due to poor
planning and poor detailed engineering [38,39]. The life cycle
of Offshore Oil & Gas projects is characterised by eight
phases, in which the risks are continuously assessed [40]. Cost
and schedule estimates for Oil & Gas projects are commonly
set up during Front End Engineering Design (FEED) and
managed over the implementation phase [41]. Moreover,
changes during the project may contribute to significant
implications on the cost of the entire project cycle [42,43].
These changes are related to risk associated with modularised
projects in Oil & Gas megaprojects [44,45]. On the other hand,
Jameson [29] explains a characteristic of modularization
which leads to a reduction in the safety risk: “Shifting work
into a controlled shop environment generally benefits the
overall safety risks of a project. In addition, large vertical
structures can be constructed in the horizontal by use of
modularization. This limits the amount of vertical work at
elevation and can decongest areas that, by their nature,
possess a riskier work environment”. However, according to
Shahtaheri et al. [46], several sectors of construction are
shifting away from the stick-built method in the use of
modularization due to its advantages, despite the constraints
and risks that may impact its benefits.

2.2 Quantitative references

e Schedule

The Modular Building Institute is an association formed by
manufacturers, contractors, and dealers working in the
modular building sector. The organisation emphasises the
benefit of modularization in the definition of modularization
itself: “a process in which a building is constructed off-site,
under controlled plant conditions, using the same materials
and designing to the same codes and standards as
conventionally 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] states
that “in-depth studies have shown that modular power plants
show schedule savings approaching 40% . In the case study
“High-rise Building in Wolverhampton”, it was estimated a
saving of 45% in the construction period [36]. Moreover, Choi
& Song [38] estimated schedule for stick-built and modular
method relative to the construction of an underground machine
room for a high-rise residential building. This study concludes
that the traditional approach takes about nine months and the
modularization about seven months. Therefore, it is possible
to estimate a schedule saving of 22.2%. Efrimie [34], instead,
focused on offshore facilities. According to the data owned by
the author: “reduced schedule (up to 25-50%): vyard
fabrication allows early procurement of critical equipment
and maximized parallel works (workshop vs field civil
work/site preparation); yard work can start before obtaining
a site permit. Short schedules are important when required to
market 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, temperature, and production).
Conversely, most of the FPS projects use the conventional
developmental approach, wherein drilling tests the wells and
the reservoir composition is analysed before the design and
construction phase. With the use of standardisation and
modularization, the Delta House was able to finish their
project successfully in about three years after the construction
of the facility started. Comparing to other platforms in the Gulf
of Mexico, the Delta house project was roughly completed 2-
3 years earlier [50,51]. Considering that the construction time
of offshore FPS projects using the traditional development
cycle is 5-7 years [25], it is possible to estimate a saving of at
least 28.6% in the construction period. Another specific case
study is the General Dynamics Electric Boat [52]. Electric
Boat is the prime contractor and lead design yard for the U.S.
Navy's Virginia-class attack submarines. According to the
company “Improvements in construction performance will
reduce construction span from 84 months to 60 months. This
is being achieved through greater use of modular
construction, pushing as much work as possible into a
manufacturing setting where it can be done more efficient. .
Therefore, it is possible to estimate a saving of 28.6% in the
construction period. Most of the references analysed 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%. Figure 1 summarises the
quantitative information about the schedule.
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Figure 1: Schedule reduction determined by the transition from
the stick-built method to modularization

