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Abstract

Network analysis was used to model the complexity of the UAE nuclear power plant operational
readiness programme. The success of the Nuclear Power Plant Operational Readiness depends on
how information travels throughout the programme via a network of lexmipteractions at

different levels. In most cases, complex interactions that occur within nuclear power plant
operational readiness programmes are poorly understood and unmanaged. This study aimed to
demystify the complexity of nuclear operational projemcesses and stakeholders of the UAE

nuclear sector.

Secondary data obtained for this research and was followeddgpth interviews and multiple
iterations of data quality check and results validation. These data were configured in the form of
adja@ncies matrices, transformed into Nodes and Edges, and were analyzed using Gephi Network
Analysis software. This produced 13 networks that are mutually exclusive and collectively
exhaustive of all interactions in the UAE Nuclear Power Plant Operationdirfesa Program.

Also, statistical reports on interdependencies, information flow structures, and the nature of
influence have been produced. Findings revealed issues with network density; interactions turned
out to be low, indicating a limited number ofarmation sharing channels established among
different actors. Findings also highlighted a structural configuration of the Hub and Spoke model,
distinctive clusters, and Influential nodes in each interaction, which to great extent affect the

information flow and the structural integrity of interactions explored in this study.

This study has demonstrated the utility of network analysis for Nuclear Power Plants Operational
Readiness programs. The methodology achieved the purpose of modeling the complexity of

nuclear operational project processes and stakeholders of the UAE nuclear sector and evaluating



interdependencies within detailed interactions and identifying key influential components that
affect the Operating License achievement. Additional researstesed to test network analysis

methods on different nuclear organizational context and ecosystem setup.
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Chapter 1: Research Agenda

1.1 Researclhbackground

Despite the fact thatoenmissioning isa critical and complexphase of operating any new power
plantandis a crucial step in any plantodification projectthe waythe commissioning process

managed across different industries and sectors is yet seen as ad hoc and lacks integration (Lawry
and Pons 2013)n the context ofheNuclear industrycommissioning is included as one phase of

the Integrated Project Schedule (JB& any nuclear new build and managed as a program, so it

is not that nuclear professionals are ignorant of commisgoRather, the problem is that there

is a lack of comprehensive understanding and systematic management of commissioning as a
system that is constantly changes based on the influence (Feedback) and interdependencies
between activities and actors involvéthderstanding and effectively managthgcomplexity of

the commissioning programs is critical to the success of plant safe and reliablg stanting

the commissioning phasthe inability to address complex issues and take timely and effective
deckions based oa comprehensively understanding of all involved stakeholders and interfaces

usually leads to errors and delays (Cagno, Caron, and Mancini 2002).

Nuclear commissioning (Operational Readiness) shares the characteristics of complex adaptive
systems (CA$ Operational Readiness is a dynamic phase of any nuclear new build that is
governed by the influence (Feedback) from one activity, milestmnstakeholder to another
Operational readinssnilestones are interdependent and the Operational readiness programs adapt
based on the progress and experience (IAEA 2014, AERB 1998, STUK 2003). Phenomena of
phase transitions, feedback loomsialefree networks and emergent behavior are typical

charcteristics of any nucle@ower plantoperational readiness prograihe current practice of



managing the commissioning of new nuclear power plants by only using the project management
methodology might result in unpredictable outcomes (Lawry and Pons 2013). Those unpredictable
outcomes might range from a minor delay in operating the nuclear pbaverto critical safety

and security issues, or in some cases to catastrophes like what happened in the disaster of

Chernobyl nuclear power plant in 1986.

There is a gener al agreement in the |iteratur
integration plays as a key success factor for effective and efficient management of any
Commissioning program (Bernhardt 1997, Brown et al. 2001, Gikas 2008, Horsley 1998, Kirsila,
Hellstrém, and Wikstrém 2007). However, traditional project managementiqes are not

sufficient to comprehensively cover all internal and external factors and stakeholders involved in

the operational readiness programs in a way that facilitates effective and timely decision making.
According to the PMPMBOK 6t h edi ti on, Athe complexity wi
organi zationds system behavior, human behavio
ori t s e nv iThisoreseachttendpts tanvestigatethe complexity of interaction between
Programs, BcessesProceduresSystems and Stakeholders of the UARuclear power plant
operationalReadiness program applying the theory and tools of SysTémnmking. Namely,

network graph modeling and analysis.

The Operational Readiness Programs for Nuclear new build projects involve thousands of
activities and O6commi ssionabl e objectsd such
loops, subsystas and systems (IAEA 2018). However, the current implemented practices like
project management or establishing management systems are seen as insufficient tahmanage
largevolume and complexity of commissioning data. The US Ministry of Energy stafataia

Planning and Conducting Readiness Reviews (2010) emphasized the importatesditying
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and evaluating the complexity of the startup or restart of any nuclear power plant. however, no
structured approach is used or even proposed, but rathier lsfé nuclear professionals to decide
based on their experience and known industry practices. Studies showed that in many cases
engineers during the commissioning phase carry out unnecessary activities because of lacking the

comprehensive system viewthe commissioning (Kirsild, Hellstrom and Wikstrom 2007).

Even thoughcomplexity is well recognized in the academic literature as a key feature of the
commissioning phase in any nuclear new build profeete is limited rigorous academic research
addresing how to fully comprehend and effectively manage that complexity. Published articles
dealing with the issue of understanding and managing the complexity of Npolear plants

Operational Readiness programs are extremely rare, almosixrsiant.

Therefore, addressing the complexity of interfaces and interaction be®vegrams, Rocesses,
Procedures, W&tems andStakeholders of Nucled?ower Plant©perational Readiness programs

is seen as a gap in the literature frorkn@wledge point of viewApplying a structured and

systematic approach to investigate the nature of that complexity is seen also as a gap from

methodological point of view

1.2 Researclaim andobjectives

The research aimed to model the complexity of nuclear operatmogct processes and
stakeholders of the UAE nuclear sector. Moreover, the research aimed to examine the readiness
and interactions of nuclear operational project processes and their impact on achieving the
operating License requirements; and propose thadelogy that can be adopted by the UAE

energy sector to manage complexftiong with this overall aim, the objectives of this studgre



Evaluate the interdependencies and the nature of influence within detailed interactions
between the components bétnuclear power plant operational readiness program in UAE;
Identify the key influential components of nuclear operational project processes and
readiness in the UAE nuclear sector;

Model the complexity (interactions and the structureindbrmation flow) of nuclear
operational project processes and stakeholders of theriuélEar sector;

Propose a methodology that can be adopted by the UAE energy sector to manage

complexity.

1.3. Researclyjuestions

A critical and comprehensive review of the literature in the field of Nuclear Power Plants

commissioning and Systems Thinking was conducted as a base for defining the research questions.

Summary of the key resources reviewed related to commissioning npeleer plants and their

main arguments used to build the case were as follows:

1.

IAEA (2014), AERB (1998) and STUK (2003): Nuclear commissioning shares the
characteristics of complex adaptive systems (CAS). Operational Readiness is a dynamic
phase of any nuclear new build that is governed by the irdu@Reedback) from one
activity, milestone or stakeholder to another Operational readiness milestones are
interdependent and the Operational readiness programs adapt based on the progress and
experience. Phenomena of phase transitions, feedback kxgesfree networksand
emergent behavior are typical characteristics of any nuclear powels phgetrational

readiness program.



2. International Atomic Energy Agency, Commissioning Guidelines for Nuclear Power

Plants, IAEA Nuclear Energy Series NP2.10, IAEA, Vienna (2018).

3. Lawry and Pons (2013): the w#lye commissioning process managed across different
industries and sectors is yet seen as ad hoc and lacks integration. Not approaching the
commissioning programs as a comprehensive system might resulbpiredictable

outcomes

4. Bernhardt (1997), Brown et al. (2001), Gikas (2008), Horsley (1998), Kirsila, Hellstrom,
and Wikstr°m (2007): the cruci al role of t

as a key success factor for the successful deliveBpofmissioning program

And for the Systems Thinking were:

1. Catastrophe theory (Poston & Stewart 1987): Minor changes in specific variables of a
nonlinear CAS can lead to abrupt and significant changéseiaverall behavior of the

system.

2. Cybernetics (Asby 1956): the nature of communication and control of regulatory feedback

affects the systems dynamics and overall behavior.

3. Chaos theory (Stroga2018: small changes in setup settings (initial conditions) of any
dynamic system is highly likely to prode wildly different outcomes. Such changes follow
well established and predefined rules about changing relationships, and with minimum

room for randomness.

4. General systems theory (van Bertalanffy 1976): a systematic inquiry of finding a general

theory to &plain systems behavior.



5. Learning organizations theory (Senge 2006): organizational learning can be understood

through applying the tools and techniques of Systems thinking

6. Path dependency theories (Arthur 1994) processes can have similar startingghdaas
to different outcomes, even if they follow the same rules, and outcomes are sensitive not

only to initial conditions but also to bifurcations and choices made along the way.

7. Punctuated equilibrium (Baumgartner & Jones 1993): Theory that exgiaimsiong
periods of stability can be interrupted by rapid and radical change with a specific focus as

decision and policy changes.

8. Agentbased modeling (Epstein 2006): ABMused to create a virtual regentation of a
complex system, modeling of variables and actors and their interactions within the system

and with the external environment.

9. Network Analysis or Social Network Analysis (Newman 2013, Valente 2010):
Demonstrate relations between differentoes within a dynamic system (Stakeholders
(People), groups, organizations), represent through nodes and ties and uses a wide range of

tools to display the network and the natur

And based on the systematic iewv of the literature, the following questions were chosen as the

research questions:

1. What are thelnteractions (the Information flow structurdetween different actors

involved in the UAE Nuclear Power Plants Operational Readiness Program (Programs,
Proesses, Procedures, systearsd stakeholders)?

1) Level O Process to Requirement



2) Level O Process to Program

3) Level 1 Process tarother level 1 process

4) Level 0 Process to Stakeholders

5) Level 1 Process to Stakeholders

6) Level O Process to Plant Systems

7) LO process to Implementing procedure

8) Level O Process to LO Process

9) Programs to Requirement

10)Programs to Role

11)Program to Program

12)Program to Plant System

13)And Finally, one network graph analysis for the operational readiness program
level

2. What are thdnterde@ndencies and the nature of influermsween individual actors

within detailed interactionsetween the components of the nuclear power plant operational

readiness program in UAE?

3. What are the Interdependenciestween the five key componerdtthe UAE Nuclear

Power Plant Operational Readiness Program (Full Network Level)?
4. What are the most influential components of different Programs, Processes, Procedures,
systemsand stakeholders on achieving the Operating License requirements?
Those reearch questions when answered will help in addressing the identified gap in the academic
literature from a knowledge point of view through modeling interactions between Programs,

Processes, Procedures, Systeand Stakeholders of Nuclear Power Plantsr@ymnal Readiness.



Furthermore, research questions will address the gap from a methodological point of view through
the application of a structured and systematic approach to investigate the nature of that complexity
using network analysis. In totalitynswering research questions will contribut¢htetheory and

practice of both nuclear commissioning and project management disciplines.

1.4 Novelty andtheoreticalignificance

This study is considered the first of its kind to address the challenge of modeling the complexity

of nuclearpower plantoperational readiness programs. It is not significant only because it is
covering an underesearched aress was highlighted in theiterature Review Chaptdrut also

because it is addressing knowledge and methodological gap in the academic literature related to
Nuclear power plarg operational readines¥he NuclearPower PlantOperational Readiness

Programs for new build projects imlve thousands of activities, processes, systems, stakeholders

and O6commi ssionable objectsd such as i nstr ume

subsystemsand systems (IAEA 2018However, the available theoretical knowledge does not

addresshow to manage such complexity. This study aims to close this theoretical gap.

Also, there area unique set of corporate and institutional factors that affect how operational
readiness is managed within the Emirates Nuclear Energy Corporation JENE@ight enrich

the analysis and advance our knowledge on how to better manage such programs in the future.
Those factors include the magnitude of the Emirates Nuclear Energy Corporation)(&N&g@m

as the largest worldwide by building four typical nuclear power plants simultaneously and adopting
the most advanced nuclear technology (ABBD). Thereforethis study contributes to tbeetical

knowledge by



1. Original testing of Network Analysis (borrowed from graph and complexity theory) on
the NuclearPower Plants Operational Readiness Programs domain. There has been
limited use of network methods in the Nuclear Industry. Applicatienbegen limited
to studies of Safety and Security. Nuclear Power Plants Operational Readiness
Programs share the characteristics of Complex Adaptive Systems (CAS). Thus, the use
of Network Analysis has been identified as a fundamental need focdiRfissioning
programs to better analyze complexity and develop its Information flow structure.

2. Conducting the first of its kind empirical work to demystify the complexity and info.
Structure of a Nuclear Power Rta Operational Readiness Program by applying
network analysis on the largest and most advanced nuclear power program worldwide.

3. Original testing of how network analysis might address the shortcomings of the
Information Processing Theory of not countingr the nonlinearity and

Interorganizational perspective by applying network analysis in the context of NPP.

Furthermore, this study contributes significant practical knowledge in both domains; Nuclear

Commissioning and Project Management, because it:

1. Praducegyraphical modelthat describe the complex network and info. structure thasexist
between the 5 key components in the werlargest and most advanced Nuclear Power
Plant Operational Readiness Program. This model helps practitioners/engineers and
decisiormakers to:

b) Simulate and better understand distal impacts of decisions
c) Provide insightsnto more effective and efficient Organizational Design.

d) Provide another perspective to help resources deployment



2. Provides insight into how the flow afformation might influence achieving operating
License requirements

3. Demonstrates the utility of network analysis for demystifying complexity and managing
information in Nuclear Power Plant operational readiness.

4. Provides a practical methodology faddressing the shortcomings of the conventional
project management functions of planning and control in examining and modeling

megaproject complexity and dynamics.

Therefore, research findiagill be valuable for practitioners artecisionmakers in the uclear
industry organizations worldwide, local and international nuclear regulatat®ther similar hig

reliableand complex industries.

1.5. Outline of thethesis

Chapter one this chapteprovides the background to this stuthgluding the context anithe of
the research. Also, the research problem has been mentioned; based on it, the research questions,

aim, and objectives have been developed. The chapter ends with the research outline.

Chapter two: this chaptesummarizes the literature that isennt to this researchighlightsthe
gaps in the literature, and explains how your research helps to fill identifiedmsmghis chapter
explairs the alignment witithe UAE energy sector and provides a review of how comparative

industries tackled coplexity problems.
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Chapter three: this chapter focuses on the definition of the key components of the UAE Nuclear
power plant operational readiness progr&urthermore, it provides a justification derived from

the literature review othe interactions mapping adopted to answer research queBtiaddition,

this chaptersummarizes and illustrates key theories and concepts from the literature as the
theoretical framework which is used to explain relationships among these ideas dhdyhm@late

to the research study.

Chapter four: explains the methodology of this research in detail. Furthermore, it outlines the
data collectiorandanalysis used to achieve the research Rimthermore, this chapteescribes

how ethics was carriedubandexplaindata validation techniques used in this study.

Chapter five: in this chapterthe interaction netwoskaredevelopedanalyzedand elaborated

on for allthe thirteen network$Network Statistical analysis is used to measurengsigvork
diameters, average length paths, netvetaRsity,centrality of thedifferent componentsnd
modularity class analysis. Ego network topologies are applied and the data are analywed for

most influential actors identified in the thirteen networks

Chapter six: this chapter discusses the main results and answers to the research questions.

Chapter_seven this chapter concludes the research; it explains the research contributions,

provides recommendations for further reseaacial highlights the research limitations.
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Chapter 2: Review of Commissioning and Nuclear Power Plant
Operational Readinesd.iterature

2.1 Introduction

The objective of this chapter is to provide a theoretical foundation and explanation for the research
study, based on the systematic and critical review of the available literature which forms the
theoretical basis for the conceptual model described ipt€h&. This chapter consists of three
main elements: Systems thinking, Complexity and network analysis and their foundations;
information flow structure and use in nuclear power plants operational readiness programs; and
how these two are coupled towdhe goal of demystifying the complexity of nuclear operational
project processes and stakeholders of the UAE nuclear sector, as well as, examining the readiness
and interactions of nuclear operational project processes and their impact on achieving the
opeaating License requirements.

This chapter introduces a systematic, critieald comprehensive review of the literature in the
field of commissioning with a focus on Nuclear Power Plants commissioning and operational
readiness Complexity and network angais and organizational information processinthe
selection criteria for the literature included is explaide@ to thefact that rigorousacademic
researchsaddressinguclear power plants commissioning and operational readiness are very rare,
almostnot-existent. Substantive and thorough researches are buili substantive systematic
review of the literature around the topic of inter&$te substantivand thorough literature review
should advance our collective knowledge and support addresfiadoleigical or knowledge gap

in the existing literature related to a specific subject of inteBesite and Beil€2005) havebuilt

on Creswelk (1994) three criteria of effective literature review and expanded it into 12 attribute
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criteria measured across five different categories of coverage, synthesis, methodology,
significance, and rhetoric. Each criterion is measured against three levels of maturity (1 is the
lowest and 3 is the highest) where the first criterion is havindigdtriteria for inclusion and
exclusionfromtheliteraturereview. In this researcpublications selection for inclusion was based

on multiple criteria. First, any relevant publication from the International Agency of Atomic
Energy (IAEA) and other ietrnational associations in the field of nuclear energythkaNorld
Association of Nuclear Operators (WAN@nNd the Institute of Nuclear Power Operations (INPO

Il nternational Agency of Atomic Energy (I AEA)
work as a global center for collaboration for the peaceful use of nuclear energy through a network
of partners and member states. Within the context of thisth@&ternational Agency of Atomic
Energy (IAEA) issuescientificand technical publications the forms of safety standards, book
series, nuclear energy series, conference proceedings, data publieattbothers that serve as a
reference for statenembers operators and regulators while managing nuclear power programs.
IAEA publicationsreflect an international consensus different areas covered and thefgen

serve as regulatory documemdifferent areas related to NPPs construction and opesati

All relevant IAEA publications related to commissioning nuclear power plants were included as
part of this researchl'he secondriteriafor inclusionwereanyrelevant publication from nuclear
operators and regulatons any ofthe member statelike Canada, India, Russiatc. The third
criteriawereany relevant published work in any reputable highking journals

This chapter summarigeand inforns the reader on the previous investigations conducted in the
field of nuclear power plants conmssioning Systems thinking, network analysiand
organizational information processiagd provideastate of the current researchhus, asresult

of this comprehensive review, the research gap has been deteramdextcordingly, to fill this
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knowledge gap, the research aim has been set. In addition, this research uses the literature review
as a foundation and to explain the new knowledge about the complextig oéiclear power

plants operational readiness.
2.2 UAE energy sector and the need ficlear power generation

Based upon projections that the annual growth rate of electricity demand in the UAE is likely to

be around 9% and that the UAE annual peak demand for electricity is likely to rise to more than
40,000 MW s by 2020, the UAE government has eval
demand. As part of this evaluation, it was determined that known volumes of natural gas that could
be made avail abl e t o t he insuffitientdormeet inceehseng future c i t vy
demand, providing adequate fuel foronly 20206 , 000 MW6s of power gene
2020. While the burning of liquids (crude oil and diesel) was found to be logistically viable,
evaluation of this option rea¢ed that heavy future reliance on liquids would entail extremely high
economic costs, as well as a significant degradation in the environmental perforGianieely,
althoughcoalfired power generation estabkstits lower relative price compared tqiidsfired

power generation, its widespread use within the UAE would laawevastatingmpact on
environmental performance, while also raisingpjor concerns on the securitf supply.

Evaluation of alternative energies, including solar and yandgestd that massivedevelopment

could only supply 6% of peak electricity demantiowever this contributionis not dependable

since renewable energy sources are not baséldedUnited Arab Emirates' Government portal

2020). Accordingly, nuclear energy emeged as a proven, environmentally promisimnd
commercially competitive optiothat could make a significant bas@ad contribution to the
UAEG6s economy and .fTlhteured oemer gy es dJALEr iltayunc he

Strategy 20500 in January 2017 with the target
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to 6% by 2050However, constructing and operating a nuclear pghattis a very complex task

from both the structural and dynamic complexity perspectiv&tructural complexity is
characterized by the interdependence and diversity of components (Baccarini, Nig&éar

Power plant operational readiness shares the same charactelistredudesthousands fo

activities, systems, subsystenmocessesand ot her o&écommi ssi onabl e ol
loops, modules, instrumentsnd equipmentMultiple interdependencies and interfaces between
processes, procedures systenamd stakeholders where relatibims between different
components are governed by continuous feedback loDpe to the large volume of
commissionable items, multiple interfaces, multiple stakehqgldewsd complexity of
commissioning datastructural complexity is seen asa key featureof nuclear power plant
operational readiness (IAEA 2018, IAEA 2014, AERB 1998, STUK 2003).

Dynamic complexity is characterized by continuous changes and evolutions over time as a result

of dynamic interactions between the multiple actors and componehia tiemselves and with

their operating environment (Geraldi et al., 20@pmmissioning and staup of new nuclear

power plant shares the characteristics of complex adaptive systems (CAS). Operational Readiness
is a dynamic phase of any nuclear new dtiflat is governed by the influence (Feedback) from

one activity, milestone or stakeholder to another Operational readiness milestones are
interdependent and the Operational readiness programs adapt based on the progress and experience
(IAEA 2014, AERB 198, STUK 2003). Phenomena of phase transitions, feedback kuabs,

free networks and emergent behavior are typical characteristics of any nuclear power plant

operational readiness program. (Daniel and Daniel 2019)
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2.3 Commissioning procesmd the orgamational theory

Operational readiness programs are part of the organizational setting. Traflemetviews in

the academic literature on wheat organization is and whabmprisests entity. However there

is a general agreement one key feathae differentiate anorganizatiorfrom other collections of
people is the collective commitment to achieveertainmutual goal This collective marching
behind a common goal is governed hystable structure of task allocations, rolesd
responsibiliies (Starbuck, 1965 he classimrganizational theory defines an organization as a
structure of relationships, roles, powenerethe chain of command prevails aride manages
primary function is to control performanc@n the other sidenew organizaonal forms are
described as complex systems that are g@eHog information sharing and informed by chaos
and complexity theories.

The blow table summarizes the schools of thought on organizational theory evolvement by decade.

(Wertheim, 2001).

Schoolof thought Decade Description
Authoritarian Before Emphasizes division of labor anc
1900 theimportance of
machinery to facilitate labor
Scientific management 1910s Describes management as a

science with employers
having specific responsibilities;
encourages scientific
selection, training of workers anc
equal division of work
between workers and manageme
Classical school 1910s Lists duties of manager for
controlling performance;
called for specializatiorthe chain
of command
Human relations 1920s Emphasizesheimportance of
attitudes and feelings of
workers; informal roles and norm
impact performance

Classical school revisited 1930s Re-emphasizes the classical
principles
Group dynamics 1940s Encourages individual

participation indecision making;
impact oftheworkgroup on
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performance

Bureaucracy

1940s

Emphasizes order, system,
rationality, uniformity, and
consistency in management; led
equitable treatment
for all employees by managemer

Leadership

1950s

Stresses thienportance of groups
having both social
task leaders

Decision theory

1960s

Suggests that individuals
"satisfice" when they make
decisions; sacalled garbage can

model

Sociotechnical school

1960s

Calls for considering technology
and workgroups when
understanding a work system

Environmental and
technical system

1960s

Describes mechanistic and orgar
structures and their
effectiveness w/ specific
environmental conditions and
technological resources

Systems theory

1970s

Represents organizations@sen
systems with inputs,
internal transformations, outputs
and feedback; systems

strive for equilibrium

Contingency theory

1980s

Emphasizes fit between
organization processes and
characteristics of the situation

Relational

1980s

Cites communication asbasis for
human organizing

Postmodernorganization
theory

1990s
Onward

New organizational forms
mediated by technology and
informed by chaos and complexit
theories, e.g. virtual
organizations, selbrganizing
systems, networked
organizations.

Schoolsof organizational thought and their components by decade (Wertheim, 2001)

The same description of the postmodern organizational theory applies to the nuclear pdiser plan
operational readiness. Nuclear power plant operational readiness shares the characteristics of
complex adaptive systems (CAS). Operational Readiness is a dynamic phase of any nuclear new
build that is governed by the influence (Feedback) from one actmitgstoneor stakeholder to

another Operational readiness milestones are interdependent and the Operational readiness
programs adapt based on the progress and experience (Daniel and Daniel 2019, IAEA 2018, IAEA

2014, AERB 1998, STUK 2003).
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Commissionindhas different meaningsr different engineering disciplines. Howevdrgte is a

general consensus in the academic and technical published wakgeneraldefinition of
commissioningas a structured arsg/stematic quality assuranpeocess implementeakcrossall
constructi on pr oandefaxcittyslitecydewith iarvogearall objedtive sferssuring
compliance ofth@ ew b ui | di n gwitlso wneeexpédationg@CeE 2006, ASHRAE

2013 NECA 2009 Lawry and Pons 2013CC 2012) Along the same linghe guidelines ofthe

US National Institute of building science®((12 defines the building enclosure commissioning as

the process of verifying the performance of materials, systants components to the design
specifications and ownedefined performance criteria outlined in the contract docum&hts
International Electrical Testing Association (2013) complemented the definition and articulation

of California Commissioning Collaative and the American Society of Heating, Refrigerating

and Air Conditioning Engineers by developing specific inspection and testing guidelines on how
to determine electrical power equi pmentods sui
per for mance capability agai nst user 0s accept
commissioning guidelines started in 1982 by ASHRAE as an effort intended to document
commissioning good practices required to ensure compliancehgithwn er 6 s ongaadc i f i c a
expectations.

Commissioning is characterized by being multiphasessfunctional and an integrated set of
activities with predefined sequerscand dependencies (IPENZ 200Effective and togjuality
commissionings keyto the success of any peet. CommissioningActivities are often included

in projects and/or programs plans ana@naged using the traditional project management approach

where governance and control functions are appt@edeach activity to ensure realizing
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commissioningleliverables on time, within budgeind up to the quality standard required (Lawry

and Pons 2013, IPENZ 2007).

There is a general agreement in the literature on the impordéticel nt e gr athéeroen 6 and
integration plays as a key success factor éffective and efficient management of any
Commissioning program (Bernhardt 198rpwn et al. 2001, Gika®008, Horsley1 998, Kirsila,

Hellstrom and Wikstrom 2007). However, traditional project management praciessot

sufficient to comprehensivelynanage the huge number of interactions between all Programs,
Processes, Procedures, systeansl stakeholdensivolved in the operational readiness programs

in a way thaffostess a deeper understanding of the nature of interactions and roles of different
actors on realizing the key milestones of such critical programs through praefiigogve and

timely decision making. According to the PIRMBOK 6th edition,ii t leoenplexity within
projects is a result of 't he oor,qaithe aneettaintyatdé s sy
work in the organization or its environmento.
The complexityof commissionindhas been always a distinguishing feature of the commissioning
process and a real challenge for conductimgrquality commissioningorocess Doty 2007,

Cagno, Caron, and Mancini 200this complexity is a result of the huge number of interactions
between multiplectorswithin and outside the nuclepower planbperational readiness program.

Those actors are mainly the Programs, Proce8sesedures, Plant systenad Stakeholders

(People) Thereforethe Complexity of the commissioning projectriscognized aan essential

factor that engineers, practitioneend decision makers should take into consideration while
managing commissiongnactivities. Furthermore, commissioning professionals need to fulfill an

essential competency requirement in providing relevant experience and qualigatielation
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to the complexityof the same type of commissioning activities or projects they areaging or
planning to manage (ICC 2012, USDVA 2013, Tribe and Johnson 2008). Understanding the
complexity of the commissioning through training and qualification only is not enough because
every project has its unique circumstances and environment. Otesred systematic,
comprehensive and futureoriented methodology needs to be implemented to model the
complexity of interactions betweemll Programs, Processes, Procedures, Systemd
Stakeholdergvolved in thenuclearpower planbperationareadinessSuch methodology is also
needed to make effective decisions needed to handle uncertainties associated with commissioning
since complexity has been always a challenge for effective risk management during the
commissioning phase (Cagno, Caron, Btahcini 2002).

Increasing information interdependence during the commissioning life cycle is also an essential
feature of its complexity. The complex and interdependent informationldkiween different
processes, programand systemsluring commissiomg cut s t hrough differe
process and involve multiplenternal and externas t akehol der s. Fi atechos
Information Handover Guide (2006) emphasized on the critical role of information flow and
handover for the success @mmissioning activities and developed a methodology for defining
thefull life cycle of information requirements agprerequisite for managing information flow and
implementing interphases information handovwénderstanding the information flow between
different actors of the nuclegower plantoperational readiness program through modeling the
interaction between those actors and linking it to achieving regulatory requirements and other
safetyrelated commitments is vital to the success of such pragi@albraith explained how
evolvement in organizational design emearffem efforts for enhancinglecisionmakers and

middle management pyganning ability by equippinthemwith the right information at the right
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time to achieve the strategic outcomes doganizations (Galbraith, 1973). There are several
strategies that organizations can use to reduce information uncertainty by finding the right balance
between the amount of information processed and the ability to handle more information
(Galbraith, 197). These strategies include:

1. Creation of slack resources, such as extending delivery times, adding more money to the budget,
and building inventory. All strategies have inherent costs.

2. Creation of seltontained tasks to simplify management of exo@g in routine procedures.

3. Investment in vertical integration systems to condense the flow of information (e.g., computer
and decision support systems).

4. Creation of lateral relationships to move decision making to where the information exists.
Oneof the shortcomings of Galbraigitheory was théocusonthe interior of the organizaticand
overlooking the relationship with the external stakeholdetsrdependence makes coordination
indispensable, because of the dependability of one actor asthite Previous studies (Cooper

and Wolfe 2005; Daft and Lengel 1986) contrasted Galbraith (1973) and pointibe exiternal
environment, interdepartmental relations, and technology as souragsceftainty. Another
shortcoming stemmed from the fact tthhe relatioship between information processing and
outcomes is not linear. Fairbank et al. (2006) point out that the relationship between information
processing designs or strategies and performance is not linear as explained by Galbraith (1973). It
is a lot more complexXCommissioning effective information management is a critical enabler for
the success of the nuclear power popterational readiness. Effective use of commissioning data
enables commissioning engineers to identify design and cotigtrimorrconformances and take

the required action of repair or modification accordingly (IAEA 2016, AERB 1998)vever,

even thoughthe importance and significance of effective commissioning have been well
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recognized and appreciated in the academic aoi@gsional domains, the genena¢thodology

and the detailed processafimmissioning and stamng-up capital plantss often poorly understood

and poorly executed by engine€tBENZ 2007).According to Dvir (2005), the planning for
commissioningactivities as part of the project handover has not been receiving proper attention
from practitioners and enginedp ensure efficient and effective execution of this critical phase

of the project life cycleCommissioning is not only an essential antaal phase of operating any

new plant or facility. It is also a crucial step in any plartdification project. However, the way
thecommissioning process managed across different industries and sectors is yet seen as ad hoc

and lacks integration (Lawrand Pons 2013

2.3.1Commissioningqiuclearpower plants

Commissioning within the nuclear industry is defined as the proceysecdtionalizingsystems

and components of the constructed nuclear facility and verify them against the design and the
required performance criteria (IAEA 2008 EA 2016,0ONR 2016,AERB 1998, ASN 2013).
Understanding theritical role of the commissioninghase in makingystems, componentsr a

facility operated followingpecific design requirements and performance criteria has been always
a focus of engineers ardkcisioamakers in different sectors across different industriés
importanceof commissioning is notrdy comingf r om t he fact that 1itos
compliance with the design parameters and mespegific performance criterignat allow for

safe and reliable operati®(the backward view that focus on historical data)t also becausd o

the probability of putting systems, components or a facility in an abnormal future state based on
the output of this phas&@he commissioning phase follows the construction phase of any facility.
Thesuccess ofonstruction projects is usually measurgdheiradherencéo the schedulgquality

and budget. However, the success of the commissioning phase is not necessarily measured using
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the same parameters due to the unpredictability of test results and their impact on the rework that
has to be dondJnlike the plant operation phase that is characterized by beisgadystate
phenomenon, Cagno, Caron, and Manci ni (2002)
state phenomenon during whielierysingle subsystem continually varies over timefumction

of the sequence i n whiTleelcomplexeywf dne conomssioniagvariesc ar r i
based on the typend volumeof systems and components included. In the case of Nuclear power
plants, there are thousands of activit®stems, sulystemsand othelb c o mmi ssi onabl e ¢
such ascircuits, loops, modules, instrumentnd equipmentDue to the large volume of
commissionable items, multiple interfaces, multiple stakehqldersd complexity of
commissioning datathe complexity of commissioning nuclear power plantsvsry high and

involves multiple interdependencies and interfadestween processes, procedures systams
stakeholdersin such dynamic and complex systems, there is a critical need to model and
understand sufficientlall interacting forces in aexhaustivefashion According to thelAEA

Safety Standals Series No. SSR/2 (Rev. 1) regarding commissioning and operation of nuclear

power plantdi T logerating organization shall ensure that the interfaces and the coratramic

lines between different groups (i.e. groups for design, groups for construction, contractors, groups

for commi ssioning and groups for operations)

In its simplest form, Commissioning is a verification aafirmation that systems, subsystems
and components are installed as per the design requirements and function according to the

acceptable performance specifications. The basic commissioning processsitieiidiéowing:

1. Verification of the current stabf the systems, subsysten® componergto the design

drawings and specifications.
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2. Initiating action or operation and waiting for the right response
3. Reverse the action of operation and waiting for the right response or corrective response
from the sgtem, subsystepor component.

4. Document all commissioning data as a baseline for future use by the operating entity.

The Internatioal Electrotechnical Commissiatandard 62382EC 2012)highlighted thathis
verification process includes two main phasetéd commissioningghase and hot commissioning
phase. Cold commissioning is the phase during which facility, systemsequipment testing
areareconducted using test media while the hot commissioninag® is the phase during which
the verification and testing process of facility, systeamsl equipments are performed using the
actual process chemicalSome national regulatory bodies like AERB include hot and cold
functional test as part of Pr@peraional commissioning tests (AERB 1998). Howevbnth
phasednclude multiple stakeholders and geneedtgge amount of commissioning data that serve
as a baseline for future utilization in the commercial operation pAaserding to the IAEA
Nuclear Energy Series No. NR3.5the most frequent cause of engineering structure failures in
nuclear projects is designing errors or pqaality constructionCommissioning data is a critical
enabler for the effective review of morete material quality in the nuclear power plant. Effective
use of commissioning data enables commissioning engiteatentify design and construction
nortconformances and take the required action of repair or modification accordixigly 2016,
AERB 1998. According to Galbraith (1973, 1974, 1977), Organizations are information
processing entities where the inadequacy of information usually leads to uncertainty. That
uncertainty is defined as the delta between information needed to perform atasktainto make

a timely decision and the information availallbereforethere is a need womprehensively map

all interactions betweeprograms, processggsrocedures, systemand stakeholders at different
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levels to enhance our understanding ofittiermation flow between different actors and identify
players who could influence the speed and quality of information sharing within the rociesar

plantoperational readiness program.

It is very important to recognize that planning for commissiositagts in the project planning
phase and intersexaith thedesign, procurement, constructi@md operatiophases. Hence, the
timeline of commissioning exceeds its formal stage and insladkvities in multiple phaseof

any projectln the case ofuclear power plants, Commissioning activities continue through fuel
loading, first criticality and power ascension test (IAEA 2083 UK 2003. In addition, systems
modifications during the life cycle of any facility require commencing specific commisgion
activities to ensure compatibility to the design modification specifications and operability in

accordancevith a defined acceptance criteria

In the context othe Nuclear industry, commissioning is included as one phase of the Integrated
Project Schedule (IPS) for any nuclear new build and managed as a prQgnamjssioning
follows a sequence of activities and an orderly process, the scope of which is definekdadude

(ONR 2016). This usually starts with developing a commissioning strategy, which defines the
intended testing scope apdrformancecceptance criteria. Sibjs not that nuclear professionals

are ignorant of commissioning. Rather, the problenth#& there is a lack of comprehensive
understanding and systematic management of commissioning as a system that is constantly
changes based on the influence (Feedback) and interdependencies Ipebwessesnd actors
involved. Understanding and effectiyenanaginghecomplexity of the commissioning programs

is critical to the success of plant safe and reliadigned off for commercial operation
(Rosenergoatom 2017According to the office of nuclear regulatidhe complexity and safety

criticality of the commissioning should be a determining facidhe scope of commissioning.
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At he mor esafetgarrpil teixc alr, t he wi d Buringtthe eommigsioning 06 ( ON
phasetheinability to address complex is8s and take timely and effective decisions basea on
comprehensively understanding of all involved stakeholders and interfaces usually leads to errors

and delays (Cagno, Caron, and Mancini 2002).

Commissioning is crucial to the safe and reliable opmrafi anynuclear power plaAEA 2018,

AERB 1998) Performing top quality commissioning programs provide all involved stakeholders
with assurance on meeting all applicable requirements needed to get the operational license
agreement and move the nuclgdant to the commercial operation phasbe essencef this
assurances provided by robust and effective commissionimggratednanagement systermhe
integrated Management System is a set of interrelated protieat@® desigadto interact with

each other in a synchronized fashion that ersadotieving an overall objectiv&he integrated
Management System (IMS) for commissioning should comprehensively cover all processes and
activities and their interactions required for awing the commissioning objectives from thepre
commissioning planning phase moving to the operation phase and any later plant modifications.
Suchamanagement system should evolve dirae to accommodate for the continuous changes

in its components includg changesin the organizational culture, stakeholders influence,
resources, structureand the interactions between humans and systems hwveheenradically

altered by technological innovationIAEA 2006, IAEA 2009) The same notion applieg®
commissioning, the evolvingand dynamicview of the Complex interaction between
commissioning activities and multiplepr oces s es 6 I nterfaces and S
fundamental to ensure realizing all aspects affecting the achievement of the commiggaftsng

and nuclear power plant operational readiness. This complexity needs to be fully comprehended

with all aspects including processes, systearsd stakeholders to enable practitioners and
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decisions maker to analyze near and distal impacts and consequences of any intended change

affecting the commissioning and plant operational readiness activities.

IAEA Nuclear Energy Series No. NR2.7 (IAEA 2012) highlighted key lessons learned related

to project management in construction and commissioning of nuclear power plants based on

analyzing reports from different member states like Japan, Canada, Republic of Korea, China,
India, Russia, and otherSome of these lessons Learned included:
1. Adaptan agile and adaptive commissioning schedule and Improve on it based on learning
and context.
Effective collaboration between different stakeholdespecially of operations and
engineering staff
2. Effective management of intercedences, interfagsd comrmssioning roles and
responsibilities.
I n addition, | AEA Member Statesd experience
watercooled reactors highlighted the positive impact of adopting modeling and simulation on
adhering to the constructiortleedule and budget (IAEA 2004). Modeling the complexity of
interaction between processes, systemd stakeholders involved in the commissioning phase can

also achievéhesame benefits if not more.

As typically done, Decisions affecting commissionimg &aking based on the progress of project

(0]

activities and completion of the agreed del

environment where one deliverable or activity can be affected by multiple internal and external
explicit or implicit factas, looking at commissioning as a sequential set of activities with timeline
and resources assigned without the ability to recognize other factorsulkiple interfaces and

interactions between processeslisystemstheflow of information, the influeoeof stakeholders
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involved, complex interdependencies and interaction between syatehstakeholdensvolved

in the commissioning process might hinder decision makers ability toefédative and timely
decisions required to delivéop-quality commisioning outcomes. This narrow view overlooks
some critical organizational dynamics that might have significant negative unintended
consequences on delayed and distal impacts of decisions, which will ultimately affect the critical
milestones and deliveralsi®f the commissioning process. These unintended consequences might
range from a recoverable delay in completion or environmental pollution to delay in operations

and serious adverse conditions to safety and security.

The current practice of managing thamamissioning of new nuclear power plants by only using

the project management methodology might result in unpredictable outcomes (Lawry and Pons
2013). Those unpredictable outcomes might range from a minor delay in operating the nuclear
power plant to crital safety and security issues, or in some cases to catastrophes like what happen
in the disaster of Chernobyl nuclear power plant in 1$8@h disasters highlighted an imminent
need for considering new analytical methods and approaches to advancelenstaming of

technologyorganizational dynamic interaction.

Commissioningand stadup of new nuclear power plashares the characteristics of complex
adaptive systems (CAS). Operational Readiness is a dynamic phase of any nuclear new build that
is governed by the influence (Feedback) from one activity, milestorgtakeholder to another
Operational readiness nst®nes are interdependent and the Operational readiness programs adapt
based on the progress and experience (IAEA 2014, AERB 1998, STUK 2003). Phenomena of
phase transitions, feedback loomsialefree networks and emergent behavior are typical

charactestics of any nuclegrower plantoperational readiness program.
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Commissioning and @erational Readiness Programs for Nuclear new build projects involve
thousands of activitiegsommissionable objectsommissioning dataand complex interfaces and
dependeaies(IAEA 2018, IAEA 2014). However, the current implemented practices like project
management or establishing management systems are seen as insufficient totheateage

volume and complexity of commissioning data. The US Ministry of Energy standard for the
Planning and Conducting Readiness Reviews (2010) emphagieetinportance oidentifying

and evaluating the complexity of the startup or restart of any nuclear ptamer however, no
structured approach is used or even proposed, but rather left for the nuclear professionals to decide
based on their experience and known industry practices. Studies showed that in many cases
engineers during the commissioning phaseycaut unnecessary activities because of lacking the

comprehensive system view of the commissioning (Kirsild, Hellstrom and Wikstrom 2007).

Despite the fact that complexity is well recognized in the academic literature as a key feature of
the commissionig phase in any nuclear new build project. There is limited rigorous academic
research addressing how to fully comprehend and effectively manage that complexity. Published
articles dealing with the issue of understanding and managing the compleitlear power

plant operationalReadiness programs are extremely rare, almosteristent. Therefore,
addressing the complexity of interfaces and interaction between processes, ,sgstéms
stakeholders ofNuclear power plant operation®eadiness programs geen as a gap in the
literature froma knowledgeoint of view. Applying a structured and systematic approaniottel

and demystifythat complexity is seen also as a gap fromeghodologicapoint of view.

2.4 Review ofsystemsthinking, complexity andnetwork analysisliterature

This sectionwill introduce the systematic review oliterature in the field of systems thinking

complexity and network analysialso, it highlights how other comparative industries like public
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health, softwareengineeringsupply chain and Research and developmacikled complexity
problens. To ensure eliminating any confusion between the area of systems thinking and other
areas like systems theory, systems methadd systems sciences, this chapter dssuthe
common ad differentiating factors between these terms. The criteria¢tuding publications in
developinghis chapter was firstly, any relevant academic work published in a reputable academic
journal like Safety Scienc#é-EE systems journal, System Dynamiasview, Civil Engineering

and Environmental Systems, International Journal of Energy Sector Managesesandly,
Relevant open access articles from reputable universities like lWMa State Universityand
PennsylvaniaUniversity and thirdly, any releant publication cited the set of publicatsoon
generated from the first criteria based on their network of citations and citation nuirtosrs.
chapter will also discuss the application of Systems Thinking in the carftBixiclear energy in

line with what has been discussed in chapter two.

2.4.1Demystifyingsystemsthinking andnetworkanalysis

The fundamentalinderpinningf the systems thinking were develeghat the beginning ofhe

20th century{Capra 1996) Sincethen, he term Systems Thinking has been used interchangeably
with other terms like systems concept, systems knowledgsyateins sciences. The inconsistent
use of systems thinking term with other termslso evident in the seminal work in the field.
However, different definitions of systems thinkitigat can be found in the existing academic
literature share key components and underpinnings of a universal definition (Arnold and Wade
2015).In general,Systems thinking is perceivddy scholars and pratbnersasa conceptual
framework or a structureslystematic way of thinking about certain phenomenon or behavior
rather than being science by itsé@lhis understanding is deeply rooted in the existing academic

literaturerelated to Systems Thinkirejnd complexity sciencéccording toBertalanffy(1969) in
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his articulation of the General Systems Theory, Systems Thinking is a structured methoflology
systematic inquiry intéinding a general conceptual framework that explains systems behaviors in
different fields of sciencédowever, like many other scholars, Bertalanffy used the term systems
thinking and systems interchangeably amdome other casanconsistently by confusing the
ontological stance of the termeing i Kn o wl aebdoguet systemso and the
underpinning of Systems Thinking as a systematic inquiry method for understanding systems
behavior.Capra (1983) in his famous book The Turning Point: science, spareythe Rising

Culture also used different tesrhke ecological thinking and Holistic thinking referring to systems
thinking. However, along the same limei t h B e r artiaulaton éf Eygtéms thinking as a
universaisystematic method of inquiry, Capra depicted systems thinkingeasew paradip

shift in the worldview of modern physicel escr i bi ng it as fAa holist
interrelatedness and i nWeeatldyg20Elhad esaddeth terrhs ofa | | p
Systems Thinking and Ecological Thinking to offer a new leadershipdgen through the

adoption and implementation of systethimking concepts and toolSome other scholars looked

at systems thinking from differeaingles Peter Senge in his famous book The Fifth Discipline:

The Art and Practice of the Learning Organi@at lookedat systems thinking abe conceptual

basis for understandingnd describing hovan organization facilitate effective and continuous

learning and how it transforms itself to adépits environment to cultivate the learning process

on the individual and process levels.

