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ABSTRACT 

The growing interest in nuclear energy in response to the rising cost of energy has brought 

forward the potential of fusion energy. Nuclear fusion has been developed since the 1970s; 

however, the commercial realisation of fusion energy has only gained some significant progress 

in recent years. The need for an economic fusion design and a clear regulatory framework were 

emphasised across the industry.  

An innovative methodology was developed to investigate the key differences in safety designs 

and regulatory requirements between nuclear reactor types by mapping nuclear safety features 

to regulatory fundamental principles. Safety features were extracted from safety cases of two 

research reactors, including a research fusion reactor (Joint European Torus) and a research 

fission reactor (Tsing Hua Open-pool Reactor), and a safety case of a commercial fission 

reactor (Hinkley Point C). A comparative analysis based on the maps has revealed differences 

between hazards profiles of fission and fusion reactors. Furthermore, the three maps formed a 

basis for the development of a regulatory safety map for a commercial fusion reactor. A 

predicted map was produced, which demonstrated a significant increase in the number of safety 

features compared in the commercial fusion reactor compared with research ones. Additionally, 

the map also revealed an order of priority in the safety designs of different design areas. 

Qualitative data using a semi-structured interviews were conducted to investigate the current 

practice in the safety design of a commercial fusion reactor, which was used to validate the 

prediction methodology.  

The successful delivery of a fusion design relies on an effective design approach to overcome 

the complexity of fusion reactors. An investigation into the challenges in implementing 

concurrent engineering design process was conducted through a literature review. Three major 

challenges were identified: effective communication systems, implementation of design 

reviews and compatibility of tools. Key attributes and capabilities of an integrated digital 

environment were identified and examined for the potential in overcome these challenges. A 

case study was conducted in the STEP programme at UKAEA to study the current design 

process of a commercial fusion reactor. The study revealed that the use of simulations models 

and digital tools has helped reducing some level of these challenges; however, they still exist. 

It was highlighted that an integrated digital environment is needed to effectively implement a 

concurrent design approach.   
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CHAPTER I.  INTRODUCTION 

1.1.  Background of the study 

Fusion energy is often recognised for its long development time. Construction of the Joint 

European Torus (JET) began in 1978 while construction of the International Thermonuclear 

Experimental Reactor (ITER) began almost 40 years later. Considering JET is the physical 

model for ITER, the large gap between their development made it challenging to maintain 

knowledge, to keep up with technological advances and to recognise economic impacts. On 

the other hand, the nuclear fusion reaction requires an extreme environment with plasma 

temperature over 100 million degrees while being very sensitive to its conditions such as fuel 

injection control, contaminated species or turbulence controlled by the magnetic fields. Striking 

a fine balance between these conditions is a challenge in order to sustaining the fusion reaction. 

Additionally, the development step from an experimental reactor to one that supplies electricity 

to the grid requires even more complex infrastructure to convert fusion energy for commercial 

consumption while adhering to strict nuclear regulations, competing with other energy sources 

and managing a full lifecycle.  

Recently, Patterson et al. (2019) proposed a framework combining an integrated nuclear digital 

environment and the pyramidal hierarchy from the aerospace industry to detail the process of 

“design-build-operate” for fusion powerplants. This was built on their previous Integrated 

Nuclear Digital Environment (INDE) framework (Patterson et al., 2016) that was designed for 

fission powerplants. INDE was conceived to be a combination of “interconnected multi-scaled, 

multi-physics computational models” and “digital measurement data from experiments, in-

service monitoring and plant inspections”. The digital environment was proposed to shorten 

the development times, reduce costs and improve the performance and safety of nuclear 

infrastructures (Patterson et al., 2016). Additionally, the product lifecycle of a nuclear 

powerplant would receive significant added value at every stage such as design optimisation 

and credibility at the design stage, safety and cost effectiveness at the decommissioning stage, 

and assured outcome at the waste disposal stage. While fission and fusion reactions are 

different in principle, their product lifecycles are similar. Thus, this project attempts to further 

investigate the potential impacts of a digital environment in enabling the design exploration 

and regulatory approach to the development of fusion powerplants.  
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1.2.  Rationale and motivation of the study 

Nuclear energy generation is often characterised by the very long lifecycle as depicted in the 

original INDE framework, which is true for both fission and fusion powerplants. The 

construction time of a powerplant could last up to 10 years in most western countries, which 

does not take into account the design, development and regulatory approval time. While the 

energy conversion methods are different, both fission and fusion involve irradiation, 

radioactive materials and wastes, and highly complex infrastructure in the balance of plant. It 

is safe to assume that the timescale and interface between real world and digital environments 

across the fusion powerplants lifecycle (two leftmost columns) would remain the same as the 

fission ones in the original framework, as shown in Figure 1.  

 

Figure 1. Schematic diagram showing the adaptation of the integrated nuclear digital environment 

(Patterson et al., 2016) to fusion devices with updated added valued and exemplar applications. 

In the design phase of the fusion powerplants (the first row of the framework), it is critical for 

designers to realise and expand the design space from every possible perspectives to ensure 

nothing is missing (Buede and Miller, 2016). The virtual prototype could contain diverse 

abstract forms of design such as sketches, prototypes, architectures and parametric 

configurations or geometric models, which would be used for multiple-purposes (Mathias et 

al., 2018) and continuously updated as the design process matures (Jones et al., 2019). Fusion 

powerplants are large scale, highly complex and integrated systems (Ciattaglia et al., 2017), 

different combinations of components and architectural configurations would need to be tested 

quickly and consistently(Charif et al., 2019). Grieves and Vickers (2017) highlight emergent 



3 

behaviour of coupled systems that could prove to be serious issues in the later phase of the 

product lifecycle if they are not identified early. This is due to the lack of understanding of the 

dependencies in the coupled system or the differences in the maturity levels of various 

technologies, which are particularly true in the case of fusion due to the large gap in the 

development between devices (Morris et al., 2016). For example, while the JET machine acts 

as a precursor to the design of ITER, it does not contain a breeding blanket which is a crucial 

component to be tested in the ITER machine. Since there is no operating experience and 

physical measurement data, the design of the breeding blanket for ITER would be dependent 

on simulation models that could predict and extrapolate to the fusion conditions. Similarly, the 

design of DEMO requires several systems, such as heat transfer and power conversion systems, 

which were not planned to be built in the ITER machine. Additionally, Patterson et al. (2019) 

highlighted the potential transformation of such emergent behaviours due to changes in scale 

and complexity between fusion devices. On the positive side, the large interest in fusion 

development around the world allows continuous discovery of new knowledge which could 

steadily fill the gap in the understanding of fusion related systems. This emerging knowledge 

could be used to continuously improve the simulations models and update their interconnected 

relationship in the virtual prototype. For instance, an approach is required to integrate and 

connect simulation models that could be perpetually updated, adjusted and enriched with new 

information to allow efficient changes propagation and easy detection of their implication 

(Stark et al., 2010).  

Fusion is a new and emerging technology, a commercial fusion powerplant would be classified 

as a First of a Kind (FOAK) that is characterised by a lack of operating experience. Fusion 

reactor control is a complicated task which requires continuous and simultaneously 

management of several operating parameters including the control of plasma shape, internal 

pressure and current, fuelling and heating profiles, etc. (Pironti and Walker, 2005); which also 

depend on power output performance and safety. As discussed previously, a digital twin built 

on the virtual prototype would have the capability to simulate not only all control parameters 

but also their coupling effects. Additionally, the analytical capability of the digital twin could 

continuously provide information on the optimal operating regime, which would allow the 

operators to make data-driven decisions to maximise plant performance and safety. On the 

other hand, maintenance costs for a complex infrastructure like a fusion powerplant could be 

extremely high; the multi-scale, multi-physical simulation model and real-time data input of a 

digital twin would allow prediction of damage (Glaessgen and Stargel, 2012), diagnosis of 
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faults (Xu et al., 2019) and continuous monitoring of the system’s health (Tao et al., 2018). The 

constant monitoring of plant’s condition would help anticipate and plan maintenance activities 

based on evidence of component damage or system faults (Nikolaev et al., 2019). At a high 

level of maturity in the simulation models, Sivalingam et al. (2018) argued that a reliable 

prediction of component degradation could be achieved, thus allowing a predictive 

maintenance strategy. Such a maintenance strategy would allow timely maintenance activities 

to take place that could improve safety and reliability of the system. Moreover, a reduction of 

preventive maintenance activities could be achieved by eliminating unnecessarily scheduled 

activities, which potentially lengthen the operational duration between maintenance shutdown 

and save costs.  

In the later stages of the powerplant’s lifecycle, the added value remains the same across fission 

and fusion. This is because even though they are fundamental different in the generation and 

recovery of energy, their end-of-life units would suffer from irradiation damage, contamination 

of radioactive materials and residual decay heat. Thus, the decommissioning replica, which 

contains all design information, operational data and models from its former digital twin, could 

provide a basis for inspection procedures to gather the necessary data to inform a safe and cost-

effective decommissioning plan (Kim et al., 2006). Oti et al. (2022) identified the need to link 

safety and regulation to decommissioning items or tasks through the use of Building 

Information Model. They proposed that this approach could provide contextualised regulatory 

information that would enhance the execution and compliance of decommissioning tasks. 

Additionally, Jharko et al. (2021) emphasised the importance of design decision and 

construction information to be stored and readily available in the decommissioning stage. It is 

expected that fusion would not produce any long-term radioactive waste, but a substantial 

amount of intermediate level waste would still be generated during the reactor operation. 

Therefore, information such as material choices, construction techniques and chemical usage 

would greatly benefit the process of waste categorisation and consignment in the next stage, 

interim waste storage. Continuous monitoring of the waste package condition and location 

using sensors attached to the waste packages could provide further characterisation data to the 

digital waste form. The characterisation data could inform and support the storage management 

strategy by allowing digital models to be built for disposal stage (Park et al., 2022, Patterson 

et al., 2016). Finally, since the disposal of fission waste would likely be much longer than the 

deposal of fusion waste, the digital models of fusion waste could be integrated with the long-

term fission waste models. The integration could potentially help maximise the use of fission 
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long-term waste disposal facilities, which could support the economic argument of nuclear 

energy as both nuclear reaction types are likely to coexist in the near future.  

All five stages of the product lifecycle of fusion powerplants could be impacted significantly 

by adopting the concept of an integrated nuclear digital environment. Particularly the 

application of an INDE in the design phase of fusion not only brings great added value in the 

expansion and realisation of the design space, but also develops a critical foundation for the 

later stages of its lifecycle. Additionally, together with the guidance on a enabling regulatory 

culture (ONR, 2020) and the recent development of regulatory frameworks (BEIS, 2021), the 

potential benefits of developing a regulatory environment has formed the motivation of this 

research project. 

1.3.  Aims and objectives 

Aim 

To investigate the potential provided by the integration of digital environments with the 

regulatory environment to enable innovation in the design of fusion powerplants. 

Objectives 

• To understand the fundamental requirements of the regulatory processes currently 

conducted world-wide and to identify approaches to mapping them into an integrated 

nuclear digital environment (INDE) for both nuclear fission and fusion powerplants; 

• To make recommendations on approaches to regulatory approval for fusion 

powerplants.  

• To explore the impact on the design parameters and the potential for innovation and 

design from the deployment of an integrated nuclear digital environment.  

1.4.  Structure of dissertation  

The structure of this thesis is as follows. A literature review of current regulatory approaches 

in nuclear industry and the current development of digital environments is presented in Chapter 

II. An approach to systematic literature reviews to understand how a digital environment could 

impact the demonstration of regulatory compliance is described in Chapter III. Chapter IV 

describes a methodology for mapping safety features and regulatory principles for fission and 

fusion reactors. Chapter V extends the mapping process to predict a regulatory map for a fusion 
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commercial powerplant. In chapter VI, the potential application of digital environment in an 

engineering design process using a case study is discussed. In Chapter VII, the significant of 

the study and limitations of the study are discussed. Finally, some conclusions and 

recommendations for future work are drawn in Chapter VIII.  
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CHAPTER II.  LITERATURE REVIEW 

2.1.  Regulatory approaches in nuclear industry 

2.1.1  Current regulatory processes in nuclear industry 

In most countries that use nuclear power generation, the nuclear licensing process follows the 

guidance from the International Atomic Energy Agency through various safety standards such 

as the Specific safety guide in the licensing process for nuclear installations (IAEA, 2010). In 

the UK, the licensing process is broken down into 6 major steps: establishing a “licensable 

organisation”, preparing “license application dossier”, applying for license, assessing site 

license, granting site license and regulating under granted license (including construction, 

commission and operation) (ONR, 2021). Similar processes can be found in several countries 

including USA, France, China, Korea and Japan (NNSA, 2018, NSSC, 2023, NEA, 2011, 

NRC, 2004). However, there are differences in their regulatory approaches (namely 

prescriptive and non-prescriptive approaches) when it comes to establishing the regulatory 

frameworks and rules. The following paragraph will describe briefly the approaches with their 

advantages and disadvantages. 

A prescriptive approach had been widely adopted in countries such as USA and France in the 

past. In this regulatory approach, precise rules are specifically created for particular situations 

or actions. The prescriptive rules describe actions that regulatees can or cannot take, and 

provide descriptions of the compliance requirements for the specific situation. For example, 

the United State National Regulatory Commission (NRC) set occupational dose limits for 

radiation workers, which require the licensees to report the exposure dose of their workers and 

demonstrate the limit has not been exceeded. The specific description of the rules allows the 

licensees to understand the exact requirements which can be interpreted and demonstrated with 

certainty.  This can help the design of organisational processes and procedures to achieve the 

required limits. Additionally, the level of certainty provides the licensees with confidence in 

their investments in the technologies or assets that have been assessed according to the rules. 

On the other side, for the regulators, the rules describe specific actions for a given situation and 

thus the regulators can compile evidence to decide the level of compliance of the regulatees. 

Thus, the regulators are less likely to exercise their judgement, which can cause more cost due 

to additional investigations and regulatees’ cooperation. Moreover, Sullivan (1992) argued that 

the lack of regulatory bias should allow a consistent and fair enforcement of regulation for all 
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regulatees. Decker (2018) highlighted that the prescriptive approach can also provide a clearer 

system for determining accountable parties for the specific regulatory action. However, there 

are also several disadvantages to the prescriptive approach. Firstly, it can incur more cost due 

to the potential abundance of rules to ensure every contingency is covered for all situations. 

Regulatees are subjected to comply with all requirements, thus investments need to be made to 

ensure coverage of every possible action regardless of their actual risks. O'Donnell (1979) 

criticised the NRC policy on achieving higher safety standards and argued the need for cost-

benefit analysis to justify the investment for the reduction in risk. Furthermore, the level of 

resource involved in understanding and complying with the rules can lure regulatees into not 

only the mechanistic mindset of box-ticking without considering the bigger picture but also the 

desire to exploit loopholes and to “game the rules” (Decker, 2018). As a result, access to 

resources becomes a necessity due to the need to navigate around the prescriptive rules. 

Secondly, Sunstein (1995) highlighted a problem of the prescriptive approach in reflecting 

significant changes as the precise rules will constantly need to be adjusted and adapted, which 

was not usually the case. Revision of rules for a specific context can also be hindered by the 

level of understanding and information available to the rule makers. Thus, the rules can remain 

static and become obsolete, which potentially holds back the development of technologies. 

Moreover, drafting precise rules is a difficult task due to the ambiguous nature of language that 

can result in different interpretation of a rule or a set of rules in the specific situation.  

The opposite of the prescriptive regulatory approach is none other than a “non-prescriptive 

approaches. However, there are a number of different terminologies used in a “non-descriptive 

approach” such as “principle-based approach”, “standard-based approach”, “outcome-based 

approach”, “performance-based approach” and “goal-based approach” (Decker, 2018). It was 

highlighted that there was confusion as some terms were often used interchangeably such as 

“principle-based approach” and “standard-based approach” or “performance-based approach” 

and “outcome-based approach”. Additionally, Black (2008) described the ambiguity that 

existed even in the use of a single term “principle-based approach”. On the other hand, the 

“goal-based approach” was defined simply by the focus on regulatory objectives rather than 

precise rules that are specified by the regulators. Decker (2018) argued that a common 

characteristic of all the above terms is the deviation from specific and precise regulatory 

requirements to word an “open-textured” strategy that incentivises the regulatees to actively 

search for an effective, efficient and innovative compliance strategy. In this approach, 

regulatory objectives are often set at a high level in the form of goals, standards, outcomes or 
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principles, which the regulatees can interpret based on their own context and substantiate their 

arguments to demonstrate compliance with the regulatory objectives. Additionally, the high-

level setting of regulatory objectives allows changes to be incorporated more easily and rapidly. 