e Cost

This section summarises the quantitative references about the
cost variations determined by the transition from the stick-
built method to 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
engineering costs involved in the first modular construction
project are usually greater because of inexperience. In
particular, the first modular design "can be 50-60% more than
conventional construction design, particularly if the job is
done well. This, of course, is only 50-60% more (than
conventional construction design) or 12% of the total installed
cost.". Shelley [48] shows that, in some cases, a reduction of
capital costs by up to 20% is possible. Therefore, Shelley [48]
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and Hesler [49] agree on a capital cost saving of 20 % or more.
Tatum et 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] area by 10% to 50%. Parkingson & Short [54] show
other examples of reduced costs through modular
construction. In particular, they show that John Brown of John
Brown Engineers & Constructors Inc. stated that savings of at
least 7% of the total contract amount were obtained by using
modular construction methods rather than conventional
methods for over 40% of the process facilities for the Sullom
Voe Oil Terminal in the Shetland Islands. Jameson [29]
analysed a gasoil hydrotreater modular project located in
North America. According to the author, modularization
determined a cost saving of $ 12.5-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 engineering of a
modular construction project increase the design and
engineering cost by approximately 10%. Because of the effort
needed to evaluate and select vendors, fabricators, and
fabrication shops, and to administer contracts, the cost
associated with procurement increases by 20% in modular
construction projects, while the costs of the fabrication and
transportation activities increase by approximately 17% and
13%, respectively. Instead, Kliewer [55] cites an engineering
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 summarises the quantitative information about
the cost saving.
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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 is one of the implications of the
modularization. There are examples in several sectors, and the
percentage can change from one to another one, but also within
the same. Therefore, it should be assessed for each project
individually. However, the references analysed show a
maximum schedule reduction of 50%, a minimum of 22.2%
and an average schedule reduction of 37.7%. At the same
time, both qualitative and quantitative references show how
modularization determines several cost variation. Design and
engineering phase, procurement and transportation become

more complicated than in the stick-built method, determining
a cost increase. Nevertheless, the references analysed show a
maximum capital cost saving of 20%, a minimum of 7% and
an average cost saving of 15%.

3. RESEARCH METHODOLOGY

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

Research How modularization in offshore Oil & Gas
Question projects impacts project cost and schedule?
Research Inductive, exploratory study that implements a
Design survey approach.

Sampling Purposive and snowball sampling.

Strategy

Data Qualitative data collected through semi-
collection structured interviews.

Data Pilot-coding, content analysis through
Analysis inductive coding.

Supplements NVivo Pro

Table 1: research methodology, layout adapted from Bititci et
al. [56]

3.1 Research Design and Research Method

The deductive approach and the inductive one are the primary
research approaches. The deductive approach uses existing
theory to develop a hypothesis and then tests it for validity. On
the contrary, the inductive does not formulate a hypothesis at
the beginning of the research [57]. 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 [58,59]. Furthermore, this
research design is categorised as an exploratory study. Based
on Saunders et al. [60], 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 interviewees’ responses [61].

3.2 Sampling strategy and Data Collection

The sampling strategy is based on the research design, access
and representativeness of population [62]. For this research
study, two sampling techniques are combined: the purposive
sampling and the snowball sampling. The purposive sampling
allows to be selective in choosing participants for the study.
The participants targeted are senior project managers 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
years [63] and the Norwegian industry is one of the most
advanced in the world in this sector. The snowball sampling is
a technique in which the existing subject study propose other
subjects who might become part of the sample. The advantage
is the possibility to interview candidates that are hard to reach,
mainly since the research focuses on a closed network
industry. Data for this study were collected through interviews
held in Norway, all being conducted face-to-face except for
one phone-interview, with a total of 6 in-depth interviews with
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leading experts. Discussions focused on the participants roles
and company background, experience from offshore projects,
extent and view of modularization, further discussing related
issues and examples. In all interviews, English was used to
communicate. English is considered the second language in
Norway, with participants in an industry that adopts it as its
working language. Table 2 presents an overview with details
of the six interviews, taking into consideration the anonymity
of the interviewees.

No. Date Duratio Current position Activity
n
1 | 6™ June 17 | 35 mins | Engineering Manager E&P
2 | 9MJune 17 | 75 mins | Engineering Manager EPC
3 |12"June 17 | 70 mins | Engineering Manager EPC
4 | 20" Junel7 | 60 mins Director Supplier
5 [23™" June 17| 70 mins Vice president Supplier
6,7| 6™ July 17 | 60 mins |Discipline lead & Senior| Concept &
engineer Design

Table 2: Overview of interview participants

Other data was collected in the process of setting up for
interviews, such as phone calls and emails that discussed the
research topic and its objectives. For instance, a conference
call with both participants 1 and 2 occurred over a month
before the face-to-face interview. It was initially arranged to
brief participants more on the research question and discuss
modularization before the formulation of the questions for the
interview. Data collection is divided into two stages. In the
first, the interview questions were put to the test by
interviewing the first two participants, as pilot-test interviews.
In the second stage, the other five participants were questioned
based on the lessons learned from the previous ones. A key
point is the engagement of the participants and several follow-
up questions to attain elaborate answers and explore
developing aspects relevant to the research question. This
includes implementing the laddering technique to ask ‘why’
questions and ask participants for example [64].