The scholarly work on Systems thinking also overlaps with the ontological staknewdedge
about systems and systems behavior. This overlap is more evidenfigidioé science. Strogatz
(2018 havediscussed the application of Systems Thinking to explain how small variation in the

initial set up conditions of any system can significantly affect the oufpaotiuced bythe same
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system. He applied Systems thirdgim the field of Mathematics explaining haliangesn the

systens dynamics take plad¢krough fixed ruleso relationships and interdependencies follow in
organized patterngurthermoreArthur (1994) in higontributionto the Patidependency theories
explained that processes with the same initial setup conditions can also yield different outcomes
based on decisions and bifurcations made during the execBbare other scholars likkshby
(1956)through his contribution 0 t he Cybernetics fAA hasyapptedy m f o
Systems Thinking as a conceptual framework for communicating regulatory information,
managing its flowand controlling feedback within organizations and mach(iMiagers and

White 2010)

Althoughmost scholars and scientists in the field of systems and systems thieféntp the

general definitiorof Systems Thinking as articulateég top gurus in the field like Bertalanffy,

Arthur, Strogatz and Ashby, itis very important to note that sonet h e r suse dhe ternt

Asyst kimski ntgréfer pehat Syseems Thinking entaildheatley, forexamplejn her

book: Leadership and the New Scieftasu s ed t emmsv IsickeAif@kRaoso an
A Compl e xappdied thematmtdbusinessliscipline. Havewer, all are sharing (more or less)

the same attributeto be considered as systeorsented sciencesstrogatz also did not use the

term Asystems thinkingo explici teimyglike comptehei r p
systems sciences, systems synchronizaten chaos Similarly, thework of other scholartke
Sengeexplicitly refers to systems thinking but alswlaps the term to fit with the overall context

and purpose of their specific field of study like usisgy st ems vi ewO0 as synon)

thinking.

In line with the same notion @ollins and Porra@2005)on r ej ecting the tyrat

and enforce the benefitsibfahblot ho, Systems thinking provide
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of complex interrelationships, dependencies, patterns and distal impacts within a specific studied
system. This vie covers multiple perspectives and prowaevariety of nonlinearanalytical
stances to the phenomenon under sttitht is characterized by being mulfimensional,
participatory, adaptiveand predictive Network analysis enables researchers to compcehad
illustrate information flow structures by exploring relational data and investigating the nature and
attributes of those relations. The key underlying principles of the network perspective include the

following (Hanneman, 2001; Wasserman & Faus94)9

1. Actors (Nodes) and actions are viewed as interdependent rather than autonomous and
independent units.

2. Relational links between actors (Nodes) are channels for the flow of resources (including
the information and data assets).

3. Network modelingdemystifesand decomposdhe interactions structural environment to
provide opportunities for or constraints on individual node actions.

4. Network models present structure (such as social, economic, political) as lasting patterns

of relations among actors.

Complexity sciencas a harmonious collection of theories, approaamstools that are derived

from multiple disciplines like engineering, mathematarsd social sciences provides a universal
common language to analyze and manage complex phenomeiss@®sl At its core, systems
thinking as a conceptual model aims to provide a holistic view of how multiple variables or actors
interact with each other under certain circumstances to produce a collective response to certain
change or shape a holistic bavior. Network analysis is a tool used in system thinking and
complexity science to unravel organizational complexity. It isearpirical descriptiveand

guantitative research method derived from social science and gthpbry which allows
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researchersotmodel, illustrate, quantifyand analyzeinterrelatedrelationships and information
flow in the organizational systerApplying network analysi$ostersabetter understanding of the
deeply rooted causes of complex behaviors and alfow better predicon and, ultimately,
adjustment of variables for better outcomésr(ester1968&1970,Arnold and Wade 2015

Mingers and White 2010).

The field of systems thinkingnd complexityhas receivednore attention from scholars and
practitioners dudo the potential promises it offeron facilitating a better understanding of
complex phenomena and systems. This attention created two major bodies of the literature related
to systems thinking; the first is the literature available of systems thinkimgystematic inquiry

model or conceptual framework (The Epistemological stance) and the other is the literature
available on knowledge about systems (The Ontological stavdgley as a top writer in the

field of systems thinking in his fotwolume colletion (Midgley 2003)and jointly witha forty-
sevenamemberinternational advisory board from different disciplines have studieety-seven
seminalpaperson different areas of systems thinkinyhile Midgley is of great importance, it

still can be seen as a historical summary of the evolution of systems ideas and systems movement
with no clear contribution on developing a general mg@einceptual Frameworkpr systems
thinking. On contrary, the woreif otherscholars like Senge, Bertalanffy, Ashland Wheatley
havecontributed more in advancing our knowledge on the epistemological aspé&usiiohg

how system®ehave under certain circumstances and based on specific inHigd sehditions.

This episternlogical view also includes demystifying complex interactjoimterfaces and
interdependenciefn fact, both views are necessary. However, the epistemological stance of how

scientiss and practitioners camvestigate and understand systems behavior is a prerequisite for

34



advancing their knowledge on how systems in their fields of specialty works (The ontological

stance of knowledge about systems)

Int o d ayn@nsc and Interconnected worltie compleity of the organizational environment
becomsa norm wher@onlinear interactions afidividual actorsare intimately linked to a lagging
effect especially with the increasingly interconnectedernal and external politics, social,
environmental, legagconomic, ad technological driving forcg@rthur 1994; Beinhocker 1997).
Therefore, systems thinking becomes a realessityfor better managemeim addressing the
pressing complex of issues of our era. In fact, Systems Thiskimgid be a paradigm shift in the
way we comprehenthe complexity and interconnectedness of different organizational aspects
across different disciplines to enable effective decision making and better problem solving
(Richmond 1993).In fact, organizatiom have been seen as information processing entities
(Galbraith,1973, 1974, 1977%Galbraith explained how the inadequacyimformation usually
leads to uncertaintyThat uncertainty iglefined as thalelta between information needed to
perform a certainask or tomakea timelydecisian and the information availablénhadequacy in
information sharing negatively affectdecisionmakers ability to take effective and timely
decisions.Galbraith also highlighted that forganizationsto reduce uncertaintythey need to
betterunderstand, desigandcoordinae the information flow structureften by rules, hierarchy,

or goals.

2.4.2 Systemthinking andNetwork analysigpplication in thewclearindustry
and other comparative fields

Systems thinking was discussed and referred to in many publications related to nuclear energy.
Monat and Gannon (2018)x pl ai ned how Ger al d Weinberg i n hi

to Gener al Systems Thinkingo ogwrsytemsdhelsinggaar vy 1 n
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enabledecisionmakers to foresee future intended and untended sequentesdetcision they

made today. One of these examples was the unintemgedts of waste heat from nuclgmwer

plants. Along the same lina,recent studipy Chroust and Finlayson (2017) has discussed the role

of systems thinkingn fostering anticipation andupportanalyang system disturbancand
disastes. The study has referred to the Fukushima nuclear dighst#rappeneadn Japann 2011.

| tend toagree with thiziew as mosbf theeventsgdeviationsrom the quality or safetgtandards

and incidents in the nuclear industry share the same attributes of complex adaptive systems.

Therefore should be analyzed differently.

Network analysis enabled researchers in different comparative fields to denhestiynplexity
of interactions and quantithe properties of those interactions (Monge et al., 2003). The
underlying principles for the network analysis methods includéottving (Hanneman2001;

Wasserman & Faust, 1994):

1 Actors and actions are seen as autonomous units where interdependency between both is a
key feature.

2 Connections between actors are channels for resources flow. Information is a good example.

3 Network malels illustrate the interacti@ structural complexity highlighting constraints on
actorso6 action.

4 Network models present network structure as@asting architectures of relations among

actors.

One industry that has facedsimilar challenge of compléy and was characterized (as a whole
or in parts) as a complex adaptive systeapgablic health. It is noticeable that researchers in the

field of Public health are increasingly recognizing the utility of network methods to examine and
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manage complexssues and phenomena like disease transmission patterns, information sharing
structures and to predict potential effects of disease control policies (De et al., 2004; Pourbohloul,
et al., 2005). Network analysis also has been applied to manage the congflegdationships
among public health organizations at the state and communitys.léé@huss and colleagues
examined inteprganizational relationships within state tobacco control networks (Mueller,
Krauss and Luke, 2004). Provan and colleagues depexloa framework for evaluatingublic-

sector organizational networks (Provan & Milward, 2001). The framework proposes that network
analysis may bapplied atseveral levels to evaluatiee effectiveness of public sector agencies at

the community level, athe interagency leveland at the intrarganizational level. In the
literature to date no network studies were found examiningra Intra organizationastructure in

a public health department.

Another industry that suffered from the complexity isgi¢he supply chain industryattini,
Persona, and Allesina (2007) investigated and quantified the conyppl/ shainecosystem by
measuring flows of goods and interaction costs between different sectors of activity within the
supply chain bordersThe networkof flows werebuilt and successively investigated by network
analysisand he result suppogt the idea thathe uses of systems thinkiagproach provida
conceptual perspectifer themodern supply network, and that network analysis can bdhdse

issues in practice.

Mote (2005) examined the impact of complexity in an R&D setting which adopts the approach
that collaboration and involvement of a wide range of specialties and skills. Mote (2005) used
thenetwork analysis technigue to explore and comprehend the R&D context complexity and

found it very helpful in examining the interrelationships of competencies within a cluster of
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R&D projects in a large muhdisciplinary national laboratory. Networks argg/helped in

exploring and understanding structural characteristics, which impact on the productivity of

research projects. Mote concluded that network structure and complexity should be given more

attention in the of R&D field.

Anotherindustry that beefited from the network analysis to model and manage complexiity is
software development industry. That was primarily due to its essential role in system development
(Xia and Lee, 2005). Complexity has been seen as one of the most contributing factors for software
project failure. According to Nguyen (2014), the inabitibyunderstand complexity attributes to
nearly around 35% dhesoftware projec¢s failure. Network analysis techniques were usetien
software development industry to manage the complexity challenge. Using network analysis to
understand software projemimplexity is vital for the success of IT project management (Petkova

and Petkov 2015).

Systems Thinkingnd network analysiwas found beneficial in analyzing complex energy issues
and phenomena. For example, it was used for analyzing wind energpabiitgiand found very

helpful in fostering a better holistic understanding of the wind energy sustainability behavior and
the interaction between different elements affecting it through using causal models and feedback
loops (Tejeda anBerreira2014).Narrowing our discussion to the nuclear energy sector, Systems
Thinking was appliedio the overriding priorities of nuclear Safety and Nuclear security. Young
andLeveson (2013presented a use case fatwork analysisn nuclear cybersecurity and safety
fields. They have describdwbw systems thinkinganbe suitable foaddressinghe challenge of
securing complex systems agaicgberattacks. lraddition,they have proposed a new framework

t hat shifts pr afomihteatoamne individual fimronediate caause afylosses to
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more comprehensive focuses and understanding of the ssfsterture andehavior that allowed

for such a lossn fact, this mental shift is also required in different business and technical areas
of managing nclear power plants. One of those areas can be commissioning and operational
readiness for the nuclear new buildéong the same line, systems thinking was used found
beneficial to quantify the dynamics of the physical security in the Nuclear Powés Rizere the

same logic of analyzing the impact thfe interaction between several external driving forces
(Political, Economic, Social, Technological, Legat.) and their collective delayed impact on the
physical security objectives and the defensairey possible terror attack (Woo 2013)so,
System dynamictas been seen ase of the most appropriate todds analyzing and addressing

the complexity ofdeveloping radiation aneémergency preparedngsiars in the Nuclear Power
Plants (binti Ab Hamid et.al 2001). Therefore, Systems thinking as an analysis framework is highly
recommendedb be adopted in different areas of managing Nuclear power plants as it provides a
commonstructured thinking perspective caftanguage that meets the complex natursoaio
technical aspectsf key areas like safety, secutignd reliability.Along the same line, systems
thinking was perceived as the only valid approach for understanding uncertainty and the
unintended conseguces of human actions during the construction projects on schedules, budget

and quality (Pidgeon 2010).

Systemghinkingwas also applied in the field céliability and learning from past everltmttook

place in the nuclear power plants witie sameoverall emphasis on safety. Leveson (20143
discussed the methodological pitfall of investigating events and learning from them in the
traditional ways used in the nuclear industry like root causes analyasandmodel of causality
based on the apphtion of systems thinking tools and methods. He explicitly highlighted that

traditional methods of accident analysis do not serve the purposeappleed within the context
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of complexity and therefore, there is an imminent need for adopting new matibtschniques

that address the complexity and fossenolistic understanding of systems behaviors. Leveson
mentioned i A long as we continue to base our accident analysis and learning from events on
assumptions that no | onger hold for todayods s
anal ysis and preventi on Asb Systerhsgshikiagrwas perdeiveddi mi t e

as a beneficial analysis method for some complex problems like nuclear capacity.

Schlange (1995) highlighted the useful adoption of systems thinking as a comprehensive analysis
frameworkfor defining controlling and testing relationgbs and relevanassumptiongffecting

the dynamics and behavior of phenomena or systems.

AccordingtoLevesde( 2011) di scussion in her book titled
Thinking is a more comprehensive and powerful approach to safietly ssecurity because it

analyzes interelationships and interdependencies rather than just linear causklitgnships

which support in identifying root causes of flaws and errors. Therefore, considered more suitable

for analyzing complex systems mdhan traditional safety analysis approaches

Organizations arenothing but systems. Especiallyn the high-reliability industries where
organizations are structuredasomplexarchitecture of many subsystemgh interrelated tasks

and multiple interdependencies ioternal and externdéctors and forces. These tasks can range
from routinely conducted tasks like strategy development and supply chain management to huge
and complex tasks like commissioning and openal readinessA very important study for Sireli

and Mengers (2009) that was published in the IEEE Systems Journal ex#meiredeévance and

value of using systemthinking for analyzing the trend oéxtended operation df.S. nuclear

reactorsaand comwluded with the fact that U.8uclear power plan&re good examples obmplex
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systems in need & change from a traditionahanagerial view t@ systenthinking approach.

This paradigm shift in the way Nuclear Power Plants are managed has becomssaynecze

than a choice not only to address the complexity of Nuclear power'splamicesses and
interactions but also to address the unprecedented complexity of the external operating
environment of todayo6s whavebkudggestdSonre éutuidinesafd Me n ¢
research within the context of Nuclear Power Plants based on the concluthemebévance of

Systems Thinking to the Nuclear industry and its challenges. Those suggestions included the

following:

1. To thoroughly investigate new engang issues and apply Forecasting methods to ensure
effective decision making and better management of risks and issues.
2. To investigate the complex interaction and combined impattechnical and non

technical Issues on the focal subject under study.

In the Nuclear industry, commissioning is included as one phase of the Integrated Project Schedule
(IPS) for any nuclear new build and managed as a program, Commissioning follows a sequence
of activities and an orderly process, the scope of which is defireeschedule (ONR 2016). Basic
methods and practices such as dmstefit analysis and traditional project management are still
used in Most nuclear power companies (Sireli and Mengers 2009). Although these methods are
widely used to support the decispomaking process for strategic and operational tasksateey
understood to be adequate for a complex problem. Therefortywork analysiss seen ashe fit-
for-purpose alternative to traditional analysis methods of complex issues and systems in the

nuclear industry.
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In summarythe life cycle stages of a nuclear power plant (NPP) include Design, Construction,
Commissioning (Operational Readiness), Operatiamnd decommissioning. The commissioning
phase is one of the most interesting and importaases in the lifetime of a nuclear power plant
(NPP). It is a short but very intense and complex period, typically encompasingdrs in the

total lifetime of an NPPHdowever, he waythecommissioning process managed across different
industries andectors is yet seen as ad hoc and lacks integration (Lawry and Pons 2013, IAEA
2018). The current practice of managing the commissioning of new nuclear power plants by only
using the project management methodology might result in unpredictable outd@weg &nd

Pons 2013). During the commissioning phdke jnability to address complex issues and take
timely and effective decisions based ancomprehensive understanding of all involved
stakeholders and interfaces usually leads to errors and deMAs 2014, Cagno, Caron, and
Mancini 2002). During the commissioning phase, unnecessary activities are carried out because of
lacking the comprehensive system view of the commissioning (Kirsild, HellsardorWikstrom

2007). Nuclear commissioning (Opeostal Readiness) shares the characteristics of complex
adaptive systems (CAS). Operational Readiness is a dynamic phase of any nuclear new build that
is governed by the influence (Feedback) from one activity, milestvre&takeholder to another
Operationareadiness milestones are interdependent and the Operational readiness programs adapt
based on the progress and experience (Daniel and Daniel 2019, IAEA 2018, IAEA 2014, AERB
1998, STUK 2003). The US Ministry of Energy standard for the Planning and Gmgduc
Readiness Reviews (2010) emphasized on the importanadgemtifying and evaluating the
complexity of the startup or restart of any nuclear power plant. however, no structured approach
is used or even proposed, but rather left for the nuclear profedsito decide based on their

experience and known industry practices. Understanding and effectively mathegiogplexity
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of the commissioning programs is critical to the success of plant safe and reliable signed off for
commercial operation (Roseneegom 2017)Even though complexity is well recognized in the
academic literature as a key feature of the commissioning phase in any nuclear new build project,
there is limited rigorous academic research addressing how to fully comprehend and effectively
manage that complexity. Published articles dealing with the issue of understanding and managing
the complexity of Nuclear power plants Operational Readiness programs are extremely rare,
almost norexistent. Therefore, addressing the complexity of interfacésinteraction between
Programs, Processes, Procedures, SystamdsStakeholders of Nuclear Power Plants Operational
Readiness programs is seen as a gap in the literature from a knowledge point of view (IAEA 2018,
Rosenergoatom 2017, ONR 2016, Doty 208VUK 2003. Applying a structured and systematic
approach to investigate the nature of that complexity is seen also as a gap from a methodological
point of view (Daniel and Daniel 2019, IAEA 2016, IAEA 2012, USDOE 2010, Sireli and Mengers

2009).

2.5 Chapter summary

This chapter has defined complexity and has also clarified what catg@erd system thinking

It has also explained how the nuclear power plant operational readiness is recogac@d@ex
adaptive system and established the need to investigateomplexity of interactions and
information flow structures based on the reviewed the relationship between complexity and serious

implications on the success of the nuclear power plantatpeal readiness-urthermore, this
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chapter highlighted the methodological and ontological gap in the existing literature wdsch

used to demonstrate the original contribution to theoretical and practical knowledge.

Chapter 3. ConceptualModel

3.1lintroduction

this chapter defirge key components of the UAE Nuclear power plant operational readiness
program and providka justification from the literature review on the interactions mapping

adopted to answer research questions. In additig,chapter summarideand illustrate key
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theories and concepts from the literature as the theoretical framework which is used to explain

relationships among these ideas and how they relate to the research study.

3.2 Theoretical framework

This study is baasd on the relationship between three key concepts derived from four main theories.
The first is the concept of complexity of interactions and information flow in the nuclear power
plant operational readiness programs. The second is the concept of netalgsisaa method for
evaluating and understanding complexity and dynamic interactions. The third is the application of
the network analysis on nuclear power plant operational readiness programs which creates a means
to examine aspects of Influence anceidependencies towards achieving the Operating License
requirements. These concepts are discussed fully in chapter 2 and illustrated in the theoretical

framework displayed in figure 3.1.
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3.2.1Complexity in nuclear power plant operational readiness

Life cycle stages of a nuclear power plant (NPP) include Design, Construction, Commissioning
(Operational Readiness), Operatipasd decommissioning. Tl®mmissioning phass one of

the most interesting and importgitasesn the lifetime of anuclearpower plant (NPP). It is a

short but very intense and complex period, typically encompassihgehars in the total lifetime

of an NPP. However, the wdlie commissioning process managed across different industries

and sectors is yet seen as ad hoc and lacks integration (Lawry and Pons 2013, IAEA 2018). The
current practice of managing the commissioning of new nuclear poaswtsdy only using the
project management methodology might result in unpredictable outcomes (Lawry and Pons 2013).
During the commissioning phastie inability to address complex issues and take timely and
effective decisions based @comprehensively nderstanding of all involved stakeholders and
interfaces usually leads to errors and delays (IAEA 2014, Cagno, Caron, and Mancini 2002).
During the commissioning phase, unnecessary activities are carried out because of lacking the
comprehensive system weof the commissioning (Kirsila, Hellstrgnand Wikstrom 2007).
Nuclear commissioning (Operational Readiness) shares the characteristics of complex adaptive
systems (CAS). Operational Readiness is a dynamic phase of any nuclear new build that is
governedby the influence (Feedback) from one activity, milestamestakeholder to another
Operational readiness milestones are interdependent and the Operational readiness programs adapt
based on the progress and experience (Daniel and Daniel 2019, IAEA 26182044, AERB

1998, STUK 2003).The US Ministry of Energy standard for the Planning and Conducting
Readiness Reviews (2010) emphasized on the importanaemtifying and evaluating the
complexity of the startup or restart of any nuclear power plant. idtadeling and effectively

managingthe complexity of the commissioning programs is critical to the success of plant safe



and reliable signed off for commercial operation (Rosenergoatom .2Cbmplexity theory
describes the uncertainty created by dynamtieractions in noiinear systems, where cause and
effect are not proportional. Graph theory complemeéin¢ complexity theorpy supplying a
vocabulary for denoting interactions and information structural properties (Nodes, edges, Hubs,
clusters, Ego netarks etc.).alsq graph theory provides statistical and mathematical tests and
models to quantify these network properties. Furthermore, graph theory (through network analysis)
establishes a method for proving theorems about networks that help in dreliabte insights

on how well ident fed network properties network represent the measured systems.

3.2.2Information use in the nuclear power plant operational readiness

Increasing information interdependence during the commissioning life cycle iaraksssential

feature of its complexity. The complex and interdependent information flow between different
processes, progragend systems during commi ssioning cut
process and involve multiple internal and externalestako | der s . Fiatechoés C
Information Handover Guide (2006) emphasized on the critical role of information flow and
handover for the success of commissioning activities and developed a methodology for defining
full life cycle e information regirements as prerequisite for managing information flow and
implementing interphases information handover. Understanding the information flow between
different actors of the nuclear power plant operational readiness program through modeling the
interacton between those actors and linking it to achieving regulatory requirements and other
safetyrelated commitments is vital to the success of such programs. Galbraith explained how

evolvement in organizational design emearffem efforts for enhancinglecison-makers and
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middle management pyanning ability by equippinthemwith the right information at the right

time to achieve the strategic outcomes for organizations (Galbraith, 1973). Commissioning
effective information management is a critical enafdethe success of the nuclear power ptant
operational readiness. Effective use of commissioning data enables commissioning engineers to
identify design and construction neonformances and take the required action of repair or

modification accordingl{IAEA 2016, AERB 1998).

3.2.3Networkanalysis

Network analysis enables researchers to comprehend and illustrate information flow structures by
exploring relational data and investigating the nature and attributes of those relations (Hanneman,
2001; Wasserman & Faust, 1994Network analysis viewsctors (Nodes) and actions as
interdependent rather than autonomous uftitselps in understanding relationalks between

actors (Nodesas channels folinformation fow (Newman 2013, Valente 2010, Epst006)

When network analysis is appligd an organizational context, 's usually referred to as
organizationalnetwork analysis The network analysisnethod takes into account théntra
organizationaperspective as well (the relationship between mimgdional actors and the external
operating environmentNetwork Analysis demonstrates relations between different actors within

a dynamic system (Stakeholders (People), groups, organizations), represent through nodes and
ties, and uses a wide rangegodiphicaland statistical models to display the network and the nature
of the rel ati on sadtarsplewnmme 2018e\Valante 201d)tte eesufisproduce

knowledge and insights through network statistics ( like centrality measures, clusteding a

modularity, network density, path lengthgand ego net wor ks) into sy

complexity comprehension.
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3.3 Nuclear power plant operational readiness program components and

interactions mapping

Commissioning is an essential and critiphase of operating any new power plant. It is also a
crucial step in any plasmhodification project. However, the wdlge commissioning process
managed across different industries and sectors is yet seen as ad hoc and lacks integration (Lawry
and Pon2013). In the context dheNuclear industry, commissioning is included as one phase of

the Integrated Project Schedule (IPS) for any nuclear new build and managed as a program, so it
is not that nuclear professionals are ignorant of commissioning. iRtitbgproblem is that there

is a lack of comprehensive understanding and systematic management of commissioning as a
system that is constantly changes based on the influence (Feedback) and interdependencies
between activities and actors involved. Underdilag and effectively managirigecomplexity of

the commissioning programs is critical to the success of plant safe and reliablg stauting

the commissioning phasthe inability to address complex issues and take timely and effective
decisions bask on a comprehensiveunderstanding of all involved stakeholders and interfaces

usually leads to errors and delays (Cagno, Caron, and Mancini 2002).

Nuclear power plant operatioraeadiness shares the characteristics of complex adaptive systems
(CAS). Opertional Readiness is a dynamic phase of any nuclear new build that is governed by
the influence (Feedback) from one activity, milestooe stakeholder to another Operational
readiness milestones are interdependent and the Operational readiness prograbesadaon

the progress and experience (IAEA 2014, AERB 1998, STUK 2003). Phenomena of phase
transitions, feedback loops;alefree networksand emergent behavior are typical characteristics

of anynuclear power plant operatiorraladiness program.



Thisresearch investigadehecomplexity of interaction between Processes, Progmosgdures,
PlantSystemsand Stakeholders of the UA¥iclear power plant operatiorakadiness program.
Within this context, this research descdb&nd model the interaction between all elements
included in the UAENuclear power plant operationadadiness program which covers the 5 Ps
(Programs, Processes, Procedusakeholderand Plant) within the hierarchy of the Integrated
Management SystemMS) Architecture as per the following mappitigat was derived from

IAEA (2009, IAEA (2006 andSTUK (2003)

1. Level O ProcessMain Processor ProcesPescriptionPSD to theRegulatoryRequirement
linked toeach Level 0 process (PSD). Those requirementsedrby the Nuclear Regulator
and considered the minimum requirements that the nuclear plant operator needs to demonstrate
full compliance to to be eligible to receive the nuclear power plant Operating License.

2. Level 0 Process (Process DescriptR®D) to the Program (PGependency mapping. This
mappingexplainedwhich ProgrameachProcess directly supports according to each Process
Description document.

3. Level 1 Process tarother level 1 process Interfaces. This mappilgtratedthe process
interfaces identified for each Level 1 Sub Process with other L1 Sub Processes. Some
interfaces also made to the L2 process to provide more information if required.

4. Level 0 Process (PSD) tetakeholders (Peoplelependencies. This mappiegplainedall
Stakeholders (Peopleyho being involved in the implementation of each LO Process. This
mapping includel a mixture of functions, organizational Unignd positions

5. Level 1 Process tBtakeholders (Peopldependencies. This mapping shemall Stakeholders
(Peoplewho being involved in the implementation of each L1 Process. This mapping ishclude

a mixture of functions, organizationahits,and positions.
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. Level O Process (PSD) to Plant Systems dependencies. This mélosingteddependency
relationshig between the main Plant systems and LO processes in tewhgcafPlant system
suppors the implementation of which LO Process as depicted in management system
documents.

. LevelO process (PSD) to Implementing procedure dependencies. This mapplamedhe
implementing Procedures required to enghessystematic execution of LO processeSP
This mappingvasextended to cover owning Functions and accountable owners.

. Level 0 Process (PSD) to other Level O Process (PSD). This mapqulagnechow each main
process in the Nuclear Power Plant Operational Readiness is imked/or interamng with
other Level O Process (PSBiyectly or indirectly.

. Programs to Requirements mapping. This mappmrglained interactions betweehe

Statutory, regulatoryand NonRegulatory requirementnd strategi®rograns.

10.Programs to Roles mapping. This mappitigstrated interactions betweeroles and

responsibilitiesand Functions, persons and/or other entities involved inNbelear power

plant operationaReadiness Program at all levels.

11.Program to Program Interfaceapping. This mappingllustrated program to program

interfaces and dependencies.

12.Program to Plant Systems dependency mapping. This mappstigated interactions between

all main Plant systenandall strategidPrograms in the master Operational ReaslsProgram.

13.Comprehensive network mapping all components of the Nuclear Power Plant Operational

Readiness
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The scope of this study includl@ll Programs and Processes related to the operational readiness
interfaces with stakeholders, Plant systesnsl implementing procedure documents. The scope of
this study also coved any other artifactdhat emerged during the learning experience of
maintaining the Integrated Management System and therefore, deemed necessary tthsupport

delivery of the IMSm terms of its architecture including the following:

1. ENEC Enterprise Vision and Mission

2. Nuclear Safety Culture

3. ENEC Enterprise core Values

4. Operating Model of ENEC Enterprise and its operating subsidiary
5. Any relevant Standards

The study considedthe following definition for each process level:

a) Level 1 is the HigH_evel Overview and defined as an overview of how the organization
and its management system are designed to meet its policies and objectives. This High
Level Overview is typically used by managaemas a primary channel of communicating
to individual s6é expect atandanetsods far ackigving thet r at e
operational readiness objectives.

b) Level 2 are the Programs and Processes designed to achieve regulatory and organizational
objectives and specify which organizational unit is to carry themRvatesses are used to
structure what we do, sequence how we do them, understand the interaciibmanage
them effectively. Programs are specific packages of work, supportgdobgsses that
implement requirements

c) Level 3 are Implementing Procedures. These are the detailed instructions and guidance that

enable the processes to be carried out and specification of the individual or unit that is to
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perform the worksDetailed workng documents to prescribe the specific details for the
performance of tasks by individuals or by small functional groups or teams. The conceptual
model of this study is developed based onahevementioned thred¢evel structure for

IMS information documsetation, as described in IAEA G&3. 1 #A Application
Management System for Facilities and Acti
investigate the integrates with all statutory and regulatory requirements that relate to
FANR-REG-01, "Regulation for Management Systems for Nuclear Facilities", as well as

other UAE laws and regulations for example; the Environment Agency of Abu Dhabi
(EAD), Federal Law by Decree No.6 (2009) and will incorporate the interfaces of key
stakeholders and interested parties including the public and local communities, employees,

governmental organizations, and the global nuclear industry.

In the context of the development of a peaceful nuclear program, the UAE is committed to
implementing the highest regulatory and safety management standards in all areas (Ref: UAE
Federal Law No6. of 2009). These measures include reactor design, reqigtgdeguipment

and emergencyesponse measures, with numerous safdgted regulatory requirements. These
design features enhance safety and reliability and assist in the prevention of any accidental
radiological releases. The Advanced Power Reactod M\We(APR1400) was developed in the
Republic of Korea in 2002. APR1400 utilizes stat¢he-art proven technology and incorporates
sever al advanced design f eat uedecsnoniicogoalseamdito t h e
address the new licensing safety issues and requirements for improved plant safety. The APR1400
was designed with additional safety margins to improve defi@rdepth, as well as the protection

of the public. Systems referréalin this study covexdPlant Systems, Structuresid Components
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(SSQ. These include software applications, supporting hardware, safelgted equipmenand

buildings.

Programs are a plaad, coordinated group of activities, processes, and/or procedures, developed
for a specific purpose to accomplish a clear safety objective, with details on what work is to be
done, by whom, at what periodicity, and what means, or resources will be usgdhnfs are

characterized by the following criteria:

1. Programs require specific technical exsert
2. Programs are required by reference documents (e.g. FANR regulations, Technical
Specifications, FSAR, standard nuclear industry praaicexpert judgment)
3. Program data collection activities are repeated at regular intervals.
4. There is a continuity of data where the output and inputs of each data collection cycle are
compared to each other.
Processes support the safe and reliable operations of the plantoRsest of a structured set of
activities, which produce measurable outpuProcesses are designed to facilitate the execution
of repetitive work to ensure requirements are effetctively and efficientlythrough a sequence
of subprocesses and actives showinghe operation of a Function or service. Processes aim to
meetNuclear Power Plant Operational Readinsategic and regulatory objectives under the

categories of:

1. Management Processes are used to provide oversight, review perforarahqeovde
opportunities to improve Core and Support Processes. These Processes are Management

Oversight, Independent Oversigahhd Performance Improvement.
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2. Core Processes are used to deliver key products and services, by taking input and
transforming it into avalueadding output. They are Operate Plant, Work Management,
Configuration Management, Equipment Reliabjland Materials and Services.

3. Support Processes are used to provide support for our Core Processes. They are Loss
Prevention, Nuclear Fuel, Talelianagementand Support Services.

The study covedall procedures developed to meet safety and quality requirements. those support
the implementation of our Programs and Processes and specify or describe how an activity is to be
performed. The term procerk in this study will alsancludeinstructions and drawings including

the following key areas:

a. Calibration and Test Procedures

b. Chemical and Radiochemical Control Procedures
c. Emergency Operating Procedures

d. Emergency Plan Implementing Procedures

e. FireProtection Procedures

f. Fuel Handling Procedures

g. Maintenance Procedures

h. Power Operation and Load Changing Procedures
i. Process Monitoring Procedures

j.  Radiation Control Procedures

k. Shutdown Procedures

|. Startup Procedures

m. System Procedures

n. Temporary Procedes
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3.4 Chapter ammary

In this chapter, the researcher has explained the complexity of interactions and information flow
in the nuclear power plant operational readiness progrEmschapter highlightede gap in the
existing literature related to thentological stance of what nuclear power plant operational
readiness complexity loskike, as well as, the methodological stance of how complexity can be
demystified and understooBurthermore,tiis chapter explained the concept of network analysis

as amethod for evaluating and understanding complexity and dynamic interamtidestablished

the theoretical basis for applying the network analysis on nuclear power plant operational readiness
programs to examine the nature of interactions, Influemminterdependencies between different
actors towards achieving the Operating License requiremeimally, this chapter discussed
components of the Nuclear power plant operational readiness program and explained the detailed

interactions mapping that thitugly has covered.

Chapter 4. ResearchMethodology

4.1.Introduction

This chapter providesn overview of the commonly used interpretive frameworks and

available scientific research methods and expléna rationale behind adoptirige Network
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Analysis Design and wdepth interviews as a fit for purpose method for this research.
Furthermore, this chapter explains in detail the research process, data colkeutictata

analysis methods.

4.2. Researcimethodprocess

This research folloed Saundes, Lewis, and Thornhi (2011) multistage research process

to complete the research project and address research questions and objectives. This process
coveed the stages of defining the research scope and objectives, reviewing the Literature,
adoptingthe right research philosophy and approach, formulating the research design, data
collection, data analysisand finally draw conclusions and future recommendations. This
processwas managed as an iterative process where the researcherdeakgnenent ad
integration between different stages. This research process is depicted irtHidpalow with

adotted line indicating the alignment and integration aspects.

1. Define research Scope and
Objectives Y

| Daniel and Daniel (2019},

AL AR R Rt . I} Woo (2013), Young and
: . ) ) /") Leveson (2013), Sireli and
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\
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3. Apply the appropriate research | » ”(Cem )(201¢>Chroust and Finlayson
: 2017 !
‘ Philosophy and Approach HA |
R - . S L ‘< Tejeda and Ferreira (201Gray
1 (2013),bint1 Ab Hamid et.al (2001),
1 | (Carley & Wallace, 2001). Creswegl
1 (1994). !
1
I

Postpositivism Epistemology

: Y,
1

Deductive Research Approach



Figure 4.1 Researclprocess

Previous chapters have discussed in detail the research scope, objectives, quaestions
systematic review of the literature on bblaiclear power plant operatiorfRkadinessSystems
Thinking, and network analysig he next section of this chaptiscusseghe relevant research
paradigms (world views) and the epistemological and ontological implications of the selected

research paradigm on the selected research approach which covers thphdkadof the
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research process adopted. For phase 4, the three commonly used researchweesigns
discussed in line with the research questions and the epistemological stance adopted by the
researcher. Phase 5 and@&ecovered through the discussiontloé best fitfor-purpose data

collection and analysis methods in line with decisions and work made in the previous steps

4.3.Researclparadigms

The research paradigm is the underpinning model thasstedrguids the research process.

It is defined as e philosophical framework on which the research will be conducted
accordingly (Collis and Hussy 2013). Creswell (2014) called them worldviews of Post
positivism, Constructivism, Pragmatismnd Transformative. Crotty (1998) highlights the
importance of @sablishing linkage and integration between the theoretical stance adopted by
the researcher, the epistemological view adopted, research methodoldggsearch methods

to produce valid and sound conclusions as depicted in figure 1.2 below.

Figure 4.2 The relationship between research paradigterpretative frameworksmethodology and research methods
(Adopted from Crotty 1998).

Along the same line, the research onion (Figdt® depicted by Saunders, Lewisnd
Thornhill (20L1) highlights the interrelationship and dependencies between the research
philosophy adopted by the researcher and the relevant research approach raathois

needed to address the research questions in line with the adopted philosophy. In fact, each
research philosophy comes with certain assumptions about the way the researcher views and
comprehend phenomena. These assumptions are the underpinniregeséarch strategy and

the research methods. Research philosophy detesntivee researchér view of reality
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(Creswell 2014). It is a logical structutleat encompasses Epistemological and Ontological
stances on how to approach certaiquiries (Gray 2A.3). Therefore, itwas vital for the
researcher to choose the right research philosophy and establish proper linkage and integration
with the adopted research philosophy and the research approach and methods tiheensure

robustness of the research stroetand validity of the research outputs.

Philosophies

Experiment

Approaches

Mono method

Cross-sectional
Strategies
Data
collection
and data
analysis

methods | research

Grounded
theory

Ethnography

Choices

Longitudinal

Time
horizons

Multi-method

Archival research

—

Techniques and
procedures

Figure 4.3 The researcbnion adopted from Saunders, Lewis and Thornhill (2011)

Ontology is defined as the study of being (Gray 2013, Creswell 2014), That is, the study of

what enails and constitutes reality and existence. Therefore, the ontological stance of the
researcher between subjectivity and objectivity disti@ta great extent the research approach.

For example, the Postpositivist world view of the existence of oneyr#adit is independent

of the actordés perception and influence nec
causality reasoning in which causes determines outcomes, g#fiedtsesults. While on the

other hand, the Constructionist world view assuthesxistence of multiple realities and that

the subjective meanings of individuals can produce different realities of the same phenomenon.
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Epistemology on the other side is the resealshimw of what can be qualified as legitimate,
acceptableand @equate knowledge (Saunders, Lewis, and Thornhill 2011, Gary 2013). The
Postpositivism epistemology as a theoretical stance endleresearcher to apply science
and rationalism to investigate and comprehend meanings and how they have been constructed
within a specific context (Creswell 2014). The interpretive framework of-Bastivism
epistemologywasused to model the complexity of interaction between Processes, Systems
and stakeholders of the UARuclear power plant operationBeadiness program. Adopting

the postpositivism epistemology lens asinterpretive framework enalidehe researcher to
understand and model the complexity of interaction between Processes, Symtdms
stakeholders in great detail and enhanbe ability to tap ontahe intangible aspestof the
relationships and complexity of interactions with the different actors of the investigated

system.

4.4.Researclapproach

In the pursuit to contribute to the academic body of Knowledge, searchers adopt different
approaches based on the type of inquiry and the aim of the research. There are two major
known research approacht#gDeductive approach artldeInductive approach (Creswell

2014, Gray 2013)The deductiveesearch approach is primarily tied to scientiéisearch

and it is all about testing existing theories (Creswell 2014). According to Robson (2002),
deductive reasoning goes into different steps that include:

1. Deducing a hypothesis from a theory

2. Operationalize the hypothesis through developing the r@seanceptual model that

includes all variables and relationships related to the hypothesis
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3. Conduct the research and analyze the results

4. Reflect research findings on the theory if applicable.
The deductive research approach dictates ihdependencebetween the research and the
phenomenon under study.
The inductiveresearch approach focuses on building new theories. On the opposite of the
deductive research approache inductive approach pays relatlyelow attention to the pre
existing theories anstart with data collection and analysis as a base for finding patterns and valid
conclusions that might qualify to generalize or even theorize. According to Saunders, Lewis, and

Thornhill (2011) Adeduction oweetm@irembo posi

4 5. Researcimethods

The known researchmethods in social and scientific sciences cosewide range of
Quantitative, Qualitative, Mixed methods, simulation, modelargl experimentations. The
gualitative research methods are primarily linked to the inductive reasoning with a wide range
of methods like the grounded theory and the work of Corbin and Strauss (2007) and Charmaz
(2006) to develop the procedure for this hoet, case study method (Yin 2009, 2012; Stake
1995), Ethnography, and phenomenological research. On the other hand, The Quantitative
research methods are invoked by the postpositivist research paradigm and tied primarily to the
deductive research approashéccording to Creswell (2014), quantitative research methods
include Experimental research desigpuastexperimental designand Nonrexperimental
research designs. One form of the +sxperimental quantitative research design in the
Network Analysis Deagn in which the researcher wkstatistics and mathematical equations

to model and describe the relationships, associations, and degrees of interdependencies
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between differenactors involved in this studyhis studyutilized various statistical tesand
techniqueprovided byNetwork Analysis. Thoseests included centrality measures, clustering
and modularity, network density, path lengttusd ego network analysidetwork analysis is

linked withthe ientific researciparadigmwhichties mostly withdeductive reasoning as the
essence fortesting theories andhypothesesthrough rigoous methods likesimulation,
modeling and experimentatio(Chroust and Finlayson 2017, Carley & Wallace, 206dy).

the purposes of this study and in line with the reseg@roblem and aim afhodeling the
complexity ofthe UAE nuclearsectoroperational project processes and stakeholdérke
examinng the readiness and interactions of nuclear operational project processes and their
impact on achieving the operating License requiremémsNetwork Analysis Design will be

used as a research method in conjunction with tuepth interviews with process owners
andnuclear expert$o further strengthen the validity ¢fie secondary datasage Network
analysis design is based on analyzing organizations as complex systems where multiple actors
interact in dynamic and ndimear relationships that shapthe overall behavior and
performance of the organizatigpaniel and Daniel 2019, Woo 2013, Young and Leveson
2013, Sireli and Mengers 2009ne key factor dynamic relationship is the information flow
structure represented by interactions between thasesadNetwork analysis provides an
overall collective analysis accompanied by both a visual illustration and a statistical analysis
that is not possible using probabitibased statistical methods (Carley & Wallace, 2001).
Therefore, he adopted researclresign will also support closing the methodological gap
identified in the literature review chapter.

The third method is the mixed research method where the researcher adopts different

techniquegrom both qualitative and qualitative methods to form abeéd approach between
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closedended questions and predetermined nature from one side and the-epdeddnd
emerging nature from the other side. In many cases, academgzerceived the use of mixed
methods as a supporting factor that enhances thargde's ability to strengthen his research
outcomes (Amaratunga et al. 2002). According to Creswell (2014), the researcher can make
inferences and validation across the data collected through the qualitative technique or
secondary data through conductingdepth confirmatory interviews whichereused in this

study.
4.6. The rationale for the research design

Network analysis design is based on analyzing organizations as complex systems where
multiple actors interact in dynamic and Alamear relationshipghat shape the overall behavior

and performance of the organizati@aniel and Daniel 2019, Woo 2013, Young and Leveson
2013,Cervi 2019, Chroust and Finlayson 20T&éjeda and Ferreira 2014, binti Ab Hamid et.al
2001).0ne key factor dynamic relationshigpthe information flow structure represented by
interactions between those actors. Network analysis provides an overall collective analysis
accompanied by both a visual illustration and a statistical analysis that is not possible using
probability-basedstatistical methods (Carley & Wallace, 200Ihe use of data triangulation

in data collection has become popular in recent research. The term triangulation refers to the
use of secondary and primary data as the two sources of data collection

Furthermorethe use of secondary data helps the researcher to enhance the reliability of
Network analysis (Newman 2003). In fact,

Therefore, network analysis complemented by confirmatedeth interviewsindsupported

by secondary data review ensdisgldressing t following research questions:
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5. What are thelnteractions (the Information flow structurdetween different actors

involved in the UAE Nuclear Power Plants Operational Readiness Program (Programs,
Processes, Procedures, systeans stakeholders)?

14)Level O Process to Requirement

15)Level O Process to Program

16)Level 1 Process tamother level 1 process

17)Level O Process to Stakeholders

18)Level 1 Process to Stakeholders

19)Level O Process to Plant Systems

20)L0 process to Implementing procedure

21)Level O Process to LO Process

22)Programs to Requirement

23)Programs to Role

24)Program to Program

25)Program to Plant System

26)And Finally, one network graph analysisthe operational readiness program level

6. What are thdnterdependencies and the natureirdfuence between individual actors

within detailed interactionsetween the components of the nuclear power plant operational

readiness program in UAE?