The regulatees are incentivised to use the most up-to-date information and technologies to 

demonstrate compliance. This is particularly important in responding to market volatility or 

new hazards. On the side of regulators, expert judgement can be exercised in assessing the 

arguments and substantiative evidence to determine the level of compliance with the regulatory 

objectives. Thus, regulators can tailor their assessment to fit the size and risk profile of 

regulatees (Sullivan, 1992, Sunstein, 1995), and at the same time, they also can be innovative 

in developing the methods of evaluation and enforcement. However, there are difficulties in 

achieving the flexibility in this approach. Sugarman (2009) questioned the differences between 

the intended regulatory goals and its interpretation, which it was argued that they might not 

fully aligned. Similarly, Braithwaite (2002) focused on the role of the interpreters and their 

critical influence in the achievement of regulatory goals . Additionally, the flexibility of “non-

prescriptive approach” can result in a level of uncertainty in demonstrating regulatory 

compliance. Large companies may have the resources and information to seek out the best 

actions to satisfy the regulatory requirements. However, small companies may not have the 

resources and have to rely on external consultants to look for compliance methods, thus 

incurring additional costs and put them at a competitive disadvantage (Coglianese and Lazer, 

2003). Innovation and effectiveness in demonstrating compliance is the key characteristics of 

this approach; however, the search for alternative substantiation methods can lead regulatees 

to engage in activities that have undesirable consequences such as increased costs and ethical 

issues. For example, one of the well-known regulatory principles in the nuclear industry is to 

reduce risk ‘as low as reasonably practicable’ (ALARP), which can lead nuclear operators to 

pursue high level of conservatism in their risk reduction strategy at a significantly high relative 

cost-benefit ratio (O'Donnell, 1979). Black (2008) suggested that non-mandatory guides can 

be produced to provide examples of compliance to improve regulatees’ understanding in how 

compliance can be achieved. However, the regulatees can choose to follow the guidance as is, 

which would defeat the purpose of the “non-descriptive approach”. Therefore, it is important 

that the level of detail of the examples should be considered carefully. 

These differences between the regulatory approaches are likely to influence the designs and 

content of the safety cases used in Chapter IV, of which the Tsing-Hua Open-pool Reactors 

(THOR) is regulated using the NRC regulatory approach (prescriptive), the Hinkley Point C 
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(HPC) is regulated under the ONR (goal-based regulatory approach), and the Joint European 

Torus is regulated under the environmental agency. Therefore, it would be important to 

recognise and identify the safety relevant information objectively without being influenced by 

the regulatory framework. This unbiased perspective is essential for a thorough and accurate 

evaluation of safety practices in both nuclear fusion and fission.  

2.1.2  Challenges in regulating nuclear facilities 

Every nuclear powerplant built or under constructions is based on nuclear fission. The 

technology has been developed over 60 years and proven to be an alternative energy source 

with low carbon footprint in the effort to reduce global warming (Patenaude and Bloomfield, 

2022). The ability to generate base-load electricity for the grid can be an essential contribution 

to the clean energy mix due to the cyclic nature and reliability of renewable energy and energy 

storage. However, Davis (2012) highlighted the low number of new build nuclear powerplants 

in the West since the 1990s compared to the period between 1960-1980s. The authors identified 

several reasons including nuclear accidents (such as Three Miles Island, Chernobyl and 

Fukushima), construction costs and the economic competitiveness of nuclear power generation. 

The former reason, particularly the accident at Fukushima, not only had a strong impact in 

many countries on nuclear policy such as Germany, Italy and Switzerland who proposed to 

phase out their nuclear power capability; but also resulted in significant revision of nuclear 

regulatory frameworks all around the world. Unanticipated events and human factors were 

strongly emphasised in the case of the Three Mile Island accident, which resulted in the demand 

for additional layers of defence and more stringent requirements. The Chernobyl accident 

focussed attention on passive safety reactor design as a key regulatory requirement. Finally, the 

Fukushima accident established a strong movement towards protection against external events 

creating severe accident scenarios (Zhipeng et al., 2020). Nishimura et al. (2015) highlighted 

the need for the continuous improvement of the regulatory system to enhance safety of nuclear 

facilities. They called for cooperation between experts and regulatory organisations to form an 

international standard for nuclear safety. Similarly, Knapp and Pevec (2018) argued for an 

international licensing procedure and a mandate to intervene unsafe nuclear facilities around 

the world (Budnitz, 2016; Raetzke and Micklinghoff, 2012). However, they also highlighted 

that unifying political views and industrial engagement can be a challenge due to national 

security and market competitiveness. This was demonstrated clearly in the study of Karim et 

al. (2018) which described the journey Bangladesh took to adopt nuclear power. The country 

has little technological capability related to nuclear power and has to rely on support from 
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Russia. Conversely, Lomonaco et al. (2021) underlined a safe and reliable nuclear facility can 

be achieved by adopting a safety culture in the organisation that continuously evolves and 

harmonises with other organisations around the world.  

Conversely, the experience and lessons learnt from the reactors accidents have also resulted in 

“the most strict regulatory requirements” according to some experts in the study of Patenaude 

and Bloomfield (2022). It was pointed out that the construction time and cost had increased 

significantly as a result, from 5 years to over 14 years and more than two times the cost in some 

cases (Mossman, 2003, Grubler, 2010). The long regulatory process and high construction cost 

of a nuclear powerplant makes it a less attractive option to investment firms compared to other 

energy sources. Berthelemy and Escobar Rangel (2015) argued that standardisation of design 

can reduce the cost of constructing a new powerplant. However, the continuous evolution of 

higher regulatory standards can put pressure on reactor designs to adapt, thus incurring more 

maintenance costs as a result. It has been emphasised that minimal improvements in safety 

have been achieved at a significantly higher cost (Patenaude and Bloomfield, 2022). Though, 

the participants in the study were nuclear scientists and engineers who might have been bias in 

their view. On the other hand, Zhipeng et al. (2020) and Ramana (2021) discussed the 

challenges in getting approval for new reactor designs such as the High Temperature Gas 

Reactor (HTGR) in China and the small modular and advanced nuclear reactors around the 

world. Ramana (2021) emphasised that the lack of operating experience for new designs and 

the demanding regulatory process can have cost implications which will influence the 

competitiveness with other energy sources. 

The complexities and challenges associated with the stringent regulations emphasise the need 

for effective compliance strategies. This formed a foundation for Chapter III which was 

designed to investigate the literature on the potential impact of digital environments in 

regulatory process by using a systematic review approach. The set of keywords on “regulatory 

compliance” were taken following the literatures found in this section.  

2.1.3  Regulatory requirements for nuclear fusion 

Fusion energy has been researched for decades but there is a lack of regulatory guidance on 

fusion installations (El-Guebaly, 2023, Shen et al., 2019, Gonzalez De Vicente et al., 2022, Nie 

et al., 2019). However, El-Guebaly (2023) reported that some progress in acknowledging the 

difference between fusion and fission in their radionuclide profiles. The same progress has been 

made in the proposal of a fusion regulation framework issued by the department of business, 
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energy and industrial strategies in the UK1. Shen et al. (2019) summarised the key safety 

features of nuclear fusion reactors, including no criticality accidents and automatic plasma 

termination due to the difficulty in sustaining the plasma in operation. Thus, a fusion reactor is 

inherently safe and attention should be given to other aspects, such as accident consequences, 

operational exposure and waste. Lomonaco et al. (2021) highlighted that fusion accident 

consequences are well-studied but there is a lack of knowledge about determining the 

probability that they might occur. This is due to the complexity of the design of a fusion reactor 

as well as the lack of operating experience, which would prove to be a challenge in 

demonstrating the objectives of any safety requirements (Lomonaco et al., 2021, Shen et al., 

2019, Porfiri et al., 2020). Lomonaco et al. (2021) argued that an appropriate level of 

conservatism and safety approaches could be implemented in fusion regulations, however, their 

unnecessary level of overly conservatism in regulating fusion may impede the accomplishment 

of delivering a fusion facility by incurring significant resources in terms of time, finances, and 

energy (Gonzalez De Vicente et al., 2022, Hirsch, 2016). To overcome this, Nie et al. (2019) 

and Oh et al. (2015) encouraged participation of regulators in the design process for fusion to 

facilitate better understanding its safety characteristics from a regulatory perspective. This 

would allow a concurrency of design and regulation and enable a faster licensing process. 

While, El-Guebaly (2023) promoted a harmonization among international regulatory bodies 

with a unified approach using a shared guiding principle.  

Additionally, fusion research literature has highlighted some key safety areas which should be 

assessed carefully in the development of fusion regulation, including: tritium controls, safe use 

of helium, fusion specific technologies such as high intensity lasers or magnetic confinement 

systems (Knapp and Pevec, 2018, Gibbs et al., 2007). Lomonaco et al. (2021) assessed the 

Preliminary Safety Report of ITER and identified the need for several layers of independent 

and redundant confinement barriers to ensure the containment of all radioactive materials. They 

also suggested that a detritiation system will be required to recover tritium and prevent release 

to the environment. Similarly, Shen et al. (2019) highlighted the implementation of defense-in-

depth and multiple confinement layers would be different relative to current fission regulations 

due to mobility and distribution of radioactive materials in fusion facilities. It was highlighted 

that control of toxic materials was a particular concern in the assessment of ITER (Lomonaco 

 

1 The full consultation and outcomes can be found in the following link: 

https://www.gov.uk/government/consultations/towards-fusion-energy-proposals-for-a-regulatory-framework 
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et al., 2021). On the other hand, Hirsch (2016) was concerned about the risk of using strong 

magnets, fire and explosive hazards due to the use of liquid lithium in fusion facilities.  

El-Guebaly (2023) investigated the options for fusion waste disposal and stated that radioactive 

waste from fusion might experience more strict environmental requirements due to the large 

inventory of tritium. Similarly, Shen et al. (2019) and Gonzalez De Vicente et al. (2022) 

emphasised the selection of low-activation materials to reduce decay heat and to minimise the 

volume of fusion waste. Even though fusion power might not produce high level waste, it was 

also pointed out that recycling is particular important for fusion waste due to a significant 

volume of low-level waste and intermediate-level waste. Thus, it was highlighted that better 

guidance on interim storage and disposal facilities is needed. 

In contrast, the proliferation risk of tritium being used for military purposes was raised as a 

concern by Kovari et al. (2018). The authors highlighted that a proposal of an international 

control of tritium has been raised, however an international regulatory body is still needed. 

While, Sievert and Johnson (2010) described the to the challenges in tritium detection 

compared to fissile materials, which make it more difficult in monitoring border control.  

This section reviews the regulatory requirements for fusion powerplants, highlighting their 

unique characteristics. Understanding these features provided critical insights for analysing the 

JET safety case in Chapter IV and V to extract key safety features and offer context for 

comparisons. In addition, this review lays the groundwork for the exploration in the potential 

applications of an integrated digital environment in the design and innovation of fusion 

powerplants. 

2.1.4  Regulatory approaches in other highly regulated industries 

Industries such as aviation, medicine, railway and automotive typically undergo stringent 

safety assessment procedures to ensure appropriate safety standards (Nair et al., 2014, Santos 

et al., 2012). It has been highlighted that systematically identifying the required information to 

be presented as evidence within a specific industry and ensuring adherence to a particular set 

of relevant standards is difficult as shown in Table 1. Czerny et al. (2014) and Jackson et al. 

(2007) criticised the open nature of regulatory standards which leads to various interpretations 

of the evidence requirements outlined in the standards, uncertainties in applying the standards 

and substantial accumulation of evidence to fulfil safety criteria. Crucial details, which will 

subsequently be needed for certification, could be overlooked during the system development 

phase by the designers. Potential disruption and delay to the regulatory approval process are 
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direct consequences of such uncertainty in evidence collection (Rodriguez-Dapena, 1999), 

which can result in slower time to market, increased cost and loss of competitive advantage. 

Thus, it is necessary to have clearer instructions for construction safety cases, breaking down 

arguments and evidence in a manner that facilitates a more precise and cost-efficient 

demonstration of compliance. This need was highlighted across all industries studied in Table 

1. For example, Dittel and Aryus (2010) examined the difficulties associated with interpreting, 

implementing, and determining the appropriate level of detail when constructing safety cases 

for compliance. These challenges encompass issues related to understanding, execution, and 

pinpointing the optimal depth of information required. Various items of evidence may possess 

varying degrees of credibility based on their source, or they may offer differing levels of 

contribution toward meeting distinct compliance requirements. Similarly, Evans and Kelly 

(2008) investigates the criteria for evidence in defence standards and civil standards. They 

highlighted that effective argumentation plays a significant role in demonstrating and justifying 

how the gathered evidence substantiates safety claims. The same conclusion was reached by 

Sun and Kelly (2009) in their study of aircraft certification. However, Czerny et al. (2014) were 

concerned that creating a clear, concise, and coherent safety case can be challenging given the 

extensive and diverse nature of the materials involved. 

Table 1. Challenges and needs addressed in different application domains (Nair et al., 2014) 

 

On the other hand, the differences between various certification approaches have proved to be 

a major challenges, including aviation and medical industries. Cardoso et al. (2022) 
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investigated the primary concerns arising from the certification approaches that have been 

employed for aerial vehicles across the world. They highlighted that a compliance strategy 

accepted by one authority may not necessarily be recognised by the other, leading to the need 

for additional certification efforts and potentially substantial increases in associated costs. Park 

et al. (2023) identified similar issues in their analysis of the Korean and foreign engine 

airworthiness certification systems. Therefore, the establishment of a collaborative framework 

for civil aircraft safety and certification between nations necessitates a process of building 

mutual understanding and trust in the broader certification system (Yang et al., 2022, Park et 

al., 2023). On the other hand, (Santos et al., 2012) criticised the number of definitions, 

classifications and stakeholder requirements in certifying medical devices. They proposed a 

robust product development to navigate the complexities inherent in medical device 

development. Serving as a mechanism for communication, decision support, and process 

output review, they argued such methodology plays a crucial role in enhancing acceptance, 

facilitating effective risk management, expediting time to market, and improving the overall 

corporate image. Moreover, it can also be helpful in capturing and addressing customer needs. 

The introduction of new system capabilities is increasingly challenged by the complexities and 

lack of safety approval processes. Mozdzanowska et al. (2008) employed a feedback model to 

illustrate the propagation of changes in complex systems. They also highlighted the pivotal 

aspects within the dynamics of system changes, particularly focusing on the interplay of 

stakeholder cost-benefit dynamics and safety approval processes. Spencer (2023) examined the 

certification process for a prospective hydrogen-powered aircraft and how it would impact the 

aircraft's design. While literature on hydrogen-fuelled flight is rich, the aspect of certification 

has often been underexplored. The author identified that existing regulatory requirements may 

still be applied but considerations for new technologies and unconventional designs would be 

needed. On the other hand, Yildiz (2022) highlighted the lack of industry standards and 

regulations for electric propulsion architectures in the aviation industry despite the technology 

being recognised as pivotal technologies for the future of aviation. They argued a potential 

approach that involved dividing the propulsion system into two primary systems and devising 

a certification model for the subsystems, thus simplifying the deployment of hybrid 

architectures in both the design and certification phases. (Buzzo et al., 2023) proposed an 

approach to certifying disruptive technologies in aircraft development by integrating safety 

assessment into the system’s development. It was done by adopting a system safety assessment 
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to determine critical components, which are then compared to existing requirements to identify 

any gaps. 

The regulatory approaches in other highly regulated industries have established a context and 

basis for comparison with the nuclear industry. Examining their regulatory framework, 

compliance strategies, and safety practices could help identifying valuable lessons that can be 

adapted to the nuclear sector. Conversely, good practice from the nuclear industry can also be 

applied to improve the regulatory process in other fields, thus promoting cross-industry 

learning and adaptation.  

2.2.  Development of digital environments in highly regulated industries 

2.2.1  Definition of digital environments 

There is no unique definition of the concept of a digital environment but rather, it is defined 

based on the specific context that it is adapted to (Platonova et al., 2022). However, digital 

environments are not simply the digitisation of a physical asset or system, the capabilities of 

the environments require the integration of digital tools, data and information. In the context 

of engineering, the attributes of a digital environment are characterised by the Internet of 

Things and Big Data (Sestino et al., 2020). Neto et al. (2020) investigated the capability of 

handwritten recognition through the use of natural language processing technique in a digital 

environment. The environment allows handwritten documents to be recognised by the machine 

through sensors and imagery. Similarly, Choudhary et al. (2022) described the use of the 

Internet of Things devices, sensors and technologies in creating smart cities, thus establishing 

a novel digital environment. Motyčka et al. (2022) extended a mathematical simulation model 

for the design of a smart construction site to become a digital environment. Another capability 

of a digital environment involves the integration of Building Information Modelling. Acerra et 

al. (2022) considered a digital environment for construction projects that integrate both 

Building Information Modelling and simulations of a real construction project. While, Collinge 

et al. (2022) used the term “BIM digital environments” to refer to the integration of digital tools 

and a risk library within Building Information Modelling to support designers in performing 

safety assessment. Furthermore, advance technologies such as artificial intelligence, virtual 

reality, augmented reality and digital twins are also seen as digital environments. For example, 

Deebak et al. (2022) proposed an integration between cognitive science and artificial 

intelligence to enhance interactions with humans in the digital environments. Ordóñez-Bolaños 

et al. (2023) considered digital twin technologies in a digital environment that can be connected 
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to the physical asset. Additionally, Bruno et al. (2022) integrated the virtual reality capability 

with digital twinning technology to create an “all-in-one” digital environment of cultural and 

architectural heritage.  

In this thesis, a digital environment will be defined as a comprehensively multiscale and 

multiphysical computational models, which can be used to create a digital copy of a physical 

object or process. The environment can utilise existing codes, models and software, therefore 

it possesses the inherent benefits from current digital tools. Additionally, a digital environment 

allows a complete and detail view of the product with its components, surrounding environment 

and lifecycle, which facilitate better communication between the designers, developers, owners 

and regulators. Additionally, the different terminologies require a strategy in choosing specific 

set of keywords in Chapter III to allow a focused and effective literature search and analysis.  