3.3 Data analysis

A key point of research is the data analysis, which aims to
finish the research work by drawing logical conclusions from
obtained data [65]. Figure 3 below summarises the data
analysis plan of this study.

TRANSCRIBED DATA
PREPARE FOR
CONTENT ANALYSIS

PILOT-CODE
2 INTERVIEWS]

CATEGORY
MEMO WRITING IDENTIFICATION INDUCTIVE CATEGORISATION

CODE FINAL CREATE
INTERVIEWS CATEGORY TREE
GENERATING
(L EED FRAMEWORK MATRIX

]
REPORT WRITING

Figure 3: Data analysis plan

From the data collection stage, the interview transcripts were
documented and each data content (Six interviews transcript

and notes) were thoroughly read and understood. NVivo Pro,
a Computer-assisted Qualitative Data Analysis Software was
employed to facilitate the analysis of data. Following the
guideline set by Saldafia [66] in his coding manual, there are
two cycles of coding. The first starts by reading the interview
transcripts and summarising in a word or two each section of
data into ‘nodes’ that represent different categories or themes.
Further, the second cycle focuses on outlining the codes and
reorganising the long initial list based on thematic similarity.
Furthermore, the coding of the transcribed data is executed in
two stages following a similar arrangement to the data
collection. The initial phase includes pilot-coding the first two
interviews using the cycles explained above. Following the
second cycle of coding, a rough representation of the
categories and sub-categories is formulated, and preliminary
relationships were identified. The last stage proceeds to coding
the final interviews using the initial stage categories for
guidance. Throughout the process of coding, categories and
sub-categories were rearranged, combined and titled
appropriately based on the accumulated knowledge of the data.
The following Figure 4 shows the final organising categories
based on collected data.

MODULARISATION

PROJECT
LIFE-CYCLE

CONCEPT DESIGN

,,,,,,,,,,,,,,, PROJECT
PARAMETERS

INTERFACES

Figure 4: Category tree

The root category, Modularization, gives a unique perception
of the offshore Oil & Gas sector. The branching category,
Project parameters, presents the identified interrelations
between modularization and the primary project constraints.
The last branching category, project life-cycle, is divided to
show the determining offshore Oil & Gas phases.

4. FINDINGS AND DISCUSSION

This section summarises the findings and discusses the results
of interviews in relation to the literature.

4.1 Modularization

This core category mainly focuses on defining modularization
from the perspective of the participants. All of them agreed on
its importance in the context of offshore projects. Most
interviewees expressed modularization as the split of a project
into various scopes or modules. As participant 3 articulated:
“...to take the complete project and split it into functional
parts and split the scope. It could be internally...we prepare
several modules that are fabricated as separate units, and then
they are assembled on a later stage of the project. Or it could
be split up into several scopes...other parties have other
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modules from the different parts of the whole project”.
Participant 5 pointed out a key benefit of modularization as:
“the good thing about modularization of the equipment is that
you can change out parts...then without having any downtime
for 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

e Extract from the interviews

Participants always acknowledge a direct relation between
schedule and cost. Participant 2 explained: “to 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 lifting vessels in the
world ...therefore it’s not an alternative to 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”

e 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

e Extract from the interviews

As aresult 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, |
think”. Other responses to this point included participant 2

statement: ““...you have more complex logistics....and typically
you have misunderstandings of how and where various
components are to be delivered, who shall purchase what. So,
I would 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”.

e 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 early 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 series 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, if it 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 if it’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 together. You have to do some
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rework...that should be in a small workshop not at a yard,
an...you hold back maybe the whole fabrication”.

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 engineering
[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: “To get
robustness, to get a good start, if you do a lot of changes in the
later phases it might be more expensive you have to redo a lot
of things...”. Moreover, the decision made on lifting of
modules may impact the modular design, participant 3
elaborated: “you have to decide early for instance how to
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 to 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. | think
that’s actually where most companies or projects fail”. The
reason behind this problem is illustrated by participant 3: “all
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: “to 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: “you might be building the hull at the
yard and then you have the milestone to take the hull further
for 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
for 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: “to 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
four 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
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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
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.
Moreover, early 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 are 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
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 are 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. 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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