7. What are the Interdependenciestween the five key componerdtthe UAE Nuclear

Power Plant Operatiah Readiness Program (Full Network Level)?
8. What are the most influential components of different Programs, Processes, Procedures,

systemsand stakeholders on achieving the Operating License requirements?

66



The research design of this study is consistetfit tve work of Young and Leveson (2013) where

they have presented a use case for systems thinking in nuclear cybersecurity describing how
network analysis can be suitable for addressing the challenge of securing complex systems against
cyberattacks. Accodi ngly, they have proposed a new fra
away from threats as an individual immediate cause of losses to more comprehensive focuses and
understanding of the system structure and behavior that allowed for such a lossvéviothe
adoption of network analysis is consistent with Woo (2013) where it was used and found beneficial
to quantify the dynamics of the physical security in the Nuclear Power Plants where the same logic
of analyzing the impact othe interaction betwen several external driving forces (Political,
Economic, Social, Technological, Legatc.) and their collective delayed impact on the physical
security objectives and the defense agapstssible terror attack. Additionally, Network analysis

and systerm dynamics were also adopted binti Ab Hamid et.al (2001) and have been seen as one
of the most appropriate tools for analyzing and addressing the complexity of developing radiation
and emergency preparedness plans in the Nuclear Power Plants. Furtheatveoes graph
analysis was adopted by Tejeda and Ferreira (2014) for analyzing wind energy sustainability which
was found very helpful in fostering a better holistic understanding of the wind energy sustainability
behavior and the interaction between elifint elements affecting it through using causal models

and feedback loops. Along the same line, some recent studies like Chroust and Finlayson (2017)
havediscussed the role of network analysis in fostering anticipation and support analyzing system
distubance and disasters like Fukushima nuclear disaster. Most importantly, the research design
is consistent with the recommendations of one of the most important studies for Sireli and Mengers
(2009) that was published in the IEEE Systems Journal that exathimeelevance and value of

using systems thinking and network analysis for analyzing the trend of extended operation of U.S.
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nuclear reactors and concluded with the fact that U.S. nuclear power plants are good examples of
complex systems in need afchange from a traditional managerial view to a system thinking
approach. Sireli and Mengers (2009) has suggested some future lines of research within the context
of Nuclear Power Plants based on the conclusiothefrelevance of Systems Thinking and
network analysis to the Nuclear industry and its challenges. Those suggestions included the

following which gaesin line with the research agenda and methodology:

1. To thoroughly investigate new emerging issues and apply Forecasting methods to ensure
effective deci®on making and better management of risks and issues.
2. To investigate the complex interaction and combined impacts of technical and non

technical Issues on the focal subject under study.

As discussed earlier in this chapter, the Network Analysis Design in the form of system modeling
using Gephi softwarerasused as a research method in conjunction with titeepth interviews

with processes owners and Nuclear experts to validate and rootifie relationships,
interdependenciesand the strength of influence between all Programs, Processes, Procedures,
Plant Systems and Stakeholders involved in the development and management of khecléAE

power plant operationdReadiness Program. Thdapted research is seen as the perfect fit for
purposes since it directly answers the research questions andsesldies research aim.
Additionally, it supports both methodological triangulation and data triangulation which both
enhancs the research&r ability to balance out any of the potential weaknesses in each data
collection method and therefore enhance the quality and validity of the research outputs (Saunders,
Lewis, and Thornhill 201 EasterbySmith et al. 2002). This study depexiheavily onreviewing

and collecting secondary data from different inputs like engineering standards, regulatory and
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statutory requirements, management systems policies, process maps, management systems
procedures, systems architectures, programs and projects dogtiomererformance reports,
assessment reports, ent er petd ane traasforentthierh iete theu r e
form of &6éDependency Matricesd. THepthinerwievsdar y
enablel the researcher to developeliminary understanding of the situation/phenomenon under
study. This preliminary understandimgs thebasis for capturing key focus areas and emerging

themes for further discussion and analysis during tuepth interviews.

4.7.Datacollection method

Dependency matricesvere used to collect secondary data from all relevant sources like
engineering standards, regulatory and statutory requirements, management systems policies,
process maps, management systems procedures, systems architectures, @mdrarogcts
documentati ons, performance reports, assessme
maps etc. using théesign structure matrix (Adjacency matrix structudepicted in Figure 1.4.

Design structure matrix (DSMemerged as a data collection technique from diverse origins. DSM

is essentially the square matrix, long used by systems engineers to represent complex architectural
components and interfaces. A design structure m@d&M) provides a simple, concise, and
visual representation of a complex system that supports analyzing dynamic complex behaviors
through decomposition into smaller subsets that can be studied in depth (Eppinger and Browning
2012, Browning 2001, Tang, Zhgmand Dai 2009). The advantages of Design structure matrices
(DSM) compared to alternative system representation and analysis techniques have led to their
increasing use in a variety of contexts including complex organization design and mega projects

(Browning 2001). Tang, Zhangnd Dai, 2009). Design structure matrix (DSM) is a powerful tool
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to identify and model inexpediencies between differentstasid actors with a process or a

complex system (Eppinger and Browning 2012, Carrascosa, Eppinger, am#y\1808).

To ensure capturing all required details of interactions from different angles, this mapping will

take place on the following levels:

1. Level O Process (Main Process or Process DescriptiD) to the Regulatory Requirement
linked to each Level Process (PSD). Those requirements are set by the Nuclear Regulator
and considered the minimum requirements that the nuclear plant operator needs to demonstrate
full compliance to be eligible to receive the nuclear power plant Operating License.

2. Level OProcess (Process DescriptiB&D) to the Program (PGD) dependency mapping. This
mapping explained which Program each Process directly supports according to each Process
Description document.

3. Level 1 Process tamother level 1 process Interfaces. This magpilustrated the process
interfaces identified for each Level 1 Sub Process with other L1 Sub Processes. Some
interfaces also made to the L2 process to provide more information if required.

4. Level 0 Process (PSD) to Stakeholders (People) dependencissndpping explained all
Stakeholders (People) who being involved in the implementation of each LO Process. This
mapping included a mixture of functions, organizational Uartsl positions

5. Level 1 Process to Stakeholders (People) dependencies. This ghsippived all Stakeholders
(People) who being involved in the implementation of each L1 Process. This mapping included
a mixture of functions, organizationahits,and positions.

6. Level 0 Process (PSD) to Plant Systems dependencies. This mapping ilusépéadency

relationships between the main Plant systems and LO processes in terms of which Plant system
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suppors the implementation of which LO Process as depicted in management system
documents.

7. Level O process (PSD) to Implementing procedure deperatenidiis mapping explained the
implementing Procedures required to enghessystematic execution of LO processes (PSD.
This mapping was extended to cover owning Functions and accountable owners.

8. Level 0 Process (PSD) to other Level 0 Process (PSD)nmidpping explained how each main
process in the Nuclear Power Plant Operational Readiness is linked to and/or interacting with
other Level O Process (PSD) directly or indirectly.

9. Programs to Requirements mapping. This mapping explained interactions rbdtveee
Statutory, regulatoryand NonRegulatory requirements and strategic Programs.

10.Programs to Roles mapping. This mapping illustrated interactions between roles and
responsibilities and Functions, persons and/or other entities involved in the Nuclear po
plant operational Readiness Program at all levels.

11.Program to Program Interface mapping. This mapping illustrated program to program
interfaces and dependencies.

12.Program to Plant Systems dependency mapping. This mapping illustrated interactioes betwe

all main Plant systems and all strategic Programs in the master Operational Readiness Program.

71



Dependency Matrix
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Figure 4.4 Thedependencynatrix structure

Plant Systems referred in this study covexd Plant Systems, Structuresd Components (SSC).
These include software applications, supporting hardware, safelgted equipmentand
buildings.
Programs referred aboweere thosewhich were a planned, coordinated group of activities,
processes, and/or procedures, developedafepecific purpose to accomplish a clear safety
objective, with details on what work is to be done, by whom, at what periodicity, and what means,
or resources will be used. Programs included in this study fetladhe management system
definition whichwas characterized by the following criteria:

1) Programs require specific technical exsert

2) Programs are required by reference documents (e.g. FANR regulations, Technical

Specifications, FSAR, standard nuclear industry praaticexpert judgment)
3) Program dta collection activities are repeated at regular intervals.
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4) There is a continuity of data where the output and inputs of each data collection cycle are
compared to each other.

Processes referrad abovewerethose processdbatsupport the safe and ratile operations of
the plant. They consist of a structured set of activities, which produneagurable output
Processes are designed to facilitate the execution of repetitive work to ensure requirements are met
effectively and efficiently through a sagence of sulprocesses and activities showiag
operation of afunction or service. Processes aim to miatlear Power Plant Operational
Readinesstrategic and regulatory objectives under the categories of:
1. Management Processes are used to provieesmht, review performancand provide
opportunities to improve Core and Support Processes. These Processes are Management
Oversight, Independent Oversigahd Performance Improvement.
2. Core Processes are used to deliver key products and servicéskity input and
transforming it into avalueadding output. They are Operate Plant, Work Management,
Configuration Management, Equipment Reliabjland Materials and Services.
3. Support Processes are used to provide support for our Core Processearelhegs
Prevention, Nuclear Fuel, Talent Managemant Support Services.
The study coveadall procedures developed to meet safety and quality requirements. those support
the implementation of our Programs and Processes and specify or describe how an activity is to be
performed. The term procedure in this study also induaigructions and @wings including the

following key areas:

a. Calibration and Test Procedures
b. Chemical and Radiochemical Control Procedures
C. Emergency Operating Procedures
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d. Emergency Plan Implementing Procedures

e. Fire Protection Procedures

f. Fuel Handling Procedas

g. Maintenance Procedures

h. Power Operation and Load Changing Procedures

I. Process Monitoring Procedures
J. Radiation Control Procedures
k. Shutdown Procedures

l. Startup Procedures

m. System Procedures

n. Temporary Procedures

Even thouglthis study is a whol@etwork analysis and does not require to afseny sampling
technique for developing and analyzing the networks (Marsden, 2005). A validation interview
structure was assembled using standard network analysis questions to strémggtrediality of

findings drawn from network analysis (Cross et al., 2004; Newman, 2003). The selected interview
guestions were reviewed with nretwork methods expert from BUiBndthe wording of some
guestions was modified. Those interviews covered all process owners and subject matter experts
as defined in the list of Functional Element Leads in ENEC management systems. A total of 46
process ownsrand 62 subject matter experts were intervita® part of developing the adjacency
matrices, quality chegland the validation interviews. These questions were selected using the
recognition technique to support respondents in identifying all interactions by providing the initial

view developed baseoh the secondary data review and organized as per the structure derived
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from the literature and explained in detail in chapter 2. The recognition technique practhares
accurate evaluation of network structure compared to the free recall technicgiec(&IFerligoj,

2002). After finalizing all dependency matrices as per the above description and based on the
secondary data reviewa,oneto-one meetingvas conducted with business process owners and
Subject Matter Experts to validate the data and enaoceracy. The adoption of -ohepth
interviews on top of the secondary data as another independent data source will also support the

triangulation and corroboration of research findings within this stlitlg. datacollection and

analysis process is depicted in fig(4es).

Develop first draft Develop final draft

netoike Validation

Review Secondary Data Develop Adjacency matrices Develop Edges and Nodes files

Data
Quality
Check

H Confirmatory interview
with Process and
Program owners:
Confirmation and

Emergence of new
insights i.e.
Environmental
Process role

5\)’\0 Expert

Stakeholders’ maps

Recognition techniques that list possible network connections were used during the
validalion and reflexivity exercises. (Hiebec & Ferligoj, 2002).

Of crucial iImportance is sufficient attention to how the model reflects reality through
caroful review of the results with stakeholders (Chang & Harrington, 2004).

Figure 4.5 Data collection and analysis process

According to Schrieber & Carley (2003he \alidity of network analysis can be examined by
correlating network grehs and statistics with observed data. Data triangulation techniques,
which refers to the uses of both; secondary as two sources for data collection using multiple
methods such as, interviews, observatmmcollection of records. It is very essentialp@ay

attention to how the network models reflect reahifyadopting multiphase iterative review
processes that involve relevant stakeholders (Chang & Harrington, 2006). This study has
adopted an iterative, collaborative interpretation as shown in figus {@ improve the
robustness of this studyds findings. This pr

context given the structure and operations of the UAE nuclear power plant operational
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readiness. The use of secondary data coupled wi#lileld stakeholders review of the network
models enhance the reliability of findings derived from network analysis (Scott, 2000).
Furthermore, the use of secondary data as the starting point in developing network graphs helps
the research produces reliabhnd accurate models that survey methods usually fails to
procedure due to the weélhown issue of expansiveness bias, a type of bias defined as a
tendency of survey responders to indicate extra relational connections (MarsdenARa05).

this design tht has been adopted for this study adigith the use of the recognition technique

as a mechanism to producemore accurate evaluation of network structure rather than the

free recall techniques (Hlebec & Ferligoj, 2002).

Internal validity in network malysis has been definedexsor-free code (Borgatti and Fosteret
2003). Significant efforts were madednsureaccurate data collection, entgnd conversion

in this study. Two methods have been used as part of this study to research to ensureesadherenc
to the highest standards of quality, data valichtyd data reliability. Reflexivity and Quality
checks (Saunders, Lewis, and Thornhill 20 Réflexivity means that the insider researcher
assesses his or her association with the research settitigeantgpact such association might
have on research outcomes. An iterative review process was adepteta this research to
ensure addressing the issue of -badises. This process included iterative reviews of the
net wor kdés devel opynidferéent sabjecd madter axpgrts i(Fsimary and
secondary) from the nuclear field in addition to network analysis experts from the British
University in Dubai to ensure eliminating any chance for insider biases towards certain
assumptioa Quality checks wre also implemented using two techniques. First, the

researchers created the first draft of dependency matrices and individual networks. Those
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dependency matrices and individual networks were separately analyzed to spot any
discrepancies so that all cacte®nsweremade before running the network analysis. Secondly,
another member with extensive nuclear experience reviewed the networks while being
developed before considering the draft of dependency matrices and individual networks as
final.

A pilot studywas carried out as part of his study to test the accuracy and reliability of data
collection and analysis. In particular, to address and stress test aspettie éikeuracy of
adjacency matrices, data tabulation into the nodes and edges lists, rendgaoithique to face
validate the first draft of graphs developedd finally tocrossvalidate final networks with

reality on the ground. Creswell (2014) emphasized the essential role pilot studies play in
enabling researchers to detect and avoid afgcteor shortcomings associated with the data
collection method and tool. Pilot studies enhatleer e s ear cher 6s abil ity
validity and reliability. Debriefing andhotetaking were used to document feedback from
subject matter experts andopess owners on each step of the data collection and analysis of
the first two networks. Namely; interactions between L&vélrocesses and Regulatory
Requirements and interactions between Lé&vBlocesses and Strategic Programs. Notes were
used to builda better understanding of secondary data transformationthietaccuracy of
adjacency matrices, the data tabulation into the nodes and edges lists, the validation through
recognition techniqueand final network validation with process owners. As a tesul
secondary subject matter expert was added to the data collection and validation processes.
Furthermore, an introduction about network statics measure was added as an awareness
material to participanfsand interview questions were simplified to eliaii® any confusion

and to prevent any misinterpretation. Saunders, Lewmid Thornhill (2011) highlighted that
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the pilot study should support designing a data collection tool that is easy for paritapant

understand and complete.
4.8 Data analysis

Each Daa Analysis procedures have their own strengths and weaknesses. Data analysis methods
differ and depend widely on the research problem and aim. The ability to fully and accurately
answer the research questions depends on the reséaatiiiély to chooseand conduct the
appropriate data analysis method (Weber 1990). Therefore, the analysis method should be
consistent with the previous research stages. most importantly, to provide the necessary reliable
output that fully addresses the research questidris.research, as has been mentioaddped

the Network Analysismethodin conjunction with theconfirmatoryinterviewsto answer the

research questiondletwork Analysisvasidentifiedas thebestfit analysis method to model the

complexity of interactin between Processes, Progra@skeholders (Peopleand Systems of

the Nuclear power plant operationRleadiness Progranm order to explore the complexity of

interactions betweethe different componestof the nuclear power plant operational readiness

this research used the network statistic results from the Gephi soflegreeasongor selecting

Gephi software were the following:

1. The powerful data processing and visualization functions. Instant visual feedback is a central
featureof Ge p h i atg. Thie kest pasition to do is making things visible when you apply an
algorithm tothe network. Gephi provides more various layout algorithms to prebent
network. Besides, they have a better -afiility than Citespace oa generated network

(Wajahatet al., 2020, Yang et al., 2017).
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2. Interactive exploration of different types of networks with a set of features that are not too

specific, and that scale &darge number of nodes and edges. Large magnitude networks (Shen

et al., 2019)

3. It can be understabby nonrexperts.

4. Gephi does not require coding experience

5. Gephi was cited and used heavily by scholars in different fields to address similar research

problens like the one for this study. (as per google scholar +22,000, around 3000 this year

only)

Based on the systematic review of the literature, the following mappings were chosen to answer

the research questions:

1)
2)
3)
4)
5)
6)
7)
8)

9)

Level O Process to Requirement

Level O Process to Program

Level 1 Process tarother level 1 process
Level O Process to Stakeholders

Level 1 Process to Stakeholders

Level 0 Process to Plant Systems

LO process to Implementing procedure
Level O Process to LO Process

Programs to Requirement

10)Programs to Role

11)Program to Program

12)Program to Plant System
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13)And Finally, one network graph alysisonthe operational readiness program level
Accordingly, the Network Analysisvas conducted at th&2 subnetworksindividually before
apply the same on the wholuclear power plant operation®eadiness Program. General
characteristicsvere providal for each sulmetwork in terms of the general characteristics of
centrality measures. The two different les/ef analysis identied explored Processes, Programs,
Stakeholdersand Systems that are most central and important. These elewenetfurther
investigated througmetwork statisticsStarting with network density, network diametand
average length path. Additionalliyye centralityneasurswere applied tadentify those elements
which havemore influencentheNuclear power platgoperatimal Readiness. This measwas
divided into two submeasureClosenessentrality andbetweennessentrality. The Closeness
centrality identifiel those elements whiatanreach other factors in the most efficient way among
other elements of thBluclear pever plant operationaReadinessThe Betweenness centrality
measurd t he number of ti mes each el ement/ actor
connecting other elements /actors. In other words, this measure ideim&imost controlling or
the shortest paths across other elements ddletear power plant operatiorReadiness program.
Additionally, modularity class analysis was applied to detect subset and clustering within the 13
networks Moreover, to investigaten-depth,the complexity of interaction in the 13 networks
developed, the general characteristics have been provided for another 13 ego networks, each one
of them focused on the most influential node identified through betweenness ceifinalipelow
table describes the network general parameteitamgeaning in the context of tmeiclear power
plant operationaleadiness program.
A systematic process has been developed and strictly followed to provide a structured mechanism

and ensure consistency \ehitransfornmg raw data captured from reviewing 0 management
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systems documentation and interviews to the final published network graphs, especially because
we had multiple network graphs to be created to be able to answer research qustions.
validaing all adjacency matrices with subject matter experts across different domains in the
Nuclear Power Plant Operational Readiness Program, the following steps have been followed for

developing each of the 13 Network graphs:

1. Formatting the data for Gephihe validated data has been transformed into nodes and

edges. To follow Gephi naming conventions, the following fields have been created as
required by the nodes and edges sheets:
U For Nodes: Nodes ID and label

U For Edges: Edge Source and target.

2. Importing data into GephiTwo CSV files, one file for nodes and another for edges have

been created for each network. Both spreadsheets were imported to create edges and nodes
tables as undirected networks.

3. Assess the initial graph layoudthe initial graph wasised ag starting point to assess some

basic features inherent in the Data uploaded into Gephi to address the following points:
a. Are all nodes fully connected, or are theexeraldisconnected nodes?
b. Does the graph look dense or disperse?

c. Isthere any observable pattern or clusters? Any specific network structures?
Some instances of Data duplication have been observed and corrected at this stage.

4. Selecting the network layouThe focus of this step was on selecting the most suitable

layout that helpsto demystify relationships between defined nodes and support the

researcher to provide effective analy&isen thoughall layouts can perform similar basic
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functions of graph visualization, Network complexity and structure are the two main

fad ors that would determine researchersad ch
those two factors and after running multiple scenarios, Force Atlas was found to be the
most suitable graph layout to explore and discover the interactions betweearMNRmlver

Plant Operational Readiness actors (Nodes). algorithms based on spring mechanisms such
as repulsion and attraction are probably far more useful in drawing the network

5. Exporting the graph with all associated graph statistics conducted

6. Analyzing he graphThere are many statistical analysis measures and techniques that can
be used for Network analysito understandhe patterns and behaviors within each
individual network related to this research, we shall try to answer the following key

guestiors:

1. What does the overall structure of the network look like? Is it densely connected, or is the
network rather sparse?
2. Does our network have a high level of randomness, exemplifiadidvy distinct patterns?
Or are there very pronounced groups witlhe network that exhibit advanced levels of
clustering?
3. Do we see evidence of high degree hubs in the network, with many smaller nodes
surrounding the hubs?
4. Are certain nodes critical within the structure of the network, perhaps acting as bridges
between otherwise disconnected groups?

The graph statistics mentioned in the table (4.1) with their contextual interpretiti@Nuclear

Power industry will be used to answer each of these. During the analysis phase, the research team
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will investigate which statistics to use and when to ensure measuring various behaviors and

structures of a networkccurately and reliably
When it comes to Centrality measures, the research will address the following four critical views:

a) As a starting point, the reseangfil analyze how central a specific node is relative
to the entire network. If any node is highly connected and centrally positioned
within any of the 13 networks, or artheyall on the peripheries with just a few
connections?

b) secondly, the research Wwianalyze if any node within the 13 networks is
surrounded by highly connected neighbors, without necessarily being directly
linked toalarge number of nodes within the network.

c) Thirdly, investigate if any node within the 13 networks is most likely to be
connected to other key influential modes within the network, thus affirming its
influence and importance.

d) and finally, analyze if any node within the 13 networks f@arbridge between
otherwise unconnected portions of the network. This can be measured loften

a node appears on the shortest path between other nodes.

Table 4.1: Key network statisticalmeasures and their contextual relevance to this research

Measure Definition Contextual Relevance to the research
Network Diameter The maximum Understanding the network diameter will help ir
number of comprehending the structure of a network and
connections whether any nodes within the network is

required to traverse  gggsential (of strategic importance) when we

tohggraph assess usingnother measure like Eccentricity.

How many steps it
takes for the two
most distant nodes
in the network to
reach one another
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Eccentricity

Network Density

Average path length

Edge betweenness

Centrality Measures

The number ofsteps
required for an
individual node to
Cross

the network.

The degree nodes
areinterconnected
within the network.
Usually calculated a:
the proportion of
connected edges
relative to the total
possible number of
connections and
returned as a
decimal value
between zero and
one. lis dense 0 is
sparse

the maximum path
length between
nodes.

How often specific
edges

reside withinthe
shortest paths
between network
nodes

the relative influence
of individual nodes
within the network
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Provide a perspective on the relative importanc
and influence of a node compared with other
nodes usually when combined with other
statistical measures

Density measure would help in und¢anding
how the individual 13 networks (mentione
above) are structured and might help identify ge
or holes within those networks or/and the bigg
network of the nuclear power plant operation:
readiness program as a whole.

A measure of how efficient is the communicatic
and information flow for an entire network.
lower numbers might indicate that the

network is relatively more efficient and the info.
The flowbetween different players in thBluclear
Power plant Operational Readiness is timely ar
smooth, while high average numbers might
signify a relatively inefficierdrossfunctional
communication between process and program:
owners and/or inefficient information flow
between systems and programs.

Edge betweenneswill help inidentifying the
most frequently used paths within each of the 1
networks. Therefore, illustrate the most efficien
paths for traversing each network and ultimatel
allowing for making comparisons between the :
networks.

Centrality would help in identifying whic
components of the nuclear power plai
operational readiness (5Ps) have more influel
over other components in terms of achieving t
strategic target®f the program (Safety, reliability
cost, schedulgeetc.)

Centrality is an essential measure of t
information flows within the network. However,
should be assessed using a combination of
mentioned measures to form a comprehensi
and accurateunderstanding of info. Flow withil



Degree Centrality
a) In-degree centrality
b) Out-degree centrality

Closeness centrality

Eigenvector centrality

Betweenness centrality

Modularity

The total number of
direct connections
(degrees) one node
has (In or out)

The average farness
(inverse distance) to
all other nodes.
Nodes with a high
closeness score hav
the shortest
distances to all other
nodes

The degree nodes
are highly connectec
to other
influential/important
nodes

The degree nodes
offer the most direct
path/Bridges
between otherwise
disconnected
Clugers.

Assessment of the
number of distinct
groupings

within a network.
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the nuclear power plant operational readine
program.

The higher the degreef centrality the higher the
importance or influence of the node within the
network. This statistical measure will be
considered carefully in this research after
gt ARFGAY3 (GKS dzy RSNI
number of connections is a key measure of
importanOS 2 NJ Ay Tf dzSy O0S ¢
Closeness centrality might help in detecting
nodes thatcan send communications and share
information in a very efficient and fast manner
through the network. Therefore, support timely
decision making related to any of the processe:
programs, or systems included in the Nuclear
Power plant Operational Readiness.

AHigher Eigenvector centrality score for a nodt
will provide a perspective into the influence tha
node has on the network. This influence can be
interpreted in many forms like the relative
importance of the node to the communication
effectiveness and info. Sharing. It might also
providea perspective of the degree of
interdependencies of influential nodes on the
node witha high Eigenvector centrality score
which might shift the focus on management
towardsa different type of action to address
business challenges.

A higherbetweenness centrality score for a nod
will provide a perspective on how critical that
node to maintain the structure of the network.
into the influencethat node has on the network.
Unlike other centrality measures, betweenness
centrality provides a different perspective for
those poorly connected nodes that might be
critical to the network by being bridges betweel
key other components. This also might shift the
focus on management towarasdifferent type of
action to address businessallenges.

This network statistic will help in grouping node
based on the strength of their relationships into
distinct clusters. Understanding clusters within
the 13 networks othe Nuclear Power Plant
Operational Readiness Program will hiep
characterizehe behavior of each network by



using modularity value aspredictor of cluster
and network future response to certain
parameters likehe speed of information
transfer. It will also providan additional
perspective on the influence of certain nodes
when combired with other measures like
centrality measure.
After exploring and illustrating interactions in the form of 13 networks, this research validated the
preliminary analysis of alhetworks againsé x p e r t sSvia a gnétesane interview with
process owners. Network graphs need more than face validation, which can be determined by
asking the question Ais 1t a reasonabl e repre
Therefore, after exploring detailed inteiaos and producing detailed network graptise
interviews protocol focused on answering three questions:
1) Looking at this network, can you identify any missing connections? Or any
overstated ties?
2) Does this network graph provide an accurate representafigrality on the
ground?

3) What practical insights you can generate from this network illustration and

statistics?

4.9. Confidentiality and accessibility

This study appéd the essential principles of ethical conduetormed consent and the protection
of confidentiality All activities associated with this stusgiiarted withan introductory paragraph
andan explanation of its purpose assureconfidentiality.Despite the fact that network data are
sensitive in terms of describing detailed interactions and relationships betweenNetask

data are not traditional data where attribute and subject can be separated and still retain meaning
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(Eppinger and Browmg 2012, Browning 2001)Therefore, for data analysis and network
presentations during the data quality check and the validation interviews, all actors (Nodes)
involved in this study were coded (given an ID and Label) with letters and numbers. Durirgy phase
of data quality check, reflexivityand validation interviews, process owners and subject matter
experts were abl® identify some additional items that were classified as confidential. Therefore,
those items were removed from the analysis. At that, tpnecess owners and subject matter
experts agreed that labeling and coding used in this sredyfficient to ensuréheprotection of
confidentiality.
This studyalso wasgoverned undethe terms and conditions of the standard fuisclosure
undertakirg of the Emirates Nuclear Energy Corporation (ENETHe researcher undertakes to
use solely for the purpose of conducting this study and not for any other puiffusegudy has
maintainedthe confidentiality of all confidential information and piethem secure, safeand
protected from any unauthorized acce3tie researched i d digtlbse any confidential
information to any person or entityycluding the network analysis expert supported this study
from the British university in Dubaifaculty members assigned for this studiyhe following
confidential informatiorhasbeenexcluded from the researcher undertaking agreement:

a) Any confidential information which is generally made availghiélicly by the Emirates

Nuclear Energy Corporation (ENEC)thwout restriction on disclosure.
b)  Any information which is independently developed by the researcher who had no direct or
indirect access to, or knowledge of, such confidential information.

As part of this studyhie researchdr a s n 6 t enfigental ipfermhation from any computer,
word processoror other similar devices storing confidential information in electronic format,

provided that the confidentiality of such electronically stored informatidm confidential
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information was included in theal thesis in its original format (without codin@)his studyhas

notdiscussear includel anyexportcontrolledinformation

4.10.Datavalidity andreliability

There are two different views in the academic literature pertaining to the researchearbeing
insider to the setting, contexbr organization where the research is being conducted. Some
academics have seen this association between the research and the research setting as a drawback
that might jeopardize the validity and reliability of the reskautput since the insider researcher

has a personal stake and substantivetionalassociationn the settingthat might hinder his

ability to attain therequireddistance and objectivityeeded to obtain impartial andlid insights

and analysisBramick and Coghlar2007)havechallenge thatview andexplained the benefit

of being an insider researcher and hiogider researcls not only validandreliable but also

provides important knowledgabout whatorganizationsare really like, which traditional
approaches may not be able to uncalee to the restrictions of data accessibility and the real
understanding of the research setting and conlteetrnal validity in network analysis has been
defined aserrorfree co@d (Borgatti and Fosteret 2003). Significant efforts were madagare

accurate data collection, entgnd conversion in this study. Two methods have been used as part

of this study to research to ensure adherence to the highest standards of qualigljdint and

data reliability. Reflexivity and Quality checkReflexivity means that the insider researcher
assesses his or her association with the research setting and the impact such association might have
on research outcomes. Therefore, refleyigiiould be an integral part of the research process to
ensure that the association and involvement of the researcher with the research setting will not bias

the research assumptions and hence analysis of findings and research outcomes. An iterative
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review processhas beeradopted apart of this research to ensure addressing the issue of self
biases. This procesacludedi t er ati ve reviews of the network
different subject matter experts from the nuclear field in additioetiwark analysis experts from

the British University in Dubai to ensure eliminating any chance for insider biases towards certain
assumptioa In addition,quality checks were also implemented using two techniques. First, the
researchers created the firstaii of dependency matrices and individual networks. Those
dependency matrices and individual networks were separately analyzed to spot any discrepancies
so that all correctionseremade before running the network analysis. Secondly, another member

with extensive nuclear experience reviewed the networks while being developed before

considering the draft of dependency matrices and individual networks as final.

4.11.Chapter ammary

In this chapter, the researcher has provided an overview of the methodologgsaadch
techniques adopted and highlighted the main reasons behind using this methoalodbpgas
provided justification for the use of Design Structure Matrix (DSM) and Network Analysis. In
addition, this chapter explained how the data has been analsredGephi software, as well as,

discussed the contribution of the validation interviews to the research reliability.

Chapter 5. Results
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5.1. Introduction

This chapter discusses in detail the findings of the network anallypi®vides aroverview of

the 13 network diagrams in regards to network general characteristics, network density, network
clustering coefficient and modularity analysis, network centrality megsamesego networks.

Also, this chapter providespreliminary interpretation dhemain observationthatemerged from

the network analysisKey reasongor selecting Gephi software were the following:

1. The powerful data processing and visualization functions. Instant visual feedback is a
central featuraf Ge p hi 6 s i d e position tp do isTnmaking thiegs tvisible
when you apply an algorithm tihe network. Gephi provides more various layout
algorithms to presenthe network. Besides, they have a better -adbility than
Citespace omagenerated network (Wajahat et al., 2028ng et al., 2017).

2. Interactive exploration of different types of networks with a set of features that are not
too specific, and that scale éarge number of nodes and edges. Large magnitude
networks (Shen et al., 2019)

3. It can be understood by n@xpets.

4. Gephi does not require coding experience

5. Gephi was cited and used heavily by scholars in different fields to address similar
research problemas the one for this study. (as per google scholar +22,000, around

3000 this year only)
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5.2. Interactions betweelevel Oprocesses anekgulatoryrequirementsvithin the

nuclearpower plant operationareadinesgrogram

Main Processegeferred to in this study as LO processag)port the safe and reliable operations
of any Nuclear PowePlant. They consist of a structured set of activities, which produce a
measurable outpuProcesses are designed to facilitate the execution of repetitive work to ensure
requirements are meffectively and efficientlythrough a sequence of sptocesses and taties
showing an operation of afunction or service. Processes aim to midatlear Power Plant
Operational Readiness$rategic and regulatory objectives under the categories of:

1. Management Processdabose are LO Processes thet used to provide evsight,

review performanceand provide opportunities to improve Core and Support Processes.

Examples ofttese Processes are Management Oversight, Independent Oyarsight

Performance Improvement.

2. Core Processeghose are LO Processes thet used to deliver key products and

services, by taking input and transforming it inteetue-adding outputExamples of

these Processes @perate Plant, Work Management, Configuration Management,

Equipment Reliabilityand Materialsand Services.

3. Support Processethose are LO Processes theg used to provide support for our

Core Processe&xamples of these Processes lanss Prevention, Nuclear Fuel, Talent

Managementand Support Services.

5.2.1Network diagrams

This network aimed to identify and depict all interactions between all LO processes (Main

Processes) forming the structure of Integrated Management System for the Nuclear Power Plant
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Operational Readiness Program and the regulatory requirements seNoylée Regulatothat
need to be fulfilled at minimum tssue the Operating LicensEhe list of LO processcovered
all Management System processes and each LO process was given a code and a node label as per

the tablg5.1).

Table 5.1 List of level 0 processes

Process Node Label Node ID

Manage Configuration ENG1LO0 1
Manage Equipment Reliability and Performance ENG2L0

Manage External Assessments NOSLO 3
Manage Quality Assurance QALO 4
Manage Internal Audit IADLO 5
Manage Governance Controls LGLA0 6
Provide Security Measures SNS.0 7
Provide Industrial Safety Services HNSLO 8
Maintain License and Permits LRALO 9
Perform Emergency Planning EP1LO 10
Provide Fire Protection FP2L0 11
Manage Nuclear Risk NRMLO 12
Provide Environmental Services ENVLO 13
Executethe Integrated Management System NIMSLO 14
Manage Statutory and Regulatory Requirements LGL3LO 15
Manage Enterprise Risk PMDZXLO 16
Materials and Services PSEL0 17
Fuel Management Servicea subsidiary RELO 18
Provide and Transport Fuel FCMLO 19
Provide Handling, Storagend Disposal of Fuel RELO 20
Operate and Monitor Structures, Systenand Components ORLO 21
Monitor and Control Effluents RWLO 22
Monitor and ControlPlant Chemistry CHELO 23
Manage Corrective Actions NPIELO 24
ManageSeltAssessmenand Benchmarking NPI2L0 25
Manage Knowledge and Utilize Operating Experience NPI3LO 26
Manage Human Performance NPI14L0 27
Manage Culture of Safety NPI5LO 28
Manage Enterprise Performance PMD2L0 29
Manage Project Controls and Project Delivery PMD3LO 30
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Manage Finance FINLO 31
Provide Legal Services LGLALO 32
Perform Commissioning Oversight co4.0 33
Perform Decommissioning DEGLO 34
ManageDocumentation and Records DCMLO 35
Maintain Facilities FACLO 36
Support Community and Government Relations COMZLO 37
Manage Communications COM2L0 38
Provide Information Technology Services ICTFLO 39
Talent Management HRLO 40
Planning andScheduling WM-LO 41
Perform Maintenance MNT-LO 42
Monitor and Control Radiation Exposure RP2L0 43
Monitor and Control Contamination RP1LO 44
Manage Site Projects PRA0 45
Manage Outage OUTLO 46

Similarly, all Regulaory Requirements have beébeled and given IDs as per the ta(ale).

Table 5.2 List of regulatoryrequirements

Regulatory Requirement Node Label Node ID \
FANRREGO1 Article (10), Process Implementation Req.1 109
FANRREGL6 Article (12), Contrabf Nuclear Facility Configuration Req.2 110
FANRREG16 Article (13), Management of Modifications Req.3 111
QA-MAN-0001, QualityAssurance Manual Req.4 112
INPO AP929, Configuration Management Process Description Req.5 113
1&2 FSAR Chapter 13 (CondoétOperations), subsection 13.5 (Plant Procedures Req.6 114
FANRREGO1, Regulation for Management Systems for Nuclear Facilities Req.7 115
FANRREGL6, Article (30), Maintenance, Testing, Surveillanaed Inspection Req.8 116
Programs
1&2 FSAR hapter 17(Managememf Safetyand Quality Req.9 117
Assurance Program), subsection 17.7.2.3 (System and Equipment
Health)
INPO AFB13, Equipment Reliability Process Description Req.10 118
Managerial, Administrative, and Quality Assurance Controls for the Operational Req.11 119
Phase of Nuclear Power Plants
Regulation for Management System for Nuclear Facilities Req.12 120
Operational Safety including Commissioning, Article 11 Req.13 121
Quality Assurance Manual Req.14 122
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Quality Assurance Policy Req.15 123
Managerial, Administrative, and Quality Assurance Controls for the Operational Req.16 124
Phase of Nuclear Power Plants

ASMENQA1: 1994 (with 1995 Addenda) Quality Assurance Requirements for Req.17 125
Nuclear Facility Applications

Fnal Safety Analysis Report (FSAR), Chapter 17, Management of SafdtQuality Req.18 126
Assurance Program

United Arab Emirates (UAE) Federal Law by Decree No 6 Concerning Req.19 127
Peaceful Uses of Nuclear Energy

FANRREG16, Operational Safety Including Commissioning Req.20 128
FANR REG1, Regulation for ManagemerSystems for Nuclear Facilities Req.21 129
Internal Audit Guidance and Standards issued by the Abu Dhabi Accountability Req.22 130
Authority (ADAA)

International Professional Practices Framework and Standards by The Institute Req.23 131
Internal Auditors

FANRREGO8, Physical Protection for Nuclear Materials and Nuclear Facilities Req.24 132
Abu Dhabi Environment, Health and Safety Management System (AD EHSMS) Req.25 133
Regulatory Framework

Final Safety Analysis Report (FSAR), Chapter 13 Req.26 134
FANRREGL11, Regulation for Radiation Protection and Predisposal Radioactive Req.27 135
Waste Management in Nuclear Facilities

Health & Safety Program Description Req.28 136
NuclearSafety Policy Req.29 137
OHSAS38001, Occupational Health and Safety Management system Req.30 138
WANO Guidance (INPO) 141, Industrial Safety for Nuclear Power Statgn Req.31 139
FANRREGD9, Regulation on the Export and Import Control of Nuclear Material, Req.32 140
Nuclear Related Items and Nuclear Related DUsle Items

FANRREGL0, System of Accounting for and Control of Nuclear Material and Req.33 141
Application of Additional Protocol- for reporting requirements

FANRREG16, Operational Safety including Commissioning, Req.34 142
Federal Law by Decree No. 13 of 2007, Concerning the Commaodities Subject tc Req.35 143
Control of Import and Export

Federal w by Decree No. 6 of 2009, Concerning the Peaceful Uses of Nuclear Req.36 144
Energy

Federal Law by Decree No. 63 of 2010, Additional Protocol Ratification Req.37 145
123 Agreement Agreement for Cooperation between the Government of the Req.38 146
United States of America & the Government thfe United Arab Emirates

Concerning Peaceful uses of Nuclear Energy

FANRRGOO01, Content of Nuclear Facility Construction aBgerating License Req.39 147
Application

IAEA INFCIRC/622/Add.1, Protocol Additional to the Agreement between the Req.40 148
United Arab Emirates and the International Atomic Energy Agency for the

Application of Safeguards in Connection with the Treaty on the Nemliferation

of Nuclear Weapons, dated 19 January 2011

Licensing policy an8ANR Interface Policy Req.41 149
NPP Public Protective Actions [2013], Actions to protect the public in an emerge Req.42 150

due to Severe Conditions at a Light Water React&A, Vienna, 2013
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External Affairs and Communication Group Emergency Communication Plan Req.43 151
FANR RE®2, Emergency Preparedness Req.44 152
FANR REG®S5, Requirements for Offite Emergency Plans for Nuclear Facilities Req.45 153
FANRREGL6, Operational Safety Including Commissioning Req.46 154
FANRREGO3, Regulation for the Design of the Nuclear Power Plants. Federal Req.47 155
Authority for Nuclear Regulation (FANR)

FANRREGD4, Regulation for Radiation Dose Limits a@gtimization of Radiation Req.48 156
Protection for Nuclear Facilities

FANRREGO8, Regulation for the Physical Protection for Nuclear Material and Req.49 157
Nuclear Facilities

Federal Law by Decree No. 2 of 2011 Establishing the National Emergenigy Cris Req.50 158
and Disaster Management Authority

Federal Law Decree 6 of 2009 Concerning the Peaceful Uses of Nuclear Energ Req.51 159
IAEA No. Part 7, Preparedness and Response for a Nuclear or Radiological Req.52 160
Emergency

NEI 9901, Developmenbf Emergency Action Levels for Nétassive Reactors, Req.53 161
Revision 6, 2012

Criteria for the Development of Evacuation Time Estimate Studies, NRC, Reuvisi Req.54 162
2011

Criteria for Preparation and Evaluation of Radiological Emergency RespBlzses Req.55 163
and Preparedness in Support of Nuclear Power Plants. NRC, Revision 1, 1980

Functional Criteria for Emergency Response Facilities, 1981 Req.56 164
5 U.S. NRC Regulatory Guide 1.189, Fire Protection for Nuclear Power Plants Req.57 165
Final Safety Analysis Report (FSAR), Chapter 9.5.1, Fire Protection System Req.58 166
FANRREGO1, Regulation for Management Systems for Nuclear Facilities, Article Req.59 167
10, Process Implementation

FANRREGO3, Regulation for the Design of NucleBower Plants Req.60 168
FANRREG16, Regulation for Operational Safety Including Commissioning Req.61 169
National Fire Protection Association (NFPBodes and Standards Req.62 170
U.S. NRC BTP CMEB-9.5 Req.63 171
FANRREGO5, Regulation for the Application of Probabilistic Risk Assessment Req.64 172
(PRA at Nuclear Facilities

FANRREG16, Operational Safety includingg@hmissioning, Article (19) Req.65 173
FANRRGO003, Probabilistic Risk Assessment: Scope, Quadityl Applications Req.66 174
FANRRGO04, Evaluation Criteria for Probabilistic Safety Target and Design Req.67 175
Requirements

Final Safety AnalysiReport (FSAR) Req.68 176
Decree No. (42) of 2009, Concerning the Environment, Health and Safety Req.69 177
Management System in Abu Dhabi Emirate

Executive Order issued by Council of Ministers Decree No. (12) of 2006, for Req.70 178
Protection of Air from Pollution

Executive Order issued by Council of Ministers Decree No. (37) of 2001, Execu  Req.71 179
Guidelines for Federal Law No. (24) of 1999

FANRREGD4, Regulation for Radiation Dose Limits and Optimization of Radiatic Req.72 180
Protection for NucleaiFacilities

Federal Law No. (11) of 2002, Concerning Regulating and Controlling the Req.73 181

International Trade in Endangered Species of Wild Fauna and Flora
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Federal Law No. (23) of 1999, concerning Exploitation, Protection and Req.74 182
Development of the Living Aquatic Resourdeshe Waters of the State of the

United Arab Emirates

Federal Law No. (24) of 1999, Protection and Development of the Environment Req.75 183
Law No. (17) of 2005, Establishment of the Abu Dhabi Sewage Services Compz Req.76 184
(ADSSEC

Law No. (18) of 2007, primarily enabling other Wastewater and Sewerage Servi Req.77 185
entities other than ADSSC to be licensed by the Bureau and allowed these entit

G2 O2yySOG G2 '5{{/Qa {S6SNI IS { SNV

Law No. (2) of 1998, Regulation of the Water and Electricity Sector in the Emira Req.78 186
of Abu Dhabi

Law No. (21) 2005, for Waste Management in Abu Dhabi Emirate Req.79 187
Law No. (6) of 2006, concerning Organization of Drilling of Groundwater Wells Req.80 188
Recycled Water and Biosolids Regulations 2010, (The Regulation and Supervis Req.81 189
Bureau for the water, wastewaterand electricity sector in the Emirate of Abu

Dhabi)

The Fuel Storage Tank Regulations 2009, (The Regulation and Supervision Bul Req.82 190
for the water, wastewater and electricity sector in the Emirate of Abu Dhabi)

EAD (2014), Environment Agenré&you Dhabi Standard Operating Procedure for Req.83 191
Permitting of Industrial, Commercial, and Light Industrial Projects in Abu Dhabi

Environment AgencyAbu Dhabi Technical Guidance Documé&itandards and Req.84 192
Limitsfor Pollution to Air and Marine Environments Occupational Exposure

Pesticides and Chemical Use (2003)

Environment AgencyAbu Dhabi Technical Guidance Document for Operation Req.85 193
Environmental Management Plan (OENR014)

Environment AgencyAbu Dhabi Technical Guideline for Environmental Audit Req.86 194
Reports (2014)

Environment AgencyAbu Dhabi Technical Guideline for Fish Entrainment and Req.87 195
Impingement Studie$2014)

Environment AgencyAbu Dhabi Technical Guideline for Monitoring Reports (201 Req.88 196
Environment AgencyAbu Dhabi Technical Guideline for Storage of Hazardous Req.89 197
Materials (2014)

Environment AgencyAbu Dhabi Technicabuideline for Submission of Req.90 198
Environmental Applications and Reports (2014)

Environment AgencyAbu Dhabi Technical Guideline for Wastewater and Marine Req.91 199
Water Quality Monitoring (2014)

Environment AgencyAbu Dhabi Technical Guidelinerf§Vastewater Treatment Req.92 200
Plant Permit Discharge Management Plan (2014)

IAEA General Safety Requirements No. GSR Part 2, Leadership and Managem Req.93 201
for Safety

International Finance CorporatioiVorld Bank Group Environmental and Social Req.94 202
Performance Standards

International Finance Corporatioiorld Bank Group Environmental, Health, and Req.95 203
Safety Guidelines for Thermal Power Plants (2008)

International Finance CorporatioiVorld Bank Group General Environmental Req.96 204

Health ard Safety (EHSGuidelines (2007)
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International Finance Corporatioiorld Bank Group Performance Standards on Req.97 205
Environmental and Social Sustainability (2012)

FANRREGO1, Management Facilities for Nuclear Facilities Req.98 206
FANRREG16, Regulation on Operational Safety including Commissioning Req.99 207
ASME NQAL: 1994, Quality Assurance Requirements for Nuclear Facility Req.100 208
Applications, with 1995 Addenda, Parts I, llchfll.