2.2.2  Current applications of digital environments in highly regulated industries 

Digital technologies such as advanced monitoring systems were developed as early as the 

1990s in the aviation industry (Augustin et al., 1997). Bartelds (1998) discussed the challenges 

of manual inspection and suggested an automated and integrated damage detection system 

could provide an alternative solution. Tejasen et al. (2022) highlighted an increase in the use of 

artificial intelligent and machine learning techniques in aviation applications to predict and 

identify patterns that may not be recognised by human inspection. However, they pointed out 

that such technologies might face challenges in certification process due to the difficulty in 

justifying the rationale behind the algorithms. It was also highlighted that only few of various 

established standards and guidelines for machine learning in the aeronautics, automotive, and 

industrial sectors provide substantial coverage of learning objectives and means of compliance 

(Kaakai et al., 2022). They also emphasised that information flow requirements and traceability 

are among the issues that were not discussed in detail. Similarly, Pérez-Castán et al. (2022) 

urged the need for new regulatory frameworks and guidelines to artificial intelligence and 

machine learning based systems. They highlighted that the current methodology failed to 

recognise time-dependent parameters due to the static nature of compliance metrics. 

Additionally, Daw and Beecher (2023) criticised the current certification standards in the 

aerospace that are falling behind the emergence of new technologies. They proposed that a 

model-based system engineering approach to constructing safety arguments using a 

combination of textual and graphical notation to effectively demonstrate compliance. On the 

other hand, Puranik et al. (2020) criticised the performance models used in safety analyses that 
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are unlikely to agree with the actual aircraft’s performance in practice due to underlying 

assumptions and simplifications or the limited capability of available tools and data. They 

proposed a model calibration approach using the manufacturing calibration specifications as 

the basis and flight data as an additional improvement. Moorcroft and Pellettiere (2015) 

described the use of modelling and simulations in demonstrating regulatory compliance. They 

emphasised that modelling and simulation, and verification and validation required better 

communication between the stakeholders to facilitate the approval decision.  

This section further highlights the various digital tools used in highly regulated industries. 

Understanding their terminologies and uses within these industries provided a basis for 

developing additional set of keywords used in Chapter III to ensure a targeted exploration of 

digital innovations. 
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(b) 

CHAPTER III.  SYSTEMATIC LITERATURE REVIEW 

3.1.  Introduction 

Systematic reviews are used to give an unbiased protocol for researchers to conduct a review 

of the scientific literature, case studies or previous results and data (Collaboration, 2019). The 

overall process of a systematic review provides a rigorous method for searching the scientific 

literature. It has an excellent benefit in providing a structure for starting out a search. Moreover, 

since the inclusion/exclusion criteria were strictly followed, there is no bias involved in 

selecting the articles. The technique has been adopted in many different areas, but mainly in 

the area of medicine. Furthermore, it has also received increasing attention as shown in Figure 

2. In particular, the rate of adoption of systematic reviews in Engineering has been relatively 

high in recent years. At the time of this study (2019), there was under 8% increase in 

engineering traditional literature review articles while the number of systematic literature 

reviews grew by 27% from the previous year. Thus, the growing trend motivated this systematic 

literature study to explore the current knowledge in the literature answering the following 

research question: 

How digital environments have impacted the demonstration of regulatory compliance? 

The following section will describe the literature search process including the development of 

a list of keywords in section 3.2, the search result is described in section 3.3, the literature 

review of selected articles is provided in section 3.4 and a conclusion of the study is presented 

in section 3.5. 

   

Figure 2. Number of review articles published between engineering and all areas per year:           

(a) number of traditional literature review articles (b) number of systematic review articles   

(source: Web of Science) 

(a) 
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3.2.  Methodology 

3.2.1  Systematic literature search 

To answer the above research question, the development of a list of keywords for the search 

was designed for the Web of Science database using three main keywords: digital 

environments, digital tools and regulation compliance. Variation of each term were considered, 

and a completed list of keywords are presented in Table 2.  

Platonova et al. (2022) highlighted a range of definitions of “digital environments” currently 

used in the literature. On the other hand, specific components or products of a digital 

environment such as the “digital twins”, “digital thread”, “digital string”, “virtual space” and 

“digital space” were often studied to identify the unique characteristics and potential benefits 

of a digital environment. Additionally, there were variations of the keywords from article to 

article which required the use of wildcards in the search strings to allow coverage of all related 

articles. For example, “digital twin*” was used to ensure that “digital twin” or “digital twins” 

or “digital twinning”, etc. were included. Furthermore, extra terms have been used in between 

the above keywords, especially the keywords “digital environment” (e.g digital health 

environment, digital learning environment, etc..). Boolean operators2 NEAR/x (“x” could be 

any positive integer) helped resolving this type of variation by searching the keywords “near” 

each other within the specified “x” number of words. For example, “digital NEAR/5 

environment” means that if the words “digital” and “environment” are found within five words 

of each other across the article, the record of the article will appear in the search. However, this 

operator would result in different orders for the words, including some incorrect orders which 

could increase the number of irrelevant articles. A limit of five words was used as a trade-off 

to ensure the search covered the relevant literature. Testing also produced a manageable number 

of articles. A full set of structured keywords for digital environments can be found in Table 2.  

Digital tools are widely used in demonstrating regulatory compliance. However, the research 

questions only focused on the relevant types of digital tools that have the capability to be 

integrated or developed into a digital environment. Therefore, there were only a few types of 

digital tools were considered: “data management”, “knowledge management”, “model 

validation”, “prediction validation”, “simulation validation”, “in silico”, “virtual reality”, 

“augment reality”, “VR”, “artificial intelligence” and “artificial reality”. “Digital applications” 

 

2 https://images.webofknowledge.com/images/help/WOS/hs_search_operators.html 
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and “digital tools” were often used interchangeably, thus both keywords were included in the 

search string.  

Table 2. Search string 

Keywords Search terms 

Digital 

environments 

(digital* NEAR/5 twin*) 

(digital* NEAR/5 environment*) 

(digital* NEAR/5 thread*) 

(digital* NEAR/5 string*) 

(virtual* NEAR/5 space*) 

(digital* NEAR/5 space*) 

Digital tools 

(digital* NEAR/5 application*) 

(digital* NEAR/5 tool*) 

“virtual* realit*” OR “augment* realit*” OR “VR” OR “artificial 

intel*” OR “artificial realit*”  

(data* NEAR/5 manag*) 

(validat* NEAR/5 model*) 

(knowledge* NEAR/5 manag*) 

(validat* NEAR/5 simulat*) 

(validat* NEAR/5 predict*) 

“in-silico*” OR “in silico*” 

Regulatory 

compliance 

(regulat* NEAR/5 compl*) OR (legislat* NEAR/5 compl*) OR 

(polic* NEAR/5 compl*) OR (licen* NEAR/5 compl*) OR 

(“regulat* standard*” NEAR/5 compl*) 

(regulat* NEAR/5 approv*) OR (legislat* NEAR/5 approv*) OR 

(polic* NEAR/5 approv*) OR (licen* NEAR/5 approv*) OR 

(“regulat* standard*” NEAR/5 approv*) 

(regulat* NEAR/5 proc*) OR (legislat* NEAR/5 proc*) OR (polic* 

NEAR/5 proc*) OR (licen* NEAR/5 proc*) OR (“regulat* 

standard*” NEAR/5 proc*) 
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Similar to the digital environments keywords, it was evidence in the health sector that there 

could be additional words in between some of the keywords, thus the Boolean operator NEAR 

was used to structure some of the keywords. 

Regulation compliance was slightly more difficult due to the number of synonyms that 

represents “regulation” and “compliance”. The discussion of regulation could involve using 

words such as “legislation”, “policy”, “licencing” and “regulatory standards”. On the other 

hand, the words “approval” and “procedure” could be used to describe to process of regulatory 

compliance. A full list of the combinations of the keywords is listed in Table 2 

To connect the digital environments, digital tools and regulation compliance keywords, the 

Boolean functions AND and OR were used. Since the digital environment and digital tool terms 

were not mutually exclusive, the OR function was used to connect them. While, AND function 

was used to connect them to the regulatory compliance term as shown in the final search string 

in Table 2. 

 

Complete search 

string 

((((digital* NEAR/5 twin*) OR (digital* NEAR/5 environment*) 

OR (digital* NEAR/5 thread*) OR (digital* NEAR/5 string*) OR 

(virtual* NEAR/5 space*) OR (digital* NEAR/5 space*)) OR 

((digital* NEAR/5 application*) OR (digital* NEAR/5 tool*) OR 

“virtual* realit*” OR “augment* realit*” OR “VR” OR “artificial 

intel*” OR “artificial realit*” OR (data* NEAR/5 manag*) OR 

(validat* NEAR/5 model*) OR (knowledge* NEAR/5 manag*) OR 

(validat* NEAR/5 simulat*) OR (validat* NEAR/5 predict*) OR 

“in-silico*” OR “in silico*”)) AND ((regulat* NEAR/5 compl*) 

OR (legislat* NEAR/5 compl*) OR (polic* NEAR/5 compl*) OR 

(licen* NEAR/5 compl*) OR (“regulat* standard*” NEAR/5 

compl*) OR (regulat* NEAR/5 approv*) OR (legislat* NEAR/5 

approv*) OR (polic* NEAR/5 approv*) OR (licen* NEAR/5 

approv*) OR (“regulat* standard*” NEAR/5 approv*) OR  

(regulat* NEAR/5 proc*) OR (legislat* NEAR/5 proc*) OR (polic* 

NEAR/5 proc*) OR (licen* NEAR/5 proc*) OR (“regulat* 

standard*” NEAR/5 proc*))) 
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3.3.  Search result and filtering process 

A breakdown of the search result and filtering process is shown in Figure 3. In the first stage, 

the complete search string was used in advance search mode of the WebofScience database, 

which identified 3118 articles. The full list of articles was exported into a spreadsheet for 

analysis. Using conditional formatting and manually check the title of the articles in the second 

stage, four articles were found to be duplicated and removed. In stage 3, each article was 

assessed against the exclusion criteria which is listed on the top-right of Figure 3. In this stage, 

the article’s title, abstract, summary and introduction, and full text were assessed in 

chronological order. If the article met the exclusion criteria in any order, it would be removed 

from the list. For example, an article with title “Regulation of ARHGAP19 in the endometrial 

epithelium: a possible role in the establishment of uterine receptivity” clearly met the fourth 

exclusion criteria, thus it was removed from the list and the criteria number was recorded. A 

final set of 15 articles were selected for qualitative synthesis as a result at the end of stage 3. 

The references of this set of articles were identified and searched for additional articles that 

could be included. If any article was found to be relevant, they would be added to the full list 

of articles and the de-duplication and filtering process in stage 2 and 3 would be repeated. 

However, no articles were found relevant, thus a critical literature review of the set (excluding 

unavailable articles and a magazine article) collated in Appendix 1, is described in section 3.4 

below to identify the knowledge presented to allow an understanding of the answer to the 

research questions.  

Conversely, the reviewed articles were also mapped against each keyword from the search 

string to investigate the search efficiency. This was done by removing the individual keyword 

from the search string to establish a separate search. A check was done by searching the chosen 

articles in the new search result. If the articles could not be found, it implied that the keyword 

is directly associated with the articles. Full records of the maps are shown in Appendix 2 and 

3. Appendix 2 shows only 6 keywords in the digital component (out of 19) are directly related 

to the selected articles. On the other hand, there are only 4 keywords in the regulatory 

compliance component (out of 15) that links to the reviewed articles. By removing the 

unrelated keywords, the total number of articles reduced significantly by over 40%, which in 

turn lessen the burden on the filtering process. It is evident that the trade-off by widening the 

search string has resulted in an unnecessary number of irrelevant articles. Further refinement 
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of the keyword choices could be done through sensitive analysis on the rate of their appearance 

in key readings from preliminary study and establishing cut-off thresholds. Additionally, 

Boolean operator such as NEAR/x could also be optimised further for individual keyword. 

However, this is difficult task since each combination of keyword varies due to different writing 

structure, thus testing for an optimal value can only be done by explore a wide range of 

literatures which could be time consuming. In conclusion, it is important that keyword choices 

are selected rigorously to ensure enough coverage while achieving optimal efficiency.  

3.4.  Discussion 

In the search for how a digital environment could impact the demonstration of regulatory 

compliance, the reviewed articles from the above systematic literature survey are potentially 

the closest to addressing the research question. The discussion will focus on current knowledge 

of the use of both digital tools and environments in demonstrating regulatory compliance, 

which it is hoped will form the basis to understand the impact of digital environments in 

regulatory contexts. Furthermore, it will allow the investigation of the potential changes in the 

current regulatory framework and industry’s acceptance of the technology. 

3.4.1  Current approaches in demonstrating regulatory compliance using digital tools 

and digital environments 

Digital applications have been widely used in regulatory documents to support the 

demonstration of the requirements in many different areas. Starting from the early work of 

Brady and Sanders (1992) in the nuclear industry, they presented a validation methodology for 

the SCALE computer code system, which was used to predict the reactivity coefficient keff of 

spent fuel casks. The code played an important role in the investigation of different parameters 

affecting nuclear spent-fuel burnup, which allowed a better understanding and demonstration 

of the licensing requirements for nuclear transport casks. Subsequently, MacIntyre et al. (2007) 

and Gulden et al. (2009) summarised several finished and ongoing digital projects within the 

Canadian hydrogen safety program and the International Thermonuclear Experimental Reactor 

(ITER) project. For example, the “intelligent virtual filling station” provided a graphical 

interface to support the design, construction and regulation of hydrogen filling stations. 

Considering the impact of nuclear accidents, Anvari and Safarzadeh (2012) investigated the 

total effective dose equivalence of radionuclides on the public in the case of reactor accidents 

through a simulation using the HOTSPOT code. Extending the scope further to consider 
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pollution in other industries, Rood (2014) evaluated the performance of different air dispersion 

models (AERMOD, CALPUFF, etc.) using the Winter Validation dataset. 

 

 

Figure 3. Flow diagram of the systematic review process 

 

Furthermore, a fast and growing trend of employing digital tools in various forms such as 

computational codes, simulations and in silico models, was observed in the chemical and 

medical sectors (Pavan et al., 2016, Valsecchi et al., 2019). Linninger et al. (1996) described a 

hierarchical approach for chemical process design that used various information effectively, 

including compound information and regulatory requirements. Pavan et al. (2016) described 

their workflow in conducting in silico (quantitative structure-activity relationships) validation 

assessments in compliance with regulation ICH M7 for the genotoxic assessment of new 
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products. Additionally, Singh and Lin (2020) pointed out the fast-growing interest in adopting 

artificial intelligence in the banking and legal sectors due to the potential for cost-saving, 

reduction in human errors, dynamic adaptation to regulatory changes and the more effective 

and timely detection of financial crimes. 

3.4.2  The use of computational tools in the regulation of new sectors 

Digital tools have been proposed to support the knowledge required for regulatory standards in 

emerging areas. MacIntyre et al. (2007) pointed out that the current knowledge of 

commercialised hydrogen relied heavily on the understanding of conventional gas in terms of 

data and modelling, which proved to be unreliable in predicting hydrogen behaviour in the case 

of accidental release and its consequences. The authors urged that an appropriate level of 

regulation for hydrogen is needed in place of non-existent standards. This would allow the 

public, regulators and insurers to be more confident in accepting this type of energy. Not much 

experience has been gained domestically, the energy source has been generally used in 

industrial situations. The authors argued that this lack of experience resulted in more restricted 

requirements than necessary to achieve an acceptable level of safety. This has led to a lack of 

popularity in the market due to the investment and development effort required to address the 

overly demanding requirements. The report discussed the understanding of risk management 

in using hydrogen by using a safety and infrastructure study of hydrogen-fuelled vehicles which 

helped to develop suitable standards, while the virtual intelligent filling station was used to 

investigate the key differences between natural gas and hydrogen system. The authors also 

mentioned an ongoing project that allowed the validation of a simulation of accidental release, 

which could be an important tool in supporting economic design and construction as well as 

the regulatory process for hydrogen systems. 

Similarly, in the development of the ITER project, Gulden et al. (2009) discussed that one of 

the major concerns was the design, verification and validation of computer codes and models 

for fusion-specific conditions. The authors presented lessons learnt from other areas, but they 

emphasised the importance of identifying the key characteristics of fusion reaction. As new 

knowledge emerged, for example, in terms of water chemistry, the study identified the need to 

perform experiments related to ITER conditions to further understand the impact of water 

chemistry in various components and to validate the code used. 
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3.4.3  Digital tools under the current regulation standard 

For digital software to be accepted in a regulatory framework is not straightforward (Brady and 

Sanders, 1992). It needs to be demonstrated as an appropriate tool in representing the physical 

component, which is generally validated using experimental data. However, if such data is not 

available or only partially available, there would be serious challenges for the validation 

process. The study by Brady and Sanders (1992) was initiated by the need to validate the 

Standardised Computer Analyses for Licensing Evaluation (SCALE) system for a nuclear 

spent-fuel cask to an appropriate standard for regulatory purposes due to the lack of 

experimental data on burnup fuel. The study utilised existing radioisotope and criticality data 

in combination with different reactor criticality configurations to validate the system model in 

the hope of providing a comprehensive analysis and improving confidence in the 

implementation of the system in both operations and the licensing process.  