FANRREGO1, Regulation for Management Systems for Nuclear Facilities. Req.101 209
FANRREGL, Regulation for Management Systems for Nuclear Facilities Req.102 210
FANRREG3, Regulation for the Design of Nuclear Power Plants Req.103 211
FANRREGD, Regulation on the Export and Impo@ontrolof Nuclear Material, Req.104 212
Nuclear Related Items and Nuclear Related DUsle Items

ASME NQAL-1994 Quality Assurance Requirements for Nuclear Facility Req.105 213
Applications and 1995 Addenda

FANRREGO1, Regulation for Management Systems for Nuclear Facilities, Articl¢  Req.106 214
10, 11 and 12

FANRREGO3, Regulation for the Design of Nuclear Power Plants, Articles 48, 4¢ Req.107 215
86 and 87

FANRREGD9, Regulation on the Export and Impo@tontrol of Nuclear Material, Req.108 216
Nuclear Related Items and Nuclear Related DUale Items, Article 7

FANRREG10, Regulation for the System of Accounting for and Control of Nuclei Req.109 217
Material and Appication of Additional Protocol

FANRREG16, Operational Safety including Commissioning, Article 29 Req.110 218
ANSIANS 3.2, Administrative Controls and Quality Assurance for the Operationé Req.111 219
Phase of Nuclear Power Plants

FANRREGO1, Management Systems for Nuclear Facilitidicle 21 Req.112 220
Barakah NPP Units 1&2 Final Safety Analysis Report (FSA&pter 11 Req.113 221
Barakah Offsite Dose Calculation Manual. Req.114 222
FANRREGD4, Regulation for Radiation Dose Limits & Optimization of Radiation Req.115 223
Protection for Nuclear Facilities

FANRREGD6, Regulation for an Application for laicense to Construct a Nuclear Req.116 224
Facility

FANRREG13, Regulation for the Safe Transport of Radioactive Materials Req.117 225
FANRREG14, Regulation for an Application for a License to Operate a Nuclear Req.118 226
Facility

FANRREGO1, Regulation for Management Systems of Nuclear Facilities Req.119 227
FANRREGL16, Operational Safety including Commissioning, Article (28) Req.120 228
ANSI/ASME NQA, Quality Assurance Requirements for Nuclear Facility Req.121 229
Applications

FANRREGO1, Regulatiorfor Management Systems of Nuclear Facilities, Article 7 Req.122 230
IAEA G$5-3.1, Application of the Management System for Facilities and Activitie  Req.123 231
Safety Guide

IAEA G&5-3.5, The Management System for Nuclear Installations Req.124 232
FANRREGO1, Regulation for Management Systems of Nuclear Facilities, Article.  Req.125 233
FANRREGD1, Regulation for Management Systems of Nuclear Facilities, Article Req.126 234
(including letter FANFENA15-0273L.)

FANRREGO1 Article 10¢ Process Implementation Req.127 235
FANRREGL16, Operational Safety including Commissioning, Article 23 Req.128 236
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FANRREGO1, (Version 0), Regulation for Management Systems of Nuclear Req.129 237
Facilities, Article 4

FANRREGL16, (Versim 0), Operational Safety including Commissioning, Article 7 Req.130 238
Article10, and Article 11, Item 2

IAEA G&5-3.5, The Management System for Nuclear Installations Req.131 239
NuclearSafety Policy Req.132 240
Performancelmprovement Program Description Req.133 241
Integrated Management System Req.134 242
NPP 1&2 Final Safety Analysis Report Chapter 13 & 17 Req.135 243
FANRREGL16, (Version 0), Operational Safety including Commissioning Req.136 244
FANRREGO1, (Version 0), Regulation for Management Systems of Nuclear Req.137 245
Facilities

FANRREGO1, Management Systems for Nuclear Facilities, Article 10 and Article  Req.138 246
WANO Performance Obijectives & Criteria (PO&2013-02 Req.139 247
Bestpractice financial management and reporting. Req.140 248
FANR Reg [LATER] requires funds to be made available to ensure the safe Req.141 249
operation and maintenance of

FANRREGD1, Regulation for Management Systems of Nuclear Facilities, Article, Req.142 250
UAE Company Law requires the preparation of audited financial statements an¢c  Req.143 251
the maintaining of books, recordsand systems to in support of the statements

A Legal Department must be staffed by an adequate number of competentf staf Req.144 252
members to provide the level and quality of legal support needed by the

organization

FANRREGO6, Application for a License to Construct a Nuclear Facility Req.145 253
FANRREGL1, Radiation Protection and Predisposal Radioactive Waste Req.146 254
Management in Nuclear Facilities

FANRREG14, Regulation for an Application for laicenseto Operate a Nuclear Req.147 255
Facility

FANRREG21, Decommissioning of Nuclear Facilities Req.148 256
Federal Law by Decree no. 6 (2009 oncerning the Peaceful Uses of Nuclear Req.149 257
Energy

FANRREGO1, Regulation for Management Systems of Nuclear Facilities, Article,  Req.150 258
¢ Process Implementation

FANRREGO1, Regulation for Management Systems of Nuclear Facilities, Arfiele.  Req.151 259
- Control of Documents

FANRREGO1, Regulation for Management Systems of Nuclear Facilities, Article, Req.152 260
- Control of Records

FSAR Chapter 17 Req.153 261
FANRREG13, Safe Transport of Radioactive Materials Req.154 262
COBIB Req.155 263
ISOIEC 27001:2013 Standard Req.156 264
ITIL(V3) Req.157 265
FANRREG 17, Certification of Operating Personnel at Nuclear Facilities Req.158 266
IAEA Nuclear Power Plant Personnel Training and its Evalualechnical Report Req.159 267
380

IAEA Recruitment, Qualification and Training of Personnel for Nuclear Power Req.160 268

Plants, Safety Standards Series N¢bi$2.8
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UAE Civil Law Req.161 269
UAE Federal Law by Decree No 6 of 2009 Req.162 270
UAE Labor Law Req.163 271
FANRREGL16, Article (30), Maintenance, Testing, Surveillance and Inspection Req.164 272
Program

FANRRGO002, Application of Management Systems for Nuclear Facilities Req.165 273
FSAR Unit 1&2 Req.166 274
MaintenanceProgram Description Req.167 275
NPP Units 1&2 Final Safety Analysis Report (FSAR) Chapter 12 Req.168 276
Regulations for the Safe Transport of Radioactive Material Req.169 277
Regulation for a License to Operate a Nuclear Facility Req.170 278
Transportation Safety Guide Req.171 279
Advisory Material for the IAEA Regulations for the Safe Transport of Radioactivi Req.172 280
Material

USNR®Regulatory Guide 1.97, Instrumentation for Ligki¥ater-Cooled Nuclear Req.173 281
Power Plants to Assess Plant and Environs Conditions During and Following ar

Accident

USNRC Regulatory Guide 8.8, Information Relevant to ensure that Occupationg Req.174 282
Radiation Exposures at Nuclear Power Stations will be as Low as is Reasonabl'

Achievable

USNRC Regulatory Guide 8.15, Acceptable Programs for Respiratory Protectio, Req.175 283
USNRC Regulatory Guide 8.27, Radiation Protection Training for Personnel at| Req.176 284
Water-Cooled Nuclear Power Plants

USNR®egulatory Guide 8.38, Control of Access to High and Very High Radiatii  Req.177 285
Areas in Nuclear Power Plants

FANRREGD1, Article3, 7 and 10, Regulation for Management Systems for Nucle Req.178 286
Facilities

FANRREGL16, Article31, Clause 1 (&) 2 and Article (31), Clause 4 (refer CB Req.179 287
observationg 5 in the document), Regulation on Operational Safety including

Commissioning

Subsequently, data for this network was imported into Gephi using the-alemt®ned structre,
Force atlas algorithm was applied, graph statistics were applied the initial graph layout was
assessed and elimination of unconnected nodes that were irrelevant to this network was done.
Finally, the final network graph was produced (Figure 5.1).Hdree Atlas layout algorithm was
used for two main reasons:

1. It is made to spatialize small worlds and Sdalee Networks specifically. That

algorithm design fits with the characteristics of the nuclear power plant operational
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readiness being a complex ptlae system. Therefore, The Force Atlas layout
algorithm was seen as the best fit.

. The Force Atlas layout algorithm is focused on Qualityiakdown for being the best
fit to explore real data with the fewest biases possible and statistical consttdists

with research design as an empirical study that is relied on secondary data.
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Figure 51 Level Oprocesses andegulatoryrequirementsetwork



From the first lookon figure 5.1 it is noticeable that thiteractions between Level O Processes
and Regulatory Requirements within the Nuclear Power Plant Operational Readiness Program
looks cluttered and a bit concentrated near the cdrtiernature of this interaction forms multiple
distinct andlarge hubsaround main processes like Provide Environmental Ser{isy-L0),
Monitor and Control ContaminatiofiRP21-L0), Perform Emergency Plannir{§P1L0), Provide
Handling, Storage and Disposal of FURE{LO), Manage External Assessment#(S-L0) and
Maintain License and Permitd RA-L0O). The depictedlayout interactions between Level 0
Processes and Regulatory Requiremsapgport to a great extent the fact that Nuclear Power plants
Operational Readiness Programs are designed and stduaismeg procesbased models
Furthermore,lie hub and spoke pattgrevailed in this interactioexplairs how each LO process

is designed to fulfill specifiRegulatoryRequirements and ultimately instilling those requirements

in the Business as UsualAB)) by design.

5.2.2General characteristics

The structural characteristics of the LO to Regulatory Requirements network are shown in Table

(5.3).

Table 5.3 Structural characteristics of the LOregulatoryrequirements intersections

Characteristic Value

Total number of LO and Regulatory Requirements nodes 228

Total number of undirected interactions (Edges) 691

Theinteraction betweethe LO procesesandregulatory requirements seems to be efficient and

the flow of information seems to be seamless as inditatedelatively low dense networkhe



maximum number of connections required to traverse the interaction between LO to Regulatory
Requirements or in other words the number of steps taken between the two most distant nodes in
this interaction to reach one another is 5 nodes as indicated Retiverk Diameter. Combining

this observation with the fact that the maximum path length between LO to Regulatory
Requirements is 3.03 as indicated by the average path length for a graph, we can conclude that the
graph is efficient from a communication sd@eint since the maximum path length between LO to

Regulatory Requirements is less thanrtb&vork diameter.

5.2.3Networkdensity

Graph density is a network statistical measure of how tightly interconnected a network. It is
calculated by examining thgoportion of existing edges relative to the possible total number of
connections. A high degree of interaction across the network will have higher density levels while
weak interactions result in low Network Density. Two networks with identical nuroberes

might have very different density levels; even the same network measured at different time
intervals is likely to have differing density measures as links are formed or broken ovdntime.
this network, density measures the linkage between LOeBses and Regulatory Requirements.

The value of network density ranges from 0 to 1. A density close to 1 indicates that all LO Processes
are strongly linked to Regulatory Requirements within the Nuclear Power Plant Operational
Readiness Program. While arity of 0.5 suggests the presence of medium interaction between
LO Processes and Regulatory requirements. A value close to 0 will indicate the existence of weak
interaction between LO Processes and Regulatory Requirements. Additionally, the density of th
interactionin this networkcan be used to measure the cohesivea@ssrobustnessof the

interaction between LO Processes and Regulatory Requirements, as wellradyugieeness and
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coverageof all regulatory requirements as part of the BAU desighiwithe nuclear power plant.
The density of interaction between LO Processes and the Regulatory Requirements is 0.028 which
suggests that there is a low level of interaction among LO processes and corresgguatigry

requirements

5.2.4Network clugering coefficienandmodularityanalysis

This network statistic will help in grouping nodes based on the strength of their relationships into
distinct clustersClustering coefficient provides the ability to measure the level at which LO
processes and Regulatory requirements are grouped, as opposed to being equally or randomly
connected across the network. Clustering coefficient Scores have an inverse cowélattmer
statistics, including several of the centrality measures, mainly when we are analyzing at the global
level (the entire network). Clustering coefficient calculation is based on measuring the number of
closed triangles (triplets) relative to thetential number of triangles (triplets) available amongst

LO processes and Regulatory requirements interactions. in essence, this measures the degree to
which seconetier LO processes or a regulatory requirement are connected to one another (Friends
of friends). High Clustering coefficient scores are highly anticipated from tightly knit hubs and
distinctive communities, whereas dispersed and remotely scattered networks might be expected to
produce lower score$he averag€lustering Coefficientor this retwork is0.23which indicats

that some weltlefined clusters can be identified in this network. Modularity class analysis showed
that LO Processes and Regulatory Requirements are distributed across 10 distinct communities.
The sizedistribution of the 1@lusters is shown in figuré (). This property strongly correlates

with the network's robustness to failure. It ®dout that thelO major hubs are&oncentrated

around specific LO processes whatelinked to auniquegroup of regulatory requiremeniBhis
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structural configuratioallows for afault-tolerant behavioand fosters resilience in the interaction

between LO Processes and Regulatory Requirements.

Size Distribution

Size (number of nodes)
)

-1 0 1 2 3 4 5 6
wModularity Class

=l
s
\C

Figure 5.2 Modularity class gie distribution in the interactions between LO processes and the reguafoinements

5.2.5Network centrality measures

Centrality measures helfp demystify certain characteristics in the interactions between LO
processes and thiegulatoryRequirements. There are many ways to measure centrality and each
of these approaches help in understanding a specific type of centrality, as opposed to offering
competing versions of the same measurentéentrality measures help in identifying which
compaments of the nuclear power plant operational readiness (5Ps) have more influence over other
components in terms of achieving the strategic targets of the program (Safety, reliability, cost,

scheduleetc.). Furthermore, Centrality is an essential meadutteednformation flows between
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LO processes and Regulatory Requirements when assessed jointly with other statistics to form a
comprehensive and accurate understanding of information flow and efficiency of interélgon.
Closeness Centrality is the ingerof the mean shortest path between a node and all other nodes
in the network thats reachable from it. This metric reflects the ability of LO Processes and
Regulatory Requirements to access and transmit information thtieeghtwork quickly. It also
indicates how close a LPRrocessor a Regulatory Requirement is from every other node in this
net work. Nodes with high closeness centrality
close to other node8etweenness centrality measures the degree LO Processes and Regulatory
Requirements offer the most direct path/Bridges between otherwise disconnected Glusters.
higherbetweenness centrality score for a node will provide a perspective on how criticeldaat

to maintain the structure of the network. into the influetitat node has on the network. Unlike

other centrality measures, betweenness centrality po&idéferent perspective for those poorly
connected nodes that might be critical to the negtwwy being bridges between key other
componentsFigure (5.3) presents the results dlfie analysis of Betweenness and closeness

centrality in interactions between LO processes and the regulatory Requirements
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Figure 5.3 a) Betweennessentrality distribution b) Closenes=entralitydistribution in the interactions between LO processes
and the regulatorsequirements

Figure 5.3shows that the distributions of LO processes and the regulatory Requirements based on
their Betweenness Centrality and Closeness Centrality do not follow the normal distriBstion.

one can see, the majority of the LO processes and the regulatpiyementhave the same
closeness (around O0.5), me ani n g theshmetinflueritee y 6 r e
over this network, while a few of them tend to have a high closeness Malpeocesses and the
regulatory Requirements tend be distributed acras a straight continuunlable 6.4) below

highlights LO processes withehighesBetweenness CentralitgNV-L0, RPXLO, EPXLO, RE

LO, NOSLO, and LRALO have the highest Betweenness Centrality which might suggest that those
nodes are critical to maintang the interaction between LO processes and Regulatory
requirements intact. Those nodes seem to serve as bridges between other LO prosassis to

themajority of regulatory requirements. Therefore, should be given more importance and attention
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in the Nuclear Power Plant Operational Readiness Program knowing their structural importance
and influence in maintaining efficient and effectivesnaiction between LO process and Regulatory
Requirements.

Table 5.4 LO Processes with highdsttweennessentrality

Nodeld Label Closeness centrality Betweenness centrality

13 ENVLO 0.480519 6295.033
10 EPLLO 0.468354 3344.057
40 HRLO 0.506849 2175.978
28 NPI5LO 0.509174 2139.915
9 LRALO 0.439604 2137.048
44 RP1LO 0.40884 2032.332
31 FINLO 0.494432 1510.9
26 NPI3LO 0.502262 1488.915
27 NPI4L0O 0.502262 1416.282
39 ICTLO 0.493333 1382.02
8 HNSLO 0.397849 1361.716
14 NIMSLO 0.497758 1357.177
11 FP2L0 0.406593 1305.681
20 RELO 0.403636 1261.08
38 COM2L0 0.493333 1246.04
17 PSELO 0.49115 1204.486
3 NOSLO 0.394316 1121.095
12 NRMLO 0.422857 1091.326
22 RWLO 0.39292 1059.362
25 NPI2LO 0.497758 1049.915
24 NPIELO 0.436149 1023.586

The main focus of this work is to understand the interaction between LO processes and Regulatory
requirements. So, it is important to have a deeperdtitie nature of influence the Environmental
Servicesprocess has in this network. To do so, the ego network technique will be used. An Ego
Net work consists of a focal node (also <calle
relationship to it. This relationship can be direct, meaning that the nodadjacent, or it can be

established as a second level relationship (friend of a frielsilg Ego Network Analysdselp
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to model and study the influencé central modes by applying network statistics on that focused

snapshot of the bigger network.

Thebelow graph%.4) was produced by Gephi using the Ego Network.

Figure 5.4 Egonetwork of ENV:LO
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The structural characteristics of theENV-LO EgoNetwork areshown in Tableq.5).

Table 5.5 Egonetwork of EN\ALO characteristic

Characteristic Value % Visible
Total number nodes 50 22.42%
Total number of Edges 135 19.54%

The interaction between ENM) and other LO processes and regulatory requirements seems to be
aninefficient andformingalow level of interactions asdicated by the below network statistical
measuresThe maximum path length between in this ego network is 1.89 as indicated by the
average path length for a graph, we can conclude that the graptefiigient from a
commurication standpoint since the maximum path lengthlisost the same abkd network
diameterThe interaction between ENMO and other LO processes and regulatory requirements is

clustered across two distinctive Communities.

Table 5.6 Egonetwork of EN\£LO statistics

Network statistic Value

Graph density 0.11
Network diameter 2
Average Path length 1.89
Average Clustering Coefficient 0.559

5.3. Interactions betweelevel Oprocesses angtrategicprograms within the

nuclearpower plant operationareadinesgrogram
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This interaction looks at the relationship between Nuclear Power Plant LO Processes and the
Strategic Programestablished to deliver certain agreed bendétsthe Nuclear Power Plant
Operational ReadinestEhose Programs are strategic in nature, extend for a relatively long period
of time (35 years) and aim to establish certain organizational capability and/otlfa#rtain
Regulatory RequiremesntProgramsare a planned, coordinated group of activities, processes,
and/or procedures, developed for a specific purpose to accomplish a clear safety objective, with
details on what work is to be done, by whom, at what periodicity, and what means, or resources
will be used. Programs are characterized by the following criteria:

1. Programs require specific technical exjsert

2. Programs are required by reference documents (e.g. FANR regulations, Technical
Specifications, FSAR, standard nuclear industry praaticexpert judgment)

3. Program data collection activities are repeated at regular intervals.

4. There is a continuity of data where the output and inputs of each data collection cycle are
compared to each other. Thst of LO process covered all Managem&ystems processes and

each LO process was given a code and a node label @.4pl®n the other hand, each Program
associated with the Nuclear Power Plant Operational Readiness was identified and given a code

and a node label as per the below t¢b1&)

5.3.1Network diagrams

This network aimed to identify and depict all interactions between all LO processes (Main
Processes) forming the structure of Integrated Management System for the Nuclear Power Plant
Operational Readiness Program and the Strafagigrams designed to realiggategicBenefits

and close strategic value gaps needed to satishNtlobear Regulatorand fulfill minimum
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requirements needed teceivethe Operating License. The list of LO processes covered all
Management System processand each LO process was given a code and a node label as per the
below table(5.1). Similarly, the list of Strategic Programs has been identified and every Strategic

Program was given a code and a node label as per the belowbtdple (

Table 5.7 List of strategicprograms

Node Program Node
Label ID
PG1 Core Monitoring program 288
PG2 Other affecting SSCs 289
PG3 Maintenance Program Description 290
PG4 Maintenance Rule Program Description 291
PG5 PreventiveMaintenance Program 292
PG6 Program Catalog 293
PG7 System Health Program Description 294
PGO None-Confidential 295
PG8 Accident Management 296
PG9 Ageing Management 297
PG10 Air Operated Valves (AOVs 298
PG11 Boric Acid Corrosion (BAControl 299
PG12 Chemistry 300
PG13 Containment Leak Rate Testing 301
PG14 Control Room Envelope Habitability 302
PG15 Core Monitoring 303
PG16 CorrectiveAction 304
PG17 Counterfeit, Fraudulent, Suspect Items 305
PG18 Cyclic and Transient Monitoring 306
PG19 Diesel Fuel Oil Testing 307
PG20 Document Control and Records Management 308
PG21 Emergency Preparedness 309
PG22 Employee Concerns 310
PG23 Equipment Qualification 311
PG24 Erosion and Corrosion Monitoring 312
PG25 Export Control 313
PG26 Fire Protection 314
PG27 Foreign Material Exclusion 315
PG28 Fuel Integrity 316
PG29 Health & Safety 317
PG30 In-Service Inspection 318
PG31 In-Service Testing 319
PG32 Maintenance 320
PG33 Maintenance Rule 321
PG34 Measuring and Test Equipment (M&TE 322
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PG35 Meteorological Monitoring 323
PG36 Motor Operated Valves (MOYs 324
PG37 Off Site Dose Calculation Program 325
PG38 Operational Radiation Protection 326
PG39 Performance Improvement 327
PG40 Primary Coolant Outside of Containment 328
PG41 Probabilistic Risk Assessment 329
PG42 Process control 330
PG43 Quality Assurance 331
PG44 Radioactive Waste Management 332
PG45 Reactor Coolant Pressure Boundary Material Surveillance 333
PG46 Safeguards 334
PG47 Site Security 335
PG48 Steam Generator Management 336
PG49 Surveillance 337
PG50 System Health Evaluation 338
PG51 Training and Personnel Qualification 339
PG52 Site Security Program, 340
PG53 Emergency Preparedness Program. 341
PG54 Export Control Program 342
PG55 Meteorological Monitoring Program 343
PG56 Offsite Dose Calculation Manual Program 344
PG57 Quality Assurance Program 345
PG58 Health and Safety Program 346
PG59 Training and Personnel Qualification Program 347
PG60 Performance Improvement Program 348
PG61 Corrective Action Program 349
PG62 Counterfeit, Fraudulent and Suspect Items Program 350
PG63 Diesel Fuel Oil Testing Program 351
PG64 Export Control Program 352
PG65 Equipment Qualification Program 353
PG66 Measuring and Test Equipment (M&TE) Program 354
PG67 Document Control and Records Management Program 355
PG68 Primary Coolant Outside Containment 356
PG69 Process Control Program Description 357
PG70 Radioactive Waste Management Program Description 358
PG71 Radiation Protection Program 359
PG72 Offsite Dose CalculatiohutomatedProgram 360
PG73 Quality Assurance 361
PG74 Training and Personnel Qualifications 362
PG75 Performance Improvement Program 363
PG76 All programs 364
PG77 Emergency Preparedness 365
PG78 Training and Personn@lualification Program 366
PG79 Employee Concerns Program 367
PG80 Radiation ProtectiofPrograml 368
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| PG81 | Radiation ProtectiofProgram? 1369 |

Data for this network was imported into Gephi using the afmosetioned structureghe Force
atlas algorithm was applied, graph statistics were applied and the final network graph was

producedn figure5.5.

Figure 5.5 LO Processes argtrategicprogramsnetwork
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5.3.2General characteristics

The structuratharacteristics of the LO Processes and Strategic Programs network are shown in

Table 6).

Table 5.8 Structural characteristics of the LOdvategicprograms intersections

Characteristic Value

Total number of LO Processesnd Strategic Programs nodes 128

Total number of undirected interactions (Edges) 570

As shown in figure 5.5 hee interaction between LO process and Strategic Programs appear to be
efficient and the flow of information seems to be seamless as indlmatedelatively low dense
network. The number of steps taken between the two most distant nodes in interactions between
LO processes and strategic Programs (the maximum number of connections required to traverse
this interaction) to reach one another io8es as indicated by the Network Diameter. Combining

this observation with the fact that the maximum path length between LO processes and Strategic
Programs is 2.6 as indicated by the average path length for a graph, we can conclude that the graph
is efficent from a communication standpoint since the maximum path length between LO to
Strategic Programs is less than the network diameter. Furtherrhergraph revealed some
interesting facts about the interaction between Management Systems LO Procegdalaisthé&cs
Program in the Nuclear Power Plant Operational Readiness. The Quality Assurance Process acts
as a central hub fahemajority of the Programs and has the highest Betweenness Centrality. This
can be attributed to the key influence the Quality Assurance Process has on the design and

execution of Nuclear Power Plant Operational Readiness Progfdmssrelationship can be
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understood from two different perspectives. Firstly, the oversighivadelelivered by the Quality
Assurance on certain Programs during the Nuclear Power Plant Operational Readiness phase to
ensure complianceith the ASMI Standard and other RegulatorygRieements. This role will

require establishing multiple Interfaces, Validation & Verification poirstsd surveillance

activities withalarge number of Programs. Secondly,establishment of QAspecific Rograms

needed to establish certain organizational capabilities needed to ensure safe and reliable operations
of the Nuclear Power PlanThe hub and spoke pattern shown in this network exglew some

Programs are tagged to specifi@ procesesand pmarily aim to build specifiorganizational
capabilities related to the LO process dom&milar to the influencehe Quality Assurance

Process has on interactions between LO Process and Programs, the Procurement Process seems to
be central to this interaction. This observation also can be interpreted from two angles. First, the
dependencies most of the programs have on the Procurement Process to supply goods and services
required to realize programs benefits. secondly, programsddedramp up the Procurement
capacity to manage Operational Phase requirements related to Maintenance and outage
management. Some exanplmight be the Operational Spare parts supply, Inventory and

Warehouse Management and integrations for enapliegertive maintenance.

5.3.3Networkdensity

As mentioned earlieGraph density is a network statistical measure of how tightly interconnected
a networkandis calculated by examining the proportion of existing edges relative to the possible
total number of connections. A high degree of interaction across the network will have higher
density levels while weak interactions result in low Network Density. Inrnteis/ork, density
measures the linkage between LO ProcesseStatkgic Programd he value of network density

ranges from O to 1. A density close to 1 indicates that all LO Processes are strongly linked to
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Strategic Programwithin the Nuclear Power Rt Operational Readiness Program. While a
density of 0.5 suggests the presence of medium interaction between LO Proces3teatagid
ProgramsA value close to 0 will indicate the existence of weak interaction between LO Processes
andStrategic Program#\dditionally, the density of the interaction in this network can be used to
measurdnow cohesive and robusthe interaction between LO ProcesSésitegic Program3he
density of interaction between LO Processes an&tiaegic Programs is 070which suggests

that there is a low level of interaction among LO processesStiategic Programs within the

Nuclear Power Plant Operational Readiness

5.3.4Network clustering coefficierandmodularityanalysis

As discussed earlierhis graphstatistic helg in grouping nodes based on the strength of their
relationships into distinct clusterShe clusteringcoefficient provides the ability to measure the
level at which LO processes aftrategic Programare grouped together, as opposed tode
equally or randomly connected across the netwaskhighlighted earlierClustering coefficient
Scores have an inverse correlation with other statistics, including several of the centrality
measures, mainly when we are analyzing at the global levelgntire network). Clustering
coefficient calculation is based on measuring the number of closed triangles (triplets) relative to
the potential number of triangles (triplets) available amohdstactions betweehO processes
andStrategic Program#n essence, this measures the degree to wdechnetier LO processes or

a Strategic Progranare connected to one anoth&re{ghbors of neighboysHigh Clustering
coefficient scores are highly anticipated from tightly knit hubs and distinctive communities,
whereas dispersed and remotely scattered networks might be expected to produce lower scores.

The averageClustering Coefficient for this network is2®B9 which indicats that some well
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defined clusters can be identified in this network. Modularity clasyysisasshowed that LO
Processes and strategic Programs are distributed across 6 distinct commiuihgiesize
distribution of the 6 clusters is shown in figuses. It turned out that th& major hubs are
concentrated around specific LO processes wihiehlinked to a unique group obtrategic
Programs To some extenthts structurallayout providesa fault-tolerant behavior and fosters

resilience in the interaction between LO ProcessesSaatiegic Programs

Size Distribution

Size (number of nodes)

-1 0 1 2 3 4 5
wModularity Class

Figure 5.6 Modularity class size distribution in the interactions between LO processesardicprograms

5.3.5Network centrality measures

Centrality measures hel demystify certain characteristics of the interaction betwdes
different playes in the Nuclear Power Plant Operational Readiness Program. In this case, the

interactions between LO processes and the Strategic Programs. As explained earlier, there are many
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ways to measure centrality and each of these approachssnhetlerstanding specific type of
centrality, as opposed to offering competing versions of the same measurE€ermmnality
measures help in identifying which components of the Interactions between the LO Processes and
Strategic Programs have more influence over othempooents. Furthermore, Centrality is an
essential measure to assess the efficiency of interactions and information flow between LO
processes and Strategic Prograsspecially when assessed and supported by other network
statistics to form a comprehensivedenstandingThe Closeness Centrality is the inverse of the
mean shortest path between a node and all other nodes in the netwaskehahable from it.

This metric reflects the ability of LO Processes &tdhtegicPrograms to access and transmit
information througtthe network quickly. It also indicates how close a LO Process or a Strategic
Program is from every other node in this netw@&&tweenness centrality measures the degree LO
Processes and Strategic Programs offer the most direct path/Biidgesen otherwise
disconnected ClusterA.higherbetweenness centrality score for a node will provide a perspective
on how critical that node to maintain the structure of the network. into the influbataode has

on the network. Unlike other centitglimeasures, betweenness centrality pravadaifferent
perspective for those poorly connected nodes that might be critical to the network by being bridges
between key other componenisgure (5.7) presents the results tife analysis of Betweenness

and closeness centrality in interactions between LO processes and Strategic Programs.
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Figure 5.7 a) Betweennessentrality distribution b) Closenes=ntralitydistribution in the interactions between LO processes
andstrategicprograms
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As shown infigure (5.7), thedistributions of LO processes and Strategic Program based on their
Betweenness Centrality and Closeness Centrality do not follow the normal distribution. As one
can see, the majority of the LO processes and strategic Programs have the same closermkss (aroun
0.5),indicating thatt h e y 0 r almdstéhe Samegnfluence over this network, while a few of
them tend to have a high closeness value. LO processes and the regulatory Requirements tend to
be distributed across a straight continuufiable 6.9) below highlights LO processes witthe
highestBetweenness Centrality. It turned out ttreQuality Assurance and Procurement Process

are critical to maintaing the interaction between LO processes &trdtegic Programstactand

efficient due to their higBetweenness CentralitBome other nodes like RWO is a bit peripheral

to the network structureecausehe Radioactive Waste management Process at this phase of the
development of the Nuclear Power Program is managed as a second priority compared to oth
proceses like Operations, Maintenan@nd CapacitBuilding, and work Management. However,
interfaces with other LO processes &irhtegid’rograms should be considered and established at
the commissioning phase to enswagisfying regulatoryequirements by incorporating RW
requirements in all relevant processes. Otherwise, some rework and major adjustments might be
neededo ensure fulfilling onsite and ofite radiological waste Decisionmakers and Subject

Matter Expertsn the Nuclear Peer Plant Operational Readiness Progsfiould pay attention to

the impactful role Quality Assurance and Procurement processes play in maintaéiolgust
structure and efficient and effective interaction between LO process and strategic Programs. They
also might need to rethink the relationship and interfaces of the Radiological Waste Management
Process with other operational Readiness Processe&tranegicPrograms.

Table 5.9 LO Processes with highdsttweennesesentralty

Id Label Closeness Betweenness
centrality centrality
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4 | QALO 0.566964 3650.906502

17 | PSAO0 0.503968 1426.11794

2 | ENG2 0.458484 636.28615
LO

13 | ENVLO 0.518367 556.723132

38 COM2 0.520492 555.622752
LO

27 | NPI14LO 0.538136 499.451334

22 | RWLO 0.390769 498.25

40 | HRLO 0.522634 422.420025

The main focus of this work is to understand the interaction between LO processes and Strategic
Programs. So, it is important to understand in detail the nature of influence the Quality Assurance
process ham this network. To do so, the ego network technique will be used. An Ego Network
consists of a focal node (also called the feg
This relationship can be direct, meaning that the nodes are adjaciémambe established as a

second level relationship (friend of a friend). Using Ego Network Analyses help to model and
study the influence of central modes by applying network statistics on that focused snapshot of the

bigger network. The below graph.8) was produced by Gephi using the Quality Assurance Ego

Network.
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Figure 5.8 Egonetwork ofquality assurancerocess interactions withtrategicprograms

The structural characteristics of the LO to RegulaReguirements network are shown in Table

(5.10).

Table 5.10 Characteristic ofjuality assurance proceggo network

Characteristic % Visible
Total number nodes 60 46.88%
Total number of Edges 120 21.05%

As shown in figure (5.8)The interaction betweetle Quality Assurance procesgth otherLO
processes, as well as, strategic Prograeems to be inefficient and formirgglow level of
interactions as indicated by the below network statistical meastresmaximum path length
between in this ego network is B.8s indicated by the average path length for a graph, we can
conclude that the graph is inefficient from a communication standpoint since the maximum path

length is almost the same as the netwaakneter.The interaction betwedhe Quality Assurance
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process with other LO processes, as well as, strategic Progumantdustered acrosshree
distinctive CommunitiesTable 5.11 provides the general characteristics of the quality assurance

€go network.

Table 5.11 Statistics ofjuality assurancego network

Network statistic Value

Graph density 0.068
Network diameter 2
Average Pathlength 193
Average Clustering Coefficient 0.627

5.4. Interactions amongs$evel 1processes in theuclearpower plant operational

readinesprogram

The Third Network looks at the next level of detalt maps all interactions betweéevel 1
Processes in the Nuclear Power Plant Operational Readiness. L1 Processes form the fundamental
structural component of the Management System in any Nuclear Power plant. They-are sub
processes from LO and understanding the nature of the interao@itwsen them is very crucial

to comprehend the behavior of the whole Management System and its effectiveness in delivering
its purpose of supporting the achievements of Strategic Goals and Objectives of the Nuclear Power
Plant Operational Readiness. AlMe#l processes included in the Management Systems have been

given a code and a node lalhslhighlighted inable5.12.

Table 5.12 List of L1 processes
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L1 Process Node Label Node ID

Evaluate Identified Problem or Desirédhange CMO001 47
Design Requirements Change Process CMO002 48
Physical Configuration Change Authorization CMO003 49
Facility Configuration Information Change Process CMO004 50
Scoping and Identification of Critical Components ERO001 51
PerformanceMonitoring ERO002 52
Continuing Equipment Reliability Improvement ERO003 53
Lifecycle Management ER004 54
Manage External Assessments 10001 55
Manage Quality Assurance 10002 56
Manage Internal Audit 10003 57
Manage Governanc€ontrols 10004 58
Provide Security Measures LP0OO1 59
Provide Industrial Safety Services LP002 60
Maintain License and Permits LP0O03 61
Perform Emergency Planning LP004 62
Provide Fire Protection LPOO5 63
Manage Nuclear Risk LP0O06 64
Provide EnvironmentaServices LPOO7 65
Execute Integrated Management System MOO001 66
Manage Statutory and Regulatory Requirements MOO002 67
Manage Enterprise Risk MOO003 68
Manage Strategic Sourcing MS001 69
Procure Materials& Services MS002 70
Manage Warehouse & ogistics MS003 71
Manage Procurement Engineering MS004 72
Provide Fuel Management Services NF001 73
Provide and Transport Fuel NF002 74
Provide Handling, Storage and Disposal of Fuel NF003 75
Operate and Monitor Structures, Systems a@bmponents| OP001 76
Monitor and Control Effluents OP002 77
Monitor and Control Plant Chemistry OP003 78
Manage Corrective Actions P1001 79
ManageSeltAssessmenand Benchmarking P1002 80
Manage Knowledge and Utilize Operating Experience P1003 81
Manage Human Performance P1004 82
Manage Culture of Safety P1005 83
Manage Enterprise Performance P1006 84
Manage Project Controls and Project Delivery SS001 85
Manage Finance SS002 86
Provide Legal Services SS003 87

125



Perform Commissionin@versight SS004 88
Perform Decommissioning SS005 89
Manage Documentation and Records SS006 90
Maintain Facilities SS007 91
Support Community and Government Relations SS008 92
Manage Communications SS010 93
Provide Information Technolog$ervices SS011 94
Talent Acquisition TMO001 95
Capacity Building TMO002 96
Learning & Capability Development (Training) TMO003 97
Career Management TMO004 98
Perform Planning WMO001 99
Perform Scheduling WMO002 100
Perform Preventive Maintenance WMO003 101
Perform Corrective Maintenance WMO004 102
Perform Predictive Maintenance WMO005 103
Monitor and Control Radiation Exposure WMO0O07 104
Monitor and Control Contamination WMO008 105
Perform Minor Maintenance/Fixt-now Maintenance WMO009 106
Manage Site Projects WMO010 107
Manage Outages WMO011 108

Following the Data Analysis process for this study, Data for this network was imported into Gephi
using the abowenentioned structure, Force atlas algorithm was applied, graph statistics were

applied and the final network graph was produced (Fi§8)e
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Figure 5.9 Level1 processesetwork
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5.4.1General characteristics

The structural characteristics of the L1 processes network are shown inS.aBJe (

Table 5.13 Characteristic of Lprocessesetwork

Characteristic Value

Total number of L1 Processes 62

Total number of undirected interactions (Edges) 356

The maximum number of connections required to traverse the interaction betivBerckesses is

4 as indicated by the NetwoBkameter. Therefore, the interaction between L1 processes seems
to be efficient and the flow of information appears to be flowing smadthigddition to being a

low dense networkhe maximum path length betweef Processess 2.01 as indicated by the
average path lengtiThus, we can concludilat theinteraction among L1 processes within the
Nuclear Power Plant Operational Readinisssfficient from a communicatioand information

sharingstandpoint since the maximum path lenigttess than the network diameter.

5.4.2Networkdensity

Graph density measwg@ow tightly interconnected the interaction amongtte L1 processes
networkby calculaing the proportion of existingstablished connectiomslative to the possible
total number of connections. A high degree of interaciimongst L1 process&sgll have higher
density levels while weaikteraction amongst L1 processesults in low Network Densitylt is
worth mentioning that tev networksof L1 processesvith identical numbers gbrocessesnight
have very different density levels; even the saherocessesetwork measured at different time

intervals is likely to have differing density measures as links are formed or broken over time. In
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this network, density measures the linkagetween [l Processes. The value of network density
ranges from O to 1. A density close to 1 indicates thatlafirbcesses are strongly linkedyether

within the Nuclear Power Plant Operational Readiness Proytdmte a density of 0.5 suggests

the presence of medium interacsdretween. A value close to O will indicate the existence of
weak interaction betweerillProcesses:urthermorethe density of the interaction in this network
canindicatehow cohesive andobustis the interaction betweenlLThe density of interactien
between I Processes is 0.02 which suggests that there is a low level of interaction afnong L
processedlhis finding indicates that interactions between L1processes in the Nuclear Power Plant
Operational Readiness Program might be fragile and to some extent not resilient enough to absorb

any future unanticipated disruptive events.

5.4.3Network clusteing coefficientandmodularityanalysis

This network statistic will help in groupingl processesased on the strength of their
relationships into distinccommunities within the overall Nuclear Power Plant Operational
Readiness Prograrihe clusteringcoefficient provides the ability to measure the level at which

L1 processes are grouped together, as opposed to being equally or randomly connected across the
network.The average Clustering Coefficient for this networki68which indicats that some
well-defined clusters can be identified in this network. Modularity class analysis showed that L1
Processes are distributed across three distinct communiihessizedistribution of the three

clusters is shown in figure. 10
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Figure 5.10L1 processesetworkmodularityclass size distribution

As shown in figure (5.9)he first cluster with the lowest number of Level 1 process on the upper
left hand includes the Monitor and Control Plant Chemistry Proces$ wiriced out to be most
influential node in this network according to its Betweenness Centrality. This finding is no surprise
since the majority of focus in the operational readiness program is typically directed towards
getting all organizational capaliiis up to the level required to satisfy all Regulatory
Requirements to commence the safe Fuel Load, Initial Criticality and most importantly maintain
safe and reliable operations through controlling Plant Chemistry by qualified operators for the
lifecycle of the Nuclear Power Plant. Each of the three clusters seems to be contributing to the
success of théNuclear Power Plant Operational Readiness from a unique perspective and

ti meframe. T h e seem® toabe ghesé pracésses teguired to ensernithal

130



commencement of operations like Operating and Monitoring Structures, Systems and
Components, Perfor®lanning, Perform Scheduling & Perform Preventive Maintenance as per

the Work Management pr oc ®besthe suppgoepcesPanablngtked c |1 u
initial startup. Those processes include Strategic Sourcing Process, Finance process, Providing
Legal Services, Provide Information Technology Servieesl Licensing and Permits process.

The 6Greend cl ust er powards thabepsoceasespertaining & Managing p e C t
Outages, Contaminatipmnd Perform Decommissioning. This clustering provides a different
perspective on the relationships and Interactions between L1 processes which can ultimately
change our perspective dlow to manage certain processes to mairtterseamless and robust

structure of this network-However, the identified structural properties of clustering in the L1
interactions strongly correlates with the network's robustness to failure. It turneatanetfirst

major hubsare concentrated around specific L1 processes. This structural configuration might

pose some risk of hindering the robustness and resilience of the interactions between L1 processes.

5.4.4Network centrality measures

Centralitystatistics aressential measw®f the information flowsand efficiency of interaction
between IL processesThe Closeness Centrality is the inverse of the mean shortest path between
a node and all other nodes in the network iegachable from it. This metric reflects the ability

of a L1 Process to access and transmit information within the network of L1 Processes quickly. It
also indicates how close each L1 Process is from every other process intehastion
Betweenness cematity measures the degredl IProcesses offer the most direct path/Bridges

between otherwise disconnected Clustarsigherbetweenness centrality score Edr Processes
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will provide a perspective on how critical thatoces2o maintain the structure d¢ie network.

into the influence thgtrocessas on the network. Unlike other centrality measures, betweenness
centrality provids a different perspective for those poorly connected nodes that might be critical
to the network by being bridges between kelgeo componentsFigure 5.11 highligh the
betweenness centrality distribution and the closeness centrality distribution in the interactions

amongst L1 processes.
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Figure 5.11 a) Betweenneszentrality distribution b) Closenessentralitydistribution in the interactions amongst L1 processes
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Looking atthegraph (5.11),tiis clearly shown that the distributions of L1 processes based on their
Closeness Centrality appear to follow the normal distribypattern. L1 process in the Nuclear
Power Plant Operational Readiness Progsarentered around the 0.5 for the closeness centrality
and distributed in count aarrangingfrom 1-5 nodes. This observation indicates that most of L1
proceses have almost the same influence according to this network statistic. However,
Betweenness Centrality gives another perspeciite. table .14) below highlights LO processes

with thehighesBetweenness CentralitiNodes with the highest Betweennessitaity like Plant
Chemistry Monitoring and Control (Betweenness Centrality = 176.44), Strategic Sourcing
Management (Betweenness Centrality = 99.75), Finance Process (Betweenness Centrality=83.93)
and Legal Process (Betweenness Centrality= 81.39) asnted to maintain the efficient and
effective interaction between L1 processes. Therefore, these processes should be managed with
attention in the Nuclear Power Plant Operational Readiness Program knowing their structural

importance and influence in m&mning the health of the Management System.

Table 5.14 L1 processes with highebetweennessentrality

78 | OP0O03 0.639175 176.445406 0
69 | MS001 0.590476 99.757487 2
86 | SS002 0.534483 83.930516 2
87 | SS003 0.516667 81.395428 2
90 | SS006 0.525424 75.378316 2
65 | LPOO7 0.574074 74.201618 2
61 | LPOO3 0.568807 72.081234 2
49 | CM003 0.563636 71.656931 1
94 | SS011 0.558559 70.783487 2
84 | P1006 0.553571 69.717737 2
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75 | NFOO3 0.563636 67.608865 1
89 | SS005 0.548673 64.385563 0
76 | OPO01 0.53913 60.268806 1
68 | MOO0O03 0.568807 60.062313 2
100 | WM002 0.558559 54.306695 1
47 | CM001 0.529915 50.913786 1
101 | WMO003 0.548673 48.367476 1
108 | WMO011 0.525424 46.461447 0
85| SS001 0.553571 46.314289 2
81| PIO0O3 0.548673 43.00016 1

The main focus of this work is to understand the interaction between L1 processes. Therefore, it

i's important to investigate i n denoamitorihgandhe nat
controld has in this network. To do so, the e
consists of a focal node (also called the feg

This relationship can be direct, meaningt tthee nodes are adjacent, or it can be established as a
second level relationship (friend of a friend). Using Ego Network Analyses help to model and
study the influence of central modes by applying network statistics on that focused snapshot of the
bigger network. The below graplb(12 was produced by Gephi using tRéant Chemistry

monitoring and contrdEgo Network.
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Figure 5.12 Egonetwork ofplant chemistry monitoring and contrptocess

The structural characteristics of tRéant Chemistry monitoring and control Ego Netwaile

shown in Table§.15).

Table 5.15 Characteristic oplantchemistry monitoring and control Egetwork

Characteristic Value % Visible
Total number nodes 29 46.03%
Total number of Edges 108 30.34%

As shown in figure (5.12)he interaction betwedPlant Chemistry monitoring and control process

with other L1 processes seems to be inefficient and forrailogv level of interactions as indicated

by the below network statistical measurBse Ego Network density is considerably smaller than

the value for a complete graph. This means that of all the connections that may exist in this network
including direct Inks with Plant Chemistry monitoring and control process a very small fraction

of them is presenf’he maximum path length between in this ego network7i3ds indicated by
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the average path length for a graph, we can conclude that the graph is ineffmmena
communication standpoint since the maximum path length is almost the same as the network
diameter.Key statistics for the Plant Chemistry monitoring and control Ego Network are

highlighted in table 5.16.

Table 5.16 Statstics ofplant chemistry monitoring and control Egetwork

Network statistic Value

Graph density 0.266
Network diameter 2
Average Path length 1.73
Average Clustering Coefficient 0.521

5.5. Interactionsbetweenlevel O processesnd stakeholdersn the nuclearpower

plant operationakeadinesprogram

This Network looksat interactions between level 0 Processes and Stakeholders. It thepitdsn
processsin the Management System structure and People dependencies associatbdmwith
This mapping also shows all Stakeholddegyfed apositions or organizational Un)twhose being
involved in the implementation of each LO Process covering a mixture of functions, organizational
units and positionsThe list of LO process covered all Managem®8pstems processes and each

LO process was given a code and a node label as peria)leSimilarly, all Stakeholders have

been identified and given a code and a node label as per(bdble
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Table 5.17 List of stakeholders identified for this study

Stakeholder (positions or organizational Unit) Node ID Node Label
Work Management and Outage Planning (Site Oversight) 370 | PPL1
Plant Management 371 | PPL2
Work Management 372 | PPL3
Engineering 373 | PPL4
Maintenance 374 | PPL5
Operations 375 | PPL6
Radiation Protection 376 | PPLY
Chemistry 377 | PPL8
Procurement Supply Chain 378 | PPL9
Quiality Assurance 379 | PPL10O
Security 380 | PPL11
Emergency Preparedness 381 | PPL12
Work Management and Outage Planning (S@#ersight). 382 | PPL13
Maintenance 383 | PPL14
Outage Management 384 | PPL15
Licensing and Regulatory Affairs 385| PPL16
Enterprise Risk Management 386 | PPL17
Corporate Finance 387 | PPL18
Reactor Engineering (Site and Site Support) 388 | PPL19
Nuclear FueManagement 389 | PPL20
Radiological Protection 390 | PPL21
Training 391 | PPL22
Safeguards 392 | PPL23
Fuel Cycle Management 393 | PPL24
Radiation Protection Organization 394 | PPL25
Plant Manager 395 | PPL26
Environment Depart 396 | PPL27
ALARA Committee 397 | PPL28
QA Audit department 398 | PPL29
Quiality Surveillance department 399 | PPL30
Comms Director 400  PPL31
selected suppliers 401 | PPL32
Employee Concerns Program 402 | PPL33
Enterprise Risk Management team 403 | PPL34
Corporate Development section 404 | PPL35
Program Management Office and Program Delivery sections 405 | PPL36
Radiological Waste Management 406 | PPL37
PGTC 407 | PPL38
Site Projects 408 | PPL39
Reactor Engineering 409 | PPL40
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Fire Protection 410 | PPL41
Health and Safety 411 | PPL42
Plant Operations 412  PPL43
Corporate (Site) Operations 413 | PPL44
all Functions within thePower block 414 | PPL45
all Functions within thePower block 415 | PPL46
Nuclear Risk Managemermepartment 416 | PPL4Y
Probabilistic Risk Assessment 417 | PPL48
Accident Management 418  PPL49
Severe Accident Analysis 419 | PPL50
Project Management 420 | PPL51
Human Performance Group 421 | PPL52
All other departments across 422 | PPL53
Operating Experienc&roup 423 | PPL54
Nuclear Safety Culture 424 | PPL55
Nuclear Oversight 425 | PPL56
VP Licensing & Regulatory Affairs. 426 | PPL57
LegaiHolding 427 | PPL58
Environmental Management 428 | PPL59
Human Capability 429 | PPL60
Procurement & Supply Chain 430 | PPL61
Information and Communication Technology 431 | PPL62
Communications 432 PPL63
Export Control 433 | PPL64
Physical and Cyber Security 434 | PPL65
VPConstruction Interface 435 | PPL66
Nuclear Risk Management 436  PPL67
Radiological Protection (RP) 437 | PPL68
Quality Assurance (QA) 438  PPL69
Finance 439 | PPL70
LRA & Export Controls 440 PPL71
Legal department 441 | PPL72
Legal DepartmeriCompliance Manager 442  PPL73
Audit, Risk & Compliance Committee 443 | PPL74
CEO 444 | PPLT75
Internal Audit 445 | PPL76
Board 446  PPL77
Legal Compliance 447 | PPL78
VP (VicePresident) Information and Communications Technology 448  PPL79
Human Capital Management department 449 | PPL80
Capacity Building & Training Department 450  PPL81
ENEC Chief Program Office 451 | PPL82
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VP- Construction Interface 452 | PPL83
VP, Construction Interface 453 | PPL84
Plant Fire Protection organization, who report to the plant managg 454 | PPL85
Finance department. 455 | PPL86
Finance & Accountingdolding 456  PPL87
Facilities Management department 457 | PPL88
Prime Contractor 458  PPL89
Environment and Sustainability department 459 | PPL90
VP, Operational Support. 460 | PPL91
Site Engineering 461 | PPL92
Plant Engineering 462 | PPL93
Simulator group 463 | PPL94
Licensing 464 | PPL95
Contractors/IC 465 | PPL96
Corporate Communications department 466 | PPL97
Emergency Response Organization (ERO 467 | PPL98
MS Director 468  PPL99
Procedure Management Group (PMG 469 | PPL100
Information and Communications Technology ()ICT 470 | PPL101
Responsible Department Heads 471 | PPL102
Function Administrators (Function Admin) 472 | PPL103
DCRMHead 473 | PPL104
Chief Operations Office 474 | PPL105
Commissioning Oversiglitepartment. 475 | PPL106

Data for this network was imported using the abmentioned structure into Gephi, Force atlas
algorithm was applied, graph statistics were applied and the final network graph was produced

Figure(5.13)
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Figure 5.13 Level Oprocesses anstakeholdersietwork

5.5.1General characteristics

The structural characteristics of the LO and Stakeholders network are shown inbTEble (
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Table 5.18 Structural characteristics of the LOdtakeholders intersections

Characteristic
Total number of LO and Stakeholders nodes 152
Total number of undirected interactions (Edges) 644

As shown in graph (5.13)h¢ initial observation is that theteraction between LO process and
Stakeholders looks relatively low dense and nodes are distributed across seven distinct
communities The maximum number of connections required to traverse the interaction between
LO to stakeholderss 5 nodes as indicated by the Network Diameter. Combining this observation
with the fact that the maximum path length between L§ta&eholderss 2.8 as indicated by the
average path length for a graph, we can conclude that the graph is efficientcisommanication
standpoint since the maximum path length between Ldakeholderss less than the network

diameter.

5.5.2Networkdensity

Graph density is calculated to measure how tightly interconnected the interaction between LO
processes and stakeholders is by examining the proportion of existing connections relative to the
possible total number of edges. A high degree of interactiorssatne network will have higher
density levels while weak interactions results in low Network Density. In this network, density
measures the linkage between LO Processes and Nuclear power plant Operational Readiness
Stakeholders. The value of network déynsanges from 0 to 1. A density close to 1 indicates that

all LO Processes are strongly linked to Stakeholders within the Nuclear Power Plant Operational

Readiness Program. While a density of 0.5 suggests the presence of medium interaction between
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LO Proesses and Stakeholders. A value close to O will indicate the existence of weak interaction
between LO Processes and Nuclear power plant Operational Readiness Stakéhottersiore

the density of the interaction in this network can be used to medseireohesiveness and
robustness of the interaction between LO ProcessesNamtkar power plant Operational
Readiness Stakeholderas well as, the coverage oiterfaces with Nuclear power plant
Operational Readiness Stakeholdespart of the BAU desigmithin the nuclear power planthe

density of interaction betweerllProcesses an8takeholderss 0.056which suggests that there

is a low level of interaction amonglprocesses anduclear power plant Operational Readiness

Stakeholders

5.5.3Networkclustering coefficienandmodularityanalysis

This network statistic will help in grouping LO processes and Nuclear power plant Operational
Readiness Stakeholders based on the strength of their relationships into distinct clusters. Clustering
coefficient provides the ability to measure the level at which LO processes and Nuclear power plant
Operational Readiness Stakeholders are grouped together, as opposed to being equally or randomly
connected across the network. High Clustering coefficient scoreigiry anticipated from

tightly knit hubs and distinctive communities, whereas dispersed and scattered networks usually
produce lower scoreshe averag€lustering Coefficient for this network @259which indicats

that some weltlefined clusters can be identified in this network. Modularity class analysis showed
that LO Processes and stakeholders are distributed across seven distinct commbaitseze

distribution of the seven clusters is shown in figoubd
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Figure 5.14 Clusters size distribution in the interactions between LO processataéiatolders

Referringto figure (5.13) the green and the purple clusters are the most prominent aheong

seven communities within theetwork structure. This observation suggests that certain
stakehol der and/ or stakeholdersé groups withi
Program are linked to specific Level O processes and they do not usually interact with other
proceses even if the original LO process they are linked to is interacting with another LO.
Furthermore, the hub and spoke model is also prominent in this network where certain processes
Like LGL3-L0, IAD-LO, DCM-LO haveaunigue group of stakeholders linked intettwho do

not interact with any other Process in the network. Similarly, @QO;TMNT-LO, PRJLO, and

NRM-LO showed the same phenomena. This observation supports some findings from the analysis
of the first network on the behavior of the Procéssed Managment System structure of the
Nuclear Power Plant Operational Readiness. The Network clustering provides a different
perspective on the relationships and Interactions between LO processes and Stakeholders in terms
of segregating those communities as Caduster, Support clusteand Oversight cluster, which

can ultimately change our perspective on how to manage such interaction.
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The clustering and modularity characteristics of interactions between LO processes and Nuclear
power plant Operational ReadineSsakeholders are stronglyorrelatingwith the network's
robustness to failure. It turned out that the 7 major hubs are concentrated around specific LO
processes whiclare linked to a unique group stakeholder. To some degree, this structural
configurationallows for afault-tolerant behavior and fosters resilience in the interaction between

LO Processes and LO processes and Nuclear power plant Operational Readiness Stakeholders.

5.5.4Network centrality measures

Centrality measures helfp demystify certain characteristics in the interactions between LO
processes anduclear power plant Operational Readiness Stakeholderdrality measures help

in identifying which components of theteractions between Level O Processes and Stakeholders
in the Nuckar Power Plant Operational Readiness Prognawe more influence over other
componentsFurthermore, Centrality is an essential measure of the information flows between LO
processes arduclear power plant Operational Readiness StakehoMess assessgdintly with

other statistics to form a comprehensive and accurate understanding of information flow and
efficiency of interactionThe Closeness Centrality is the inverse of the mean shortest path between
a node and all other nodes in the network iegachable from it. This metric reflects the ability

of LO Processes and stakeholders to access and transmit information themuggivork quickly.

It also indicates how close a LO process or a specific stakeholder is from every other node in this
network Betweenness centrality measures the degree LO Process@tueedr power plant
Operational Readiness Stakeholdersthe other hanadffer the most direcbridges between

otherwise disconnected Clustefshigherbetweenness centrality score for a nodéprovide a
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perspective on how critical that node to maintain the structure of the network. Unlike other
centrality measures, betweenness centrality prevadelifferent perspective for those poorly
connected nodes that might be critical to the networkbbeing bridges between key other
componentsFigure 5.15 presents the results dhe analysis ofbetweenness and closeness

centrality in interactions between LO processes and stakeholders.
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Figure 5.15 a) Betweennessentrality distribution b) Closenes=ntralitydistribution in the interactions between LO processes
andstakeholders

As shownin figure 5.15b, the distributions of LO processes and the stakeholders based on their
Betweenness Centrality is a bit skewed to the right. As one can see, the majority of the LO processes
and the stakehol derds nodes have ptlinggthesumvene c |
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towards the higher end. Still, from this anghke can conclude that majority of LO processes and
st akehol de rtiseame iofldemce overahiseetw@ltructural integrity and flow of
information. and integrity. Betweenness trality provides a different perspectivéhe table

(5.20 below highlightscomponentswith the highestBetweenness CentralitfNodes with the
highest Betweenness Centrality like LGLB (Betweenness Centrality = 1278), HR
(Betweenness Centrality = 106 NT-LO (Betweenness Centrality=994), RRJ (Betweenness
Centrality=985), and OULO (Betweenness Centrality= 965) are essential to maintain the
efficient and effective interaction betweer® lprocesses and Stakeholders. Therefore, these
processes shoulde managed with attention in the Nuclear Power Plant Operational Readiness
Program knowing their structural importance and influence on fostering effective and efficient

communications and sharing of datable 5.19 lists LO Processes wilte highestBetweenness

Centrality.
Table 5.19L0 processes with highebetweennessentrality
Id Label Closeness Betweenness modularity class
centrality centrality
15| LGL30 0.428977 1278.764 4
40 | HRLO 0.535461 1062.612 5
42 | MNT-LO 0.491857 994.7999 2
45| PR4.0O 0.471875 985.4051 2
46 | OUFLO 0.496711 965.3037 2
35| DCMLO 0.419444 899.4057 6
12 | NRMLO 0.468944 861.807 2
17 | PSAO 0.527972 795.705 0
1| ENG1 0.491857 773.7457 2
LO
5| IADLO 0.419444 757.328 3
38 | COM2 0.522491 755.3425 6
LO

21| ORLO 0.485531 690.9472 2
31| FINLO 0.526132 654.5881 3
26 | NPI3LO 0.535461 619.0927 3
4 | QALO 0.446746 615.3291 2
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The main focus of this work is to understand the interaction betw&eprdcessesand
Stakeholders in the Nuclear Power Plant Operational Readiness Progeaefore, it is important

to investigate i n det aStdtutory and Regudatony rRequirenientsi n f |
Ma n a g e me n has i thig neawvsrk. o do so, the egowark technique will be used. The

below graph %.16 was produced by Gephi using tB¢éatutory and Regulatory Requirements

Management Procesg& Network.
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Figure 5.16 Egonetwork of the process @fianagingstatutory andeguatory requirements
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The structural characteristics thie statutory andegulatoryrequirements management process
Egonetwork are shown itable5.20.

Table 520Ch ar a c t etatutosytandegulatdryreguirementpr o ¢ ege retivork

Characteristic % Visible
Total number nodes 24 15.79%
Total number of Edges 36 5.5%%

As show in figure (5.16), he interaction betweethe process of managin§tatutory and
Regulatory Requirements and other processesSiakieholdersappeas to be dispersk and

forminglow level of interactions as indicated by the below network statistical mealdoresver,

the Ego Network density is considerabigherthan the value for a complete graph. This means

that of all the connections that may exist in this network including direct linksthatBtatutory

and Regulatory Requirements Management Proeesery good portionof them are already
establishedThe maximum path length between in this ego network 85 &s indicated by the

average path length for a graph, we can conclude that the gnagbtiigely efficient in terms of
transferring information across different mod#sce the maximum path lengthless tharthe

network diameterTa bl e 5. 21 summari zes key network sta

Requirements Management Process® Ego NetworKk

Table 521St at i statutacysandedulatdryrequirementsnanagemenpr o ¢ ege retivork

Network statistic Value

Graph density 0.13
Network diameter 2
Average Path length 186
Average Clustering Coefficient 0.739

148



Despite the fact that the Hub and spoke pattern usually fosters more resilience angradfire
characteristicst also poses some considerable riefsecially if linked to an influential node like
in this case Statutory and Regulatory Requirements Management PiOdasal areas like

Export Control, Physical and Cyber Securiynd Information and Communication Technology

might be affected.

5.6. Interactions betweelevel 1 processes angakeholders in thauclearpower

plant operationakeadinesprogram

This analysigrovidesone level deeper into depicting all interactions between L1 Processes and
Stakeholderslt visualizes all Level Jrocess in the Management System structure and People
dependencies associated watich one of thenThis mapping also shows all Stakeholdégged
aspositions or organizational Unjtwhose being involved in the implementation of eatiPtocess
coverng a mixture of functions, organizationahits and positions. The list of 1 proceses
covered all Management Systems processes and dapftotess was given a code and a node
label as per tables(13. Similarly, all Stakeholders have been identified and given a code and a
node label as per Tab(6.18).

Data for this network was imported using into Gephi, Force atlas algorithm was applied and the

final network graph was produced (Fig&r&?)
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Figure 5.17 Level 1processes anstakeholdersietwork
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PG1 | Core Monitoringprogram 288
PG2 | Other affecting SSCs 289
PG3 | MNT-PGD-0003, Maintenance Program Description 290
PG4 | ENG-PGD-MR-0001, Maintenance Rule Program Description 291
PG5 | MNT-PRGO0070, Preventive Maintenance Program 292
PG6 | NIMS-REF0001, Program Catalog 293
PG7 | ENG-PGD-SHE-0001, System Health Program Description 294
PGO | None 295
PG8 | Accident Management 296
PG9 | Ageing Management 297
PG10| Air Operated Valves (AOVS) 298
PG11| Boric Acid Corrosion (BAC) Control 299
PG12| Chemistry 300
PG13| Containment LeaRate Testing 301
PG14| Control Room Envelope Habitability 302
PG15| Core Monitoring 303
PG16| Corrective Action 304
PG17| Counterfeit, Fraudulent, Suspect Items 305
PG18| Cyclic and Transient Monitoring 306
PG19| Diesel Fuel Oil Testing 307
PG20| DocumentControl and Records Management 308
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PG21| Emergency Preparedness 309
PG22| Employee Concerns 310
PG23| Equipment Qualification 311
PG24 | Erosion and Corrosion Monitoring 312
PG25| Export Control 313
PG26| Fire Protection 314
PG27| Foreign Material Exclusion 315
PG28| Fuel Integrity 316
PG29| Health & Safety 317
PG30| In-Service Inspection 318
PG31| In-Service Testing 319
PG32| Maintenance 320
PG33| Maintenance Rule 321
PG34| Measuring and Test Equipment (M&TE) 322
PG35| Meteorological Monitoring 323
PG36| Motor Operated Valves (MOVs) 324
PG37| Off Site Dose Calculation Program 325
PG38| Operational Radiation Protection 326
PG39| Performance Improvement 327
PG40| Primary Coolant Outside of Containment 328
PG41| Probabilistic Risk Assessment 329
PG42| Procesgontrol 330
PG43| Quality Assurance 331
PG44 | Radioactive Waste Management 332
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PG45| Reactor Coolant Pressure Boundary Material Surveillance 333
PG46| Safeguards 334
PG47| Site Security 335
PG48| Steam Generator Management 336
PG49| Surveillance 337
PG50| System Health Evaluation 338
PG51| Training and Personnel Qualification 339
PG52| Site Security Program, 340
PG53| Emergency Preparedness Program. 341
PG54 | Export Control Program 342
PG55| Meteorological Monitoring Program (EN®PGD-0001, Meteorologicallonitoring Program 343
Description)
PG56 | Offsite Dose Calculation Manual (ODCM) Program (Ef®&D-0002, Offsite Dose Calculation 344
Manual (ODCM) Program Description)
PG57| QA-PGD-0002, Quality Assurance Program Description 345
PG58| HNS-PGD-0001, Health and Safety Program Description 346
PG59| CNT-PGD-0001, Training and Personnel Qualification Program Description 347
PG60| NPI-PGD-0001, Performance Improvement Program Description 348
PG61| NPI-PGD-0002, Corrective Action Program Description 349
PG62| QA-PGD-0001, Counterfeit, Fraudulent and Suspect Items (CFSI) Program Description 350

153




PG63| CHE-PGD-0002, Diesel Fuel Oil Testing Program Description 351
PG64 | EXP-PGD-0001, Export Control Program Description 352
PG65| ENG-PGD-EQP-0001, EquipmenQualification Program Description 353
PG66 | MNT-PGD-0004, Measuring and Test Equipment (M&TE) Program Description 354
PG67| DCM-PGD-0001, Document Control and Records Management Program Description 355
PG68| Primary Coolant Outside Containment 356
PG69| RW-PGD-0001, Process Control Program Description 357
PG70| RW-PGD-0002, Radioactive Waste Management Program Description 358
PG71| RP-PGD-0001, Radiation Protection Program 359
PG72| ENV-PGD-0002, Offsite Dose Calculation Program 360
PG73| Quality Assurance 361
PG74| Training and Personnel Qualifications 362
PG75| Performance Improvement Program 363
PG76| All programs 364
PG77| Emergency Preparedness 365
PG78| Training and Personnel Qualification Program 366
PG79| Employee ConcernBrogram 367
PG80| Radiation Protection 368
PG81| RP-PGD-0001, Radiation Protection 369
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5.6.1General characteristics

The structural characteristics of the LO to Regulatory Requirements network are shabe in

5.22.
Table 5.22 Structural characteristics of the piocesses interactions wittakeholders
Characteristic Value
Total number of L1 Processes and Stakeholders nodes 178
Total number of undirected interactions (Edges) 550

As shown infigure (5.17), he structural characteristics of thd Processesteractions with
Nuclear power plant Operational Readiness Stakehatéénsorkstakeholdertook similar to the
characteristics of Interactions between LO processes and Nuclear powerOplarational
Readiness Stakeholdeiidhe interaction betweenrllprocess andluclear power plant Operational
Readiness Stakeholders network stakeholdeesns to be efficient and the flow of information
seems to besmoothas indicated a relatively low densetwork. The maximum number of
connections required to traverse the interaction betwé&emd Nuclear power plant Operational
Readiness Stakeholders network stakehololeirs other words the number of steps taken between
the two most distant nodes inghnteraction to reach one anothebisodes as indicated by the
Network Diameter. Combining this observation with the fact that the maximum path ile iggh
interactions betweehl and Nuclear power plant Operational Readiness Stakeholders network
stekeholderds 3.03 as indicated by the average path length for a graph, we can concldls that
interactionis streamlined and efficierftom a communicatiomnd information flowstandpoint
since the maximum path lengih the interactionsbetween [l and Nuclear power plant

Operational Readiness Stakeholders network stakehddédess than the network diameter.
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5.6.2Networkdensity

Network density is a graph statistical meadti is calculated by examining the proportion of
existingconnections between L1 processes in the Nuclear Power plant Management System and
the Nuclear power plant Operational Readiness Stakeholders network stakeholders relative to the
possible total number of connections to assess how tightly interconnechesl irst¢raction A

high degree of interactidmetween L1 processes in the Nuclear Power plant Management System
and the Nuclear power plant Operational Readiness Stakehwlifldtave higher density levels

while weak interactions result in low Network By. In this networkthe value of network
density ranges from 0 to 1. A density close to 1 indicated thBrocesses are strongly linked to
Stakeholdersvithin the Nuclear Power Plant Operational Readiness Program. While a density of
0.5 suggests thergsence of medium interaction betweehRrocesses anduclear power plant
Operational Readiness Stakeholdeksvalue close to 0 will indicate the existence of weak
interaction between 1 Processes an®&takeholdersThe density of interaction betweerl L
Processes anbluclear power plant Operational Readiness Stakehoisl®©39which suggests

that there is a low level of interaction amorngdrocesses anBtakeholders in thluclear power

plant Operational Readiness Program

5.6.3Network clusteringoefficientandmodularityanalysis

This network statistic will help in groupingl Processes and associated Nuclear power plant
Operational Readiness Stakeholdbesed on the strength of their relationships into distinct

clusters. Clustering coefficient provides the ability to measure the level at whplotesses and
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Nuclear power plant Operational Readiness Stakeholtergrouped together, as opposed to
being equally or randomly connected across the netwAsk.mentioned earlier, lustering
coefficient Scores have an inverse correlation with other statistics, including several of the
centrality measures, mainly when we are analyzing at the global level rtine eetwork).
Clustering coefficient calculation is based on measuring the number of closed triangles (triplets)
relative to the potential number of triangles (triplets) availabtbe interactions of 1 processes
andNuclear power plant Operational &Bness StakeholdefSssentiallythe Network clustering
coefficientmeasures the degree to whible secondayer ofL1 processes dduclear power plant
Operational Readiness Stakeholdare connected to one another (Friends of friends). High
Clustering coefficient scores are highly anticipated from tighthterweavedclusters and
distinctive communities, whereas disperssatl fragmentechetworks might be expected to
produce lower score$She averag€lustering Coefficient for this network @&224which indicates

that some weltlefined clusters can be identified in this network. Modularity class analysis showed
that L1 Processes and stakehol der 6s Theskes ar e
distribution of the 5 clusters is shown indrg5.18

Size Distribution

W
5

W
o

Size (number of nodes)
0]

=g
=]

-1 ] 1 2 3 4 5
Modularity Class

Figure 5.18 Clusters size distribution in the interactions between L1 processetafatolders
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This property strongly correlates with the network's robustness to falloeepurple being the
biggest cluster and the dark green being the smallest community. Similar to the interaction between
LO Processes and stakeholders, observations from this graph suggests that certain stakeholder
and/ or stakehol de clsabPower RlamtOperational Readmess Pragrarl are
linked to specific Level 1 processes and they do not usually interacameitiier process even if

the original L1 process they are linked to is interacting with another L1. Furthermore, the hub and
spokemodel was also prominent in this network where most L1 processes i.e. SS006, TM001,
I0003 havea unique group of stakeholders linked into them who do not interact with any other
Process in the network. This observation supports some findings from thgisnéhefirst and

the fourth network on the behavior of the Prodegssed Management System structure of the
Nuclear Power Plant Operational Readiness. The Network clustering provides a different
perspective on the relationships and Interactions betléerocesses and Stakeholders in terms

of segregating those communities as Core cluster, Support chustieOversight cluster, which

can ultimately change our perspective on how to manage such interaction.

5.6.4Network centrality measures

Somekey characteristics in the interactions betweeh drocesses antlluclear power plant
Operational Readiness Stakeholders can be better understootllesimgk centrality measures.
There are many ways to measure centrality and each of these approachiesumelprstanding a
specific type of centrality, as opposed to offering competing versions of the same measurement.
Centrality measures help in identifying which Processes or Stakeholdées/e more influence

over other components in terms of maintainiing integrity of interaction due to their structural
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influence Along the same lineCentrality is an essential measure of the information flows between
L1 processes anduclear power plant Operational Readiness Stakeholdees analyzedwith
othernetworkstatistics.The Closeness Centrality is the inverse of the mean shortest path between
a node and all other nodes in the network iegachable from it. This metric reflects the ability

of L1 Processes and different stakeholders to accessaasdhit information througthenetwork
quickly. It also indicates how close a L1 Processes or a specific stakeholder is from every other
node in this networkBetweenness centrality measures the degfieBrbcesses anal Nuclear

power plant Operational Rdiness Stakeholdersffer the most direct pathvidges between
otherwise disconnected Clustensthis interactionA higher betweenness centrality score for a
process or a stakeholdprovides a perspective on how critical thptocess or a stakeholder
maintain the structure of theteraction and information flomUnlike other centrality measures,
betweenness centrality provgla different perspective for those poorly connected nodes that
might be critical to the network by being bridges betweendtbgr componentsigure (5.19)
presents the results tifeanalysis obetweenness and closeness centrality in interactions between

L1 processes and the Stakeholders in the Nuclear Power Plant Operational Readiness Program.
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Figure 5.19 a) Betweennessentrality distribution b) Closeneg=entralitydistribution in the interactions between L1 processes

andstakeholders

Similar to what has been observed in LO processes interaction with Stockholders and da shown
Figure 6.19b), the distributions of L1 processes and the stakeholders based on their Betweenness
Centrality is a bit skewed to the right. As one can see, the majority of the L1 processes and the

der 6s nodes ha v)avithta pogtionspallmgthecurve ®wearde s s
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the higher end. Still, from this angleve can conclude that majority of L1 processes and
st akehol de rtiseame iofldemce overahiseetw@ltructural integrity and flow of
information. and integrityBetweenness centrality provides a different perspedtiterestingly,

the smallest cluster seems to be the most influential. It includes four nodes with the highest
Betweenness Centrality in the network. Namely; Finance (Betweenness Centrality = 1490),
Manage Statutory and Regulatory Requirements (Betweenness Centrality = 1352), Perform
Preventive Maintenance (Betweenness Centrality = 1281 and Monitor and Control Plant
Chemistry (Betweenness Centrality = 1209)Table 5. 23 lists L1 Processes witlighest

Betweenness Centrality.

Table 5.23L1 Processes with highdsttweennessentrality

Label Closeness Betweenness modularity
centrality centrality class

86 | SS002 0.438642 1490.988 1
67 | MO002 0.411765 1352.747 1
101 | WMO003 0.450402 1281.551 0
78 | OP0O03 0.474576 1209.983 3
107 | WMO010 0.440945 1167.978 0
69 | MS001 0.465374 1166.406 1
90 | SS006 0.402878 1036.504 3
76 | OPO01 0.421053 959.0981 4
47 | CM001 0.422111 947.8265 0
64 | LP006 0.411765 930.9935 0
108 | WMO011 0.418953 909.1241 0
75 | NFOO3 0.4375 887.8157 0
57 | 10003 0.311111 825 1
100 | WM002 0.455285 800.8303 0
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The main focus of this work is to understand the interaction betwdepracesses and
Stakeholders in the Nuclear Power Plant Operational Readiness Program. Therefore, it is important
to investigate in detail the nature of influence tinence proceskas in this networkeing the

node with the highest Betweenness Centralitydo so, the ego network technique will be used.

The belowFinance Process Egwaph 6.20 was produced by Gephi
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Figure 5.20 Egonetwork offinanceprocess
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The structural characteristics of thmmance Procedsgo Network are shown itable5.24.

Table 5.24 Characteristic ofinanceprocess Egmetwork

Characteristic Value % Visible
Total number nodes 16 9.47%
Total number of Edges 34 6.18%

As shown in figure (5.20)he interaction between tlirénance Process antherL1 processes and
Stakeholdersappeas to be relatively denseiand forminga higherlevel of interactionsvhen
compared with the overall L1 process and Stakeholders NetWwhekEgo Network density is
considerably higher than the value for a complete grabich indicates thaof all possible
connections that may exist in thiggeractionincluding direct links withthe Finance Process

very good portion of them is already established. The maximumigagth between in this ego
network is 17 as indicated by the average path length for a graph, we can conclude that the graph
is relatively efficient in terms of transferring information across different modes since the
maximum path length is less thdretnetwork diametemable 5. 25 summarizes the key Statistics

of Finance Process Ego Network

Table 5.25 Statistics ofinanceprocess Egmetwork

Network statistic Value

Graph density 0.283
Network diameter 2
Average Pathlength 17

Average Clustering Coefficient 0.714
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As shown in figure (5.20), &can define two groups of nodes in the Finance process Ego Network,

Core and peripherallt appears thathe Finance Process has multiptae connectionsn some

maximal sensewith other influential nodeghat can be characterizebb e i n g AAsSsuUr a
Pr o c elikes Magage Statutory and Regulatory Requiremeamd Manage Enterprise Risk.
Whereas the Inteal audit process is loosely connected to the cohesgo and lackmaximal

coheson with the core connections.

5.7. Interactions betweevelO processes anauclearpower plant systems

Systems referretb in this study covers Plant Systems, Structuaad Components (SSC). These
include, but are not limited to software applications, supporting hardware, -selfdabd
equipmentand buildingsThis Network depicts all interactions between Level 0 Processes and
Plant SystemsThe list of LO process coved all Management Systems processes and each LO
process was given a code and a node label (TabjeOn the other hand, each Plant System
associated with the Nuclear Power Plant Operational Readiness was identified and given a code

and a node label agpthe below tablés.26)

Table 5.26 List of plant systems structures angomponents

Plant System Node Node

ID Label
Engineering Change Status Information System 476 SYS.1
Life cycle Document Management 477 SYS.2
Electronic Corrective Action Program 478 SYS.3
Active Risk Management 479 SYS.4
SPVMS, Single Point Vulnerability Management System 480 SYS.5
e-CAP, Electronic Corrective Action Progratolding 481 SYS.6
EWS, Engineering Workstation System 482 SYS.7
e-MR, Maintenance Rule Program 483 SYS.8
SHES, System Health Evaluation System 484 SYS.9

OEIS, Operating Experience Information System 485 SYS.10

Functional Readiness Assessment Tool 486 SYS.11

Controlled Document Management System 487 SYS.12

Operational Management System 488 SYS.13
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Active Risk Manageholding

Audit Management Systerinternal Audit's MS.
Enterprise Content Management System
Plant Access Control System

Electronic Corrective Action Program
LifeCycle Data Management

Regulatory Commitment Tracking System Software

Emergency Operations Facility
Technical Support Centers
Operational Suppor€enters
Alternate Technical Support Center

Plant equipment as detailed in Onsite Emergency Plan and Emergency Pl

Implementing Procedures

Electronic Content Management System (EE@Berating

ENET (corporate intranet)

Operating Experience Information System
Condition Reporting Systeapdate 2020
OMSmodules (e.g., SAP)

Fire Detection and Alarm System

Fire Suppression System

Initial Fire Response Team Equipment
Onsite Fire Brigade Equipment and Vehicles
Fire Protection Management

Physical Protection Management

Waste Water Treatment Plant

Sewage Water Treatment Plant
Permanent Wharf

Plant Intake and Discharge Channels
Plant IntakeStructures

Meteorological Monitoring System

Offsite Dose Calculation Manual

ARIS Business Architect

Requirements Management System

SAP Materials Management

Core Operating LimBupervisory System
Core Protection Calculator System
Excore Neutron Flux Monitoring System
In-Core Instrumentation System
Information Processing System

Inverse Count Rate Ratio Calculator (Schiier)
Reactivity Computer

Control Rods and Neutron Sources

Core Analysis Server with relevant codes
Fuel Handling & Transfer System
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504
505
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507
508
509
510
511
512
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520
521
522
523
524
525
526
527
528
529
530
531
532

SYS.14
SYS.15
SYS.16
SYS.18
SYS.19
SYS.20
SYS.21
SYS.22
SYS.23
SYS.24
SYS.25
SYS.26

SYS.27
SYS.28
SYS.29
SYS.30
SYS.31
SYS.32
SYS.33
SYS.34
SYS.35
SYS.36
SYS.37
SYS.38
SYS.39
SYS.40
SYS.41
SYS.42
SYS.43
SYS.44
SYS.45
SYS.46
SYS.47
SYS.48
SYS.49
SYS.50
SYS.51
SYS.52
SYS.53
SYS.54
SYS.55
SYS.56
SYS.57



Fuel Inspection Stand

New Fuel Storage Rack/Spéntel Pool Racks
Nuclear Material Accounting and Control software
OMS PP module

Chemical/Safety Equipment

Clearance Implementation Equipment
Contaminated Area Equipment

ElectricalSafety Equipment

Electronic Shift Operations Management System
Fall Protection Equipment

Fire Protection Management System

Operation Parameter Management System
Operator Personal Protectiiequipment

Other miscellaneous equipment/items for Operations
SAPPlant Maintenance

tfFyd 2N SldA LISyl TFT2NJ fS@St m Al
SAPProduction Planning

Risk Monitoring System

Radiation/ Environment Management
Radioactive Material Transportation Management System
Steam Generator

Primary and Secondary Sampling System
Chemistry Laboratory

Plant Information

Water Quality Management Program

Chemical Material Management System

Nuclear Plant Construction Management System
Steam Generator Management Program
PlantMaintenance

SelfAssessment

SAP (for work control)

An electronic OE database

Operational Management Systems (OMS) modules
Oracle Business Intelligence

Oracle Financials

Oracle Talent management

Primavera P6

Settlement System

Oracle Payroll System

SAP FI/CO

Startup Information Management System
Progress and Performance Management System
Procedure Change Request System

Content ManagementSystem 2020 update
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534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

SYS.58
SYS.59
SYS.60
SYS.61
SYS.62
SYS.63
SYS.64
SYS.65
SYS.66
SYS.67
SYS.68
SYS.69
SYS.70
SYS.71
SYS.72
SYS.73
SYS.74
SYS.75
SYS.76
SYS.77
SYS.78
SYS.79
SYS.80
SYS.81
SYS.82
SYS.83
SYS.84
SYS.85
SYS.86
SYS.87
SYS.88
SYS.89
SYS.90
SYS.91
SYS.92
SYS.93
SYS.94
SYS.95
SYS.96
SYS.97
SYS.98
SYS.99
SYS.100
SYS.101



Content and Documents Managemeggstem 2020 update
Adobe Master Suite

Infrastructure (Datacenter, Servers, Network and Communication equipme

Oracle

TAQA karning

ECMSHolding

ENETHolding

SAP Hman capital module

SAP HR Work/Hour Tracking

Full Scope Simulator

Training Facilities and Modkps

Classrooms and Supporting Areas

Primavera P6 or equivalent project management software
Equipment Decontamination Facilities

Personal Decontamination Facilities

Personnel Monitoring Instrumentation and Equipment
Portable Air Sampling Instrumentation

Portable Radiation Detection Instrumentation
Radiation Area Access Control System
Radioisotope Management System

RP Laboratory Instrumentation

Special Tools and Equipment

Radiation and Radioactivity Measurement System
project costmanagement software
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578
579
580
581
582
583
584
585
586
587
588
589
590
501
592
593
594
595
596
597
598
599
600

SYS.102
SYS.103
SYS.104
SYS.105
SYS.106
SYS.107
SYS.108
SYS.109
SYS.110
SYS.111
SYS.112
SYS.113
SYS.114
SYS.115
SYS.116
SYS.117
SYS.118
SYS.119
SYS.120
SYS.121
SYS.122
SYS.123
SYS.124
SYS.125
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Data forthis network was imported using the abawentioned structure into Gephi, Force atlas
algorithm was applied, graph statistics were applied and the final network graph was pesduced

presented ifigure5.21

Figure 5.21 L0 andnuclearpower plant systemsnetwork

5.7.1General characteristics

The structural characteristics of LO Processes and Nuclear Power Plant Systems network are shown

in table5.27.
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Table 5.27 Structural characteristics of the LOrtaclearpower plant systems intersections

Characteristic Value
Total number of LO and Nuclear Power Plant Systems nodes 170
Total number of undirected interactions (Edges) 668

Overalland as shown in figure (5.21he interaction between LO process and Nuclear Power Plant
Systems appesto be relatively low dens&he maximum number of connections required to
traverse the interaction between LO Processes and Nuclear Power PlamisSygst@aber of steps

taken between the two most distant LO processes and/or Nuclear Power Plant Systems) is 4 as
indicated by the Network Diameter. Therefore, the interaction between LO processes seems to be
efficient and the flow of information appearskie flowing smoothly. In addition to being a low

dense network, the maximum path length betwe®Rrbcesseand Nuclear Power Plant Systems

is 28 as indicated by the average path length. Thus, we can conclude that the intbedatesn

LO processesand Nuclear Power Plant Systemghin the Nuclear Power Plant Operational
Readiness is efficient from a communication and information sharing standpoint since the

maximum path length is less than the network diameter

5.7.2Networkdensity

Similar to dher interactions explained earlier in this study, Graph density assesses how strongly
interconnected the network is. In this case, it examines the percentage of established interactions
relative to the possible total number of connections between LOSBescand Nuclear Power Plant
Systems. A high degree of interaction between LO Processes and Nuclear Power Plant Systems

will have higher density levels while weak interactions result in low Network Density. Two
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networks with identical numbers of LO Processind Nuclear Power Plant Systems from different
Nuclear programs might have very different density levels; even the same interaction between LO
Processes and Nuclear Power Plant Systems measured at different time intervals is likely to have
differing dersity measures as links are formed or broken over time. The value of network density
ranges from O to 1. A density close to 1 indicates that all LO Processes are strongly linked to
Nuclear Power Plant Systems within the Nuclear Power Plant Operationah&s=arogram.

While a density of 0.5 suggests the presence of medium interaction between LO Processes and
Nuclear Power Plant Systems. A value close to 0 will indicate the existence of weak interaction
between LO Processes aRthnt Systems, Structuresnd Component@dditionally, the density

of the interaction in this network can be used to measure the cohesiveness and robustness of the
interaction between LO Processes and Regulatory Requirements, as well as, the inclusiveness and
coverage of all redatory requirements as part of the BAU design within the nuclear power plant

is 0.046which suggests that there is a low level of interachietweenLO processes anBlant
Systems, Structureand Componentd he density of the interaction in this netwadn be used

asa measurdo assess theohesiveness and robustnesdh&f Nuclear Power Plant Integrated
Management System. Building robust and integrated interfaces between LO processes as the
building blocks for the Nuclear Power Plant Integrated Mamage System and the Plant
Systems, Structures and Components is very critical to realize the overall objective of designing
and implementing the Integrated Management System (IM&d@&nsity ofinteraction between

LO Processes arfélant Systems, Struces and Components is a determining factor in assessing
how inclusiveis thecoverage ofMS to fulfill all regulatory requirements as part of the BAU

design within the nuclear power planta systematic and structured manner.
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5.7.3Network clusteringoefficientandmodularityanalysis

Network clustering coefficient help in grouping LO Processes, Plant Systems, Structures and
Components based on the strength of their relationships into distinct clusters. Clustering
coefficient provides the ability toneasure the level at which LO Processes, Plant Systems,
Structuresand Components are grouped, as opposed to being equally or randomly connected
across the network. Clustering coefficient calculation is based on measuring the number of closed
triangles {riplets) relative to the potential number of triangles (triplets) availalttee interactions
between LO Processes, Plant Systems, Strugtanes Componentdt measures the degree to
which secondayertier LO Processes, Plant Systems, Structuard Componentsre connected

to one anotherHigh Clustering coefficient scores are highly anticipated from tighterweaved
clustersand distinctive communities, whereas disperggdractions usually produckwer
Clustering coefficienscoresThe averag€lustering Coefficient for this network &6251which
indicates that some welblefined clusters can be identified in this network. Modularity class
analysis showed that LO Processes, Plant Systems, Struemde€omponents are distributed
aaoss 9 distinct communitieBigure 5.22 shows the 9 clusters size distribution in the interactions

between LO processes and Plant Systems, Strucaum@<omponents.
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Figure 5.22 Clusters size distribution in the interactsobetween LO processes gant systemsstructures andomponents

As shown in figure (5.21), ost of these communities are centered around specific LO processes
like ORLO, ENV-LO, EPELO, RP2LO0and CHELO except for the Dbiggest
where most ofthe Support Processes and their interactions with plant systems are grouped
together. This observation might suggest a very important notion which is that Core Processes and
their associated Plant Systems need to be treated as a standalyn® emsure bringing all
capabilities to the required level by the nuclear regulator while other Support Processes which
apparently share similar characteristics can be managed as a one entity serving the core business.
This fining might change the wayevmanage our processes within the Nuclear Operational
Readiness settings. The hub and spoke pattern is quite evident across this network where LO
Processes seem to be interacting with a unique set of Plant systems with no overlap with other
Systems linkedo other Processes. This pattern needs to be studied further to assess the integrity
of the Nuclear Power Plant Operational Readiness Management Systems and the level of
integration and harmonization between relevant Systems. Similar to other inteyattibis

study, thepropertyof multiple hubs stronglgorrelates with the network's robustness to failure.