On the other hand, securing the validation data through the design of specific experiments could 

be prone to failures and errors. Such experiments could also be very expensive to conduct since 

some tests result in destroyed samples (Dixon et al., 2004, Valsecchi et al., 2019). Several 

approaches had emerged to overcome this challenge, which aims at both cost-effectiveness and 

ensuring the integrity of the validation process. The use of in silico modelling in drug discovery 

to generate artificial data is not particularly new; the chemical and toxicology sector even 

promote the use of such data as alternatives to traditional experiment to replace animal testing 

and reduce costs (Valsecchi et al., 2019). Specific guidelines were set out to ensure the 

reliability and transparency of the data. This was done through the employment of several 

techniques including the use of multiple independent but mutually supportive models, the 

weight of evidence approach, expert knowledge and the read-across approach (Pavan et al., 

2016, Valsecchi et al., 2019). For example, Pavan et al. (2016)) and Valsecchi et al. (2019) 

developed computational models utilising a structure-based approach to generate toxicology 

data that could support reducing the risk in toxicology assessments, such as experimental and 

in silico modelling. By applying the recommended techniques above, in combination with in 

silico data and experimental data, they suggested that it would enhance the credibility in the 

demonstration of compliance with regulatory requirements. However, a serious weakness with 

the above models is that they rely on sets of data that might not exist, and a combination of 

different datasets might not guarantee the interaction between molecules. Furthermore, in silico 

models are computational models, so another issue is that predictions are being used to validate 

predictions. 
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An alternative method to reduce validation effort was proposed using an evaluation of model 

performance. Rood (2014) questioned the use of historical data in the validation of models used 

in the demonstration of regulatory compliance in safety analysis and accident consequences. It 

was argued that the latter required predictive power while the prior looked back in history, and 

thus they are fundamentally different. To allow the transition between the two, the authors 

suggested that a key solution is the assessment of the model performance objectives. Note that 

the performance of models is based on their intended use and specific conditions. For example, 

in a prescriptive setting (eg. US regulatory framework), it is required to demonstrate no 

regulatory limit has been breached. Underestimation in the results would severely discourage 

the use of the model in the regulation process, thus consistency and assurance of no 

underestimation form the basis for evaluating the model performance.  

The increasing development of technology has given the incentive to study and improve the 

existing computational models with the aim of increasing their credibility. Model parameters 

were studied and tested extensively to ensure the model’s ability to simulate various real-life 

scenarios by Gulden et al. (2009), Anvari and Safarzadeh (2012) and Liao et al. (2021) which 

potentially results in a reduction in experimental and validation effort, thus saving time (Dixon 

et al., 2004). Anvari and Safarzadeh (2012) argued that their intensive analysis using this 

approach gave strong confidence in the safety design of the nuclear reactor since the maximum 

value of total effective dose equivalent did not exceed the limit set out in the regulatory 

requirement even in the case of an accident. Similarly, Gulden et al. (2009) performed various 

tests of the model to make a case that the environmental impact of the ITER reactor, that 

showed a minimal effect on the population which satisfied one of the primary goals from a 

regulation perspective. 

3.4.4  An alternative approach using integrated digital environments 

Combinations of computational models and codes to form integrated digital systems have 

emerged in the literature. Integration of different codes and models in a high fidelity 

environment has been suggested to have the potential to enhance predictive capabilities (Liao 

et al., 2021). It has been argued that they could improve the confidence and accuracy of 

predictive power enough to allow a reduction in the amount of experimental data used for the 

validation process (Dixon et al., 2004); however, the authors failed to discuss this argument in 

detail. Furthermore, it could allow a more comprehensive analysis for the demonstration of 

regulatory compliance (Rood, 2014). An example is the case study of a dust explosion inside 
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the ITER vacuum vessel which proved to be a complicated task to model. The computational 

model was developed through building with a scaled structure and aimed at modelling every 

potential explosion and severe accident in ITER (Gulden et al., 2009).  

Rood (2014) suggested that conservative assumptions and simple models could be used to 

address the regulatory requirements initially, with more complex models only being required 

if the simple model did not provide confidence in its analysis. Therefore, several efforts have 

been made to prioritise modelling and experimental development in an economical manner 

(Theilgaard et al., 2019, Liao et al., 2021). For example, Liao et al. (2021) discussed their 

development of a phenomena identification and ranking table (PIRT) analysis with the aim to 

identify the knowledge gaps and technology readiness levels (TRL) of their modelling and 

validation capability, which are keys for the licensing of Westinghouse lead fast reactor (LFR) 

design. The results of the report allowed the company to prioritise their efforts in experimental 

testing to support the modelling developments. The authors paid particular attention to the 

transition between an experimental reactor to a commercial one in order to minimise the need 

for re-design and re-licensing. This was done through an investigation of the scalability factors 

in the design of components, which were investigated through modelling. Furthermore, they 

also mentioned that the involvement of computational modelling in testing fuel failure could 

help save costs and development effort in mitigating design basis accident scenarios. 

3.5.  Conclusion 

Traditional computational models are used widely in the context of regulation in many different 

areas. The employed codes and models are required to go through rigorous verification and 

validation methods to ensure confidence in their power in representing the physical world, their 

ability to generate data and predictive analysis. While the requirements call for thorough 

procedures, they could lead to a labour intensive, costly and long documentation process. This 

incentivises approaches aimed at the cost-effective development of digital tools that could still 

satisfy regulatory requirements. Furthermore, the research focus has been on reducing 

validation efforts through various approaches such as evaluation of model performance, 

identifying the potential and credibility of the model; innovative validation approaches have 

also emerged that promise time and cost savings. 

The increasing use of modelling in new areas such as hydrogen fuel and fusion energy has 

allowed a better understanding and the recognition of the key differences between them and 
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traditional areas such as conventional gas or fission. In terms of regulation, the acquired 

knowledge could form a basis for appropriate standards for such emerging areas.  

Consideration of a combination of computational models has emerged in the literature with the 

aim to improve their predictive ability and credibility. The proposed computational model was 

a step closer to a digital environment, but somewhat still far away since they were still designed 

to address a specific issue or a component of the physical object or process. On the other hand, 

technology is advancing in a direction that could promise the potential of having such a digital 

environment in the future, but the understanding of the potential benefit of having such a digital 

environment system in demonstrating regulatory compliance is currently lacking. Furthermore, 

there is little work on how the existence of a digital environment could incentivise a change in 

the current regulatory framework. This forms the motivation for the research project to identify 

the potential impacts of a digital environment on the regulatory compliance. 
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CHAPTER IV.  COMPARATIVE MAPS OF SAFETY FEATURES FOR 

FISSION AND FUSION REACTORS3 

4.1.  Introduction 

The potential of fusion energy has been recognised in recent years as an alternative energy 

source to support the commitment for reducing CO2 and protecting the environment. Several 

developments have been made in the delivery of fusion, such as the construction of the 

International Thermonuclear Experimental Reactor (ITER) in southern France and the 

Spherical Tokamak for Energy Production (STEP) programme in the UK. However, Herb et al. 

(2016) highlighted the urgent need for developing safety frameworks alongside designing 

fusion concepts. They reported that there was no official regulatory framework for a fusion 

powerplant to date (Karditsas, 2009, Cho et al., 2011). Furthermore, several studies pointed out 

the need for specific requirements due to the inherent differences in the technologies and 

physics between fusion and fission (Kazimi, 1984, Inabe et al., 1998, Gonzalez de Vicente et 

al., 2018, Porfiri et al., 2020). Inabe et al. (1998) also emphasised the extensive use of non-

radioactive but hazardous materials in the fusion environment as an added safety consideration. 

However, most previous studies primarily focused on the key physics phenomena and safety 

requirements, while very little research has been performed to establish the connection between 

them. This chapter will attempt to demonstrate these connections by mapping the safety 

features to the fundamental safety principles historically used in regulating nuclear plants. 

Since there is no commercial fusion reactor, the safety case of a research fusion reactor (Joint 

European Torus) was investigated. In contrast, for fission reactors, the study was able to assess 

the safety cases of both a research reactor (Tsing Hua Open-pool Reactor) and a commercial 

fission reactor (Hinkley Point C).  

This chapter is structured as follows. Section 4.2 will describe the method used for the mapping 

process and for presentation of the results. Section 4.3 will present the mapping results. A 

comprehensive analysis of the maps will be discussed in section 4.4 and some conclusions are 

drawn in the closing section of the chapter. 

 

 

3 Please note that the content of this chapter has been published in a journal paper. 
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4.2.  Methodology 

The priority of the study was to identify the link between safety features and the associated 

safety principles of nuclear reactors including both fission and fusion reactor types, i.e., the 

light water reactor at Hinkley Point C (HPC), the Tsing Hua Open-pool Reactor (THOR), and 

the fusion research reactor designated the Joint European Torus (JET). A schematic of the full 

process is shown in Figure 4. 

 

Figure 4. A schematic diagram of the mapping process and analysis. 

 

The fundamental safety principles, shown in Table 3, were extracted from the United Kingdom 

(UK) nuclear Safety Assessment Principles (SAPs) (ONR (UK), 2014), which use a goal-

setting approach. The existing nuclear safety requirements are often criticised for being too 

focussed on fission (Natalizio et al., 1993, Herb et al., 2016, Gonzalez de Vicente et al., 2018), 

and consequently inappropriate to apply to fusion. Herb et al. (2016) investigated the key safety 

principles in some design areas, such as containment systems and defence-in-depth based on 

the existing German nuclear regulations, they concluded that the current requirement could be 



33 

applied in principle to a fusion reactor, but a detailed assessment would need to be discussed 

further. In this study, an assessment in the UK regulatory context has been conducted based on 

the Safety Assessment Principles (ONR(UK), 2014), from which the fundamental safety 

principles have been extracted and used in the mapping process to provide a fair evaluation and 

comparison between the safety cases for fission and fusion reactors.  

Table 3. UK fundamental principles (FPs) (extracted from the Safety Assessment Principles (SAPs) 

FP.1 
Responsibility for 

safety 

The prime responsibility for the safety must rest with the person 

or organisation responsible for the facilities and activities that 

give rise to radiation risks. 

FP.2 

Leadership and 

management for 

safety 

Effective leadership and management for safety must be 

established and sustained in organisations concerned with, and 

facilities and activities that give rise to, radiation risks 

FP.3 
Optimisation of 

protection 

Protection must be optimised to provide the highest level of safety 

that is reasonably practicable 

FP.4 Safety assessment 

Duty holders must demonstrate effective understanding and 

control of the hazards posed by a site or facility through a 

comprehensive and systematic process of safety assessment 

FP.5 
Limitation of risks 

to individuals 

Measures for controlling radiation risks must ensure that no 

individual bears an unacceptable risk of harm 

FP.6 
Prevention of 

accidents 

All reasonably practicable steps must be taken to prevent and 

mitigate nuclear or radiation accidents 

FP.7 

Emergency 

preparedness and 

response 

Arrangements must be made for emergency preparedness and 

response in case of nuclear or radiation incidents 

FP.8 

Protection of 

present and future 

generation 

People, present and future, must be adequately protected against 

radiation risks 

 

Safety features were extracted from the safety cases presented in the HPC Pre-Construction 

Safety Report (PCSR) (Martin et al., 2012), THOR Safety Analysis Report (SAR) (Chiang and 

Chao, 2020) and the JET safety case (Bell et al., 1999). There are multiple elements of the 

safety characteristics that are described in the documents, including the general engineering 

safety design and nuclear safety functions. General engineering design, such as site 

development and non-nuclear pipework, would be applicable to the construction of any 
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complex engineering structure. Thus, it would be difficult to use them to address the key 

differences between fission and fusion. Therefore, only those safety features that were clearly 

nuclear-specific were extracted.  

The mapping process was achieved by following a decision process. Firstly, each safety feature 

was assessed for its ability to demonstrate each of the safety fundamental principles. If the 

assessment was positive, a relationship was recorded. If it was rejected, additional information, 

such as its relation to other components or systems, was extracted from the safety cases to 

support our understanding of the safety function and to confirm that it was insufficient to 

demonstrate the safety principle. If the result of this further assessment was returned as 

positive, then the relationship was recorded, and the process continued to test against the 

remaining principles. However, if it was still a negative outcome, the rejection decision was 

recorded, and the process continued with the rest of the fundamental principles.   

At the end of the mapping process, the safety features were grouped under the safety categories 

as shown in the first columns of the maps in Figure 5. Further consolidation was achieved by 

counting the number of relationships generated between the safety features in the group and 

the fundamental principles, as described above. A colour coding system, shown in Figure 7, 

was used to illustrate this relationship. The jet colour map in the vertical direction represented 

the proportion of total safety features that were grouped into the category. This was used to 

generate a colour map ranging from dark blue to dark red. In the horizontal direction, a colour 

scale was used to represent the proportion of safety features in the category linked to the 

fundamental principles. For example, in the map for the JET reactor in Figure 5, the safety 

category entitled ‘human factors and operational aspects’ is in the top row and possesses 13 out 

of 42 safety features (31%); hence the colour associated with 31% in the 5th row from the top 

in Figure 7 has been used for the top row in Figure 5. In this safety category, 9 out of 13 safety 

features (0.69) were mapped to fundamental principle 4 (FP4); hence, the intensity 

corresponding to the column headed (0.61-0.70) in Figure 7 has been used for the 

corresponding cell in Figure 5. 

Finally, the three maps were reorganised in a way that aligned the categories for comparison 

and analysis. Similar categories were identified and rearranged as shown in Figure 5. There 

were also categories that appeared only in the map of a single reactor, such as inventory limit 

and dose constraints for JET, or coolant system for HPC and THOR. These categories were 

consolidated separately in Figure 6. 
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4.3.  Result 

The completion of the mapping process resulted in maps for JET, HPC and THOR based on 

the fundamental safety principles defined in the current UK nuclear safety assessment 

principles (SAPs). There were 42, 83 and 35 safety features extracted from the JET safety case 

summary, HPC pre-construction safety report (PCSR) and THOR safety analysis reports, 

respectively. The safety features, which shared a common safety function, were grouped under 

a safety category. For example, in HPC, waste treatment and interim storage share the same 

function that primarily deals with nuclear waste. Thus, they were classified under the category 

of “discharges and waste”. Categories were set at a high level to allow an appropriate 

comparison between the reactors. Figure 5 consolidates the six categories which appear in all 

three maps. A full breakdown of the safety features in these categories for the three reactors are 

shown in Appendix 4. Conversely, the remaining categories from each map are collated in 

Figure 6.  

The colour coding has revealed several characteristics, which will be discussed in detail in the 

following section. The graphical depiction of the results allows a comparison using the 

intensity of the colours, which highlights the key safety categories for each nuclear reactor in 

the vertical direction and the emphasised fundamental principles in the horizontal direction. 
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4.4.  Discussion 

The mapping process attempted to draw the connections between key nuclear safety designs 

and requirements for both fission and fusion reactors. While the maps were developed at a high 

level, the results reveal patterns which could be helpful in understanding the relationships 

between the safety approaches and regulatory requirements. This section will be presented in 

the following order. Firstly, an analysis of the resultant maps in which the key differences 

between fission and fusion reactors are identified. Previous studies compared the hazards 

profile between fission and fusion reactions based on their differences in physics and 

technology; however, the mapping results both contradict and support some of these 

comparisons. Secondly, the safety management approaches were compared with the regulatory 

principles. This supports an understanding of the current methodologies employed to 

demonstrate the safety requirements. Finally, the possibility of establishing a map for a future 

commercial fusion device will be explored based on the knowledge gained from this study.   

4.4.1  Differences in hazard profile between fission and fusion reactors 

The key differences between fission and fusion reactors lie in their principal nuclear reactions, 

which Wu et al. (2016) summarised as: a fusion reaction would inherently terminate itself in 

the case of an accident while a fission reaction intrinsically carries the possibility of a nuclear 

chain reaction. Thus, a fusion reactor is fundamentally safer than a fission one. In our study, 

the maps for fission reactors (HPC and THOR) revealed a clear focus on preventing and 

mitigating the potential runaway chain reactions of a fission device. Categories such as 

auxiliary and reactor cooling systems, which have primary functions of controlling reactivity 

and the removal of heat from the fuel to ensure the integrity of the core loop, demonstrated the 

efforts in preventing and mitigating chain reactions in fission reactors. Auxiliary systems were 

the most important in the HPC map containing 28% of the total number of safety features in 

the safety case. The category was the third most important in the THOR map with 17% of the 

safety features. Conversely in both maps, the reactor coolant system contains approximately 

the same proportion of safety features and only appears in the safety cases of fission devices 

(10% and 9% of safety features in HPC and THOR respectively).  
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Figure 6. Map of categories that only occur in the safety case of a single reactor. 

 

On the other hand, in the case of fusion reactors, Wu et al. (2016) highlighted the complexity 

of radiation exposure and the mobility of the tritium inventory from the ITER preliminary 

safety report. In our study, the map for JET supported their conclusion with clear emphases on 

the categories of shielding, containment, and tritium inventory limit. Like the map for THOR, 

the JET map also has a large number of safety features in the operational categories (31%) due 

to its being a research reactor. Thus, this category was the most important while the above-

mentioned categories were ranked second, third and fifth respectively in the JET map in terms 

of importance. The shielding category contained 17% of JET safety features but only 8% of 

HPC safety features and as few as 3% of THOR safety features.  
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Figure 7. Map colour system: in the vertical direction, the heat colour selection was based on the 

number of safety features in the category; in the horizontal direction, the colour intensity depends 

on the proportion of the safety features in the category mapped to the fundamental principles. 
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Wu et al. (2016) explained that the sources of radiation exposure in fusion devices are the high 

energy (14MeV) fusion neutrons, activation products and tritium itself; while, for fission, the 

sources are mainly gamma-radiation and activation products. Furthermore, the lack of 

knowledge and operational data for high energy neutrons (14MeV), which interact with 

electronics and structural components such as the breeding blanket, toroidal and poloidal field 

coils or the vacuum vessel, present a challenge that requires multiple layers of shielding 

(Gonzalez de Vicente et al., 2018). This is not only to ensure the safety of personnel but also 

to protect important and expensive monitoring instruments, which play a critical role in plasma 

and radiation control. 