This structural configuration of having fBajor hubsthat are concentrated around specific LO
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processes whichrelinked to a uniquesetof PlantSystems, Structureand Components might
provisiona fault-tolerant behavior and fosters resilience in the interaction between LO Processes

andPlant Systems, Structuresid Components

5.7.4Network centrality measures

Certain characteristics of theteractions between LO processes Plant Systems, Stryciackes
Components can be demystified using Network Centrality Measures. Centrality measures help in
identifying which LO processes Plant Systems, Structures or Components in the nuclear power
plant operational readiness have more influence over other contpanéerms oprotecting the
integrity of the interaction due to certain structural characteristics of those influential players
Furthermore, Centrality is an essential measure of the information letmseeenprocesse$.0
processes Plant Systems, Stuiues and Componentsspeciallywhen assessed jointly with other
statisticslike graph density, network diameteand average path lengt®n one handthe
Closeness Centrality represgttie inverse of the mean shortest path between a LO process or a
plant system and all other nodes in the network that are reachable from it. This metric reflects the
ability of LO Processes and Plant systems to access and transmit information themegtvork

quickly. It also indicates how close a LO process or a Fgsttem ido every other node in this
network.On the other handBetweenness centrality measutesvhatdegreel.O processes Plant
Systems, Structurgsand/or Componentoffer the most direct path between otherwise
disconnected Clustens this interactio. A higherbetweenness centrality score fdF process or

Plant Systenwill provide a perspective on how critical thatocess or Systeto maintain the

structure of the network. Unlike other centrality measures, betweenness centrality peovide
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different perspective for those poorly connected nodes that might be critical to the network by
being bridges between key other compondfitpure 6.23 presents the results thfe analysis of
betweenness and closeness centrality in interactions betweprot@sses and Plant Systems,

Structuresor Components.
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Figure 5.23 a) Betweenneszntrality distribution b) Closenes=ntralitydistribution in the interactions between LO processes
andplant systems structures ocompaments.
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As shown in figure (5.23}he distributions of LO processes and the Plant Systems based on their
Betweenness Centrality and Closeness Centrality do not follow the normal distribution. As one
can see, the majority of the LO processes angldna systemshave the same closeness (around
0.5), meaning that t hey thesamesniuence olver thismetivdiki s ang
is also clear that most diie LO processes and Plant Systenavelow betweenness centrality
while a few of them teshto have a highetweennesgalue. Looking at some interesting insights
coming from thisinteraction Subject Matter Experts and Management systems Professionals
might need to further recognize the essential role some LO Processes and/or Plant Systiems pl
keepthe efficient flow of information and maintain the structural integrity of this interaction.
Those are mainlyades with the highest Betweenness Centralitye process of Operating and
Monitoring Structures, Systemand Components appears ® the most influential node in this
network (Betweenness Centrality 2370 followed by HRLO, CHELO, EPXLO, and RP2L0

with Betweenness Centraliy985, 1687, 148&nd 1446 respectivelyable5.28 below highlights

LO processes witthe highestBetweenness Centrality.

Table 5.28 L0 Processes with highesttweennessentrality

Id Label Closeness Betweenness
centrality centrality

21| ORLO 0.502959 2369.952
40 | HRLO 0.543131 1984.938
23| CHELO 0.419753 1687.655
10 | EP1LO 0.47486 1483.325
43 | RP2LO 0.488506 1446.769
13 | ENVLO 0.459459 1218.532
20 | RELO 0.415648 1199.435
18 | RELO 0.412621 1175.425

2 | ENG2 0.453333 1086.092

LO

31| FINLO 0.524691 949.9359
26 | NPI3LO 0.537975 916.106
11| FP2LO 0.428212 849.0882
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14 | NIMS 0.53125 723.6232
LO

29 | PMD2 0.429293 688.5867
LO

17 | PSELO 0.524691 663.6372

38 | COM2 0.512048 643.6073
LO

39 | ICFLO 0.516717 606.5292

In order to understanthe interaction betweenOLprocessesnd plant system# the Nuclear
Power Plant Operational Readiness Progiaimimportant to drill down and analyze the typology
and nature dfnkageassociated witthe process dDperaing and Monitomg Structures, Systems

and Componentsince it turned out to be the most influential node based on its high Betweenness
Centrality. To do so, the ego network technique will be used. The below Ego ofafite

Structures, Systems and Components Operations and Monitoring pi@dssvas prodced by

Gephi.
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Figure 5.24 Egonetwork ofstructures systems ang@omponent®perations andnonitoring process

The structural characteristics of tt&tructures, Systems and Components Operations and

Monitoring process Egdetwork are shown itable §.29).

Table 5.29 Characteristic ofinanceprocess Egmetwork

Characteristic Value % Visible
Total number nodes 41 23.98%
Total number of Edges 208 31.14%

As shown in figure (5.24), #hinteraction between th8tructures, Systems and Components
Operations and Monitoring process and otiailesappear to be relatively denser and forméng

higher level of interactions when compared with the over@llptocessesand plant systems
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Networkwhich has a density of. @6 The Ego Network density is considerably higher than the
value for a complete graph which indicates that of all possible connections that may exist in this
interaction including direct links witlStructures, Systems and Compuotse Operations and
Monitoring processa very good portion of thefmavealready established. The maximum path
length between in this ego network is 1.7 as indicated by the average path length for a graph, we
can conclude that the graph is relatively eéfidi in terms of transferring information across
different modes since the maximum path length is less than the network diahaéter5. 30
summarizes key network Statistics of Structures, Systam$ Components Operations and

Monitoring process Ego Netwk

Table 5.30 Statistics oftructures systems andomponents process Egetwork

Network statistic Value

Graph density 0.254
Network diameter 2

Average Path length 1.74

Average Clustering Coefficient 0444

Looking at the clustering of distinctive communities within the Structures, Systems and
Components Operations and Monitoring process Ego Netimdiigure (5.24) we can observe

the importance of Equipment Reliability and Performance Management Process-(BN&2i
Corrective Actions Management process (NB0Q) to maintain the integrity of L-GPlants system
interactions being the only LO process included with the Structures, Systeth€omponents
Operations and Monitoring process in the same cluster. Hub and spoke association is noticed

between the Structures, Systems and Components Operations and Monitoring process and plant
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systems witlthe majority of nodes argrouped near to taCore andew like P2L0 and HRLO

seenasperipheral.

5.8. Interactions betweevel Oprocesses anidnplementingorocedures

This mapping wildepid all interactions between Level 0 Processedampiementing Procedures

This network covers all procedurédgeveloped to meet safety and quality requirements. those
support the implementation of Programs and Processes and specify or describe how an activity is
to be performed. The term procedure in this study will also include instructions and drawings

includingthe following key areas:

a. Calibration and Test Procedures

b. Chemical and Radiochemical Control Procedures
C. Emergency Operating Procedures

d. Emergency Plan Implementing Procedures

e. Fire Protection Procedures

f. Fuel Handling Procedures

g. Maintenarce Procedures

h. Power Operation and Load Changing Procedures

i. Process Monitoring Procedures
J- Radiation Control Procedures
k. Shutdown Procedures

l. Startup Procedures

m. System Procedures

n. Temporary Procedures
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The list of LO process covered alladlagement Systems processes and each LO process was given
a code and a node labas per &ble (5.1). On the other hand, eadimplementing Procedures

included in this studiave beeindentified and given a code and a node label as perSetile

Table 5.31 List of implementingorocedures

Implementing Procedure Node Node
ID Label
1IN2CHEMAN-0001, Chemical Material Management 954 PRC1
IN22CHEPRGGENO001, Chemistry Program 955 PRC2
IN2CHEPREOPS0013, SG Hide Out RetuFest 956 PRC3
IN2CHEPRESAMO001, Primary System Sampling 957 PRC4
IN22CHEPRESAMO0003, Secondary Process Sample Continuous Monitor 958 PRC5
CHEPRGANAO0002, Chemical Analysis Quality Control 959 PRC6
IN22CHEPRESAMOO005, Secondary System Sampling 960 PRCY
CHEPREBCCS002, Primary Laboratory Instrument Management 961 PRCS8
CHEPREBCCS003, Secondary Water Chemistry 962 PRC9
CHEPREBCCSO005, Primary Water Chemistry 963 PRC10
CHEPRGCCS006, Chemical Material Control 964 PRC11
CHEPRGGENO001, Secondary Laboratory Instrument Management 965 PRC12
CHEPRGGENO0010, Chemical Laboratory Safety Management 966 PRC13
COMREFI001, Brandsuidelines 967 PRC14
COMPR®@I005, Services Delivery Process 968 PRC15
COPR®@&)00-01, Commissioning Oversight Procedure 969 PRC16
DCMPR@032, Approvabf Vendor Prepared Documents 970 PRC17
DCMPR@&030, Document Controller Training and Qualification Procedure 971 PRC18
DCMPR@033, Functiordministrator Qualification Procedure 972 PRC19
DCMPR@&002, GovernancBocument Numbering 973 PRC20
DCMPR@003, Procedure Generation and Changes 974 PRC21
DCMPR@016, TechnicdProcedure Writers Guide 975 PRC22
DCMPR®&018, Administrative Procedure Writers Guide 976 PRC23
ORPR@077,Procedure Use and Adherence 977 PRC24
DCMPR@004, Controlledocuments Management Procedure 978 PRC25
DCMPR@&005, Managemendf Records 979 PRC26
DCMPR@013, Records Retention Schedule and Disposition 980 PRC27
DCMPR@&015, Correspondendgontrol Procedure 981 PRC28
COMPR@011, Internal Communications Procedure 982 PRC29
COMPR@012, External Communications Procedure 983 PRC30
COMPR@013, Creative Production Procedure 984 PRC31
COMPR®@014, Crisis Communications Procedure 985 PRC32
COMPR®@0015, Social Media Procedure 986 PRC33
COMPR@016, Stakeholders Management Procedure 987 PRC34
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COMPR@017, External Campaigns Procedure

COMPR®@)018, Events Management Procedure

COMPR@020, Media RelationBrocedure

COMPR@0024, Service Delivery Procedure

COMPR®@025, Digital Communications Procedure
COMPR@026, Emergency Communications Procedure
IN2ENGPR@)006, MMIS Design Change Governing Procedure

ENGPR®&)021, Engineers' Task Performance Guidelines for Engineering Che

ENGPR®&)031, Design Change Proposal and Deliberation Management
ENGPR@032, Miscellaneous Design Document Change Management

ENGPR®&)033,Design Change Package Preparation and Revision Managem
ENGPR@034, Design Change Implementation Completion Management

988
989
990
991
992
993
994
995
996
997
998
Sfele)

ENGPR®)044, Engineering, Programmatic and MMIS Software Configuratior 1000

Management

ENGPR®&)050,Design Change Committee Operation Management
ENGPR®&)052, StartUp Field Change Requests from Fuel Load to SCD
ENGPR@053, Temporary Modification Change from Fuel Load to SCD
ENGPR®)054, Engineering Evaluations

ENGPRGCMR0001, Temporary Modification Control
ENGPRGCMPR0002, Nuclear Power Plant Configuration Management
ENGPRGBCMR0003, Design Change Control Management
MNT-PR@002, Post Maintenance Verification amdsting

ORPR®&010, System Status Control

PRIPRE001, Project Initiation and Approval Procedure
ENGPGDBSHED001, System Health and Evaluation

ENGPGDBMR-0001, Maintenancé&ule Description

ENGPR®&)011, Scoping of Maintenance Rule

ENGPR®&012, Safety Significance Determination

ENGPR@016, Establishment of Performance Criteria

ENGPR®&019, MR Performance Monitoring

ENGPR@&)020, SP\Zomponent Management

ENGPR®@)022, Equipment Reliability Index Management

ENGPR®@)023, System Notebook Development and Management Guidelines

ENGPR@024, System Walkdown Guidelines

ENGPR®&)025, Functiondimportance Determination Guideline
ENGPR@027, Operation of Plant Health Committee

ENGPR®@028, System Monitoring Guidelines

ENGPR®&)029, System Health Evaluation and Application
ENGPRGER0002, MidLongTermPlant Equipment Investment Plan
Management

ENGPRGER0003, Equipment Reliability Oversight Committee (EROC)
NPIPR@200, Condition Report Initiation

NPIPR@)220, Condition Report Evaluation

NPIPR@)250, Condition Report Trending and Program Performance
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1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025

1026
1027
1028
1029

PRC35
PRC36
PRC37
PRC38
PRC39
PRC40
PRC41
PRC42
PRC43
PRC44
PRC45
PRC46
PRCA47

PRCA48
PRCA49
PRC50
PRC51
PRC52
PRC53
PRC54
PRC55
PRC56
PRC57
PRC58
PRC59
PRCG60
PRC61
PRC62
PRC63
PRC64
PRC65
PRC66
PRC67
PRC68
PRC69
PRC70
PRC71
PRC72

PRC73
PRC74
PRC75
PRC76



MNT-PR@0069, Predictive Maintenance Program
MNT-PR@070, Preventive Maintenance Program
MNT-PR@083, Component Health Monitoring
MNT-PR@0084, Maintenance Rework Reduction

MNT-PR@0089, Maintenance History Record

WM-PR®@&200, Integrated Risk Management

IN2ENVPRGNW-0001, Operation of Wastewater Treatment Facility
IN22RRPR@)003,Reactor Containment Building Gaseous Radioactive Effluel
Release Management

IN2RRPRPR@&004, Radiation Monitoring Instrument Management
IN2RPPR@D005, Liquid Radioactive Waste Release Management
IN2RPRPR@006,0Operation of Scaling Factor and Periodic Qualification
IN2RRPREPRO0001, Site Radiation Monitoring System Operation
IN2RPPRERDP0001, Onsite Radiation Monitoring System Channel and Sou
Surveillance Inspection

IN2RPRPRERDP0002, ORSite Sampling and Request for Analysis
1IN2RRPPRERDP0004, Evaluation of total Atmospheric Steam Dump or Stean
Generator

IN2RPPTFWV-0001, Radioactive Liquid and Gas Effluent Periodic Inspection
ENVMAN-0001, Environmentdlanagement System Plan

ENVPR@)001, Marine Environment Workboat Operations

ENVPR@0002, Water Intake Continuity (WIC)

ENVPR@006, Transparency, Color, Odor & Floating Particle Analysis
ENVPR@)007, Waste Management Control Plan

ENVPR@D009, Sanitary Waste Water Plant Operations

ENVPR@I011, MultiParameter Operation

ENVPR@)012, Free and Total Residual Chlorine Analysis (Colorirvkdtiod)
ENVPRELB0001, ERL Chemical Safety Program

ENVPRELB0002, Sampling Plan

ENVPRELB0003, Sample Identification and Labeling

ENVPRELB0004, Laboratory Balances

ENVPRELB0005,Sample Collection

ENVPRELB0006, Sample Screening, Receipt, and Chain of Custody
ENVPRELB0007, Determination of Radioiodine in Milk and Water Samples
ENVPRELB0008, Dosimetry Program for Environmental and Pengb
Monitoring

ENVPRELB0009, Sample Dissolution

ENVPRELB0010, Separation Chemisty ritium

ENVPRELB0011, Environmental Radiochemistry Laboratory Quality Control
ENVPRELB0012, Operatiorof Gamma Spectrometry Systems
ENVPRELB0013, Operation of Liquid Scintillation Systems
ENVPRELB0014, Environmental Radiochemistry Laboratory Waste Plan
ENVPRELB0015, Analysis for Radioiodine in lodidellection Cartridges
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1030
1031
1032
1033

1034
1035
1036
1037

1038
1039
1040
1041
1042

1043
1044

1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061

1062
1063
1064
1065
1066
1067
1068

PRC77
PRC78
PRC79
PRC80

PRC81
PRC82
PRC83
PRC84

PRC85
PRC86
PRC87
PRC88
PRC89

PRC90
PRC91

PRC92
PRC93
PRC94
PRC95
PRC96
PRC97
PRC98
PRC99
PRC10C
PRC101
PRC10z
PRC10¢&
PRC104
PRC10¢
PRC10¢€
PRC107
PRC10¢

PRC10¢
PRC11C
PRC111
PRC11z
PRC11:&
PRC114
PRC11t



ENVPRELB0018, Conducbf Environmental Radiochemistry Laboratory 1069 PRC11¢€

Operations

ENVPRELB0019, Environmental Radiochemistry Laboratory Reagent 1070 PRC117
Preparation Instructions

ENVPRELB0020,Separation ChemistryAmericium 1071 PRC11E&
ENVPRELB0021, Separation Chemistryron 1072 PRC11¢
ENVPRELB0022, Separation Chemistryrechnetium 1073 PRC12C
ENVPRELB0023, Glass Cleaning 1074 PRC121
ENVPRGELB0024, Separation Chemistryrhorium 1075 PRC12z
ENVPRELB0025, Separation ChemistryPlutonium 1076 PRC12:
ENVPRELB0026, Separation Chemistrstrontium 1077 PRC124
ENVPRELB0027, Land Use Census 1078 PRC12t

ENVPRELB0028, Environmental Radiation Monitoring Syst@ERMS) Real Tim 1079 PRC12€
Gamma Detection System

ENVPRELB0029, Separation ChemistriNickel 1080 PRC127
ENVPRELB0030, ERL Personnel OJT Training and Qualification 1081 PRC12¢
ENVPRELB0032, Separation ChemistryJranium 1082 PRC12¢€
ENVPRELB0036, Air Sampler Calibration 1083 PRC13C
ENVPRELB0037, Separation Chemistrysross Alpha Gross Beta 1084 PRC131
NIMSPOL0002, NucleaBafety Policy 1085 PRC13z
RRPR@025, Radioactive Effluent Management Plan 1086 PRC13:z
RWPR®@002, Disposal of Radioactive Waste Below Disposal Limit 1087 PRC134
ENVPR@)004,Environnementalncident Management 1088 PRC13E
ENVPR@)014,Environmental Inspection Procedure 1089 PRC13¢
ENVPR@003, Environmental Sampling and Reports 1090 PRC137
ENVPR@D005, Impingement and Entrainment Monitoring Procedure 1091 PRC13¢
ENVPRC_0016, Meteorological Monitoring Program Implementation Procedt 1092 PRC13¢
ENVPR@)013, Operation of Composite Sampler 1093 PRC14C
IN2-EREPIPAEOO001, Corddbamage Assessment 1094 PRC141
1IN2EREPIPAEO003, Dose Projection Using RASCAL/BARAM 1095 PRC14z
1IN2EREPIPAEO004, Meteorological and Plant Status Data Acquisition 1096 PRC14:3
IN2EREPIPGENO001, Maintenance of Emergency Plan/Procedures 1097 PRC144
IN2-EREPIPGENO0002, Communication Methods and Equipment 1098 PRC14&
IN2EREPIPGENO0004, Emergency Support and Logistics 1099 PRC14¢
1IN2-EREPIPGENO005, Emergency Preparedness Training 1100 PRC147
1N2EREPIFGENO006, Emergency Equipmelmispection and Inventory 1101 PRC14&
1IN2EREPIPFGENO007, Record Keeping 1102 PRC14¢<
IN2EREPIPGENO008, Emergency Preparedness Drills and Exercises 1103 PRC15C
IN2EREPIPGENO010, Maintenance of Emergency Response Organization 1104 PRC151
IN2EREPIPORGO001, Initial Emergency Response Organization 1105 PRC15zZ
IN2EREPIPFORGD002, TSC Organization and Operation 1106 PRC15:
IN2EREPIPORGD003, OSC Organization and Operation 1107 PRC154
IN2EREPIPORG0004, EOF Organization aBgeration 1108 PRC15t
1IN2EREPIPORG0D006, Offsite Stakeholders 1109 PRC15¢€
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IN2EREPIPPAO001, Emergency Classification

IN2EREPIPPAQ002, Offsite Protective Action Recommendations
IN2EREPIFPAOQ003, Onsite ProtectivBleasures

IN2EREPIPPA0004, Offsite Notification

IN2EREPIFPA0005, Emergency Medical Service Actuation and Transport
1IN2EREPIPPAQ006, Emergency Exposure Limits
IN2EREPIFPA0009, SiteEvacuation

IN2EREPIPRE@001, Emergency Termination and Recovery Planning
IN2-EREPIPREED002, Reentry

IN2EREPIPSS0001, Response to Security Related Threats
IN2ERMAN-0001, Barakah NPP Unit 1&msite Emergency Plan
1IN2ERMAN-0002, Barakah NPP Emergency Classification Manual
IN2ERMAN-0003, Evacuation Time Estimate

None Listed

FCMPRECL01-01 - Nuclear Fuel Procurement Procedure
FCMPREL01-02 - Engineering Calculations Procedure
FCMPREL01-03 - Computer Codes installation Maintenance and Control
Procedure

FCMPREL01-04 - EUP Suppliers Screening Procedure
FCMPREL01-05- EUP Suppliergvaluation Procedure

FCMPREL01-06 - Spot Nuclear Fuel Procurement Procedure
FINPR@)004, Treasury Procedure

FINPR®@)016, Accrual Guidelines

Accounts Payable Procedure

Asset Managemerrocedure

Finance Budgeting Forecasting and Reporting Procedure

Insurance Procedure

Petty Cash Procedure

Receivable Procedure

FRPRGGENO001, Fire Protection Plan

FRPR@001,Fire Protection Management

FRPR@002, Fire Response

FRPR®&O003, Fire Protection Education Training

FRPR@&004, Fire Door Control

FRPTFFRO0001, Initial Fire Response Team Protection Apparatus Check
IN22FRPTFFR0001, Outdoor Fire Hydrant Visual Inspection

IN2FRPTFR0002, Indoor Fire Hydrant Visual Inspection
000-FRPTFFR0O001, Outdoor Fire Hydrant Check and Test
IN2MNT-EM-FR0001, Fire DetectioBystem Alarm Circuit Check

IN2MNT-EM-FR0002, CO2 and Clean Agent Fire Suppression System Chec

IN2MNT-EPTFR0O001, 12V Battery Inspection for Diesel Engimiven Fire
Pump Startup
IN2MNT-EPTFR0002, FireDetector Circuit Check
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1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126

1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144

1145
1146
1147
1148
1149

1150

PRC157
PRC15¢
PRC15¢
PRC16C
PRC161
PRC16z
PRC16:&
PRC164
PRC16¢&
PRC16¢€
PRC167
PRC16¢&
PRC16¢
PRC17C
PRC171
PRC17z
PRC17¢

PRC174
PRC17t
PRC17¢
PRC177
PRC17¢
PRC17¢
PRC18C
PRC181
PRC182
PRC18:
PRC184
PRC18t
PRC18¢
PRC187
PRC18¢
PRC18¢
PRC19C
PRC191

PRC19z
PRC19¢
PRC194
PRC19t
PRC19¢

PRC197



IN22MNT-MPTFFR0002, Spray/Sprinkler Visual & Check Air Flow Test
IN2MNT-MPTFR0003, Fire protection system firefighting water supply line
flushing

IN2MNT-MPTFR0006, Fire Pump Diesel Engibkeck

IN2MNT-MPTXX0001, HVAC Fire Damper Performance Check
000-MNT-PR@005, Disassembly and Assembly of Fire Pump
1IN2ORAORFR0001, Operation of Power Plant in the Event of Fire
1IN22ORAORFR0002,Abnormal Spray of Fire Fighting Water
IN22ORARPFR0001, Fire Protection System Alarm

IN22ORNORFR0001, Fire Protection System

IN22ORPTFFR0001, Portable Extinguisher Integrity Check
IN22ORPTFR0002, Seismic Category | Fire Protection System Valve Operak
Test

IN2ORPTFRO0003, Auxiliary Building Smoke Removal Fan Functional Test
1IN22ORPTFFR0004, Seismic Category | Fire Protection System Pump & Valvi
Lineup Check)

1IN22ORPTFR0005, Visual Inspection of Fire Protection related Facilities
IN22ORPTFFR0006, Visual Inspection of Co2 and Inergen Extinguish for Fire
Protection System

IN22ORPTFFR0007, Indoor HydranDischarge & Hose Hydrostatic Test
1IN2ORPTFR0008, Fire Hydrant Flow and Pressure Deviation Measurement
1IN2-ORPTFR0009, Fire Door Status Check

IN2ORPTFR0010, AuxBoiler Building Foam Extinguishing Sys@neck
IN2ORPTFRO0011, Spray & Sprinkler System Isolation Valve Functional Tes
1IN22ORPTFFR0012, Fire Protection System Valve Functional Test
1IN2ORPTFR0013, Fire Protection System Valve Lineup Check
IN22ORPTFFR0014, Fire Pump Check & Valve Alignment Check
IN22ORPTFFR0015,Seismic Category 1 Hydrant Flow & Pressure Measureme
1IN22ORPTFFR0016, Spray/Sprinkler Exterior Integrity & Functional Check
HNSPOL0001, RS Safety Policy

HNSMAN-0001, H&S Manual

HNSPR@120, &S Roles, Responsibilities, and Rafjulation

HNSPR@&122, &S Risk Management & Control

HNSPR@)115, ContractoH&S Management

HNSPR®&107, H&S Communication & Awareness

HNSPR@&)103, &S Training and Competency

HNSPR@)109, &S Emergency Management

HNSPR@&)108, k&S Performance Management (KPIs)

HNSPR@&112, R Slinspection and Assessment

HNSPR&101, H&S Compliance and Management Review

HRDPR®@)00-05, Off boarding Procedure

HRDPR@)00-06, Onboarding Procedure

HRDBPR@)00-08, Workforce Planning Procedure

HRDPR@)00-10, Management Succession Planning procedure

185

1151
1152

1153
1154
1155
1156
1157
1158
1159
1160
1161

1162
1163

1164
1165

1166
1167
1168
1169
1170
1171
1172
1173
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1177
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PRC20z
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PRC21t
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PRC221
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PRC22t
PRC22¢
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PRC22¢
PRC23(
PRC231
PRC23z
PRC23¢
PRC234
PRC23t
PRC23¢
PRC237



HRDPREL11-10, Reward and Recognition Procedure

HRPR®&003, Employee Development and Succession Planning Procedure
HRPR@&)004, Job DescriptioArocedure

HRPR@&)005, Talent Acquisition Procedure

HRPR@&006, Workforce Planning Procedure

HRPR®&007, Assessment Procedure for Hires, Transfers and Promotions
HRPR®&008, Discipline Policy Includibgsciplinary Rules

HRPR@&009, Discipline Procedure

HRPR@&011, Employee Outplacement Procedure

HRPR&012, Employee Retention Procedure

HRPR@&013, Employee Retuito-Work Procedure

HRPR@&014, Grievance Procedure

HRPR@015, Leadership Development Procedure

HRPR@&016, New Employee Probation Procedure

HRPR@&017, Off boarding Procedure

HRPR@&)018, Organizational Desifmocedure

HRPR@&)019, Performance Appraisal Procedure

HRPR@020, Talent ManagemeBtratégieDocument

HRPR@&)021, Talent Review Procedure

HRPR@&023, Employee Retention

HRPR@024,Leadership Development

HRPR@&025, Performance Management

HRPR@&026, Workforce Planning and Organization Design
NOSPR@)003, Employee Concerns Procedure

CBTPREL12-12, Instructor QualificatiofProcedure.

CBTPREL12-02, ENEC Conduct of Training Procedure.
CBTPR®@02-07, Nuclear Power Plant Training Academic Review Board
Procedure.

CBTPREL112-14, Onthe Job Training and Task Performance Evaluation
Procedure.

CBTPREL12-01, Training Examination Security and Administration Procedure

CBTPREL12-04, NPP Training and Qualification Oversight Process
IADPRE101-01 Anti-Fraud and Misconduct Reporting

Information and Communication Technologycident Management Procedure
Information and Communication Technologg@hange Management Procedure
Information and Communicatiohechnology Problem Management Procedure
Information and Communication Technologrelease Management Procedure

Information and Communication Technolog@apacity Management Procedure

None

LGEREFO00-08, Excellence in Governance Manual

LRAPR@001, Manage FANR Regulatory Requirements

LRAPR@)006, Regulatory Correspondence Procedure

LRAPR@E&007, Management of FANR Inspections

LRAPR@002, Review of Draft FANR Regulations and Regulatory Guides

186

1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217

1218

1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232

PRC23¢
PRC23¢
PRC24C
PRC241
PRC24z
PRC24:¢
PRC244
PRC24¢
PRC24¢
PRC247
PRC24¢&
PRC24¢
PRC25C
PRC251
PRC252
PRC25:
PRC254
PRC25¢t
PRC25¢
PRC257
PRC25¢
PRC25¢
PRC26(
PRC261
PRC262
PRC26¢
PRC264

PRC26¢

PRC26¢
PRC267
PRC26¢
PRC26¢
PRC27C
PRC271
PRC27z
PRC27¢
PRC274
PRC27¢
PRC27¢
PRC277i
PRC27¢
PRC27¢



LRAPR@009, FANR Reporting Procedure

LRAPR®@&010, Safety Screening and Evaluation Procedure

LRAPR@008, FSAR/Tech. Spec. Update Procedure

LRAPR@003, Applications to FANR and Request for Additional Information |
Procedure

LRAPR@005, Regulatory Commitment Management Procedure
ECSPR@0001, Import of Nuclear Related Items under the constructioenses
reporting procedure

ECSPR@00-04, Import and Export Control Procedure

ECSPR&00-07, Export Control Reporting Procedure

ECSPR@00-08, Export Control Inspection Procedure

ECSPR@00-09, Export Control Information Procedure

MNT-PR@0001, Conducbf Maintenance

MNT-PR@0003, Maintenance Work Task Management

MNT-PR@0012, Supplemental Workers Oversight

MNT-PR@0069, Predictive Maintenance

MNT-PR@0070, Preventive Maintenance

LRAPR@001- Manage FANR Regulatory Requirements

LGEREFXXXX, Complianégamework

NIMSPR@&003, FunctiorGovernance

NIMSPR@&004, IntegratedManagement System Review

NIMSPR@&006, Manage IMS Architecture

PMDPR@006, PrograniReview Board (NPRB) Charter

NOSPR@001, Comprehensive Readiness Assessment Procedure
NOSPR®@)004, Conduct ofhallenge Boards

NOSPR®E005, Nuclear Oversight Performance Assessment Procedure
NOSPR@)007, WANO Peer Reviews Preparation, Evaluation, and Response
NOSPR@008,if RATUse and Control

NOSREFO001,NuclearSafety Review Board (NSRB) Charter

NPIPR@)012, Construction Experience Procedure

NPIPR@)013, Operating Experience Procedure

NPIPR@016, Knowledg&anagement Procedure

NPHPR@)030, SOERrocedure

NPIPR@007, Human Performance Training and Qualification
NPIPR@)008, Observation and Coaching Program Training and Qualificatior
NPIPR@)011, Observation and Coaching Program Procedure
NPIPR@021, Human Performance Clock Reset Program

NPIPR@)300, Prelob Briefs and Posbb Debriefs

NPIREFO001, Guide to Human Performance and Human Performance Tools
NPIPR@)026, Procedure Use and Adherence

NPIPR@)003, SeHAssessment Procedure

NPIPR@)001, BenchmarkingBrocedure

NPIPR@)022, Nuclear Safety Culture Performance Monitoring
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NPIPR@)023, Nuclear Safety Culture Analysis IdentificationRladning of
Solutions

NPIPR@)024, Nuclear Safety Culture Implementation and Review

of Solutions

NPIPR@)025, Nuclear Safety Culture Steering Committee Charter
NPIPR@)210, Condition Report Screening

NPIPR@)230, Condition Report Action Closure

NPIPR@)240, Condition Report Administration and Management Controls

NRMPREPRAD001, PRA Model Maintenance and Management Procedure
NRMPREPRAD002, PRA Datdanagement Procedure

NRMPRGEPRAD003, Initiating Event Analysis Procedure

NRMPRGEPRAD004, Accident Sequence Analysis Procedure
NRMPRGEPRAD005, System Failure Analysis Procedure
NRMPREPRAD006,Human Reliability Analysis Procedure
NRMPREPRAD00Q7, Reliability Data Development Procedure
NRMPRGEPRAD008, Success Criteria Analysis Procedure
NRMPRGPRADO09, Level 1 and 2 PRA Quantification Procedure
NRMPRGEPRAD010, Flooding Event Analysis Procedure

NRMPRGEPRAD011, Fire Event Analysis Procedure

NRMPREPRAD012, Seismic Event Analysis Procedure

NRMPRGEPRAD013, Plant Damage State Analysis Procedure
NRMPRGEPRAD014, Severe Accident Progression Analysis Procedure
NRMPREPRAD015, Containment Ultimate Pressure Capacity Analysis Proce
NRMPREPRAD016, Containment Event Tree Analysis Procedure
NRMPREPRAD017, Source Term Analysis Procedure

NRMPRGPRAD021, PRA Applications Procedure for Design, Construction ar
Operation

NRMPREPRAD022, RIMS Operation Procedure

NRMPRGEPRAD023, Risk Monitoring SystefRIMS) Model Development and
Management Procedure

NRMPREPRAD024, ORION Operation Procedure

NRMPREPRAD025, ORION Model Development and Management Procedur
IN2NRMPREAM-0001, Barakah NPP Units 1 and 2 Accitiésriagement
Program Verification

IN2NRMPREAM-0002, Barakah NPP Units 1 and 2 Accident Management
Program Documentation Maintenance

IN2NRMPREAM-0003, Extensive Damage Mitigation Guidelines Writer's Gu
IN2NRMPREAM-0004, Extensive Damage Mitigation Guidelines User's Guic
IN2NRMPREAM-0006, Barakah NPP Units 1 and 2 Accident Management
Program Validation Procedure

NRMPREGAM-0001, Use of Severe Accident Management Guidelines
NRMPRESAAQ001, Severe Accident Analysis Procedure
NRMPRESAA0002, Severe Accident Analysis Maintenance & Update Procec
NRMPRESAA0003, Severe Accident Analysis Software Control Procedure
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ORPR®&)002, Conducbf Operations

ORPR®&005, Decision Making Process

ORPR®&006, Operator Shift Change and Operation Record
Control

ORPR®&011, Equipment Clearance Safety Procedure
ORPR®&012,Verification Program

ORPR@013, MCRTRANSCO LDC operations

Coordination Procedure

ORPR@014, Reactivity Management Program
ORPR®&)049, Guideline on Safety Function Decision
ORPR®053, Key Management

ORPR®&056, Plant Housekeeping and Material Condition
Monitoring

ORPR®&057, Limiting Condition for Operation (LCO) Tracking
ORPR®&061, Management of Special Test

ORPR®&071, Operator Work Around Program
ORPR®&072, Component Labeling

ORPR®&)073, Operability Determination Assessment

OUTFPR@014, Shutdown Safety

IN22ORPTFXX0003, Containment CleanlineBspection
1IN2ORSTFPC0002, Reactor Building Penetration Check
OUTFMAN-0001, Outage Management Manual

OUTFPR@001, Outage Management Procedure

OUTFPR@002, Outage Schedule Control

OUTPR@003, High Risk Evolution

OUTFPR@005, Forced Outage Management

OUTPR@008, LongRange Outage Planning

OUTFPR@009, Outage Milestone Procedure

OUTPR@012, Planned Outage Scope ConRuodcedure

WM-PR@002, Training and Qualification of Work Management and Outage
Planning Personnel

WM-PR@013, Work Management Department (WM&OP) Activity Oversight
OUTFPR@007, Outage Control Center (OCC) Guidsline
OUTPR@015, Outage Execution Procedure

PMDPR@ECDWV0007, Strategic Management Procedure
PMDPR@0002, Business Planning Procedure

PMD-PR@GCDWV0006, Enterprise Performance Management Procedure
CNGHB18-0001, ORCC Handbook

PMDPREGERMO0002, Enterprise Risk Procedure

PMDPR@012, Change Management Procedure
PMDPREPMOG0020, Management of Projects

PMDPREPMG0021, Project Initiation

PMDPREPMG0022, Project Planning

189

1311
1312
1313

1314
1315
1316

1317
1318
1319
1320

1321
1322
1323
1324

1325
1326
1327
1328
1329
1330
1331
1332
1333
1334
1335
1336
1337

1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349

PRC35¢
PRC35¢
PRC36C

PRC361
PRC362
PRC36:&

PRC364
PRC36&
PRC36¢€
PRC367

PRC36¢&
PRC36¢
PRC37C
PRC371

PRC37z
PRC37:
PRC374
PRC37t
PRC37¢
PRC377i
PRC37¢
PRC37¢
PRC38C
PRC381
PRC382
PRC38¢
PRC384

PRC38¢
PRC38¢
PRC387
PRC38¢
PRC38¢
PRC39C
PRC391
PRC39z
PRC39:
PRC394
PRC39t
PRC39¢



PMDPREPMOG0023, Project Execution

PMDPREPMO0024, Project Monitoring and Controlling

PMDPREPMG0025, Project Change Control
PMDPREPMG0026, ProjecReporting
PMDPREPMO0027, Project Closing

PSEPR@014, TendeCommittee (NTC) Charter
PSE@R@)100, ContracManagement Procedure

PSE@PR@200, Procurement Procedure
PSE@PR@)300,WarehouseOperations

PSEPR@400, Procurement Engineering Support Activities
PSE@PR@401, Procurement Engineering Standards

QAPR@E010, Receiving Inspection
QAPR@011, Control oNon-Conformance
QAPR@E012, Quality Surveillance

QAPR@015, Surveillance at Suppliers Facility

QAPR@017, Review of Supplier Inspection and Test Plan
QAPR@018, Qualification of Surveillance Personnel
QAPR@019, Review of Supplier Quality Verification Document
QAPR®021, Quality Inspection of Maintenance Activities

QAPR@005, Quality Assurance Audit

QAPR@)004, Qualification of Audit Personnel

QAPR@E007, Supplier QA Manual Review
QAPR@014, Evaluation of Supplier

FCMMEMQO16-0025, Reload Core Design Management Procedure
FCMPREL01-02, Engineering Calculations Procedure
FCM,PRE101¢03,Computer Codes Installation Maintenance and Control

Procedure

RE,CRM;0001, Core Performance Parameters Check in Operation

RECRMO0002, Low Power Physics Test
RECRMO0003, Initial Criticality

IN22RECRMO0007, Base Power Level Determination of Low Power Physics T

RECRMO0005, CEA Worth Measurement Test

IN2-RECRMO0001, Estimated Critical Boron Concentration Measurement Tes
INZRE,CRM0002, Isothermalemperature Coefficient (ITC) Measurement T

RECRMO0008, Power Ascension Test

RE,CRM;0009, Reactivity Computer e & Checkup

IN2RECRMO0003, Daily Burnup Calculation

RECRMO0012, Secondary ThermRbwer Verification
IN2RECRMO0004, CPC/COLSS Internal Input Comparison
RECRMO0014, CPCS DNBR/LPD Check and Verification
RE,CRM;0015, Excore Neutron Flux Monitoring System Calibration

IN2RECRMO0005,CPCS Operation
RECRMO0017, CPCS Constant Change
RECRMO0018, COLSS Constant Change
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RECRMO0019, COLSS Integrity Test

RECRMO0020, CPCS Temperature Shadowing Factor Check & Verification
RECRMO0021, InCore Instrumentation Operation and Performance Check
RECRMO0022, Low Power Physics Test Data Change and Check
RECRMO0023, Core AnalysiSode CECOR) Operation

RECRMO0024, Power Ascension Tdshalysis Program Management
1N2RECRMO0006, Core Application Program Management

RENFP0008, Monitoring and Evaluation of Nuclear Integrity during Operatior

RENFP0009, Nuclear Fuel Integrity Evaluation CQifeeration

REPR@009, Failed Fuel Action Plan

REPTRCG0001, InCore Instrumentation Channel Inspection
RESTFRCO0001, Core Reactivity Equilibrium Verification

RESTR&0002, Reactor Coolant System (REI®) Rate Measurement Test

RESTRC0003, Moderator Temperature Coefficient (MTC) Measurement Tes

Operation

RESTRC0004, Power Calibration

RESTFRC0005, COLSS Margin Alarm Verification

RESTRC0006, Core Operating Limit Check during COLSS out of Service
RESTRCO0007, Power Distribution and Peaking Factor Measurement
IN2MNT-MM-FHO0003, Refueling

IN2MNT-MM-FHO0007, New Fuel Receiving and Storage
IN2REPTFFHO0001, Fuel Handling Area Crane Interlock Operation Test
ECSPR@00-02, Safeguards Design Information Procedure
ECSPR@00-03, Safeguards Recordsd Reporting Procedure
ECSPR@00-06, Safeguards Additional Protocol Procedure
ECSREFO00-02, Barakah NPP UnitdlFacility Safeguards Plan
ESPPR@00-05, Regulatory Safeguards Inspectionl VisitProcedure
RENFP0001, Precautions and Limitations fewel Handling

RENFPR0002, New Fuel Receipt and Inspection

RENFP0003, Spent Fuel Withdrawal and Refueling

RENFR0004, Spent Fuel Visual Inspection

RENFP0005, Ultrasonic Test on Spent Fuel

RENFPRO007, Nuclear Materials Calculation Code Operation
RENFPR0011, Spent Fuel High Density Storage Rack Surveillance Capsule
Installation and Inspection

RENFP0012, Handling of Neutron Source

REPR@)024,Management of CEA, ICl and NSA

REPTFHO0001, Refueling Machine Load Test

RRPR@D008, Radiation Surveys

RRPR@009, Radiation ALARA Management

RRPR@013, Area and Equipment Decontamination

RRPR@017, Inspection and Decontamination of Personnel Contamination
RRPR@018, Radiation Exposure Dose Management

RRPR@021, Fixed Contamination Monitor Operation and Calibration
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RRPR@022, RespiratorfProtective Equipment Use and Management
RRPR@&023, Management of Entrance and Work in Contaminated Area
RRPR@039, Skin Exposure Dose Assessment

RRPRERDP0003, Operation of Access Control SysterRadiologically
Controlled Area

RPRPRERDP0O005 Access to the Radiologically Controlled Area
RRPRGERDPO009 Use of Portable Radiation/Contamination Detection Equipmr
RRPR@001, Radiation Work Permit argplication

RRPR@002, Measurement and Assessment of Internal Exposure Dose
RRPR@D005, Control of Protective Supplies in Radiation Controlled Area
RRPR@E008, Radiation Measurement

RRPR@012, DoséAssessment Procedure for a Person Damaging or Losing ¢
Dosimeter

RRPR@013, Region and Equipment Decontamination

RPRPR@014, Radiological Protection Activity During Radiological Abnormal
Conditions

RRPR@&016,Temporary Radiation Controlled Area Operation

RRPR@)017, Personnel Contamination Survey and Decontamination
RRPR@&024, Personal Dosimeter Use

RRPR@043, TLD Reading System Management Procedure

RRPR@033, Low evel?and?Counter Operation and Calibration
RRPR@040, Carrying Materiah and Out of RCA and &iite Transport of
Radioactive Material

RRPRERDPO003, Operation of Access Control System of Radi@amntrolled
Area

RRPRERDPO005, Access to the Radiologically Controlled Area
RRPRERDP0009, Use of Portable Radiati@ontamination Detection
Equipment

000-RWPR@001, Explosive Gas and Storage Tank Radioadfigititoring
Program

IN2RPRPR@005, Liquid Radioactive Effluent Release Management
IN2RPRPTFWV-0001, Radioactive Liquid and Gaseous Sampling and Analysis
1IN22RRRDP0004, Radioactivity Assessment at Atmospheric Steamp from
Steam Generators

RRPR@&020, Operation and Calibration

RRPR@)025, Radioactive Effluent Control Plan

RRPR@&028, Liquid Scintillation Counter Operation and Calibration
RRPR@029, SolidRadioactive Waste Management in RCA

RRPR@030, NorRadioactive System Inspection and Measurement
RRPR@031, Transfer and Storage of Radwaste Drum

RRPR@D033, Low Level / Counter Operation and Calibration

RRPR@0034, Control of Hazardous Substance in Radiologically Controlled A
RRPR@D035, Operation of Radioactive Waste Management Committee
RRPR@&040, Operation of Concentrate Treatment System
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RRPRERDP0040, Carrying Materiah and Out of RCA and &iite Transport of 1471 PRC51¢€
Radioactive Material

RWPR@001, Receipt, Packing and Transport of Radioactive Material 1472 PRC51¢
RWPRERDP0O001, Management for Low and Medium RadioacWaste Interim 1473 PRC52(
Building

RWRR0001, Waste Drumming Facilities Operation 1474 PRC521
SNSPR@)00-02 ¢ ENEC Corporate Facilities Visitor Management Procedure 1475 PRC52z
SNESPREL11-02 ¢ Identification Badge Issue Procedure 1476 PRC52:
SNSPREL111-13 - Classification of Information Protection Program 1477 PRC524

SNSPREL11-14 - Physical Access and Monitoring of ENEC Corporate Facilitie 1478 PRC52&
Procedure

SNSPREL111-17 - Business Information Protection Program 1479 PRC52¢
SNSPREL11-18- CCTV Operating Procedure 1480 PRC527
SNSPREL11-19 Use of Camera Within ENEC Facilities procedure 1481 PRCb52¢
SNSPREL11-21- Physical Access Management and Monitonifig 1482 PRC52¢
Accommodationg-acility

SNSPREL11-22 ¢ Barakah NPParget Set Development and Review 1483 PRC53C
SNSPREL11-23 - Security Incident Reporting Procedure 1484 PRC531
SNESPREL11-24 - Attending to Items Important to Safety Procedure 1485 PRC53Z
SNESPREL11-25- Contraband Material Storage, Retention, eéReémoval 1486 PRC53:z
Procedure

SNSPREL11-27 ¢ SafetySecurity Interface Implementing Procedure 1487 PRC534
SNSPREL111-28 ¢ Testing Maintenance and Calibration ProcediareSecurity 1488 PRC53t
Equipment

SNEPREL11-29 ¢ Barakah NPP SecurfBommunications Procedure 1489 PRC53¢€
SNE&PREL11-30¢ Cyber Security Assessment Procedure 1490 PRC537
SNSPRE111-31 ¢ CICPA land Pass Procedure 1491 PRC53¢
SNEPRE00-02 ¢ Drug and Alcohol Testing Procedure 1492 PRC53¢
SNSPRE200-03 ¢ BehaviorObservation Program (BOP) Procedure 1493 PRC54C
SNSPRE200-04 ¢ Medical Review Officer Procedure 1494 PRC541
SNSPRE00-02 - ISMS Risk Management Procedure 1495 PRC54zZ
SNSPRE400-03 - Information Security Control Management Procedure 1496 PRCb54:3
SNESPRE00-06 - Information Security Incident Response Procedure 1497 PRC544
SNSPRE400-07 - Procedure for Fortification of Critical Digital Systems 1498 PRC54E

SNESPRE00-08 - Identification of Critical Digital Systems that Perform Securit 1499 PRC54¢€
Functions
SNEPRE400-09 - Security Event Reporting Procedure 1500 PRC547
SNSPRE00-10 - Identification of CDS that Perform Emergency Preparednes: 1501 PRC54¢
Functions
SNSPRE400-13 - Critical Digital Assets Identification Procedure 1502 PRC54¢
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Data forthis network was imported using the abawentioned structure into Gephi, Force atlas

algorithm was applied, graph statistics were applied and the final network graph was prnoduced

figure(5.25.
PG1 | Core Monitoring program 288
PG2 | Other affecting SSCs 289
PG3 MNT-PGD-0003, Maintenance Progrdbescription 290
PG4 | ENG-PGD-MR-0001, Maintenance Rule Program Description 291
PG5 | MNT-PRGO0070, Preventive Maintenance Program 292
PG6 | NIMS-REF0001, Program Catalog 293
PG7 ENG-PGD-SHE-0001, System Health Program Description 294
PGO | None 295
PG8 | Accident Management 296
PG9 | Ageing Management 297
PG10 | Air Operated Valves (AOVSs) 298
PG11 | Boric Acid Corrosion (BAC) Control 299
PG12 | Chemistry 300
PG13 | Containment Leak Rate Testing 301
PG14 | Control Room Envelope Habitability 302
PG15 | CoreMonitoring 303
PG16 | Corrective Action 304
PG17 | Counterfeit, Fraudulent, Suspect Items 305
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PG18 | Cyclic and Transient Monitoring 306
PG19 | Diesel Fuel Oil Testing 307
PG20 | Document Control and Records Management 308
PG21 | Emergency Preparedness 309
PG22 | Employee Concerns 310
PG23 | Equipment Qualification 311
PG24 | Erosion and Corrosion Monitoring 312
PG25 | Export Control 313
PG26 | Fire Protection 314
PG27 | Foreign Material Exclusion 315
PG28 | Fuel Integrity 316
PG29 | Health & Safety 317
PG30 | In-Servicelnspection 318
PG31 | In-Service Testing 319
PG32 | Maintenance 320
PG33 | Maintenance Rule 321
PG34 | Measuring and Test Equipment (M&TE) 322
PG35 | Meteorological Monitoring 323
PG36 | Motor Operated Valves (MOVSs) 324
PG37 | Off Site Dose Calculation Program 325
PG38 | Operational Radiation Protection 326
PG39 | Performance Improvement 327
PG40 | Primary Coolant Outside of Containment 328
PG41 | Probabilistic Risk Assessment 329
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PG42 | Process control 330
PG43 | Quality Assurance 331
PG44 | Radioactive WastManagement 332
PG45 | Reactor Coolant Pressure Boundary Material Surveillance 333
PG46 | Safeguards 334
PG47 | Site Security 335
PG48 | Steam Generator Management 336
PG49 | Surveillance 337
PG50 | System Health Evaluation 338
PG51 | Training and Personn@ualification 339
PG52 | Site Security Program, 340
PG53 | Emergency Preparedness Program. 341
PG54 | Export Control Program 342
PG55 | Meteorological Monitoring Program (ENWGD-0001, Meteorological Monitoring Progral 343
Description)
PG56 | Offsite DoseCalculation Manual (ODCM) Program (ENRGD-0002, Offsite Dose Calculatio| 344
Manual (ODCM) Program Description)
PG57 | QA-PGD-0002, Quality Assurance Program Description 345
PG58 | HNS-PGD-0001, Health and Safety Program Description 346
PG59 | CNT-PGD-0001, Training and Personnel Qualification Program Description 347
PG60 | NPI-PGD-0001, Performance Improvement Program Description 348
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PG61 | NPI-PGD-0002, Corrective Action Program Description 349
PG62 | QA-PGD-0001, Counterfeit, Fraudulent aBdspect Items (CFSI) Program Description 350
PG63 | CHE-PGD-0002, Diesel Fuel Qil Testing Program Description 351
PG64 | EXP-PGD-0001, Export Control Program Description 352
PG65 | ENG-PGD-EQP-0001, Equipment Qualification Program Description 353
PG66 | MNT-PGD-0004, Measuring and Test Equipment (M&TE) Program Description 354
PG67 | DCM-PGD-0001, Document Control and Records Management Program Description 355
PG68 | Primary Coolant Outside Containment 356
PG69 | RW-PGD-0001, Process Control Progréscription 357
PG70 | RW-PGD-0002, Radioactive Waste Management Program Description 358
PG71 | RP-PGD-0001, Radiation Protection Program 359
PG72 | ENV-PGD-0002, Offsite Dose Calculation Program 360
PG73 | Quality Assurance 361
PG74 | Training and Personn€ualifications 362
PG75 | Performance Improvement Program 363
PG76 | All programs 364
PG77 | Emergency Preparedness 365
PG78 | Training and Personnel Qualification Program 366
PG79 | Employee Concerns Program 367
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PG80 | Radiation Protection 368

PG81 | RP-PGD-0001, Radiation Protection 369

Figure 5.25L0 Processes arithplementingoroceduresietwork

5.8.1General characteristics

The structural characteristics of LO Processes and Implementing Procedures network ane shown

Table 6.32).

Table 5.32 Structural characteristics of Lffocesses anignplementingorocedures intersections

Characteristic Value

Total number of LO Processes and Implementing Procedures nodes 559

Total number of undirected interactions (Edges) 1028

As shown in figure (5.25)he initial observation is that the interaction between LO process and
Implementing Proceduretooks low dense and nodes are distributed acrbssdistinct
communities. The maximum numberadnnections required to traverse the interaction between
LO Processes and Implementing Proced\ftles number of steps taken between the two most
distantLO Processes or Procedunethis interaction to reach one another) is 5 nodes as indicated
by the Néwork Diameter.The maximum path length betwekfl Processes and Implementing
Proceduress 3.37as indicated by the average path lengthttics network. Thereforet is quite
evidentthatinteractions between LO Processes and Implementing ProcedtiredNinclear Power
Plant Operational Readiness Progrfaster seamlessommunicatiorand flow of information as
indicated by anaximum path length betwe&0 Processes and Implementing Procedlagsthan

the network diameter.
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5.8.2Networkdensity

The density of interactionisetween LO Processes and Implementing Procedsiedculated to

by examining the proportion @stablisheadtonnectiondbetween LO Processes and Implementing
Proceduregselative to the possible total number @dnnections (Edgd. The graph density
measures how strongly and comprehensively interconnected the interaction between LO Processes
and Implementing Procedures. Similar to other netwdkksigh degree of interaction will have

higher density levels while weak interactiomsultin low Network Density. In this network,
density measures the linkage betwk@rProcesses and Implementing Procedukedensity close

to 1 indicates thdtO Processeare strongly linked témplementing Proceduregthin the Nuclear

Power Plant @erational Readiness Program. While a density of 0.5 suggests the presence of
medium interactiobetween LO Processes and Implementing Proceddrealue close to 0 will
indicate the existence of weak interactimetween LO Processes and Implementing &fores

The density of interactiobO Processes and Implementing Procedisr89106 which suggests that

there is averylow level of interactiorL.O Processes and Implementing Procedures ilNtiear

power plant Operational Readingg®gram compared twhat it might turn out to beJsing the

density of the interaction in this network as a measure of cohesiveness and robustness of the
interaction between LO Processes and Implementing Proceduresimdiglatethe presence of
fragility risks to theintegrity of this interaction. The Parenhild relationship between LO
processes and Implementing Procedures is a fundamental underlying principle to raadftast

and fully integrated Management System in any nuclear facility. Therefore, this findingtoeeds

be assessed further within the context of the organization to identify gaps and formulate corrective

actions accordingly.
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5.8.3Network clustering coefficierandmodularity analysis

The Network clustering coefficient and Modularity class will hielgrouping LO Processes and
Implementing Procedures based on the strength of their relationships into distinct clusters.
Clustering coefficient and Modularity analysis provide measure the level at which LO Processes
and Implementing Procedures are groupmgkther, as opposed to being equally or randomly
connected across the network. As mentioned earlier, Clustering coefficient Scores have an inverse
correlation with other statistics, including several of the centrality measures, mainly when we are
analyzing at the global level (the entire network). Clustering coefficient calculation cakitate
number of closed triangles (triplets) relative to the potential number of triangles (triplets) available
in the interactions between LO Processes and ImplengeRtiocedures and the degree to which
second connections of LO Processes and Implementing Procedures are connected to one another.
Tightly connected clusters usually procedure high Clustering coefficient scoreslisbikteand

spread communitiegsually produce lower score3he averageClustering Coefficient for this
network is0.276which indicatsthat some weltlefined clusters can be identified in the interaction
between LO Processes and Implementing Procedbigste 5.26 shows modularity classesiz
distribution in the interactions between LO Processes and Implementing Procéthaakarity

class analysis showed tHal Processes and Implementing Procedures Nodes in this network are

grouped based on the strength of their relationships into 1Adlistusters.
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Figure 5.26 Modularity class size distribution in the interactions betweeprb@esses anignplementingorocedures

As shown in figure (5.25), ast of the clusters follow the pattern of Hub and Spoke where in most
cases LO Process is linked to a unique set of Implementing Procedure. Few numbers of
Implementing Procedures are linked to multiple Processes. This observation revealed some
interestingacts about the interaction between Management Systems LO Process and Implementing
Procedures in the Nuclear Power Plant Operational Readsssially if compared to the nature

of the interaction between LO processes themselves. While LO to LO interdstpretty much
following a divergent pattern where most of LO processes are linked to more than one LO process,
the corresponding Implementing Procedures tends to follow a convergent pattern where they
interact solely with one LO Process only. This @attshould be further studied by Subject Matter
Experts in Nuclear Power Plants to better understand and assess to what extent this structure might
pose a risk on the effective and efficient execution of coordinated and integrated efforts across
differentdomains within the Nuclear Power Plant Operational Readiness Prograrolustering

and modularity characteristics of interactions betwe®Rrocesses and Implementing Procedures
correlate with the network's robustness to faillitee fact thathe 17 mgor hubs are concentrated
around specific LO processes which is linked to a unique grblmpplementing Proceduredlows
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for a fault tolerant behavior and fosters resilience in the interaction betv@ePnocesses and

Implementing Procedures in thiiclear power plant Operational Readin€ssgram

5.8.4Network centrality measures

Centrality measures help demystifying certain characteristics in the interactions between LO
Processes and Implementing Procedur@entrality measures help in identifying which
components of the Interactions between LO Processes and Implementing Procedures in the Nuclear
Power Plant Operational Readiness Program have more influence over other components.
Furthermore, Centrality is aessential measure of the information flows between LO Processes
and Implementing Procedures when assessed jointly with other statistics to form a comprehensive
and accurate understanding of information flow and efficiency of interaétgexplained earir

in this study, the Closeness Centrality is the inverse of the mean shortest path between a node and
all other nodes in the network thiatreachable from it. This metric reflects the ability of LO
Processes and implementing procedures to access asahitrarformation throughhe network

quickly. It also indicates how close a LO process or an implementing procedure is from every other
node in this networkBetweennesscentrality looks at the influence of LO processes and
implementing procedure from afféirent angle Betweenness centrality measures the degree LO
Processes and Implementing Procedures offer the most direct bridges between otherwise
disconnected Clusters:igure 5.27 presents the results dhe analysis ofbetweenness and
closeness centrality in interactions between LO processes and implementing procedures in the

Nuclear Power plant Operational Readiness Program.
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Figure 5.27 a) Betweennessentrality distribution b) Clognesscentralitydistribution in the interactions between LO processes
andimplementingorocedures

It is also clear that most of LO processes and the Implementing Procedures has low betweenness
centrality while a few of them tend to have a high betwesnmealue. As shown in figui®.27)
Closeness Centrality Distribution seetosbe skewed to the right witthe majority of the LO

processes and the implementing Procedures falling within the same 02@jed.49)and onlya
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few nodeg21 Node) above0.40 meani ng t hat theyor bwisflaemae f r o m
over this networkUnlike other centrality measures, betweenness centrality psoaidédferent
perspective for those poorly connected nodes that might be crittbal tetwork by being bridges

between key other componengshigherbetweenness centrality score for a node will provide a
perspective on how critical that node to maintain the structure of the nethalle 6.33

highlights components wittine highestBetweenness Centrality.

Table 5.33L0 Processes with highdsttweennessentrality

Id Label Closeness Betweenness modularity class
centrality centrality
13 | ENVLO 0.427954 35318.32 2
40 | HRLO 0.486486 25522.1 5
11 | FP2LO 0.391821 21982.74 4
18 | RELO 0.381503 21675.42 14
12 | NRMLO 0.40027 18120.43 11
10 | EPLLO 0.428571 17859.14 7
7 | SNSLO 0.382239 16395.33 0
2 | ENG2 0.395473 13686.15 1
LO
21| ORLO 0.446617 13217.31 1
38| COM2 0.457627 12385.36 7
LO
20 | RELO 0.376426 12318.02 15
31| FINLO 0.477108 11625.53 3
27 | NP14LO 0.479032 11326.04 8
43 | RP2L0 0.417135 11302.8 16
22 | RWLO 0.356115 10731.17 2
1| ENG1 0.431373 10550.95 1
LO
17 | PSA0 0.469565 10159.26 15

The main focus of this work is to understand theeraction between Q. processes and
implementing proceduras the Nuclear Power Plant Operational Readiness Program. Therefore,
it is important to investigate in detail the nature of influenceEimaronmental Servicegsrocess

has in this network being the node with the highest Betweenness Centrality. To do so, the ego
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network technique will be used. The bel®novide Environmental Servicégocess Ego graph

(5.28 was produced by Gephi.

Wi

Figure 5.28 Egonetwork ofenvironmentalservicesprocess

The structural characteristics of tBavironmental Services ProcelSgo Network are shown in

table 6.34).
Table 5.34 Characteristic oénvironmentakervicesprocess Egmetwork
Characteristic Value % Visible
Total number nodes 78 1311%
Total number of Edges 165 16.05%
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As shown in figure (5.28),he interaction between thenvironmental Services Proceasd
implementing proceduresppear to beonsistent withithe density of thecomplete graph which
indicates that of all possible connections that may exist in this interaction including direct links
with Environmental Services Processvery good portion of them ssill can beestablished. The
maximum path length in this ego network i94as indicated by the average path length for a
graph, we can conclude that the graph is relativedfficient in terms of transferring information
across different modes since the maximum path lengiimigstthe same athe network diameter.

Table 5.35 summarizes key network statistics for the Environmental Services Process Ego

Network

Table 5.35 Statistics oenvironmentalservicesprocess Egmetwork

Network statistic Value

Graph density 0.283
Network diameter 2
Average Path length 194
Average Clustering Coefficient 0571

According to the network graph in figure (5.28), w@n definethree groups of nodes in the
Environmental Services Procdsgo Network One clustemcludes all LO processes except RW
LO which form the center of the second clusted a third cluster with thenvironmental Services
Process and its associated procedures. Those clusters can be also categdCiaedl sasl
peripheral. It appears tha&ethO Procesglusterhas multiple core connectionkse to each others.
Whereadoth the Environmental Services Process andlRMirocess is loosely connected to the

cohesive ego and lack maximal cohesion withLibig@rocessesore connections.
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5.9. Interactions betweelevel Oprocesses in thauclearpower plant operational

readiness

This network analysidepicts andtudiesall interactions amongst Level 0 Processes in the Nuclear
Power Plant Operational Readiness. LO Processes aim to support the safe and reliable operations
of any Nuclear Power plant and they form the backbon@eRNuclear Operational Readiness
Managemen8ystemthis network covers all LO procesaawder thefollowing categories:

1. Management Processes are used to provide oversight, review perforarahgeovide
opportunities to improve Core and Support Processes. These Processes are Management
Oversigh, Independent Oversighdand Performance Improvement.

2. Core Processethat are used to deliver key products and services, by taking input and
transforming it into avalueadding output. They are Operate Plant, Work Management,
Configuration ManagemeriEquipment Reliabilityand Materialsand Services.

3. Support Processéisatare used to provide support for our Core Processes. They are: Loss
Prevention, Nuclear Fuel, Talent Managemant Support Services.

This network aimed to identify and depict all interacti@mongstall LO processes (Main
Processes) forming the structuretbé Integrated Management System for the Nuclear Power
Plant Operational Readiness Program. The list of LO process covered aljdnaent Systems

processes and each LO process was given a code and a node labtlds pet).
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Data for this network was imported into Gephi, Force atlas algorithm was applied, graph statistics

were applied and the final network graph was prodasstiown in fgure (5.29.

Figure 5.29 Level Oprocessesetwork

5.9.1General characteristics
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The structural characteristics of the RBcessesetwork are shown itable 6.36).

Table 5.36 Structural characteristics of the pBocessesetwork

Characteristic Value

Total number of LO Processesodes 46

Total number of undirected interactions (Edges) 461

As shown in figure (5.29)he interactionamongstLO processsin the Nuclear PowePlant
Operational Readiness Programems to benoderatelyefficient as indicatedy a relatively
mediumdense networklhenumber of steps taken between the two most dis@processem
this interaction to reach one anottj€he maximum number of coeations required to traverse
LO Processes interactiory 3 nodes as indicated by the Network Diamefdso, the maximum
path length between Lfrocesses in this interactisil.56as indicated by the average path length
for a graph Therefore,we can caclude that the graph isnoderately efficient from a
communication standpoint since the maximum path length betwe@rdd@sses is almost half

the network diameter.

5.9.2Networkdensity

To measure how tightly interconnected ttO pr oc
examinethe proportion of existing connections between LO processes relative to the possible total
number of connections. A high degree of interaction betweenrbfeBses will have higher

density levels while weak interactions result in low Network Density. Similar to other networks,

two networks of LO processes with identical numbers of main processes might have very different

density levels; even the same netwonkasured at different time intervals is likely to have
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differing density measures as links are formed or broken over time between LO processes due to
evolving nature of Nuclear Power plant Management Systems structure during the Operational
Readiness Phas as explainedarlier, thevalue of network density ranges from 0 to 1. A density
close to 1 indicatea stronglinkage amongst LO processé¥hile a density of 0.5 suggests the
presence of medium interacti@mongstLO Processes. A value close to O lwrdicate the
existence of weak interaction between LO Proces3esadditional insight that can be drawn out

of this measurement is the extent to which this networkolse€ive Robust and resilient to
disruptive events.The density of interaction beegn LO Processes @s445which suggests that

there is anediumlevel of interaction among LO processes.

5.9.3Network clustering coefficierandmodularityanalysis

The Network clustering coefficient and Modularity analysi8 help in groupingLO processes

based on the strength of their relationships uri@que communicates @tusters.The Network
clustering coefficient and Modularity analygivide the ability to measure the level at which LO
processes are grouped together, as opposed to being equally or randomly connected across the
network.As explained earlie€Clustering coefficient calculation is based on measuring the number

of closed tiangles (triplets) relative to the potential number of triangles (triplets) available amongst
LO processeand thereforeneasures the degree to which sedaydrL0 processes are connected

to one another (Friends of friends). High Clustering coeffigeates are highly anticipated from
tightly knit hubs and distinctive communities, whereas dispersed and remotely scattered networks
might be expected to produce lower scofdge averag€lustering Coefficient fot.0 processes
interactionsis 0.312which indicates that some weltlefined clusters can be identified in this

network. Modularity class analysis showed that LO Processes are distributed across three distinct
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communitiesModularity class size distribution imesethree distinct clusters in the eractions

amongst LO processes is shown in figure 5.30.
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Figure 5.30 Modularity class size distribution in the interactions amongst LO processes

Understanding those clusters will help characterizing the behavior of this interaction by using
modularity value as predictor of cluster and network future response to certain parameters like

thespeed of information flow.

5.9.4Network centrality meases

Centrality measures help demystifying certain characteristics in the interactions between LO
processes. Centrality measures help in identifying which LO processes of the nuclear power plant
operational readiness have more influence over other Pesaesterms of achieving the strategic
targets of the program (Safety, reliability, cost, schedule etc.) due to their structural importance.
Furthermore, Centrality is an essential measure of the information flows between LO processes
when assessed jointlyith other network statistics. Betweenness centrality measures the degree

LO Processes offer the most direct path between otherwise disconnected Processes oAClusters.
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higherbetweenness centrality score forl2D Process will provide a perspective on how critical

that Process to maintain the structure of this interactiba.Closeness Centrality is the inverse of

the mean shortest path between a node and all other nodes in the network that are reachable from
it. This metric reflects the ability of LO Processes to access and transmit information ttm@ugh
network quickly. It also indicates how close a specific LO process is from every other LO processes
in this network. Figuré.31 presents the results tfie analysisof betweennesand closeness

centrality in interactions between LO processes.

Betweenness Centrality Distribution
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Closeness Centrality Distribution

Value

Figure 5.31a) Betweennes=entralitydistribution b) Closenes=ntralitydistribution in the interactions between LO processes

As shown in figure (5.31)nore than 70% of LO procesdasvelow betweenness centrality (Less

than 20) while a few of them tend to have a high betweenness araduenly one node has a
betweenness centrality above 43 shown in the above figure, Closes&entrality Distribution
seemdo be following a normal distributionwith the majority of the LO processes falling within

the same rangd® @9 0.78 andcentered around the mean of 0.64. Therefore, we can conclude
thatt hey 6r e s een fvingdomintiuencesoveatmsgétveorBatweernmess centrality
provides a different perspective for those poorly connected nodes that might be critical to the
network by being bridges between key other components. The 5aBR lfelow highlights LO
processs withthehighestBetweenness Centrality. Those processes are critical to maigtdia
interaction between LO processes intact. Those LO Processes seem to serve as bridges between
other LO processes to satishe majority of regulatory requirements. Therefore, should be given
more importance and attention in the Nuclear Power Plant Operational Readiness Program
knowing their structural importance and influence in maintaining efficient and effective interaction

amorgst LO process.
Table 5.37 L0 Processes with highesttweennesesentrality
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Closeness Betweenness modularity class

centrality centrality
38 COM2LO 0.725806 49.73221 0
25 | NPI2LO 0.789474 39.0882 1
26 | NPI3LO 0.789474 39.0882 2
27 | NPI14LO 0.789474 39.0882 1
28 | NPI5LO 0.789474 39.0882 2
14 | NIMSLO 0.775862 37.52134 2
16  PMDZXLO 0.775862 37.52134 2
17 | PSA0 0.762712 34.97747 2
40 | HRLO 0.75 31.8965 0
31| FINLO 0.75 31.73785 1
39 | ICFLO 0.737705 29.71555 1
24 | NPIELO 0.692308 21.87069 2

In order to understand the interaction between LO processes in the Nuclear Power Plant
Operational Readiness Program, it is important to drill down and analyze the typology and nature
of linkage associated with théommunication being the one withe highest Betweenness
Centrality. To do so, the ego network technique will be used. The below Ego grdpé of

Communicatiorprocess .32 was produced by Gephi.

Figure 5.32 Egonetwork ofcommunication process

The structural characteristics of t®mmunicationprocess Ego Network are showntable
(5.3).
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Table 5.38 Characteristic ofommunicatiorprocess Egmetwork

Characteristic % Visible
Total number nodes 30 65.22%
Total number of Edges 93 20.17%

The interaction between t@ommunicationprocess and.0 processesppear to be relatively
dispersd and forminga low level of interactions when compared with the overall LO processes
Network which has a density oB)The Ego Network density &most half of theomplete graph
densitywhich indicates that o significant number of connectioms this interaction inalding
direct links withthe Communicatioprocessan beestablished. The maximum path length in this
ego network is 1§ as indicated by the average path length for a griapbking at both network
statistics together, wean conclude that theommunication ego network can be made more
efficient from a data/information transmission perspectivable 5.39 highlightsmain network

statistics of Communication process Ego Network.

Table 5.39 Statistics otommunication process Egetwork

Network statistic Value

Graph density 0.214
Network diameter 2
Average Path length 1.78
Average Clustering Coefficient 0.732

Looking atthefigure (5.32), in particular on theustering of distinctive communities within the

Communicatiomprocess Ego Network,is noticeable thaheRW-LO process is loosely connected
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to the cohesive ego and lack maximal cohesion with the LO processes core connections clusters
while the majority of other LO processes can be seen as core connected and closely tied to each

others.The samédehavior of the R\ALO process has been observed in other networks as well.

5.10.Interactions betweestrategic programs andegulatoryrequirements in the

nuclearpower plant operationakeadinesgrogram

This Network depicts all interactions between Programs established to deliver certain agreed
benefits in the Nuclear Power Plant Operational Readiness and the Regulatory Requirements. As
mentioned earlier, thos&rograms are planned, coordinated group of strategic activities, processes,
and/or procedures, developed for a specific purpose to accomplish a clear safety objective that
extend for a relatively long period of time {8 years) and aisto establish certa organizational
capability and/or fulli certain Regulatory Requirement. Programs are characterized by the
following criteria:

1. Programs require specific technical exjsert

2. Programs are required by reference documents (e.g. FANR regulationsicaéch
Specifications, FSAR, standard nuclear industry praaticexpert judgment)

3. Program data collection activities are repeated at regular intervals.

4, There is a continuity of data where the output and inputs of each data collection cycle are
compared to each other. The list of regulatory Requirements was given a code and a n@de label
per @ble (5.2. On the other hand, each Program associated with the Nuclear Power Plant

Operational Readiness was identified and given a code and a node |adreladde(5.7). Data for
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this network was imported into Gephi, Force atlas algorithm was applied, graph statistics were

applied and the final network graph was produaeger igure (5.33
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Figure 5.33 Strategigprograms andegulatoryrequirementsietwork



5.10.1General characteristics

The structural characteristics of the Strategic Programs and Regulatory Requirements network are

shown intable 6.40).

Table 5.40 Structural characteristics sirategicprograms andegulatoryrequirementsnteractions

Characteristic Value
Total number of Strategic Programs and Regulatory Requirementsodes 141
Total number of undirected interactions (Edges) 338

As shown in figure (5.33),The interaction betweerStrategic Programsand Regulatory
requirements seems to be efficient as indichied relatively low dense network. The maximum
number of connections required to traverse the interaction bet®®&ategic Programs and
Regulatory Requirement{the number of steps taken between the two most diBtagrams or
Regulatory Requiremeim this interaction to reach one anothier6 nodes as indicated by the
Network DiameterThe maximum path lengih the interactionbetweerStrategic Programs and
Regulatory Requirements is &.8s indicated by the average path length for a gr@pmbining
those network statistics, wean conclude that the gramxhibit medium efficiencyfrom a
communicationand infomation sharing perspectiv@nce the maximum path length between

Strategic Programs arRkegulatory Requirementsadmost half othe network diameter.

5.10.2Network density

Graph density in this network measures how tightly interconnected the strategic Programs to the

Regulatory requirement by examining the percentage of established connections Strategic



Programs and Regulatory Requirements relative to the possible totaémafdonnections. A

high degree of interactiobetween Strategic Programs and Regulatory Requiremelhtisave

higher density levels while weak interactidretween themesult in low Network Density. In this
network,a density close to 1 indicates tHatrategic Programare strongly linked to Regulatory
Requirements within the Nuclear Power Plant Operational Readiness Program. While a density of
0.5 suggests the presence of medium interaction bet®wategic Programand Regulatory
requirements. A vale close to 0 will indicate the existence of weak interaction bet®&tategic
Programsand Regulatory Requirements. Additionally, the density of the interaction in this
network can be used to measure the cohesiveness and robustness of the interactem bet
Strategic Programand Regulatory Requirements, as well as, the inclusiveness and coverage of all
regulatory requirements as parttbé longterm Strategic Planning and executmocesswithin

the nuclear power plarithe density of interaction beegnStrategic Programend the Regulatory
Requirements is 03 which suggests that there iserylow level of interaction amon§trategic
Programsand corresponding regulatory requirememtss findingshould beanalyzed in line with

the density of ineractions between LO processes and Regulatory Requirements since both the
processes design and strategic programs are used to instill the Regulatory Requirements in the

design of the Nuclear Power Plant Management System structure.

5.10.3Networkclustering coefficienandmodularityanalysis

Clustering coefficient and Modularity analysis provide the ability to measure the level at which
strategic Programs and Regulatory requirements are grouped together, as opposed to being equally
or randomly onnected by grouping Programs and Requirements based on the strength of their

relationships into distinct clusters. Clustering coefficient calculation is based on measuring the
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number of closed triangles (triplets) relative to the potential number ajlem(iriplets) available

in the interactios betweenStrategic Programs and Regulatory requireradyt measuringthe
degree to whiclseconedtier Strategic Programar a regulatory requirement are connected to one
anotherHigh Clustering coefficient scos@sually represenightly connectedhubs and distinctive
communities, wheredew Clustering coefficient scores are usually associateddisfirersed and
scatterednteractionsThe averag€lustering Coefficient for this network @184which indicats

that some clusters can be identified in this network. Modularity class analysis shovigichtiegfic
Programsand Regulatory Requirements are distributed ac®gdistinct communities.LO
Processes and Regulatory Requirements are distributed across$iri€ dommunitieskigure 5.

34 shows the 8 clustersodé size distribution

Requirements.
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Figure 5.34 Clusters size distribution in the interactions betweepro@essesrad regulatoryrequirements

As clearly shown in figure (5.33), a8t of the clusters follow the pattern of Hub and Spoke where
in most cases Programs are linked specific requirements. This is typical in Nuclear setting where

strategic programs are design and executed to fulfil specific regulatory requirements afiétherea
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they ideally transform into Business as Usual (BAU) Proce3s$es property correlates with the
robustness to failur&he8 major hubs are concentrated around spe8iiiategic Programshich
arelinked to a unique group of regulatory requirememtss structural configuration allows for a
fault-tolerant behavior and fosters resilience in the interaction bet®®ategic Programand

Regulatory Requirements.

5.10.4Network centrality measures

Centrality measures help demystifycertain characteristics in the interacti@tgategic Programs

and theRegulatoryRequirementéncluding theidentification of influential Strategic Programs in

this interactionover other components in terms of achievingehksential role in protectingpe
integrity of the network structure and the flow of information between Strategic Programs
regulatory Requirement$he Closeness Centrality calculstiee inverse of the mean shortest path
between a node and all other nodes in the networksthegichable from it. This network statistic
reflects the ability of Strategic Programs aRegulatoryRequirements to access and transmit
information throughthe network quickly. It also indicates how close a Strategic Program
regulatory Requirement isdm every other node in this netwoBetweenness centrality measures

the degre¢o Strategic Programs and Regulatory Requirements offer the most direct path between
otherwise disconnected individual Programs and/or Requirements or groups of programs and/or
requirements. Higher betweenness centrality a Strategic Program will provide a perspective on
how critical that program maintain the structure of the netwidure(5.35 presents the results

of theanalysis obetweenness and closeness centrality in interactions beStesgeagic Programs

and regulatory Requirements.
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Betweenness Centrality Distribution
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Figure 5.35a) Betweenneszentralitydistribution b) Closenesentralitydistribution in the interactions betwestnategic
programs and the regulatorgquirements

As shown in figure (535), centrality Distribution graphs have shown that more G ofnodes

in this networkhaszerobetweenness centralitRemaining portion of Strategic Programs and the
regulatory Requirements has a betweenness centrality that ranges from 0.4 to 2059. A lot of
variabilities areobserved. The closeness centrality distribution of Strategic Programs and the
regulatory Requinrmentsseems to be following normal distributiand denoting less variability.

The majorityof Strategic Programs and the regulat@yuirementsre centered around the mean
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of 0.34 ranging between 0.23 and 0.50. Howetlermajority of nodes areseen fom this angle

as having lovto moderatenfluence over this networBetweenness centrality proviie different
perspective for those poorly connect@dgrams or regulatory requirement nodes (low Degree
centrality that might beessentiato the network by being bridges between key other components.
The table %.41) below highlightsStrategic Programwith the highestBetweenness Centrality.
Programs like PG32, PG43, PG21, PG42, PG36, PG12, PG45, B@EPBG2Mhave the highest
Betweennes€entrality which might suggest thtitey ae critical to maintaiimg the interaction
betweerStrategic Programend Regulatory requirements intact. Therefore, should be given more
importance and attention in the Nuclear Power Plant Operational Readnogsani knowing

their structural importance and influence in maintaining efficient and effective interaction between

strategic Programand Regulatory Requirements.

Table 5.41 Strategigorograms with highedietweennessentrality

Id Label Closeness Betweenness
centrality centrality

331 | PG43 0.4947 2059.682
320 | PG32 0.514706 1794.103
309 | PG21 0.456026 1443.299
324 | PG36 0.4375 874.1774
300 | PG12 0.448718 847.2861
333 | PG45 0.394366 723.0133
311 | PG23 0.434783 715.414
326 | PG38 0.44164 709.7552
330 | PG42 0.404624 703.0108
308 | PG20 0.410557 655.505
297 | PGY9 0.416667 618.2993
329 | PG41 0.44164 493.0511
322 | PG34 0.393258 437.6774
318 | PG30 0.426829 428.1383
337 | PG49 0.410557 427.3551
323 | PG35 0.424242 410.5241
319 | PG31 0.424242 402.243
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The main focus of this work is to understand the interaction bet&#ategic Programs and
Regulatory Requiremenis the Nuclear Power Plant Operational Readiness Program. Therefore,

it is important to investigate in detail the natofanfluence theQuality Assurance Prograhas

in this network being the node with the highest Betweenness Centrality. To do so, the ego network
technique will be used. The bel®wality Assurance PrograBEgo graph$.36 was produced by

Gephi.
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Figure 5.36 Egonetwork ofquality assurancgrogram

The structural characteristics of tQaiality Assurance PrograBgo Network are shown itable

(5.42).
Table 5.42 Characteristic ofuality assuanceprogram Eganetwork
Characteristic Value % Visible
Total number nodes 33 23.4%
Total number of Edges 86 25.44%

225



The interaction between ti@g@uality Assurance Prograandothernodes (Strategic Programs and
Regulatory Requirements) this ego networlappear to be relatively denser and formariggher

level of interactions when compared with the overall Network. The Ego Network density is higher
than the value for a complete graph which indicates sh&igher portion of the possible
connections that may existtineinteractionbetween Quality Assurance Program and other nodes
is already established. The maximum path length between in this ego netw8kas ihdicated

by the average path length for a graph, we can concludehthgtadph is relatively efficiersind

more capable of transferring data on the smaller sdable 5.43 summarizes key network

Statistics for the quality assurance program ego network.

Table 5.43 Statistics ofjuality assurancerogram Egmetwork

Network statistic Value

Graph density 0.163
Network diameter 2
Average Path length 183
Average Clustering Coefficient 0.636

We can defindour groups of nodes in thQuality Assurance PrograBgo Networkwhere most
of nodescan be characterized as peripheltadppears that th@uality Assurance Program forms
the center foafew core connectionike Req. 236, PG49, PG3&nd PG44The majorityof other
nodes ardoosely connected to the cohesive ego and |arckimity cohesion with the core

connection.
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5.11.Interactions betweesdrategicprograms andoles in thenuclearpower plant

operationakeadinesprogram

This interactiordepicts allinks and relationshipsetween Programs established to deliver certain
agreed benefits in the Nuclear Power Plant Operational Readiness and thePRmesns to

Roles Interaction mapping is intended to Identify roles and responsibilities for Functions, persons
and/or other mtities involved in the Nuclear power plant operational Readiness Program at all
levels.Each defined Role in the Nuclear Power plant Operational Readiness Program was given a

code and a node label as per tdh# below.

Table 544 List of establishedoles in thenuclearpower plantoperationakeadinesgrogram

Role Node ID  Node Label
Risk Managemenrtiolding 601 RL.1
NRM Director 602 RL.2
Head of Severe Accident Management, Accident Management Team 603 RL.3
Emergency Response Organization 604 RL.4
Training 605 RL.5
Maintenance 606 RL.6
Fire Protection 607 RL.7
Site Engineering Director 608 RL.8
Plant Engineering and Maintenance Director 609 RL.9
Site Manager of Engineering Programs 610 RL.10
PlantEngineering Program Manager 611 RL.11
Site AOV Program Principal Engineer 612 RL.12
Plant AOV Program Engineer 613 RL.13
Plant System Manager 614 RL.14
Plant Design Engineer 615 RL.15
Site Maintenance Rule Engineer 616 RL.16
Probabilistic Riskssessment (PRA) Engineer 617 RL.17
Plant Maintenance and Engineering Director 618 RL.18
Plant BAC Engineer 619 RL.19
Site Ageing Engineer 620 RL.20

227



Operations

System and Component engineers
Radiation Protection

SiteSupport Chemistry Manager

Plant Chemistry Manager

Chemistry Heads

Chemistry Senior Specialist

Chemistry Engineers and Technicians

Site Engineering Program Manager

Site CLR engineer (Ageigncipal Engineer)
Plant I1SI Head

Plant ILRT and LLRT Coordinator

Site- Engineering Director

Plant- Engineering and Maintenance Director
Site- Manager of Engineering Programs
Site¢ Work Management Director

Site CRH Program Engineer

Plant System Engineer

Plant¢ System Engineering Manager

Plantc Design Engineer

Maintenance Engineer

Reactor Engineering Manager

Head of Reactor Engineering and Fuel Management
Safety and Engineering Support Director (Plant)
Fuel Supplier

Operations Director and Shift Managers (Plant)
All Employees

Management

Line Managers

QA Director

QA Program Manager

CFSI Program Engineer

QA Audit Manager

Quality Surveillance Manager

Director Procurement & Supply Chain
Director Engineering

CGontractors

Director Maintenance

Program Owner

QA staff

Procurement & Supply Chain staff
Engineering staff

Maintenance Staff

Program Engineering Manager (Site)

Plant Program Engineering Manager (Plant)
Plant Operation Manager

Plant Head of Chemistry
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621

622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667

RL.21
RL.22
RL.23
RL.24
RL.25
RL.26
RL.27
RL.28
RL.29
RL.30
RL.31
RL.32
RL.33
RL.34
RL.35
RL.36
RL.37
RL.38
RL.39
RL.40
RL.41
RL.42
RL.43
RL.44
RL.45
RL.46
RL.47
RL.48
RL.49
RL.50
RL.51
RL.52
RL.53
RL.54
RL.55
RL.56
RL.57
RL.58
RL.59
RL.60
RL.61
RL.62
RL.63
RL.64
RL.65
RL.66
RL.67



Plant Chemistry Engineers and Technicians

Plant Operation Team

responsible department head

FunctionAdministrator

Qualified Reviewer

Emergency Preparedness Director

Quality Assurance Department

ERO positions

Offsite Stakeholders

Chief Nuclear Officer

Site Vice President

personnel who perform investigations of Nuclear Safety or Quality Concern
Director, Nuclear Oversight

ECP Coordinator

Human Resources

ECP Manager

Legal Counsel

Management and Supervisigemployeesnd Contractor Workers)
Nuclear Safety Culture Steering Committee

Plant Manager

Plant Operations Director

Plant Operations Support Manager

Shift Manager

Training Director

Plant Maintenance Manager

Work Management Director

All Site Personnel

Operations Personnel

Maintenance Personnel

Clearance and Tagging Working Group

PlantSupply Chain Director

Director of Work and Outage Managemd®iteEngineering)
Director of Quality Assurance (QHA)

Director of Maintenance

Director of Engineerin(SiteEngineering)

Manager of Design Engineeri(fsiteEngineering)

Manager of Engineering Prograi&teSupport)
Maintenance Engineering Managers: Mechanical, Electrical, 1&C (Plant)
Programs Engineering Managé&lantg

Principal Engineer EQ Program

Design EnginedSiteEngineering) or Design Agent
Environmental Qualification Engineer and Seismic Qualification Engineer (F
Site Engineering Director

Engineering’rogram Manager (Site)

Design Engineering Manager (Site)

Principal EngineagProgram (Site)

Quality Assurance Director
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668

669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714

RL.68
RL.69
RL.70
RL.71
RL.72
RL.73
RL.74
RL.75
RL.76
RL.77
RL.78
RL.79
RL.80
RL.81
RL.82
RL.83
RL.84
RL.85
RL.86
RL.87
RL.88
RL.89
RL.90
RL.91
RL.92
RL.93
RL.94
RL.95
RL.96
RL.97
RL.98
RL.99
RL.100
RL.101
RL.102
RL.103
RL.104
RL.105
RL.106
RL.107
RL.108
RL.109
RL.110
RL.111
RL.112
RL.113
RL.114



Maintenance and Engineering Director (Plant)
Program Engineering Managgtlant)
Mechanical Maintenance Engineering Manager (Plant)
Shift Managers (Plant)

Radiological Protection Manager (Plant)
Chemistry Manager (Plant)

System Engineering Manager (Plant)
Head of Programs (Plant)

Engineer (Plant)

Support Contractor

Engineering Support Contractor

Export Control Senior Specialist

Export Control Specialist

Export Control Officer

Export Control Head

Fire Protection Manager

Fire Protection program owner

Safety & Engineering Support Manager
Fire Safety group

Safety & Engineering Support Department
Operations Manager

Operation Shift Managers

Fire Controller

Initial Fire Response Team

Assistant Fire Controller

plant employees

Fire Watch

head officeHolding

Sakeholders

Onsite Fire Brigade

Security Manager

Off-site Fire Departments

Site Operation Support Manager
Radiological Protection Manager
Emergency Preparedness Manager
Security and Civil Defense (for Emergency Operation)
Nuclear Risk Management

Accident Management

Maintenance Department
Organizations Responsible for Works
All Personnel

Site VicePresident

Site Maintenance Director

Plant Maintenance Director
Engineering Manager or Engineer
Department Managers

Operations Managers
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715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761

RL.115
RL.116
RL.117
RL.118
RL.119
RL.120
RL.121
RL.122
RL.123
RL.124
RL.125
RL.126
RL.127
RL.128
RL.129
RL.130
RL.131
RL.132
RL.133
RL.134
RL.135
RL.136
RL.137
RL.138
RL.139
RL.140
RL.141
RL.142
RL.143
RL.144
RL.145
RL.146
RL.147
RL.148
RL.149
RL.150
RL.151
RL.152
RL.153
RL.154
RL.155
RL.156
RL.157
RL.158
RL.159
RL.160
RL.161



Site FME Program Owner/Site Senior Maintena®pecialist
Plant FME Coordinators (Responsible Engineer or Person)
FMEMonitor

Independent FME Monitor

Head/Supervisor

Supply ChaiRersonnel

Training Department

Site Ownership of the FME Program (Program Management)
Workers

Reactor Engineering Manager (Site Support)

Head of Reactor Engineering and Fuel Management (Plant)
Fuel Supplier (Nuclear Fuel and/or ENEC Nuclear Fuel Management)
Chief Nuclear Officer

H&S Manager

Head of Health & Safety Systems

Head of Corporate Industrial Safety

All Members oManagement Team

Head of Health

Site Engineering Director

Plant Maintenance and Engineerigdirector

Site Engineering Manager of Engineering Program

Site EngineeringPrincipal Engineer ISI

Plant Maintenance and Engineeringlead Mechanical

Site EngineeringManager of Engineering Program

Site EngineeringPrincipal Engineer

Operationsg Director

OperationsSupport Head

Operations Support Specialist

Mechanical Maintenance Engineering

Electrical Maintenance Engineering

Instrumentation & Control (1&C) Maintenance Engineering
System Engineering

Director ofEngineering (Site)

Manager of Engineering Program (Site)

IAMP Principal Engineer (Site)

Obsolescence Program Engineer (Site)

System Engineer (Plant)

Maintenance Support Manager

Maintenance Program Manager

Site Program Engineering Manager

Site Engineering MR Program Engineer

Plant Program Engineering Manager

Plant Program Engineering Head of MR

Plant Program MR Engineer

Plant System Engineering Manager

Plant Head of System Engineering

Plant System Engineers
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762

763
764
765
766
767
768
769
770
771
772
773
774
775
776
e
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808

RL.162
RL.163
RL.164
RL.165
RL.166
RL.167
RL.168
RL.169
RL.170
RL.171
RL.172
RL.173
RL.174
RL.175
RL.176
RL.177
RL.178
RL.179
RL.180
RL.181
RL.182
RL.183
RL.184
RL.185
RL.186
RL.187
RL.188
RL.189
RL.190
RL.191
RL.192
RL.193
RL.194
RL.195
RL.196
RL.197
RL.198
RL.199
RL.200
RL.201
RL.202
RL.203
RL.204
RL.205
RL.206
RL.207
RL.208



Corporate Nuclear Risk Management PRA Manager.
MR Expert Panel

Site Maintenance DirectdMaintenance Department)
Maintenance & Engineering Director in the plant
QA Manager

Training Department Manager

Site M&TE Program Owner

Plant M&TE Engineer

Department Managers

Calibration Staff Personnel

M&TE Users

Environmental Director

MMS Contractor

Environmental Management

Site MOV Program Principal Engineer

Plant Engineering Programs Manager

Plant Site MOV Program Engineer

Plant System Engineering

Plant Maintenance

Environmental Department

1&C Department

Radiation Protection staff consists of engineers, supervisechnicians, and
administrative

Site Support Radiation Manager

Radiation Protection Manager (RPM)

Radiation Protection Staff

Radiation Workers

Director of Capacity Building and Training
Manager of Health and Safety

ALARA Committee

The NPDirector

Executives and Senior Managérsadershieam)
Managers and Heads

Individual Contributors

Executive Leadership Team

Operations Support Manager

Shift Managers and Shift Supervisors

Shift Local Operators

Maintenance and Engineering Director
Maintenance and Engineering

Maintenance Managers

Work and Outage Management Director

All personnel involved in performing surveillances, inspections, and prevent
maintenance activities

Quality Assurance

Nuclear Risk Management (NRM) Director
NRM PRManager
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809

810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830

831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850

851
852
853

RL.209
RL.210
RL.211
RL.212
RL.213
RL.214
RL.215
RL.216
RL.217
RL.218
RL.219
RL.220
RL.221
RL.222
RL.223
RL.224
RL.225
RL.226
RL.227
RL.228
RL.229
RL.230

RL.231
RL.232
RL.233
RL.234
RL.235
RL.236
RL.237
RL.238
RL.239
RL.240
RL.241
RL.242
RL.243
RL.244
RL.245
RL.246
RL.247
RL.248
RL.249
RL.250

RL.251
RL.252
RL.253



Engineering Function Director
Maintenance Function

Work Management Function

Safety and Engineering Support Function
Department/Function Directors

Head of Waste Management

SRS Specialist and RW Specialist
Operation Team Manager

Maintenance (Mechanical, Electrical, I&C) Team Manager

Radiation Protection Manager

Head of Radiological Protection
RadioactivaNaste Personnel

Managers of Operations

Manager of Maintenance Team (Mechanical)
Managers of Work Teams

CEO

Personnel

Engineering Director (Site)

Principal EngineegProgram (Site)

Information securityfgEngineer (Plant)
Specimen Retrieval and Transportation Contractor
Program Engineering Manager (Plant)

Head of Safeguards

Safeguards Responsible Person (SRP)
Senior Safeguards Specialist

Safeguards Specialist

Safeguards Officer

Licensing and Regulatory Affairs Deputy Vice President.