Additionally, the use of tritium as fuel in fusion presents a major challenge. Despite its half-

life of 12.32 years and relatively weak beta radiation, the high permeation power of tritium is 

particularly dangerous (Alizadeh, 2006). It could diffuse through materials and escape during 

reactor operation or maintenance. Furthermore, tritium shares some characteristics with 

hydrogen which allow it to replace hydrogen atoms in materials, especially water. Leaked 

tritiated water could readily traverse the environment and cause exposure to humans through 

various pathways such as direct inhalation, ingestion or in the food chain. The presence of 

tritium in the human body could cause serious harm to tissues and organs. Therefore, it is 

critical to monitor and contain tritium during both operation and maintenance. This is 

evidenced in Figure 6, where the category of inventory limit and dose constraint, that primarily 

concern the tritium inventory, contained 10% of the safety features in the JET safety case, 

which covered a wide range of different areas in reactor operation, including beryllium 

recycling and the quantity of tritium in cryopanels. Herb et al. (2016) pointed out that the 

tritium inventory would not be stored locally unlike for fission fuel which is contained in the 

reactor core. Thus, multiple parts of the reactor will be affected and need to be secured (Oh et 

al., 2013, Gonzalez de Vicente et al., 2018).  

Even though the safety features might have some degrees of differences in their significance 

or potential overlap, the comparison of the safety categories was able to highlight key 

differences between the reactors. It is likely that the regulatory assessment of safety in fusion 

should reflect its hazard profile by addressing the categories in their appropriate priority. 

4.4.2  Approaches in demonstrating safety regulatory requirements. 

The general patterns in two groups of fundamental principles, namely FP3 & 4 and FP6 & 7, 

stand out in particular. Firstly, ‘Safety Assessment’ (FP4) requires an understanding and control 
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of hazards while ‘Optimisation of Protection’ (FP3) needs to satisfy the ALARP principle (As 

Low As Reasonably Practicable). In other words, FP4 forms the basic safety requirements for 

each identified hazard to be addressed while FP3 builds upon on the evaluation of the need for 

further defensive layers. In the map for HPC, the majority of categories (6 out of 8) showed 

either equal or higher concentration of safety features for FP3 than FP4. On the contrary, 

categories in the map for JET (6 out of 7) and the THOR map (8 out of 8) showed a stronger 

emphasis on FP4 than FP3. The lack in emphasis on FP3 in the maps of JET and THOR is 

logical since both reactors pose a lower level of hazard than the two commercial HPC reactors, 

which also showed that the effort to meet the safety requirements is proportional to the level of 

underlying hazard.  

In the context of the research reactors, JET and THOR, previous studies have described the 

hazard profile of fusion at a lower level compared to fission (Ciampichetti et al., 2002, Cho et 

al., 2011, Oh et al., 2013). However, in our study, both maps showed less emphasis on FP3 than 

FP4 across most of the safety categories, except for shielding and waste control. The proportion 

of changes between the fundamental principles was observed to be almost identical, which 

could suggest that the overall level of hazard between the two reactors is the same while the 

focus is in different areas. Furthermore, in shielding and waste control, the JET safety case 

showed the same proportion between FP3 and FP4, which implies that the JET device poses a 

higher hazard than the THOR reactor in these categories. Therefore, the results relating to FP3 

and 4 do not support the above claim that the hazard profile for fusion is always lower than for 

fission, particularly in the case of JET and THOR. The passive nature of the fusion reaction, as 

discussed by Wu et al. (2016), would provide an inherent safety feature for fusion reactors. 

However, its level of hazard should take into account different and unknown parameters, for 

example, Sandri et al. (2019) raised concerns about the exposure to workers and staff due to 

radiation from tritium and activated products. The authors highlighted the need for the specific 

design of a fusion facility to allow a thorough process and procedure to be established. 

‘Prevention of Accidents’ (FP6) and ‘Emergency procedures and response’ (FP7) represent 

different approaches to safety management. The sixth fundamental principle emphasises the 

prevention of accidents and mitigation of consequences; while the seventh principle 

accentuates preparedness and responses to reactor accident scenarios. In the results, a higher 

emphasis on FP6 than FP7 was observed in 50% or more of the categories across the maps (4 

out of 6 for JET, 3 out of 6 for HPC and THOR). These results suggest that prevention and 

mitigation is currently the main safety approach in these categories, which requires a 
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knowledge of the probability of accident events and analysis of the consequences. Any 

uncertainty in these analyses would lead to “appropriate conservatism” (ONR(UK), 2014). In 

the case of fusion, Lomonaco et al. (2021) highlighted that a lack of knowledge and experience 

in unknown initiating events would lead to a high level of conservatism in design. They argued 

that this might put an unnecessary burden on the design of, and investment in, fusion reactors. 

Furthermore, any commercial fusion reactor would serve as a first of a kind, in which the lower 

level of technological readiness and lack of operating experience would be major challenges to 

demonstrating its safe operation (Herb et al., 2016).  

On the other hand, in Figure 5, the results show that a higher intensity for FP7 (preparedness 

and response) appeared in one category throughout the three maps. This insight could imply an 

alternative approach could focus on monitoring and planning for emergency rather than 

prevention and mitigation. In the safety assessment principles (SAPs), paragraph 609 suggests 

that this could be a reasonable approach, given justification with a thorough analysis. For 

example, in the containment category, the safety features in the HPC and THOR safety cases 

were mainly to contain fission products in the reactor core. The open-pool design of THOR 

relies heavily on cladding to contain the radioactive fission products which is evidenced by the 

substantial number of analyses to demonstrate the integrity of fuel cladding under any 

uncovered core accident. In the HPC case, fuel cladding and several additional physical layers, 

such as the reactor vessel, containment building, corium recovery area, were designed to 

prevent the release of radiation. However, in the case of fusion, the complexity in the design of 

reactor components and the management of the tritium inventory in various systems of the 

plant (including the vacuum vessel, fuel injection system, tritium processing facility), makes it 

challenging to design containment for the whole system (Oh et al., 2013). Additionally, Löffler 

(1993) and Nie et al. (2019) investigated the hypothetical accident consequences of fusion and 

demonstrated that the severity of radiation consequences in fusion accidents is less than that in 

fission accidents. It was highlighted by Nie et al. (2019) that the consequences of a hypothetical 

fusion accident could only reach level 6 on the International Nuclear Event Scale (INES) while 

Chernobyl and Fukushima accidents reached level 7. The authors also investigated the potential 

individual dose and the restoration time of the affected environment following a fusion accident 

and concluded that they are of several orders lower than that in fission accidents. Furthermore, 

the UKAEA’s Fusion Safety Authority had previously reported on two worst-case accident 

scenarios (loss of vacuum vessel (LOVA) in the first scenario and LOVA with additional breach 

of a further confinement layer in the second scenario) and a hypothetical scenario (breach of 
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all confinement layers) with the aim of establishing the potential consequence of fusion 

accidents (Fusion Safety Authority, 2021). Based on the risk matrix of the UK Radiation 

Emergency Preparedness and Public information Regulation 2019 (REPPIR 2019), the first 

accident scenario poses a very low likelihood and limited consequences while the second 

scenario presents “minor to low moderate” impact range with likelihood of “events not 

considered in the design”. The hypothetical accident could result in an individual (at 1km away 

from the source) receiving a dose of up to 1 Sievert. However, the likelihood of such event is 

lower than the minimum threshold considered in the REPPIR matrix. In the UK’s proposed 

regulatory framework (BEIS, 2021), it was highlighted that the likelihood and impact range of 

the first accidental scenario would require no emergency planning under the REPPIR 2019. On 

the other hand, some considerations would be needed in the arrangements for emergency 

preparedness and response to accidents., such as the second or the hypothetical scenarios. 

Therefore, a combination of a good monitoring strategy and planning for emergency 

preparedness could be a sound approach in the design of a fusion device.  

A balanced approach between prevention and preparedness could ease the current challenges 

in fusion, which concurs with Lomonaco et al. (2021) who suggested that the regulation of 

nuclear devices should strike a balance between safety requirements and economic value. 

4.4.3  Potential use of JET map in the mapping of future fusion devices 

A comparison of the maps for THOR and HPC shows that the latter involves substantially more 

safety features than the former; nevertheless, there is a recognisable common pattern. Several 

activities carried out at THOR, such as training and education, medical treatments (boron 

neutron capture therapy), manufacture of irradiated materials, gave rise to a number of safety 

features in the human factors and operational categories. Taking this into account, the order of 

almost all remaining categories (auxiliary systems, containments, reactor coolants and 

associate systems, and shielding) in the THOR map shows a direct resemblance to the HPC 

map, except for the category of discharges and waste. Since the safety report for the HPC was 

produced at the pre-construction stage in 2012 while the THOR safety case was recently 

updated, this could be considered as an outlier. Additionally, the differences between regulatory 

approaches (prescriptive approach (NRC) and goal-based approach (ONR)) could have some 

influence over the needs for these categories. Thus, one could conclude that the common 

pattern is characteristic of fission devices and the difference in the number of safety features 

characterises the differences between a research and a commercial reactor. For example, in 
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shielding, a higher proportion of safety features are present for HPC compared to THOR, which 

shows the scaling effect from the small-scale research reactor to the large-scale of a commercial 

one. Similarly, in containment, the significant rise in scale and power output resulted in an 

exponential increase in the number of safety features. Thus, these scaling effects will need to 

be considered in developing a corresponding map for a commercial fusion reactor from one for 

a research reactor, such as JET. For instance, it would be expected to have a significant number 

of safety features in the instrumentation and control systems to ensure the safe operation of the 

reactor. In terms of waste management, Ciampichetti et al. (2002) highlighted the radiological 

hazard of fusion waste are lower than fission, which suggests that the design of a fusion device 

should place more emphasis on monitoring tritium discharges in the category of discharges and 

waste.   

Since a commercial fusion device would be a first of a kind (FOAK), lessons should be learnt 

from experience with commercial fission devices and fusion research devices. This mapping 

methodology and results presented here provide a structure for knowledge transfer and 

enhanced understanding as well as a framework for identifying the requirements for a FOAK 

fusion reactor. 

4.5.  Conclusion 

In conclusion, this study has developed a methodology for the mapping of nuclear safety 

features and regulatory fundamental principles. The graphical presentation using maps has 

revealed the interaction between regulatory requirements and safety approaches. This has 

enabled a straightforward comparative analysis that has highlighted a number of trends. Firstly, 

fusion and fission reactors require very different priorities for their safety categories. Fusion 

safety cases focus on shielding and inventory limits while fission safety cases emphasise 

auxiliary systems and reactor cooling systems. Secondly, the strong emphasis on safety 

assessment (FP4) compared to protection optimisation (FP3) could be observed in almost every 

category in the maps for the Joint European Torus (JET) and Tsing Hua Open pool Reactor 

(THOR), while the opposite is present in the Hinkley Point C (HPC) map. However, all of the 

maps show a heavier emphasis on prevention and mitigation approaches (FP6) than on 

emergency preparedness and response approaches (FP7). On the other hand, the maps for 

THOR and HPC reveal similar patterns which opens the possibility of generating a regulatory 

safety map for a future commercial fusion device based on the current fusion research reactors. 
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CHAPTER V.  A REGULATORY SAFETY MAP FOR A COMMERCIAL 

FUSION REACTOR BASED ON EXISTING REACTOR SAFETY MAPS 

5.1.  Introduction 

Fusion energy holds immense potential as a clean energy source. A fusion reactor could provide 

the baseload power to the grid with high energy density and minimal waste products (Donné et 

al., 2018). The inherently safe nature of the fusion reaction with no risk of meltdowns and long-

lived radioactive waste has the potential to offer a safe and sustainable energy for the future. 

The continuing development of fusion power is being actively pursuit by multiple countries 

and private companies (Nie et al., 2019, Oh et al., 2015). Projects such as ITER (International 

Thermonuclear Experimental Reactor) and STEP (Spherical Tokamak for Energy Production) 

are making progress in demonstrating the scientific and technical feasibility of fusion power 

generation using magnetic confinement (Gonzalez De Vicente et al., 2022, El-Guebaly, 2023). 

To successfully deliver a commercial fusion reactor (CFR), safety studies and analyses are 

critical in guiding the design process and preparing the safety case for approval. Leahy and 

Fiorini (2010) suggested a “built-in” safety assessment from the early stage of reactor design 

could improve safety levels, reduce costs and development times. The relationship between the 

safety features and regulatory fundamental principles was illustrated in a mapping process in 

our previous study (Nguyen et al., 2023), for a research fusion reactor (Joint European Torus 

(JET)), a research fission reactor (Tsing Hua Open-pool Reactor (THOR)) and a commercial 

fission reactor (Hinkley Point C (HPC)). The comparison between the maps revealed the 

potential to predict a corresponding map for a commercial fusion reactor based on the 

fundamental safety principles in the UK. In this chapter, a methodology has been developed 

and implemented, using a logic flowchart, to produce a prediction of a map of safety principles 

and features for a commercial fusion power plant (CFR).  

There is no available data to directly validate the result of the prediction because a commercial 

fusion reactor does not yet exist and there is a lack of regulatory safety guidance (Karditsas, 

2009, Cho et al., 2011, Herb et al., 2016, Porfiri et al., 2020). However, the long history of 

fusion research at UK Atomic Energy Authority (UKAEA) and the current development of a 

commercial design at STEP provides an opportunity to explore the current practice in the safety 

design of fusion reactors in a qualitative study. Chapman et al. (2015) highlighted a number of 

limitations, such as subjectivity and introduction of personal judgement, which need to be 
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avoided in this type of study to ensure its trustworthiness and quality. Thus, a qualitative data 

collection method was designed, and thematic analysis was used to identify the safety 

considerations in the data from this qualitative study. It was anticipated that comparing the 

result between the predicted map and qualitative study would provide confidence in the 

prediction methodology and its output.  

The chapter is structured as follows. Section 5.2 will describe the methods used in the 

prediction process and thematic analysis. Section 5.3 will present the predicted map for the 

commercial fusion reactor and comparisons of the prediction with the map for a research 

reactor and the qualitative data. The final section of this chapter discusses limitations of the 

study and draws some conclusions. 

5.2.  Methodology 

5.2.1  Prediction flowchart 

In our prior study (Nguyen et al., 2023), a comparison between the maps of the safety categories 

and principles for a research fission reactor (Tsing Hua Open-pool Reactor [THOR]) and a 

commercial fission reactor (Hinkley Point C [HPC]) revealed a common pattern in most safety 

categories despite a significantly higher number of safety features in the latter than the former. 

The deviation between the two maps was in the categories of human factors and operational 

aspects and of discharges and waste categories. The training and educational purposes of 

THOR have given rise to a significant number of safety features in the human factors and 

operational aspects category. While, due to the limited availability of the HPC safety case, the 

case for the pre-construction stage was used, in which consideration of waste was focussed on 

interim storage on-site. Taking these factors into account, it was possible to conclude that the 

direct resemblance between the THOR and HPC maps was a characteristic of fission devices 

while the transition between the research reactor to commercial one led to a number of 

differences in the maps of safety features. This gave rise to the possibility of producing a map 

of safety features for a commercial fusion reactor from a corresponding map for a research 

fusion reactor, e.g., JET, by identifying the scaling effect between the fission devices.  

A prediction flowchart, shown in Figure 8, was developed to identify the key parameters in the 

prediction of a regulatory safety map for a commercial fusion device, namely (CFR). The data 

from the three regulatory safety maps for JET, THOR and HPC from our prior study (Nguyen 

et al., 2023) form the inputs for the flowchart, which are the top green terminal symbols in 
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Figure 8. The safety features associated with each safety category were classified using the 

sub-flowchart as shown in Figure 9. From the left-hand side, JET safety features were assessed 

based on their ability to mitigate hazards that are associated with research reactors or research 

purposes (D1). For example, if a safety feature was designed to prevent hazards from a research 

activity conducted at the facility, which should not occur in a commercial one, thus it would be 

removed from the list of JET ‘scalable’ features. Moving to the right-hand side, comparisons 

between the safety features from the same category in THOR and HPC maps were conducted 

based on their safety function (D2). This comparison provides a basis for compiling a list of 

common safety functions and their associated safety features in each reactor. For example, a 

common safety function in the category of auxiliary systems is ventilation systems, THOR 

machines utilised one safety feature while HPC uses two safety features to provide adequate 

safety measures. The increase in the number of safety features can be explained by the increase 

in size of HPC in comparison to THOR, thus providing a basis for scaling between research 

and commercial one. These safety features were then grouped in the “scalable” features listed 

at the bottom of Figure 9, namely 𝑎𝐻𝑃𝐶 and 𝑎𝑇𝐻𝑂𝑅. The remaining features from both lists that 

did not satisfy D2 were examined for their purpose including fission specific designs, research 

purposes or research reactor specific designs. Similar to D1, features that possessed any of the 

above characteristics were removed while the remaining ones were classified temporarily as 

general nuclear requirements, 𝑏. This temporarily list of safety features were then compared 

with the accepted safety features from JET (failed D1). This comparison provided a check on 

whether they were providing the same safety function so that such safety features from JET 

could be categorised as general requirements instead of “scalable”. The remaining safety 

features from JET then formed a list of JET “scalable” features, 𝑎𝐽𝐸𝑇. A full breakdown of 

categorised safety features could be found in Appendix 4. 

Once the classification process was finished, the number of safety features in each list was 

counted and formed the basis for the calculation of the predicted number of safety features in 

a commercial fusion reactor, denoted by 𝑛𝐶𝐹𝑃, in equation (1) as shown in Figure 8. The map 

for JET map was used as a blueprint for generating a corresponding map for a commercial 

fusion reactor. To scale the number of safety features from JET, the scaling ratio, 
𝑎𝐻𝑃𝐶

𝑎𝑇𝐻𝑂𝑅
, between 

the “scalable” features in HPC and THOR was multiplied by the number of safety features in 

the JET “scalable” list. In addition, the general nuclear requirements, 𝑏, were added to form 

𝑛𝐶𝐹𝑃.  
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Figure 8. A flowchart showing the prediction process of a regulatory safety map for a commercial 

fusion reactor. 

 

At the end of the calculation process, the lists of JET ‘scalable’ features and general nuclear 

requirement obtained at the end of the classification process, Figure 9, were consolidated under 

the same safety category. The number of relationships between the JET ‘scalable’ features and 

the fundamental principles was counted and multiplied by the scaling ratio, 
𝑎𝐻𝑃𝐶

𝑎𝑇𝐻𝑂𝑅
. On the other 

hand, for the list of general nuclear requirements, the number of relationships between the 

safety features and the fundamental principles was counted and added to the corresponding 

count of the JET safety features’ relationships. This forms the final count of the relationship 

between the CFR safety category and the fundamental principles. The colour coding system, 

shown in Figure 7, was used to illustrate this relationship. The vertical direction of the jet colour 

map represented the proportion between the predicted number of safety features in a single 

category and the total predicted number of safety features for the whole map. For example, in 

Table 4, it was predicted that there would be 23 safety features in the category of human factors 

and operational aspect compared to a total of 87 safety features for an entire reactor. Thus, this 

category cover 26% of the total safety features, which associated with the 10th row from the 
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top of Figure 7. On the other hand, the horizontal direction of the jet colour map represented a 

colour scale to demonstrate the proportion of the safety features in the category linked to the 

fundamental principles. For example, 10 out of 23 safety features (0.43) were maps to the third 

fundamental principle (FP3); hence, the intensity corresponding to the column headed (0.41 – 

0.50) in Figure 7 has been used for the corresponding cell in Figure 10. 

 

Figure 9. A sub-flowchart of Figure 8 showing the classification process of safety features. 

 

5.2.2  Qualitative data and analysis 

5.2.2.1 Semi-structured interviews with fusion design experts 

Spherical Tokamak for Energy Production (STEP) is a fusion programme of the UKAEA which 

aims to design and build a prototype of a commercial fusion reactor by 2040. The programme 

is currently in the “concept design” phase until 2024 with the target to complete the 

construction of the prototype by 2040. A safety culture is strongly embedded throughout the 

programme which provides a unique opportunity to carry out a field study to investigate the 

safety considerations for the prototype plant. An understanding of the current and existing 

safety practices would allow a direct comparison to the predicted map and provide some level 

of validation. This comparison would allow further improvement and optimisation of the 

methodology and prediction. Furthermore, the systematic structure and graphical presentation 

of the predicted map could potentially enhance understanding and design of safety features for 

commercial fusion plants. A set of semi-structured interviews with the design teams of the 

STEP programme was conducted and a thematic analysis method was applied to extract data 
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from the transcripts of the interviews.  A rigorous interview guide was developed based on the 

framework proposed by Kallio et al. (2016) to support the quality and trustworthiness of this 

qualitative study (Gibbs et al., 2007, Kitto et al., 2008). The framework has five stages, namely 

(i) identifying the appropriateness of using semi-structured interviews, (ii) employing previous 

knowledge, (iii) formulating a questionnaire, (iv) conducting pilot interviews and (v) reporting 

the complete study. In the first stage, semi-structured interviews were identified as being 

suitable for the purpose of this study as they provide the flexibility needed to explore the 

perspectives of fusion specialists while maintaining a structured framework to compare with 

the prediction process (Åstedt‐Kurki and Heikkinen, 1994, Louise Barriball and While, 1994, 

Turner, 2010). The second stage utilised the understanding gained from the prior study and 

comparative analysis. The third stage was the design of interview questions that were open-

ended and flexible so that they could be used in interviews with designers from different teams 

and at different levels in the organisation. Follow-up questions were also designed to clarify 

answers to the main questions and maintain of the direction of the conversation (Turner, 2010). 

Two pilot interviews were conducted as the fourth phase in the framework and confirmed the 

appropriateness and usefulness of the questions. Interviewees were invited to a one-hour 

session and discussion based on the interview questions. Follow-up sessions were arranged as 

necessary to clarify information. The selection of interviewees was as follows: firstly, meetings 

with high-level managers were scheduled prior to the data collection process to gain an 

understanding of the organisation’s structure. During these meetings, recommendations for 

candidate interviewees were sought. Secondly, the list of recommendations was compared 

against the organisation’s personnel chart to ensure the candidates were distributed evenly 

across the design teams with no two candidates from the same team at the same management 

level. The final list of questions was: 

Q1: What are the top three potential hazards in your design area? For each hazard, how 

would they be initiated? 

Q2: What high-level safety features would be expected to ensure the safety of operators, 

staff and the public? 

Q3: What are the potential consequences in your design area if a fault happens? What are 

the safety features in the design to minimise and mitigate these consequences? 

Q4: Would there be other events currently under consideration that could threaten the safety 

of your design area? Could you describe them? 
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Q5: What analyses and assessments are currently used or will be used to substantiate or 

demonstrate the reliability of the design? 

Q6: How would a digital environment support the safety analysis in the design, 

development and substantiation of the argument for safety? 

Q7: What could be the criteria for the processes and procedures to ensure the safe operation 

of your design area? 

5.2.2.2 Thematic analysis 

A thematic analysis was designed to extract the safety considerations identified in the semi-

structured interviews for comparison against the predicted map. Thematic analysis is frequently 

employed in social science studies to analyse meanings and identify patterns in qualitative data 

(Chapman et al., 2015). The technique involves identifying passages of text or conversation 

dialog which are relevant to the study question of interest, allocating “codes” that represent the 

meaning and relevancy of the identified passages, grouping these codes into themes and 

reporting them in a logical manner. A project management software, NVivo 12 version 1137 

from QSR International, was used to store, organise, manage and reconfigure the interview 

transcripts to enable an analytic reflection. However, a manual coding system was employed 

due to the complexity and surrounding contexts of the qualitative data (Gallagher, 2007). The 

coding process used an inductive approach to avoid introducing previous knowledge and 

personal judgement. In the first cycle of coding, open coding was conducted using an 

exploratory method (holistic coding) and two elemental methods, namely descriptive coding 

and in vivo coding. Holistic coding aims at breaking down the qualitative data by apply a single 

code to a chunk of transcript, thus capturing a sense of the overall contents instead of line-by-

line analysis (Dey, 1993). This method was used as a preparatory approach to break down the 

data into smaller units for more detailed coding by the elemental methods, which were carried 

out. Descriptive coding uses a short phrase or a word to summarise the basic topic of the data. 

This was used as the main approach in analysing the responses to the general and reflective 

questions starting with “What…?”, i.e., 1-3, 5 & 7. The descriptive codes index and categorise 

an inventory of topics that would form the basis for pattern identification in the second cycle. 

Whereas descriptive codes are researcher-derived, in in-vivo coding the interviewee’s own 

words or phrases are utilised as codes to maintain the original terms that the interviewees used 

to describe specific safety features. This method essentially supports shaping an understanding 

and explanation of particular terms that are unique in the field of fusion safety. In the second 
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cycle of coding, pattern coding was employed to group existing codes into themes that can 

explain and identify emergent safety features.  

5.3.  Discussion 

5.3.1  Comparison of safety maps for a research fusion reactor and a commercial fusion 

reactor 

A commercial fusion reactor (CFR) with a major radius of 5m and a magnetic field of 10T at 

steady-state conditions would produce 2.5 GW of fusion power (Zohm, 2019), which is 

somewhat comparable to Hinkley Point C.  For such reactor, a significant increase in the 

number of safety features was predicted by the map for a commercial fusion reactor compared 

to the research one (JET) across the compared safety categories; an increase from 38 to 107 

safety features. As shown in Table 4, the highest increase was in the safety category of auxiliary 

systems, in which the number of safety features increased from 7 in JET to 26 in the commercial 

fusion reactor. The multiplier between the maps of THOR and HPC, 
𝑎𝐻𝑃𝐶

𝑎𝑇𝐻𝑂𝑅
, was found to be 3.75 

while the additive value of general nuclear requirements, 𝑏, was 7. This multiplier implies that 

if a safety function required one safety feature in the safety case of THOR, it would require up 

to 4 safety features in the safety case of HPC to provide adequate safety measure. It is assumed 

that a similar multiplier factor would need to be applied to current JET scalable safety features 

to be applicable in the safety case of a commercial fusion reactor. For example, the tritium 

breeding ratio of a commercial reactor will be of significantly higher magnitude than in a 

research reactor, which will place larger demands on the design of the breeding blanket and 

fuel cycle systems.  

The multiplying factor for the categories of human factors and operational aspects, and 

shielding was found to be 2.25 and 2 respectively, which increased the number of safety 

features from 13 to 32 for the former and from 7 to 19 for the latter. Most operational safety 

features in the predicted map are associated with human errors and access control which would 

potentially increase in the commercial environment due to the size of the operational teams and 

the number of workers on site. Thus, it is expected that the CFR would have more than double 

the number of safety features compared to the research reactor in this safety category. Similarly, 

the shielding strategy in a CFR is predicted to require double the current number of safety 

features in the JET research reactor, which would possibly be due to the specific constraints in 

the geometry of the device and high energy neutron penetration (Santoro, 2000).   
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Table 4. Number of safety features in each safety category of the Joint European Torus and the 

Commercial Fusion Reactor 

Safety categories 

Multiplying 

factor 
𝒂𝑯𝑷𝑪

𝒂𝑻𝑯𝑶𝑹
 

Number of general 

safety features  

𝒃 

Number of safety 

features 

JET CFR 

Human factor and 

operational aspects 2.25 5 13 32 

Shielding 
2 5 7 19 

Containments 
- 15 7 22 

Auxiliary systems 
3.75 7 5 26 

Instrumentation and 

control system 
0.5 4 3 6 

Discharges and Waste 
0.67 0 3 2 

 

 

 

Figure 10. A comparison of safety categories between the regulatory safety maps for JET and 

predicted map of the commercial fusion reactor based on the UK fundamental safety principles. 
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On the other hand, the categories of instrumentation and control systems and of discharges and 

waste had fractional multiplier values, 0.5 and 0.67 respectively. This implies a reduction in 

the number of safety features in the JET map compared to the CFR map. As a result, a decrease 

was observed in the CFR’s discharges and waste category bringing the number down from 3 to 

2 features. A potential reason for the 0.5 multiplying factor in the instrumentation category 

could be due to the streamlined systems in commercial setting that does not involve several 

different research activities, such as in the JET and THOR facilities. However, the sizable 

increase in power between research and commercial facilities requires several general nuclear 

safety features, which is represented by 4 added general safety features in the area of 

instrumentation and control systems. The addition of these requirements has led to an overall 

increase in the number of safety features despite the fractional multiplying factor in the 

category of instrumentation and control systems. 

In the containment category, no safety features in the THOR safety case were found to correlate 

to any of the HPC safety features, resulting in an undefined multiplying factor. This was 

because of the significant differences in the designs of the THOR and HPC reactors. The 

passive safe design of THOR and its low power operation demonstrates that no radioactive 

materials could leave the facility even in the worst-case scenarios. However, due to the location 

of the facility, evacuation zoning was still needed to ensure the containment of radiation 

hazards to the general public. On the other hand, the HPC reactor is required to prevent and 

mitigate the runaway chain reaction in the much larger core, thus several safety features are 

designed to mitigate the hazards of core meltdown using multiple shutdown systems and 

preventive functions in accident scenarios. Therefore, the prediction method failed to represent 

the scalability between the two reactors, resulting in the need for an alternative approach to 

predict the number of safety features in the CFR based on the number of safety features in JET. 

It is likely that the design approach for a CFR would follow the concept of magnetic 

confinement considering it being the most prominent concept in the field of fusion, which is 

the same design concept of the JET machine. Furthermore, the primary concerns in the JET 

safety case were tritium management, depressurising systems and layers of containments which 

are general issues in fusion designs (Löffler, 1993, Wu et al., 2016), which must be considered 

in the CFR map. Therefore, each containment safety features of JET were considered on a case-

by-case basis to assess their appropriateness to be included in the map of CFR, and whether 

they need any significant increase in number. Wu et al. (2016) argued that safety features could 

be credited to independent components instead of having multiple features accounting for the 
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same safety function to provide defence in depth. Given the large number of general safety 

features (15) to be added to the category of containment, this could be a sensible approach by 

utilising features, such as diverse reactor trips and the redundancy of shutdown systems, to 

support the level of defence in depth that currently exists in the JET machine. Therefore, there 

would be no need to consider the multiplying factor in this case.  

Considering the heat map in Figure 10, changes in the priority order of the CFR’s safety 

categories could be observed using the colour scheme in Figure 7. The human factors and 

operational aspects category remain in the first place, but its percentage of the total number of 

safety features experienced a decrease from 31% to 28%. On the other hand, auxiliary systems 

moved to second place by almost doubling its percentage from 12% to 23%. While the 

shielding and containments categories retained their level of importance between the research 

and commercial reactors. 

5.3.2  Comparison between predicted map and experts’ opinions 

Twelve individuals from eight different design teams participated in the interview process, 

which resulted in 17 transcripts including follow-up interviews with five interviewees. The 

transcripts were analysed using the thematic analysis described in the methodology section, 

which identified a number of themes shown on the left-hand side of Figure 12 – 17. The circles 

represent the themes identified in the analysis, which correspond to the number of mentions of 

codes, and the bar chart represent the proportion of the number of codes that were mapped to 

the fundamental principles of safety (FPs). Similarly, the diameters of the circles correspond to 

the percentages of the number of times that the interviewees mentioned the theme, while the 

size of the arrows indicates the proportion of such theme mapped to the fundamental principles.  

For comparison with the thematic analysis, the predicted map of the commercial fusion reactor 

was redesigned and shown on the right-hand side of Figures 12 – 17. The safety features in 

each safety category were first reviewed and assessed against the theme identified in the 

thematic study. For example, in the operational area, safety features such as interlocking 

systems or two-room concepts could be well suited to the “access control” theme. Most of the 

safety features could fit in a safety theme relatively easily; however, there are some safety 

features that does not belong to any of the themes identified. These features were collated and 

considered separately to form their own group or “themes”.  

Across the safety categories, a good level of similarity in the safety themes was observed 

between the prediction and thematic analysis. In auxiliary systems, as shown in Figure 11, 
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almost all themes identified in the thematic analysis appeared in the predicted map while no 

additional “theme” emerged. Themes such as ventilation systems, conventional hazards and 

external events contain a similar proportion of safety features while backup systems and 

decontamination systems show significant differences across the two analyses. Backup 

systems, such as pumps and emergency cooling systems, were referred to by the interviewees 

as safety measures in the event of accidents. Three interviewees expressed a strong emphasis 

on ventilation systems in preventing tritium release to the environment. 29% of the predicted 

safety features, which provide active systems and arrangements that allow different depression 

zoning as a passive safety feature, concur closely with the outcomes from the interviews. 

Consideration of external events, such as an earthquake or an aircraft crash, or conventional 

hazards, were also covered in the predicted map. In addition, the area of contamination was 

strongly emphasised by several interviewees. Different considerations such as “breathing 

apparatus”, lithium leakage spread, or contamination of supporting equipment were mentioned. 

Interviewees also emphasised the need for a maintenance strategy requiring remote handling 

which could be at risk of contamination, obstruction and indirect damage (Zhao et al., 2019). 

However, there are only 8% of safety features predicted in the map which involve dedicated 

areas to handle contamination. This could potentially be due to the complexity of coolant 

interactions with lithium breeding blanket and first wall (DeVan, 1979). Since JET does not 

have a breeding blanket while HPC and THOR coolant-fuel interactions are very secure, the 

contamination level would be low in these reactors. Therefore, the prediction fails to provide 

the measures against the coolant-lithium interactions, which could be considered in the 

optimisation of the map in the future. 

Similarly in the category of containment shown in Figure 12, themes emerged in the 

containment systems that show some level of agreement between the predictions and interview 

analysis. Different confinement barriers were discussed with a large number of mentions about 

the ability to contain tritium and activation products being released to the environment. In the 

predicted map, a similar proportion of safety features were specified to create multiple 

containment layers using a vacuum vessel, internal structures and external containment. 

However, accidental scenarios such as LOCA, LOVA and explosions, appeared in 9% of the 

mentions by the interviewees, while the predicted map strongly emphasised these concerns 

with them involved in 23% of its safety features. 
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Figure 11. A comparison between themes generated from the thematic analysis (left) and the 

prediction process (right) for the category of auxiliary systems. The size of the circle represents the 

number of mentions (or safety features) in each theme. The bar chart represents the number of 

relationships between the themes and the fundamental principles.  