Fuel Management Engineer

Site Safeguards Implementati@fficer

Federal Authority for Nuclear Regulation (FANR)
IAEA staff

Safeguards Department

Site Security Director

Information Security and Cyber Security Director
Personnel Securitylanager

Physical Security Manager

Site Security Operations Manager

Security Training Manager

Cyber Security Manager Description

Information Security Manager Description
SiteEngineering;Principal Engineer

Site Support Chemistry Manager

Plant- Chemistry SGMP Specialist

Plant- Chemistry Manager

Plant Maintenance and Engineeringlead Mechanical
Plant¢ Operations
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854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900

RL.254
RL.255
RL.256
RL.257
RL.258
RL.259
RL.260
RL.261
RL.262
RL.263
RL.264
RL.265
RL.266
RL.267
RL.268
RL.269
RL.270
RL.271
RL.272
RL.273
RL.274
RL.275
RL.276
RL.277
RL.278
RL.279
RL.280
RL.281
RL.282
RL.283
RL.284
RL.285
RL.286
RL.287
RL.288
RL.289
RL.290
RL.291
RL.292
RL.293
RL.294
RL.295
RL.296
RL.297
RL.298
RL.299
RL.300



Operations Director or Designee 901 RL.301

On Duty Shift Manager or Designee 902 RL.302
Test Team Lead or Conductor 903 RL.303
Maintenance, System, and Program Engineers 904 RL.304
All personnel involved in performing surveillances pedodic tests 905 RL.305
Deputy Operations Support Manager 906 RL.306
Operations Head 907 RL.307
System Engineering Manager (Site) 908 RL.308
Plant Manager 909 RL.309
System Engineering Manager (Plant) 910 RL.310
Equipment Reliability Manager (Site) 911 RL.311
Capacity Building & Training Department 912 RL.312
Departments 913 RL.313
staff members 914 RL.314

Following the Data Analysis process for this study, Data for this network was imported into Gephi
using the abowenentioned structure, Force atlas algorithm was applied, graph statistics were

applied and the final network graph was produced (Fi§L88@
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Figure 5.37 Strategigprograms andolesnetwork
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5.11.1General characteristics

The structural characteristics of the Strategic Programs and Roles network are shalta in
(5.45).

Table 5.45 Structural characteristics strategicprograms andoles intersections

Characteristic Value

Total number of Strategic Programs and Roles nodes 358

Total number of undirected interactions (Edges) 577

From the first look at figure (5.37heflow of information between Strategic Programs and Roles
appears to be seamless anditheraction seems to be efficient as indicatga very low dense
network. The maximum number of connections required to traverse the interaction between
Strategic Prgrams and Rolegr in other words the number of steps taken between the two most
distant nodes in this interaction to reach one another is 5 nodes as indicated by the Network
Diameter. Combining this observation with the fact that the maximum path leettkedn
Strategic Programs and Roliss35 as indicated by the average path length for a graph, we can
conclude that the graph is efficient from a communication standpoint since the maximum path

length betweestrategic Programs and Rolsdess than theetwork diameter.

5.11.2Networkdensity

In this network, density measures the linkage betvitestegic Programs and Ralds density
close to 1 indicates that &trategic Programare strongly linked tand Rolesvithin the Nuclear

Power Plant Operational Readiness Program. While a density of 0.5 suggests the presence of
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medium interaction betweebtrategic Programs and Ralés value close to 0 will indicate the
existence of weak interactidretweenStrategic Progams and RolesAdditionally, the density of

the interaction in this network can be used to measure the cohesiveness and robustness of the
interaction betweetrategic Programs and Raol@$ie density othis interaction is0.009which

suggests that thers a low level of interaction amon§trategic Programs and Ral€Bhis
observation should be analyzed more in line with the characteristics of interactions between LO
Processes and Strategic Programs. This will proaither critical viewof the coveragend

integration of strategic Programs within the Nuclear Power Plant Management System.

5.11.3Network clustering coefficierandmodularityanalysis

Clustering coefficient and Modularity provides the ability to measure the level at which Strategic
Programs and Roles are grouped together, as opposed to being equally or randomly connected
across the networKhe clusteringcoefficient measures the numhsrclosed triangles (triplets)
relative to the potential number of triangles (triplets) available in the interaction between Strategic
Programs and Roles. in essence, this measures the degree tsecoicttier Strategic Program

or specific Role is coretted to one another. Tightly knit clusters and distinctive communities are
associated with High Clustering coefficient scores, whereas dispersed interactions produce lower
scores.The average&Clustering Coefficient for this network is 0.1#hich indicats that some
well-defined clusters can be identified in this network. Modularity class analysis showed that
Strategic Programs and Roles are distributed across 13 distinct comm&igties.(5.38) shows

the size distribution of the 13 clusters in thenatéions between Programs and Roles
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Figure 5.38 Clusters size distribution in the interactions betwa@grams andoles

As seen in figure (5.37),hé interaction between Programs and Defined Roles seems to
homogenous andso following in most cases the hub aspbkepatterns where most Roles are
supporting, interactingand/or linked to a specific Programs in doeone interaction.
Furthermore, multiple influential programs can be found in each cluster which furthertsuppo

fact that his structural configuratiorstrongly contributes to enhance robustneds failure in

interactions between Strategic Programs and Roles.

5.11.4Network centrality measures

Centrality measures help understandertain characteristics in the interactions betwi&eategic
Programs and RoleBor exampleCentrality measures help in identifying which componémts
the interaction between Strategic Programs and Rales more influence over other components
It also helps in assessitige efficiency of informatiorflows Strategic Programs and Roleken
assessed jointly with otheetworksstatistics The Closeness Centrality is the inverse of the mean
shortest path between a node and all other nodes in the network tbathable from it. This

metric reflects the ability of Strategic Programs and Roles to access and transmit information
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throughthe network quickly. It also indicates how close a Strategic PrognaRole nodeis from
every othemprograms and roles this network Fgure (5.39 presents the results of analysis of

betweenness and closeness centritigynteractiondetween StrategicrBgrams and Roles.

Betweenness Centrality Distribution
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Figure 5.39 a) Betweennessentralitydistribution b) Closenessentralitydistribution in the interactions betwesdtnategic
programs andoles

Interestingly, Centrality Distribution graphs figure (5.39)have shown that more than 70% of
nodes in this network has zero betweenness centrdlitg. remainingportion of Strategic

Programs and the Roles has a betweenness centrality that ranges&rtoni6255 A lot of

239



variabilities areobserved. The closeness centrality distribution of Strategic Programs and the
regulatory Requirements seems to be following normal distribution and denoting less variability
and a minor positiveskewness The majority of Strategic Programs and the regufgto
requirementsre centered around the mean @3anging between 0.23 and46. However the
majority of nodes are seen from this angle as having low to moderate influence over this network.
Betweenness centrality provides a different perspectivehtiwet poorly connected programs or
Rolesnodes (low Degree centrality) that might be essential to the network by being bridges
between key other componentalculatingBetweenness centralitygan help inmeasures the
degreeto which Strategic Programs andoRs offer the most directies between otherwise
disconnecteccommunities within this interactiorA higher betweenness centrality score for a
Strategic Program or a Rolall provide a perspective on how critical tHatrategic Program or a
Roleto maintin the structure of the networkable5.46 highlights Strategic Programaith the
highesBetweenness Centrality.

Table 5.46 Programs with highestetweennessentrality

331 PG43 0.455939 16255.26| 0.306939
320 | PG32 0.46789 14871.67| 0.356315
314 | PG26 0.385113 8686.415| 0.15005
311 | PG23 0.391877 5608.175| 0.207076
315 | PG27 0.363544 4990.723 0.095634
337 | PG49 0.378981 4563.414| 0.156958
300 | PG12 0.392739 4377.468 0.177786
324 | PG36 0.388889 4168.94| 0.200959
305 PG17 0.340324 4144.119 0.067536
312 | PG24 0.354871 4085.33| 0.10099
310 | PG22 0.384284 4030.878 0.116841
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Maintenance Program and Quality Assurance Programs are seen as the most influential nodes
based on their high Betweenness Centrality. This role is essential to maimefircient and
effective interaction between Programs and Roles. Therefore, shadiaged carefully to protect

the structural integrity and the overall efficiency of interaction and information flow.

To understand the interaction betwetnategic Programs and Rolesthe Nuclear Power Plant
Operational Readiness Program, it is impairta drill down and analyze the typology and nature

of linkage associated with thH@uality Assurance Program (PG43) sinceurned out to be the

most influential node based on its Betweenness Centrality. To do so, the ego network technique
will be used.The below Ego graph of th@uality Assurance Progra(figure 5.4Q was produced

by Gephi.

241



PGEE

P@2E
P@s T
a2 PEK
PGB PE0 P@ec
Q3
o F@is RO
PGE2 Au@se — LA AICES
RUQTD Gr3 o,
: PO
\ . 3
\ P
PO \ bV 3
-\ L\ NP0 P,‘S
- il PE1Y \
o N\~
bggs || /\
= 5 1_’4,/
o o,
N\ |
£

Figure 5.40 Egonetwork ofquality assurancerogram (PG43)

The structural characteristics Qfuality Assurance Prografgo Network are shown itable

(5.47).
Table 5.47 Characteristic ofjuality assurancgrogramego network
Characteristic Value % Visible
Total number nodes 35 9.78%
Total number of Edges 83 14.38%
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The interaction between the quality assurance program and other nodes (strategic programs and
defined roles) in this ego network appear to be relatively denser and foarhigber level of
interactions when compared with the overall prograwiss network which has a density of 0.009

the ego network density is considerably higher than the value for a complete graph which indicates
that of all possible connections that maisem this interaction including direct links witjuality
assurancerogram, a very good portion of them have already established. The maximum path
length between in this ego network is 1.86 as indicated by the average path length for a graph, we
can cowrlude that the graph is relatively efficient in terms of transferring information across
different modes since the maximum path length is less than the network diameter. Table 5. 48

highlights key network statistics of quality assurance program ego network

Table 5.48 Statistics ofjuality assurancerogramego network

Network statistic Value

Graph density 0.139
Network diameter 2
Average Path length 186
Average Clustering Coefficient 0.657

As per the network graph in Figure @l), looking atthe clustering of distinctive communities
within theQuality Assurance Prografbgo Network, we can obserfeur clusters with majority

of nodes falling in the second clusger show in figureq.41)
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Figure 5.42 Clusters distribution of thquality assurancgrogramego network

We can define two groups of nodes in the Quality Assurance Program Ego Network, Core and
peripheral. It appears that this Ego network has multiple core connections near to the gravity center
being the Quality Assurance Program. Whereas nodeSéfeguard program PG46 andFuel

Integrity (PG29 are loosely connected to the cohesive ego and lack maximal cohesion with the
core connectionsven thouglboth are part of the first cluster centered by the Quality Assurance

Program.

5.12.Interactions betweestrategicprograms in theéuclearpower plant operational

readinesprogram
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This Networkdepicts all interactions betweaf strategidPrograms in the Nuclear Power Plant
Operational Readiness. Data for this network was imported into Gephi as structhestgble

(5.89), Force atlas algorithm was applied, graph statistics were applied and the final network

graph was produced (Figused2

245



Figure 5.43 Strategigprogramsnetwork



5.12.1General characteristics

The structural characteristics of the strategic programs in the Nuclear Power Plant Operational

readiness are showntable £.49).

Table 5.49 Structural characteristics of the strategic prograetwork

Characteristic Value

Total number of Strategic Programs 59

Total number of undirected interactions (Edges) 216

The interaction betweeStrategic Programseems to be efficient and the flow of information
seems to be seamless as indicated a relatively low dense netWwerkumber of steps taken
between the two most distasttategic programis this interaction to reach one another is 5 nodes
as indicatedby the Network Diameter. Combining this observation with the fact that the maximum
path length betweestrategic programis 2.7 as indicated by the average path length for a graph,
we can conclude that theteraction amongst strategic prograimsfficient and the transfer of

information is seamlessnce the maximum path length is less than the network diameter.

5.12.2Networkdensity

Graph density helps in measuring how tightly interconnected the strategic programs to each others
by comparing the proportion of existing connections between strategic programs to the relative to
the possible total number of connections. A high degrag@fiction across the network will have
higher density levels while weak interactions result in low network density. In this network, a

density close to 1 indicates that all strategic programs are strongly linked together within the



nuclear power plant opational readiness program. While a density of 0.5 suggests the presence
of medium interaction between strategic programs. A value close to 0 will indicate the existence
of weak interaction between strategic programs. The density of interaction betwaegicstr

programs is 0.126 which suggests that there is a low level of interaction strategic programs.

5.12.3.Network clustering coefficierandmodularityanalysis

Modularity analysis andClustering coefficienhelp in measuing the level at whichStrategic
Programsare grouped, as opposed to being equally or randomly connected across the iretwork.
this network, the lastering coefficient calculation is based on measuring the number of closed
triangles (triplets) relative to the potential numbiariangles (triplets) availabl@a the interactions
amongst Strategic Progran#ss explained earliethis measures the degree to whsgtonetier
Strategic Programare connected to orenother where igh Clustering coefficient scores are
highly anticipated from tightly connectedand distinctive communities, whereas dispersed
interactions usuallproduce lower score$he averag€lustering Coefficient for this network is
0.290which indicatsthat some welllefined clusters can be identified in thiswmetk. Modularity

class analysis also showed tl&atategic Programare distributedacross 5 distinct communities.
Figure 5.43 shows the size distribution of the 5 clusters in the interactions between Strategic

Programs.
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Figure 5.44 Clusters size distribution in the interactions betwarategicprograms

Those clusters share commonalities and a label can be tagged to each cluster based on their nature
and purposelistinct communities. This property stronglypports the resilience of interactions
between strategic programs knowing the high probability of delays, cost owaeqgnality issue
associated with programs executiorhe5 major hubs are concentratedand specificstrategic

programs (mainly with high betweenness centralify)is structural configuration allows for a
fault-tolerant behavior in the interaction betwegrategic programs$ience, if any program within

one of those 5 clusters experientssues with schedule, costr quality, the distal impact most
probably would be contained within the cluster vatminimal negative impact on other clusters.

Therefore, the probability of realizing strategic benefits out of those programs increases.

5.12.4Network centrality measures

Certain characteristics in the interactidmstween Strategic Programs cab be better understood
using centrality measure€entrality is an essential measure of the information flsinategic

programswhen assessed jointly with otheetwork statistics.As explained earlier, Closeness
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Centrality measures the mean shortest path between a node and all other nodes in the network that
is reachable from it. This netwoskatisticgeflects the ability of &trategic Program to access and
transmit information througtihe network quickly. It also indicates how close a Strategic Program

is from every other Program in this network. Figusetd) presents the results tife analysis of

betweenness and closenessteality in this network.
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Figure 5.45 a) Betweennessentralitydistribution b) Closenessentralitydistribution in the interactions betwesdtnategic
programs
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Centrality Distribution graphs have shown that around 17% of strategic programs in this network
has zero betweenness centralftiie remainingportion of Strategic Programs has a betweenness
centrality that ranges from 0.7 and 413. A lotvafiabilities a@e observed and two strategic
Programs only have a betweenness centrality above 400. The closeness centrality distribution of
Strategic Programs seems to be following normal distribution and denoting less variability and a
minor positive skewnes$he majaity of Strategic Programs are centered around the mean of 0.45
ranging between 0.3 and 0.65. Howetke majority of nodes are seen from this angle as having
low to moderate influence over this netwothnlike other centrality measures, betweenness
centrality provids a different perspective for those poorly connected nodes that might be critical
to the network by being bridges between key other components. In this neBebreenness
centrality measures the degreewhich Strategic Programeffer the most direct path between
otherwise disconnected Clusters. Higher betweenness centrality scor&ti@tegic Program
indicate that this program @itical to maintaimg the structuref interactions between strategic
programs in the Nuclear PoweraRt Operational ReadinesBhe table %.50) below highlights
Strategic Programwith the highestBetweenness Centralit§gimilar to other observations from

other networks in this study, Maintenance Program, Quality Assurance Prograhthemistry
program appeas to be the most influential Strategic programs in the nuclear power plant
operational readiness. They form bridges between different strategic programs in the nuclear
power plan due to their structural properties, therefore, they areaseery critical to maintain

the integrity of interactions between strategic programs, ftsteffective flow of information

between programs and ensure strategic benefits realization.
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Table 5.50 Strategigprograms with highst betweennessentrality

Label Closeness Betweenness modularity class
centrality centrality

320 | PG32 0.659091 413.5781 1
331 | PG43 0.644444 408.1704 4
300 | PG12 0.537037 165.1106 3
330 | PG42 0.491525 118.5405 0
309 | PG21 0.552381 97.23231 3
296 | PG8 0.483333 87.17917 0
308 | PG20 0.483333 85.67028 3
324 | PG36 0.522523 65.90223 2
337 | PG49 0.491525 63.02476 1
299 | PG11 0.446154 61.91026 3
327 | PG39 0.449612 60.21477 2

In order to understand the interaction between Strategic Programs in the Nuclear Power Plant
Operational Readiness Program, it is important to drill down and analyze the typology and nature
of linkage associated with the Maintenance Program being theitimthehighest Betweenness
Centrality. To do so, the ego network technique will be used. The below Ego graph of the

Maintenance Progrand (45 was produced by Gephi.
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Figure 5.46 Egonetwork ofmaintenancerogram

Thestructural characteristics of Maintenance Program Ego Network are shown ing.&bje (

Table 5.51 Characteristic ofmaintenancgrogram Egaetwork

Characteristic Value % Visible
Total number nodes 31 52.54%
Total number of Edges 104 48.15%

As shownin table (5.51) 52.45% of nodes in the complete network are connectetieto
Maintenance Program in the smaller Ego Network. Maintenance Program Ego Networlaforms
48.15% proportion of the complete network interactidhswever, he interaction between the
Maintenance Prograand othefStrategic Programa this Ego Network appear to bgnificantly
dispersedand forminga lower level of interactions when compared with the oveSitategic

Programs Network which hasdensity of 05. The Ego Network density is consideralbbyver
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than the value for a complete graph which indicates that of all possible connections that may exist
in this interaction including direct links witklaintenance Prograna very good portion of &m

havenot beeralready established. The maximum path length between in this ego netwaik is 1.

as indicated by the average path length for a graph, we can conclude that the graph is relatively
inefficient in terms ofestablishinga cohesive and tightlynterconnected network between
Strategic Programs to enalalr effective and timely exchange of data and informafiable 5.

52 lists key network statistics for the maintenance program ego network

Table 5.52 Statistics ofmaintenancg@rogram Egmetwork

Network statistic Value

Graph density 0.224
Network diameter 2
Average Path length 177
Average Clustering Coefficient 0.583

Looking at the clustering of distinctive communities within tiaintenance Progrankgo
Network, we can obsentareeclusters with majority of nodes falling in tiiest clustercentered
by the Maintenance Progratself as show in figureX.45). It appears that this Ego network laas
single core wheramajority of nodes are linked to the cohesive éggure (5.46) shows the size

distribution of the three clusterstime Maintenance Program Ego Network
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Figure 5.47 Clusters distribution of thmaintenanc@rogram Egmetwork

5.13. Interactions betweestrategicprogramsandplantsystemsn thenuclearpower

plant operationakeadinesprogram

This Network depicts all interactions between Programs in the Nuclear Power Plant Operational
Readinessind Plant SystemSystems referretb in this study covers Plant Systems, Structures

and Components (SSC). These include, but are not limited to software applications, supporting
hardware, safetyelated equipmenand buildingsData for this network was imported into Gephi

as structured ithetable 6.27), Force atlas algorithm was applied, graph statistics were applied

and the final network graph was produced (Fidgu#g)
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Figure 5.48 Stratgjic programs angblant systems network
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5.13.1General characteristics

The structural characteristics of Strategic Programs and Plant Systems network are shown in Table
(5.53).

Table 5.53 Structural characteristics of tisategicprograms angblant systemsnetwork

Characteristic Value

Total number of Strategic Programs and Plant Systems nodes 133

Total number of undirected interactions (Edges) 302

The interaction betweeBtrategic Programs and Plant Systems na#esns to beelatively
efficient and the flow of information seems to be seamless as indioatetbw dense network.

The maximum number of connections required to traverse the interaction bedwatyic
Programs and Plant Systeis$ nodes as indicad by the Network DiameteFhe maximum path
length betweeBtrategic Programs and Plant Systésr®0 as indicated by the average path length
for a graph Thereforewe can conclude that thateraction between Strategic Programs and Plant
Systemsgs efficient from a communication standpoint since the maximum path length is less than

the network diameter.

5.13.2 Network density

Similar to other interactions explained earlier in this study, Graph density assesses how strongly
interconnected the network is. In this case, it examines the percentage of established interactions
relative to the possible total number of connections éenstrategic Programs and Plant Systems

A high degree of interaction betwe&trategic Programs and Plant Systemié have higher
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density levels while weak interactions result in low Network Density. Two networks with identical
numbers ofStrategic Progams and Plant Systerfrem different Nuclear programs might have
very different density levels; even the same interaction betBé@tegic Programs and Plant
Systemaneasured at different time intervals is likely to have differing density measureksas lin
are formed or broken over time. The value of network density ranges from O to 1. A density close
to 1 indicates thanteractions betweegtrategic Programs and Plant Systametight andstrongly

linked within the Nuclear Power Plant Operational Reesls Program. While a density of 0.5
suggests the presence of medium interaction betB&ategic Programs and Plant Systems

value close to 0 will indicate the existence of weak interaction bet®&&ategic Programs and
Plant SystemsStructuresandComponents. The density of interaction between LO Processes and
the Additionally, the density of the interaction in this network can be used to measure the
cohesiveness and robustness of the interaction beStestiegic Programs and Plant Systeass

well as, the inclusiveness and coverage of all regulatory requirements as part of the BAU design
within the nuclear power plant is @@ which suggests that there is a low level of interaction
betweenStrategic Programs and Plant SysteBisucturesand Compaents. The density of the
interaction in this network can be usedaameasure to assess the cohesiveness and robustness of
the Nuclear Power Plant Integrated Management System. Building robust and integrated interfaces
betweerStrategic Programs (knowirtgeir strategic importander achieving theNuclear Power

Plant Integrated Management Systesbjectives) and the Plant Systems, Structures and
Components is very critical to realize the overall objective of designing and implementing the
Integrated Manageent System (IMS). The density of interaction betw@tategic Programs and

Plant SystemsStructures and Components is a determining factor in assessing how inclusive is
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the coverage of IMS to fulfill all regulatory requirements as part of the BAU desthm the

nuclear power plant in a systematic and structured manner.

5.13.3 Network clustering coefficierandmodularityanalysis

Network clustering coefficient help in groupi8jrategic Programdlant Systems, Structures

and Components based on the strength of their relationships into distinct clusters. Clustering
coefficient provides the ability to measure the level at wBitthtegic Programd$?lant Systems,
Structures and Components are grouped together, as opposedirtg equally or randomly
connected across the network. Clustering coefficient calculation is based on measuring the number
of closed triangles (triplets) relative to the potential number of triangles (triplets) available in the
interactions betweeBtraegic ProgramsPlant Systems, Structuresid Components. It measures

the degree to which second layer/titrategic ProgramsPlant Systems, Structureand
Components are connected to one another. High Clustering coefficient scores are highly
anticipaed from tightly interweaved clusters and distinctive communities, whereas dispersed
interactions usually produce lower Clustering coefficient scofdé® averageClustering
Coefficient for this network is 0.Zwhich indicats that some welblefined clustes can be
identified in this network. Modularity class analysis showed iaategic ProgramsPlant
Systems, Structuresand Components ardistributed across$ distinctive clustersThe size
distribution of the 8 clusters is shown in figuse4®. Figure 5. 48 shows the modularity class size
distribution for the 8 distinctive clusters in the interactions between Strategic Programs, Plant

Systems, Structureand Components.
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Figure 5.49 Modularity class size distribwin in the interactions betwesmategicprograms plant systems structures and
components

Like most of other netwoskkin this studyand as shown in figure (5.4%he interaction between
Programs and Plant Systerfidlow the hub and spoke model where programs interact with
specific systems in the plant aroneto-onebasissince they hava unique scope that is usually
relatedto particular systems within the plafurthermore, rast ofthe clustersin this interaction
aredispersed and noentered arounaspecificstrategic progranthis pattern needs to be studied
further to assess the integrity of the Nuclear Power Plant Operational Readiness Management
Systems and the level of integration and harmonization betwtarant Systems. Similar to other
interactiors in this study, the property of multiple hubrongly correlates with the network's
robustness to failure. This structural configuration of ha@ingajor hubs that ardispersednd

not concentrated around egific Strategid®rogramsnight provision dault-tolerant behavior and
fosters resilience in the interaction betwstmategidProgramsand Plant Systems, Structuraead

Components.
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5.13.4 Network centrality measures

Certain characteristics of the interactions betw&gategic ProgramBlant Systems, Structutes

and Components can be demystified using Network Centrality Measures. Centrality measures help
in identifying whichStrategic Program®lant Systems, Struces or Components in the nuclear
power plant operational readiness have more influence over other components in terms of
protecting the integrity of the interaction due to certain structural characteristics of those influential
players. Furthermore, Centityl is an essential measure of the information flows between
processesStrategic ProgramsPlant Systems, Structureand Componentgspecially when
assessed jointly with other statistics like graph density, network digraeteaverage path length.

The Closeness Centrality measures the inverse of the average shortest path between a node and all
other nodes in the network. This metric reflects the ability of a Strategic Program, Plant System,
Plant Structure or Plant Component to access and transfoitnation throughthe network

quickly. It also indicates how close a Strategic Program, Plant System, Plant Struciisent
Component is from every other Program or Plant System in this net3emkeenness centrality
measures to what degree Stratdjiograms, Plant Systems, Structysexi/or Components offer

the most direct path between otherwise disconnected Clusters in this interActiogher
betweenness centrality score for Strategic Programs or Plant System will provide a perspective on
how aitical that Program or System to maintain the structure of the netiigikie(5.49 presents

the results ofheanalysis of Betweenness and closeness centrality in interactions b&tnagegic

Programs, Plant Systems, Structysesl Components
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Figure 5.50a) Betweennessentralitydistribution b) Closenessentralitydistribution in the interactions betwestnategic
programs plant systems structures ang¢omponents.

Centrality Distribution graphs have shown that around 60% of strategic programs in this network
has zero betweenness centralftiie remainingportion of Strategic Programs has a betweenness
centrality that ranges from 2.2 and 2833. A lotvafiabilities are observed andiour strategic
Programs only have a betweenness centrality ab09@ The closeness centrality distribution of
Strategic Programs, Plant Systems, Structiaed Componentseems to be following normal
distribution and denoting less vaility and a minor positive skewnedhe majorityof Strategic
Programs, Plant Systems, Structuraésd Componentsre centered around the mean d@d30.

ranging between 24 and 0.3. Howeverthemajority of nodes are seen from this angle as having
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low to moderate influence over this netwotlooking at some interesting insights coming from

this interaction, Subject Matter Experts and Management systems Professionals might need to
further recognize the essential role so8teategic Programs plap keepthe efficient flow of
information and maintain the structural integrity of this interaction. Those are mainly nodes with
the highest Betweenness Centrais/shown in table5(54) below.Similar to other observations

from other networks in this study, Ma@mance Program and Quality Assurance Programs appear
as the most influential in this network in addition to Operational Radiation Protection and
Radioactive Waste Managemetifective management of those Programs appears to be very
essential to maintaireamless interactions and provide more influence on the speed of information
flow.

Table 554 Programs with the highebetweennessentrality

331 PG43 0.540984 2833.141 7
320 | PG32 0.498113 1653.564 6
332 PG44 0.407407 1050.27 5
326 | PG38 0.44 1034.002 7
309 | PG21 0.471429 867.9267 1
316 | PG28 0.398792 860.2597 4
314 | PG26 0.427184 848.6181 0
303 | PG15 0.417722 836.2668 4
296  PG8 0.415094 723.9048 0
323 | PG35 0.429967 623.4026 7
300 | PG12 0.434211 620.108 5
308 | PG20 0.398792 613.8632 1

The main focus of this work is to understand the interaction between Strategic Progr&tamand
Systemsn the Nuclear Power Plant Operational Readiness Program. Therefore, it is important to

investigate in detail the nature of influence the Quality Assurance Program has in this network
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being the node with the highest Betweenness Centrality. To do sgaimetsvork technique will

be used. The below Quality Assurance Program Ego gEapf (vas produced by Gephi.
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Figure 551 Egonetwork ofquality assurancgrogram

The structural characteristics of the Quality Assurance Program Ego Network are shialta in

(5.55).
Table 5.55 Characteristic ofjuality assurancgrogram Egaetwork
Characteristic Value % Visible
Total number nodes 30 22.56%
Total number of Edges 78 2583%

The interaction between the Quality Assurance Progranotued nodes (Strategic Programs and
Plant Systemsin this ego networlappear to be relatively denser and formanigigher level of
interactions when compared with the overall Network. The Ego Network density is higher than

the value for a complete graph which indicates that a higher portion of the possible connections
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that may exist in the interaction between Qualigsérance Program and other nodes is already
established. The maximum path length between in this ego networlkiasliBdicated by the
average path length for a graph, we can conclude that the graph is relatively efficient and more
capable of transferrqndata orasmaller scaleTable 5. 56 highlights key network statistics for the

quality assurance program ego network

Table 5.56 Statistics ofjuality assuranc@rogram Egaetwork

Network statistic Value

Graph density 0.179
Network diameter 2
Average Path length 1.8
Average Clustering Coefficient 0.658

Looking at the clustering of distinctive communities within the Quality Assurance Program Ego
Network, we can observe four clusters with majority of nodes fallitigeirtluster centered by the
Quality Assurance Program itself as show in figls&l). Despite the fact that that this Ego
network has a main core whehe majority of nodes are linked to the cohesive ego, mo#ieof
connected not including those dirgdihked to the Quality Assurance Program tend to be loosely

connected to the cohesive ego and peripherally located.
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Figure 552 Clusters distribution of thquality assurancerogram Egmetwork

5.14.Nuclearpowerplant operationakeadinesprogramfull network

This section discusses the results of the analysis of the full network built with the data collected
on the Nuclear Power Plant Operational Readiness Program. The analysis is focCesattiabity,
Modularity, and Ego Network analysi$he scope of the analysis starts with an overview of the
full network and build on a detailed analysis ahe previous 12 networks. An Ego Network of
Regulatory Requirementsll be studiedasbeingthe most important outcom#ése Nuclear Power

Plant Operational Readiness Program se¢edsatisfy in order to move from commissioning to
commercial operationdletwork graph and Statistiosetrics are computed with the help of Gephi

software
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Figure 5.53 Nuclearpower plant operationakeadinesgrogramfull network



5.14.1Nuclearpower plant operationareadinesgrogramoverview

Figure 6.52 presents the network graph composgdll nodes and relationships thie Nuclear

Power Plant Operational Readiness Program. This network aimed to identify and depict all
interactions between all components forming the structure of the Nuclear Power Plant
Operational Readiness Program as per codes and labelsidigtes cthapter The Graph was
produced using the Force Atlas layout algorithm with a repulsion strength of 2500, among other
visualization parameters. As shown in figue5@), some components of the Nuclear Power
Plant Operational Readiness Program presenttaat@osition in the network, while others are
seen as very peripheral and less influential. This will be further studied and explained in the
coming subsections. Due to the magnitude of the graph which presents a very high number of
nodes and edges, itdsficult to further conclude from visual observation. So, the analysis of the
Nuclear Power Plant Operational Readiness Program Network will be complemented by other
Ego Networks analysis on the critical success outcomes from the program which isdulfill

regulatory requirements needed to get the Operating License (OL).

From the first look, it is noticeable that tlmteractions within the Nuclear Power Plant
Operational Readiness Program look very dense and heavily interconnected in some areas
whereassome other components can be characterized as poorly connected. In many cases, the
nature of interactions in Nuclear Power Plant Operational Readiness Program seems to form
multiple distinct and large hubs around key components like LO Processes (Provide
Environmental Services (ENV0) and Quality Assurance QR0), Strategic Programand most
importantly the regulatory requirements represented by the Operating License (OL) Node. It is
also noticeable that the hub and spoke pattern is quite dorespeetlly in interactions between

both Management System Processes and Strategic Programs with other components in the



Nuclear Power Plant Operational Readiness Program. This pattern of interaction support to a
great extent the fact that Nuclear Power plantsr@mnal Readiness Programs are designed and
structured using procestmsed models. Furthermore, the hub and spoke pattern prevailed in this
interaction explains how key components like each LO process and Strategic Programs are
designed to fulfill speci€ Regulatory Requirements and ultimately instilling those requirements

in the Management Systems Business as Usual (BAU) by design.

5.14.2General characteristics
The structural characteristics of the Nuclear Power Plant Operational Readiness Progoskn ne

are shown iriable 6.57).

Table 5.57 Structural characteristics aficlearpower plant operationareadinesgrogramnetwork

Characteristic Value

Total number of nodes 1839

Total number of undirected interactions (Edges) 3619

The interaction between different components in the Nuclear Power Plant Operational Readiness
Program seems to be efficient and the flow of information seems to be seamless as ingicated

a relatively low dense network. The number of stagen between the two most distant nodes

in the Nuclear Power Plant Operational Readiness Program to reach one another (the maximum
number of connections required to traverse the interaction between Nuclear Power Plant
Operational Readiness Program nodiesB nodes as indicated by the Network Diameter.
Combining this observation with the fact that the maximum path length in this interaction is 0.4

as indicated by the average path length for a graph, we can conclude that Interactions in the
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Nuclear Power RInt Operational Readiness Program is efficient from a communication

standpoint since the maximum path length is half of the network diameter.

5.14.3Networkdensity

As highlighted in many places in this study, Network Density measures how tightly
interconnected the network is. This Network statistical measure calculates the proportion of
existing connections relative to the possible total number of edges. A high degree of interaction
across the network will have higher density levels while weakantions result in low Network
Density. In this network, density measures the linkage between different components of the
Nuclear Power Plant Operational Readiness Program. The value of network density ranges from
0 to 1. A density close to 1 indicatesthNuclear Power Plant Operational Readiness Program
components are strongly linked to each other. While a density of 0.5 suggests the presence of
medium interaction between Nuclear Power Plant Operational Readiness Program components.
A value close to 0 W indicate the existence of weak interaction between those components.
Additionally, the density of the interaction in this network can be used to measure how cohesive
and robust is the Nuclear Power Plant Operational Readiness Program as a whol@sasheel
effectiveness of the program to flilfall regulatory requirements needed to get the Operating
License and moved from the commissioning to the Operation phasalensity of interaction

in the Nuclear Power Plant Operational Readiness Progr@mM02 which suggests that there is

a low level of interaction among Nuclear Power Plant Operational Readiness Program

components to what relatively could be established.
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5.14.4Network clustering coefficient andodularityanalysis

Network clusteringcoefficient group nodes based on the strength of their relationships into
distinct clusters. This Network Statistic provides the ability to measure the level at which Nuclear
Power Plant Operational Readiness Program components are grouped togetheosed tup

being equally or randomly connected across the network. Clustering coefficient Scores have an
inverse correlation with other network statistics, including several of the centrality measures,
mainly when we are analyzing at the global level (th&reeMNuclear Power Plant Operational
Readiness Program Network). Clustering coefficient calculation is based on measuring the
number of closed triangles (triplets) relative to the potential number of triangles (triplets)
available in the Nuclear Power PtaDperational Readiness Program. in essence, this measures
the degree to whickeconetier components are connected to one another (Friends of friends).
High Clustering coefficient scores are highly anticipated from tightly knit hubs and distinctive
commurities, whereas dispersed and remotely scattered networks might be expected to produce
lower scoresThe averageClustering Coefficient for this network is 0.21 which indicateat

some weldefined clusters can be identified in interactions among diffe@mponents of the
Nuclear Power Plant Operational Readiness Program. Modularity class analysis showed that
components of the Nuclear Power Plant Operational Readiness Program are distributed across 13
distinct communitiesThe sizedistribution of the 1Xlusters is shown in figurés(63. This
property strongly correlates with the Nuclear Power Plant Operational Readiness Program
robustness to failure. It turned out that the 13 major hubs are concentrated around specific
components like LO or Strategiadgrams whichare linked to a unique group of regulatory
requirements, roleor plant systems. This structural configuration allows fdawdt-tolerant

behavior and fosters resilience in the Nuclear Power Plant Operational Readiness Program.
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Figure 5.54 Clusters size distribution in the interactions between different componentsnofciearpower plant operational
readinesprogram

As seen in figureg.52), three key clusters are centered around one comporartas a high
betweenness Centrality. Two of those distinctive clusters are centered aroundtbed®f
processes namely; Quality Assurance (@A and Managing Environmental Services (ENV

LO). Whereas, the third cluster is centered around the mosactsticcess criteria for the Nuclear
Power Plant Operational Readiness Program which is getting the Operating License. Ego
Network Analysis will be used to Analyze Quality Assurance {{@) and Managing
Environmental Services (ENV0) structures witta sufficient level of granularity to understand

the nature of influence they have on other components and clusters in the Nuclear Power Plant
Operational Readiness Program.

The main focus of this work is to model all possible interactions among all compohéinés
Nuclear Power Plant Operational Readiness Program and to analyze the impact on the program
success criteria which is fulfilling the Regulatory Requirements needed to get the Operating
License. Therefore, it is very important to use Network Analisisegment and analyze and

Regulatory Requirements Nodes. To do so, the ego network tool will be used. An Ego Network
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consists of a focal node (which is called t
to it. This relationship can be direateaning that the nodes are adjacent, or it can be derived in
second levels. The use of this technique will allow the model and study of the influence that
different components in the Nuclear Power Plant Operational Readiness Program has on each of

those Rgulatory Requirements and subsequently on the Operating License (OL) Node.

5.14.5Network centrality measures

Centrality statistics helfp demystifycertain characteristics in the interactions between different
players in the Nuclear Power Plant Opienadél Readiness Program. As explained earlier, there

are many ways to measure centrality and each of these approactes helderstanding a
specific type of centrality, as opposed to offering competing versions of the same measurement.
Centrality measures help in identifying which components of the nuclear power plant operational
readiness (5Ps) have more influence over other components in terms of achieving the intended
benefits represented by fulfilling the Operating License (OL) Regnt Requirements.
Furthermore, Centrality is an essential measure of the information flows between different
components of the Nuclear Power Plant Operational Readiness Program when assessed jointly
with other statistics to form a comprehensive and atewnderstanding of information flow and
efficiency of interaction. On one hand, the Closeness Centrality measure the ability of certain
component within the Nuclear Power Plant Operational Readiness Program to access and
transmit information througtithe network quickly. It also indicates how close a specific
component is from every other componenthia Nuclear Power Plant Operational Readiness

Program. Components with high closeness centrality have a central position in the network since
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t hey 0r eotherl nodese Ontthe other hand, Betweenness centrality measures the degree
nodes within this huge network offer the most direct path/Bridges between otherwise
disconnected ClusterA. higherbetweenness centrality score for a specific component provides

a perspective on how critical that component to maiimtgitne structure of the Nuclear Power

Plant Operational Readiness Program. Unlike other centrality measures, betweenness centrality
provides a different perspective for those poorly connected ndugsniight be critical to the
network by being bridges between key other components. Figli4 presents the results of

the analysis of Betweenness and closeness centrality in the Nuclear Power Plant Operational

Readiness Program
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