Topics such as depressurising systems and tritium management also show significant 

differences. The predicted map shows a strong emphasis on the depressurising systems and less 

emphasis on the tritium management. The opposite was observed in the conversations with the 

interviewees. This could be potentially due to the reactor sizes that were in consideration. The 

interviewees are designers of STEP which is a small prototype fusion reactor with an estimated 

output of 100 MW, while the CFR would be at significantly higher in power output. The 

differences in power would likely lessen the burden on the accidental scenarios, which is 

similar to the case between THOR and HPC. The lack of focus on depressurising systems in 

STEP could potentially be due to a design decision since almost 50% of the safety features in 

the predicted map came from JET itself. Therefore, the same level of depressurising systems 

remained in the predicted map. On the other hand, the difference in tritium management is 

significant. The safety features in tritium management in JET were assessed and applied 

directly to the CFR. However, the consumption of tritium at JET was measured in grams 

(Andrew et al., 1999, Perry et al., 2020) while a commercial fusion reactor could consume a 

higher order of magnitude (Zheng et al., 2016). Taking this into account, it is sensible that the 

attention to tritium management should be higher in the predicted map. 
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Figure 12. A comparison between themes generated from the thematic analysis (left) and the 

prediction process (right) for the category of containment. The size of the circle represents the 

number of mentions (or safety features) in each theme. The bar chart represents the number of 

relationships between the themes and the fundamental principles.  

 

In the shielding category, the main concerns of the design team were radiation from activation 

products, activated components and neutrons. High energy neutrons are generated from the 

plasma which could penetrate materials through various pathways. They also activate 

components turning them into radioactive materials which emit further radiation. In the 

predicted map, a combination of biological shielding and shielding via components was 

identified as safety measures associated with these issues, with 79% of the safety features in 

the category.  

In the category of waste management, there is a strong agreement of the safety themes between 

the predicted map and the thematic analysis as shown in Figure 16. A strong focus on drainage 

is required to ensure control of tritium leakage.  Waste handling was also considered in both 

results. However, Porfiri et al. (2020) highlighted the low level of knowledge about waste 

streams and storage methods. They suggested waste management strategies to focus on an 

effective recycling approach to minimise the waste volume. On the other hand, interim storage 

would need to be planned to host the activated materials before processing while the disposal 

strategy should be identified before the construction of the fusion reactor (Bailey et al., 2021). 
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Figure 13. A comparison between themes generated from the thematic analysis (left) and the 

prediction process (right) for the category of shielding. The size of the circle represents the number 

of mentions (or safety features) in each theme. The bar chart represents the number of 

relationships between the themes and the fundamental principles.  

 

In human factors and operational aspects, there are some common themes in Figure 14. Access 

control, instructions and manuals, and safety cases are the common topics. Even though their 

proportion of safety features vary slightly, their appearance on both diagrams was expected. 

On the other hand, emergency manual response and human errors are ensured by safety features 

in the predicted result while safety committee and tritium inspections were highlighted as 

considerations in the interviews.  

In the category of instrumentation and control systems, Figure 15 shows a good agreement 

between the thematic result and predicted map. Common themes such as operation monitoring, 

radiation monitoring and tritium monitoring appeared on both sides. The interviewees express 

stronger emphasis on operation monitoring but failed to address the discharge monitoring, 

which has the most safety features in the predicted map. 
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Figure 14. A comparison between themes generated from the thematic analysis (left) and the 

prediction process (right) for the category of human factor and operational aspects. The size of the 

circle represents the number of mentions (or safety features) in each theme. The bar chart 

represents the number of relationships between the themes and the fundamental principles.  

 

 

Figure 15. A comparison between themes generated from the thematic analysis (left) and the 

prediction process (right) for the category of instrumentation and control systems. The size of the 

circle represents the number of mentions (or safety features) in each theme. The bar chart 

represents the number of relationships between the themes and the fundamental principles.  
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The bar charts across Figures 12 – 17 represented the relationship between the safety themes 

and the fundamental principles. Almost all safety categories demonstrated strong focus towards 

the fourth fundamental principle from both the thematic analysis and the predicted map. 

However, the levels of intensity were significantly different. For example, in the auxiliary 

system, the predicted map show 92% of the safety features are connected to the FP4, while 

only 46% of the total mentions were connected to FP4 in the thematic analysis. On the other 

hand, there were almost no common patterns between the bar charts. This could potentially be 

due to the lack of regulatory frameworks in fusion energy as well as the early stage in the 

development at STEP, which resulted in the diverse variations in considering regulatory 

requirements across designs areas.  

 

Figure 16. A comparison between themes generated from the thematic analysis (left) and the 

prediction process (right) for the category of discharges and waste. The size of the circle represents 

the number of mentions (or safety features) in each theme. The bar chart represents the number of 

relationships between the themes and the fundamental principles.  
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5.4.  Conclusion 

In conclusion, a methodology was developed to predict a regulatory safety map for a 

commercial fusion reactor based on the maps of fusion and fission research reactors (Joint 

European Torus (JET), Tsing-Hua Open pool Reactor (THOR)) and a commercial fission 

reactor (Hinkley Point C (HPC)). A comparison between the maps of the research and 

commercial fusion reactors illustrates the possibility of significant shift in the priority order of 

safety categories. Containment, shielding, auxiliary systems are predicted to need a higher level 

of priority with significant increases in the number of safety features. Priority levels for 

operational factors, instrumentation and control, discharge and waste management are 

predicted to be reduced. The predicted result was compared against the outcome of a set of 

semi-structured interviews with designers of a commercial fusion reactor; and thematic 

analysis was used to identify their priorities for safety features. Common themes emerged 

between the thematic analysis and the predicted map across the safety categories; however, 

there are significant differences in the level of emphasis and the relationship between such 

themes and the fundamental principles.  
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CHAPTER VI.  DIGITAL ENVIRONMENTS IN ENGINEERING 

DESIGN PROCESS 

6.1.  Introduction 

Engineering design processes have been evolving over many years and through many iterations 

and different approaches.  The overall intention being to improve the process by reducing risk, 

saving cost and better matching the design requirements. The most common approaches are 

the traditional design process and the concurrent design process. Traditional design involves 

consecutive stages that are executed in a linear progression as shown in the waterfall structure 

in Figure 17. The design stages are placed in a loop due to issues identified in later stages often 

require repetition of one or more of the previous stages to iterate the design. Thus, the design 

decisions move in cycles between interdependent components, which could lead to divergence 

of design decisions (Loch et al., 2003). When engineering systems become more complex, the 

traditional iterative approach struggles to resolve the sheer volume of issues that are identified  

(Ammar et al., 2019). In contrast, concurrent design involves all design stages occurring 

simultaneously, for example, considering safety requirements and assessment in parallel with 

the design process as below.  

 

Figure 17. Traditional design process (waterfall structure on the left-hand side) and concurrent 

design (parallel structure on the right-hand side) 
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This approach has been widely accepted as a viable strategy for companies to reduce the time 

to market and achieve overall cost savings (Tseng et al., 1998, Cutkosky et al., 1993, Anumba 

et al., 2002, Pardessus, 2004, Sohlenius, 1992, Wu et al., 2010, Büyüközkan et al., 2004). The 

overall cost of the entire product lifecycle can be established to provide guidance in the early 

design phase (Ishii, 1995). Additionally, bringing forward the later lifecycle stages can allow a 

clear and consistent strategy to minimise the risk of downstream changes, which often incur 

significant time and cost (Kim et al., 2006, Sohlenius, 1992, Pardessus, 2004). Adoption of 

concurrent design has been implemented in automotive (Fan and Filos, 2001) and 

manufacturing industries (Harding et al., 2001, Büyüközkan et al., 2004). However, there are 

barriers to the implementation of the concurrent design approach arising from both its practical 

application and external factors. Pullan et al. (2010) highlighted the complexity and demands 

in considering all engineering activities simultaneously in practice. Engineering changes from 

single activity often impact multiple activities across the design process, thus there is a need 

for striking a balance between changes and their implications. Trade-off studies and lengthy 

negotiations to resolve dilemmas and compromises across all activities could be an obstacle in 

achieving shorter development and production times (Habhouba et al., 2011).  In addition,, 

when design activities involve external parties, the information exchange might face 

commercial and legal issues that could slow down the knowledge flow and prevent activities  

taking place simultaneously (Fan and Filos, 2001). The use of digital technologies in the design 

process was identified as a solution to the implementation of concurrent engineering approach 

(Pullan et al., 2010, Kerr et al., 2006). Tan and Vonderembse (2006) investigated the usage of 

computer-aided applications within the product development process and concluded that high 

number of computer-aided design applications were often used in concurrent design. Similarly, 

Khalfan and Anumba (2000) emphasised that the successful application of a concurrent design 

approach relies heavily on three different aspects: technology, human factors and organisational 

management. 

This chapter will attempt to explore the current challenges in adopting concurrent design 

approaches by a literature review in section 6.2. It is followed by an investigation into how 

digital environments could enable a concurrent design approach in section 6.3. A case study on 

the design of breeding blanket and the waste management strategies for a fusion powerplant 

was conducted in section 6.3 to identify the potential impacts of enabling technologies in 

practice.  
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6.2.  Literature review on the fundamental challenges in the concurrent design approach 

6.2.1  Communication and information sharing 

The concept of concurrent engineering design was proposed in the late 1980s, however, 

communication and information sharing remained one of the fundamental challenges in the 

literature. Multi-disciplinary teams of specialists are required for concurrent design, in which 

their responsibilities lie not only in their area of expertise but also in collaboration with others 

to make combined decisions. An effective communication method is needed to facilitate 

instantaneous exchange of information (Xiaozhen and Shen, 2005). The authors highlighted 

the need for a technology, such as product modelling and visualisation technologies to enhance 

communication across disciplines. Büyüközkan et al. (2004) described existing enabling 

collaboration and communication technologies that have already supported effective 

communication. However, Loch et al. (2003) investigated the challenges in coordinating high 

number of activities in concurrent engineering processes, especially in substantial large project 

size. The authors questioned the inevitability of such challenges and whether they could be 

resolved by a rich communication system. Habhouba et al. (2011) highlighted the common 

approach to communication among multidisciplinary teams is exchanging messages. Kerr et 

al. (2006) criticised the differences and ambiguities in communicating requirements among 

designers, customers, stakeholders, etc. which make it challenging in a collaborative 

environment. It was proposed that the use of an ontology could solve the issues by providing a 

structure and common ground for defining and communicating requirements. Similarly, Hu et 

al. (2011) investigated the challenges in natural language used among design teams in the 

conceptual design stage. They identified that there is a need for coherent terminologies and 

conflicts resolution in the design process.  

On the other hand, the sheer volume of activities taking place in an concurrent engineering 

environment could easily overwhelm the management of information (Klein, 1996). Scherer 

(1997) highlighted challenges in information management in concurrent engineering, namely 

information sharing, information history and information freshness. Concurrent engineering 

requires a dynamic information management model to reflect changes that occurs at any time 

during the development cycle. “Frozen” or “compiled” models of information are inappropriate 

due to their representation of a state that happened in the past. Fan and Filos (2001) emphasised 

the need for IT systems to enable the concurrent engineering approach; however, the impact is 

yet to be understood. It was reported that content management tools and their advancing 
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development, such as product data management, engineering data management, engineering 

documentation management and integrated product data management, have already reinforced 

information sharing (Büyüközkan et al., 2004). However, documentation sharing between 

departments might only be used locally rather than globally (Durstewitz and Boy, 2001). 

Feedback is important but the documenting process takes time and therefore slows down the 

design process. Additionally, the differences in the way documents are created among teams, 

departments and organisation make it challenging to access and make use of the information. 

Durstewitz and Boy (2001) proposed a solution to this challenge using structured forms and 

automated linking system. In a similar vein, Li et al. (2009) highlighted the role of information 

management to reduce the engineering administrative workload. Recognising the importance 

of collaborative efforts between multiple engineers, designers, manufacturers, ect. is vital to 

the adoption of concurrent engineering, they identified the increasing potential of digital 

products such as Product Life Management (PLM) to facilitate and interpret information 

sharing. The use of annotation could improve the effectiveness in communicating information; 

however, different annotation techniques were often designed for specific purposes. , Chung 

and Chik (2001) investigated the challenges for organisations and individuals in making 

adjustments to the parallel working behaviour of concurrent engineering. This would happen 

not only between departments but also across the organisation. They highlighted that sharing 

the same performance objective across the organisation would promote self-reflection by 

workers to continuously self-improve by benchmarking against best practice. Additionally, the 

importance of enabling technology was emphasised to provide the means of capturing 

knowledge, to present technical information, and to continuously update and connect this 

information. However, the cost of maintaining and developing tacit knowledge should also be 

considered in an information system. 

6.2.2  Design reviews 

Another fundamental challenge of concurrent engineering is design reviews. Here, decisions 

are made relating to a substantial number of design activities all at once. Klein (1996) 

highlighted the challenges in capturing the rationale and conflicts in decision making processes. 

Klein identified that there is a need to integrate the rationale capture model and design model 

to allow a consistent approach in mapping the rationale and design descriptions. The author 

suggested a model that combined process, conflicts and rationale capture capabilities; however, 

it was also pointed out that the complexity in integrating such capabilities proved to be a 

challenge. Similarly, Durstewitz and Boy (2001) investigated how regulation could influence 
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design objectives and decisions, particularly when existing regulation is not established to 

cover the first of a kind products being designed. Thus, they highlighted the importance of 

decision traceability to provide visibility on the impact of decisions in design activities across 

a dependable network. Furthermore, Harding et al. (2001) examined the challenges in effective 

modelling and communication of valuable market information  They proposed a design system 

that focuses on identifying and defining precise product requirements, promoting centralised 

information storage with the ability to share, update and evaluate as new knowledge emerged. 

Several design models and digital tools, such as a mathematical model of decision propagation 

(Loch et al., 2003), a design structure matrix (Yassine and Braha, 2003) and a digital tool 

EchoMag (Habhouba et al., 2011), were proposed to alleviate the challenge by effective 

management of predicted and unpredicted changes that propagated across the interdependent 

systems, identification of parallel tasks and decomposition and integration of components. As 

a consequence, it could help identifying alternative solutions to engineering changes to allow 

designers and experts to explore options. Chung and Chik (2001) emphasised the requirement 

for speedy decision making across concurrent activities. A decision table was proposed to 

coordinate a list of conditions and their relevant processes and procedures, thus allowing a fast 

flow of decisions to be made. They highlighted that such a system would empower the 

individual to take initiative to test and make changes as required. Wellins (1991) emphasised 

that the trust of the organisation in the individual to take such initiative and to make decisions 

could result in a change of social value which could produce positive effects on the individual 

performance, flexibility and sense of innovation. Xie et al. (2017) considered that current risk 

modelling strategies that failed to recognise the complexity of coupling effects in concurrent 

tasks across different levels of product development. They also highlighted the potential bias 

assumptions in simulations and incoherent evaluation of risks between different concurrent 

teams. A potential solution to this problem was proposed by Wu et al. (2010) using simulation 

models to manage risks by integrating review techniques, such as the graphical evaluation and 

review technique (GERT) and failure modes and effects analysis (FMEA). Similarly, Kayis et 

al. (2006) proposed a risk management framework which allowed a smooth information 

sharing, enhanced decision making and augmented critical dependencies information to reduce 

potential underlying risks between interdependent processes that take place concurrently. 

6.2.3  Compatibility 

Simulation models and digital technologies play an important role in enabling a concurrent 

design approach. For example, Büyüközkan et al. (2004) identified the importance of 
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visualisation tools to quickly sketch and represent design ideas which can be viewed and shared 

amongst designers that might be located all over the world. Tan and Vonderembse (2006) 

emphasised the usage of Computer Aided Design (CAD) has improved the performance of 

product development and cost. However, Gedell et al. (2011) raised concerns about the 

different approaches in modelling between the product design and production processes. They 

highlighted the need for an integrated model that could be used from the design stage through 

to the production stage with the intention of considering the whole lifecycle, but they also 

pointed out that there is an existing lack of emphasis on the later stages of the product lifecycle. 

Similarly, Muthumanickam et al. (2023) recognised the complexity in adapting simulations and 

models through different phases of product development which results in interoperability issues 

in a concurrent environment. They proposed a digital platform that integrates several 

concurrent activities using interactive structures, metal models and trade-off analyses to 

support the design optimisation in a concurrent and multidisciplinary environment. While 

concurrent design processes could make use of digital technology such as digital twins, Daun 

et al. (2016) highlighted the need for a synergistic approach in  integrated cyber-physical 

systems. They proposed a framework featuring context-rich environments to ensure 

consistency among various systems within a cyber-physical system. Additionally, Chung and 

Chik (2001) stressed the need for an integration capability across functional boundaries to 

optimise both internal objectives (costs and benefits) and external objectives (stakeholders’ 

requirements such as safety and return on investment). 

Compatibility issues could also be the result of human factors. Yen et al. (1994) highlighted the 

challenges in requirements analysis as a result of the inconsistency among concurrent 

engineering design teams and the imprecise  nature of methods generating requirements. Zanko 

et al. (1998) identified the variation in the arrangements, size and power of cross-functional 

and cross-organisational teams which can cause communication and work relationship issues. 

They also highlighted that the human resources management efforts focused on building 

concurrent teams and their arrangement; however, they suggested that strategies for 

organisational structure should be considered early. 

6.3.  Digital environments in the engineering design process 

Oxman (2006) highlighted the growing developments in digital environments that could 

revolutionise design methods and argued the need to review current design methodologies. In 

this section, the key attributes of a digital environment will be examined and their potential 
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role in alleviating the fundamental challenges of a concurrent design approach. Seven design 

stages in the traditional iterative design cycle were used as the basis to explore the impact of a 

digital environment, as shown in the inner ring (blue) of  Figure 18, including: communication, 

research, imagination, plan and selection, prototype, test and evaluation, refine and 

improvement. Key attributes of the digital environment form an outer ring (orange), in which 

they are aligned to the stage that they potentially have the most impact on. Green arrows were 

used to show such associations.  

6.3.1  Communication and information sharing 

Communication and information sharing have been greatly enhanced by the development of 

digital technologies, such as computer aided design tools, digital communications, product life 

cycle management tools and even social media platforms. Taking a look at the first stage of the 

design cycle, communication, tools such as Microsoft Teams, Zoom, Google Meet and several 

other applications have foster an instant and borderless environment, in which not only the 

multi-discipline design teams but also customers, investors, regulators and stakeholders can 

meet and exchange information regardless of their geographical location. These tools allow 

group interaction between multi-disciplinary teams that are scattered across the globe. In 

addition, the ability to automatically capture and transcribe meetings, discussions and even 

self-talk sessions help lessening the burden of documentation. Furthermore, natural language 

processing tools can support breaking the language barriers, lessening the level of ambiguities 

as well as unifying terminologies which allow a smooth and synchronous communication 

regardless of cultural and technical differences. Consistency in communicating constraints, 

criteria and requirements between design teams could allow better coordination of concurrent 

processes. Real-time information exchange through an integrated communication tool can 

facilitate an increase in the number of parameters being considered, as shown in the research 

stage in Figure 18, thus enabling a comprehensive evaluation of requirements and impacts. 

Synchronisation in communication also facilitates team coordination, which is critical in 

dealing with time zone, and other geographical differences. Loch et al. (2003) demonstrated a 

coordination model that enabled cooperation among component engineers, improved 

performance up to 30% by time saving, provided better control of the number of iterations. An 

integrated digital environment with visualisation capabilities can enhance the richness of 

communicated information, prompting creativity and incentivising changes.  
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Figure 18. A schematic representation of potential attributes of a digital environment to the 

engineering design process. 

 

An information management system as part of a digital environment can have the capability of 

a self-organised information mechanism. This has been done using tools such as product life 

management systems where information is stored in a designated and structured system 

(Cheung and Schaefer, 2010). However, machine learning and AI technologies could augment 

the system by providing the means to automatically disseminate and organise information in 

such a way that can allow users to access information quickly and timely manner (Konda et al., 

1992). The fullness of enriched information could easily overwhelm the users’ comprehension 

abilities; however, an information structure that encapsulates multiple layers could be designed 

to provide the appropriate level of detail that suits the needs of all individuals. Generative 

artificial intelligence algorithms can be designed to understand the users’ needs and provide 

support for locating the information, connecting with the source and even disseminating 

knowledge, thus extending the users’ mind. Such information can also be tagged with up-to-

date description, detail and relevancy, which can support new employees, staff members from 

different teams and backgrounds, and even external stakeholders. Additionally, the ability to 

visualise and inspect the information can play a key role in the users’ learning experiences and 

allow them to progress quickly to apply the acquired knowledge. In addition, visualisation 

could prompt the designers’ cognitive behaviour and extending their imagination which could 
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result in creative ideas and innovative design approach. Such creativities and innovations could 

be quickly communicated and shared among designers, which facilitates a group-thinking 

approach and thus unifying the designers’ minds. On the other hand, Fan and Filos (2001) 

highlighted that the information system could provide a coherent and consistent structure of 

information across multi-discipline teams despite their differences in organisations, cultures 

and geographic locations. They suggested that this could help unifying the organisation and 

breaking down the complexity of concurrent activities.  

Overall, digital environments help alleviate the communication and information sharing 

barriers not only within a design stage but also across multiple stages, thus enabling a 

concurrent approach. A symbiotic relationship among the design stages can be formed, which 

allows information to flow directly into any stage across the design cycle. 

6.3.2  Design reviews 

The challenges in design reviews comprise the means to capture decisions, track and trace the 

propagation of changes, and undertake risk management. In an integrated digital environment, 

designers can work together in a shared virtual space formed by computational models of 

engineering systems. Transcription and video footage of discussions, codesign and decision-

making processes could be used to provide the context and justification for decisions. Such 

information can be formatted and organised by the information sharing systems described 

above to communicate to a wider audience which could prompt useful feedback, promote 

efficiency and collaboration between the designers. Additionally, the captured story could 

support external parties, such as stakeholders and regulators, in better understanding the 

decisions made, thus allowing the context of the design to be taken into account.  

Engineering changes are often managed by various computational algorithms and digital 

technologies, such as digital twins and model-based definition  (Habib et al., 2022). 

Automation of these technologies in an integrated digital environment, could allow a rapid and 

systematic simulation of the propagation of the change across the entire lifecycle of the product. 

Such technologies could be further developed to generate potential design modifications and 

allow designers to explore a wider range of possibilities. Traditionally, conflicts can quickly 

arise in the environment due to the large number of inputs from the designers. Through 

experiencing the same integrated environment, designers are incentivised to negotiate and 

make trade-offs to resolve such conflicts. Potential emergence of coupling effects and bias in 

modelling assumptions could be managed, tracked and communicated in the digital 
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environment to allow the designers to evaluate the impacts against design objectives. 

Furthermore, the integrated digital environment could help in identifying design priorities 

where resource could be better allocated, thus reducing the overall risk.  

Senses such as sound, taste or smell could be simulated in an immersive digital environment 

to provide an enriched experience to the designers by stimulating their cognitive abilities 

(Razza et al., 2014, Schifferstein and Desmet, 2007) and to improve design realisation across 

multiple design stages, including imagination, prototype and test & evaluation. For example, 

in the prototype stage, a simulated environment could allow designers to assess different levels 

of detail in the design against commercial constraints and requirements, thus leading to more 

robust and compliant design. 

6.3.3  Compatibility 

A virtually interconnected and immersive space, known as a metaverse, allows users to interact 

in real-time with digital objects alongside with each other. In this virtual world, the users can 

explore life experience that goes beyond the physical world. The capability of computational 

models in an integrated digital environment is evolving to an industrial metaverse, in which 

digital representations of real-world systems can be designed and created in the same 

environment. Thus, conflicts or inconsistencies between software or hardware interfaces would 

no longer be an issue. This also ensures a unified approach in modelling across the lifecycle, 

and enables a synergistic approach to cyber-physical development (Yassine and Braha, 2003). 

 A digital environment can also alleviate compatibility issues in human and organisational 

structures. An organisational structure could easily be set up and managed in a digital 

environment where optimal design team composition could be analysed to support 

management and recruitment processes. For example, a flexible matrix for team structures was 

proposed by Anumba et al. (2002) with a broad spectrum of disciplines (Evans et al., 1994), 

ranges of experience in the form of age distribution (Sohlenius, 1992), and the inclusion of a 

digital integrator (Pardessus, 2004). Additionally, management tools can be employed to 

automatically identify overlapping activities while optimising parallel tasks during the product 

development process.  
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6.4.  Case study 

This section presents a case study to illustrate the potential applications of digital environments 

in the design process of the Spherical Tokamak for Energy Production (STEP) programme at 

UKAEA. 

6.4.1  The STEP programme 

The Spherical Tokamak for Energy Production (STEP) programme aims at demonstrating the 

viability of electricity generation from the fusion reaction within the next 7 years4. The 

programme is ambitious in delivering a design and has been growing significantly. A concept 

design of the powerplant is expected to be completed by 2024. At the time of this study (2022), 

the program has been running for over three years and growing significantly to over 400 staffs 

from just over 100 people in 2019. In addressing the challenge of achieving a compact design 

at high efficiency and reduced cost, a consortium of external companies was employed in 2022 

to support the delivery of STEP5. The STEP programme design philosophy considers the full 

product lifecycle of the fusion powerplant, including design, construction, operation, 

maintenance, decommissioning and dismantling. Therefore, the design concepts must consider 

all these factors alongside producing a working product. The design approach exhibits some 

level of concurrency and employs a significant number of simulation models and digital tools. 

Large number of design concepts have emerged; however, several designs have been dismissed 

due to either facing technical roadblocks or their inability to deliver performance objectives 

(e.g self-sustainability of tritium). Most dismissed concepts took a few months to realise while 

some took over a year before a decision could be made.  

This case study was conducted to study the existing challenges and current application of 

digital environments in the concurrent design approach at the STEP programme.  

6.4.2  Data collection  

Data collection was conducted by a three-month placement in the STEP programme. During 

the placement, observations and field study notes were taken to document the existing working 

culture and to highlight the challenges that a digital environment could potentially support. 

 

4 https://step.ukaea.uk/ 

 
5 https://www.gov.uk/government/news/step-forward-to-fusion 

 

https://step.ukaea.uk/
https://www.gov.uk/government/news/step-forward-to-fusion
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Evidence used in this case study includes a collection of design review meeting summaries, 

screenshots of the communications tools (e.g Microsoft Teams) and the information sharing 

platform, “Sharepoint”. This data is not included in this thesis due to the presence of 

commercially sensitive information. It remains available on request subject to permission being 

granted from the STEP programme.  

6.4.3  Results and discussion 

6.4.3.1 Communication and information sharing platform 

An analysis of the organisational structure was carried out by an investigation into the “STEP 

people list”, “STEP Organogram” and organisation chart on Microsoft Teams. The first two 

items are available and visually displayed on the home page of the programme. The list is 

essentially a spreadsheet that collates all information about staffs working on STEP, including 

departments, programme areas, start/finished date, etc. The organogram is designed to show 

the hierarchical relationships between departments, programme leaders, managers and staff. 

During the placement, I was involved in a small project that identified the information 

workflow between models, analysis codes and simulations used across the programme 

departments. This was done through engaging key members of staff in several different areas 

to understand target parameters, inputs/outputs and software usage. Through the few contacts 

that were recommended at the early stages of the project, the organogram was used to expand 

these contacts to a list of people that reside within the extended hierarchical relationships. 

Individual’s names, roles and contact information were readily available on the organogram. 

The spreadsheet “STEP people list” was used to filter the people, who did not appear on the 

hierarchical relationships of the given contacts, based on their roles and departments. 

Additional people were often suggested during the engagement process, from whom their 

“relationships” could be quickly explored using the snapshot on Microsoft Teams. However, 

the “STEP people list” and “STEP organogram” require manual update by administrators to 

record any changes which happen across the organisation. As the organisation grew, the level 

of administrative works became a burden which resulted in delayed updates and out-of-date 

information. “Information forms” were distributed to gather updated information and regular 

“clean-ups” were scheduled to maintain the list. The “STEP Organogram” was severely 

affected to the point that it was out-of-date and taken down for maintenance for extended 

periods of time. The organisation chart on Microsoft Teams could still be used, however its 

reliability was low. Verboncu and Zeininger (2016) highlighted that updating such lists and 

other relevant documents could be a difficult task, especially in the case of major changes. 
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They also pointed out that managers might have the tendency to only address the issue in 

maintenance for formality purposes, which results in the perseverance of the issue. The 

incoherent state of the three systems at STEP shows that they were partially connected but not 

fully integrated and automated. Administrators would potentially update the lists and 

organogram locally then copy and paste the information into the database to allow the correct 

display on Microsoft Teams. However, it could also be possible that the list and organogram 

were updated manually while the organisational charts on Teams were extracted from a separate 

database. Thus, inconsistencies might occur which could reduce the effectiveness of the 

systems. Therefore, a unified and automated system is needed to reduce the administrative 

burden and to improve consistency. Previous studies have been undertaken on the use of 

automated templates (Pattison et al., 1987) and computer-aid systems (So and Durfee, 1998). 

Additionally, an automated organisational chart, GoOrg, was proposed by Amaral and Hübner 

(2019), which incorporates the goals of the organisation, resources management and predictive 

capabilities. It was highlighted that the system would not only provide the information 

effectively but also allow optimisation of the allocation of resources and the organisational 

structure. 

During the placement, multiple communication methods at the STEP programme were 

observed, such as official documents releases, emails, scheduled meetings and informal catch-

up. A “STEP Public Documents” folder was accessible from the home page of the STEP 

programme on “SharePoint” that centralises all information, including forms, slides, team 

briefs, etc. Additionally, acronyms and technical phases were explained and clarified in a 

centralised “Glossary” file that was also available on the home page. Using the “Glossary" 

document has helped the early stage of the placement in explaining terminologies in the 

technical documents. Furthermore, the document  also supports the consistency of language 

used among the design teams, thus it could alleviates the challenges in the differences and 

ambiguities of design language as described by Kerr et al. (2006) and Hu et al. (2011). 

However, the document requires manual updates as new terminologies appear. Even though 

the emergence of new terminologies or changes to existing terminologies might be of lower 

frequency than the list of people as described above, it would still be beneficial if the document 

could be automatically updated alongside the development of the programme. On the other 

hand, digital communication technologies such as Microsoft Teams and emails are widely used 

across the organisation. In the information workflow project, the majority of communication 

was conducted through Teams calls and messages, which remained similar to the observation 
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of  Habhouba et al. (2011) that showed most engineering design communication were in the 

form of messages. While some meetings took place in person, there were often participants 

who connected online through the use of Teams. The flexibility, instant connection and 

borderless environment of the digital communication technologies has eased the meeting 

planning process and the exchanging of information. Additionally, full records of several online 

meetings were found in this information platform, which were mostly important meetings and 

seminars. A more detailed study of a few of these records was conducted, which highlighted 

the valuable reference points to the decisions made in these meetings. It has also allowed me 

to capture the rationale behind action items, thus facilitating a quicker and more in-depth 

understanding. However, records of online meetings were normally archived without 

timestamps or a summary, which made it challenging to locate useful information without 

viewing the full records. This has created an act of “spending two hours of watching and getting 

two minutes of contents”, one employee described. All these factors have contributed to the 

general underutilisation of these records, as illustrated by their very low number of views.  

Furthermore, it was often difficult to differentiate the overlapping voices of multiple speakers, 

especially in a large hybrid group meeting, despite advanced recording and video technologies 

being set up in the meeting room. Topkara et al. (2010) described similar issues with meeting 

videos recordings. They proposed a collaborative system that allows automatic transcription, 

metadata generation, segmentation of the video recordings with searching and sharing 

capabilities. 

The information sharing platform “Sharepoint”, namely “STEP Year 2+”, was explored during 

the placement to investigate how information were stored and structured. The home page 

provided useful information and motivational messages illustrating the working culture of the 

programme. However, there were some confusions in navigating Sharepoint, for example 

folders with similar names (“Documents” folders versus “STEP Document Center”). The 

“STEP Document Center” appeared on the main navigation bar, however there were separate 

“Documents” folders in every folder of the home page, workstreams, functional areas, etc. No 

descriptions were provided on the content of the files in the folders, thus each folder was 

opened and checked to search for significant contents. An investigation into the main page 

“Document folders” revealed a diverse range of files including irrelevant and out-dated 

information. The file names were also imprecise giving inadequate information regarding their 

content. Further investigation into the structure of folders in different design areas was also 

conducted. It became evident that many folder structures were created in advance and were not 
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fit for purpose, resulting in multiple empty folders. Additionally, some folders were named 

using a code system that was not explained elsewhere. This made it very difficult to navigate 

the folder to search for the information. Similar issues with documents’ names were also 

identified as different codes systems made it difficult to find the required information without 

searching for a full breakdown list. The maintenance of files, folders and documents was also 

lacking. For example, a folder titled “Test” was created to temporarily store a few templates 

which were designed and tested before rolling out. However, the tested files and folders were 

never removed, which showed that no administrative effort was made to maintain these files. 

This also demonstrated a common issue that the documents and its organisation structure, 

which were placed in a global sharing platform, were actually used for local purposes as 

described in Durstewitz and Boy (2001). This investigation also highlighted the potential for 

inconsistencies in document writing between departments. In a spreadsheet report on software 

development and usage, most departments followed a standardised format, but one department 

used an alternative format that was slightly different. Another common issue is the searching 

capabilities of the “Sharepoint” information sharing platform (Patterson et al., 2023). Sample 

searches of standard keywords were tested on the search engine, which resulted in a variety of 

documents, files and folders with limited filtering capabilities. It was observed that all files and 

folders contained metadata such as the number of views, viewership, released version, issue 

date, etc, which could be used for tracking and tracing purposes. However, it was difficult to 

locate the correct information due to the different naming systems in addition to the sheer 

number of files, documents and folders. Furthermore, there were no instructions on how a 

precise search could be conducted. 

According to Ackoff (1989), the data-information-knowledge-wisdom hierarchy structured in 

a pyramid order where data is abundant at the bottom while wisdom is rare at the top. Data is 

broken down and transformed into information. Learning and adaptation of such information 

form knowledge, the know-how. Finally, making the judgement on the knowledge based on 

ethical and aesthetic grounds. It is evident that data are available across the STEP program 

while “Sharepoint” has helped recording and organising information into a foundational 

structure. It was argued that from data up to knowledge could be programmed and automated 

(Ackoff, 1989). However, this is only the case for data and information at STEP, while some 

knowledge of the information has been generated and shared but they are often buried under a 

range of communication products, documents’ titles and “folders”. The knowledge goes 

beyond the information by providing an understanding of the context and implications of the 
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information. Insights and experiences sharing can lead to better collaboration and innovation, 

thus allowing informed decision-making and strategic outcomes. Therefore, the dissemination 

of such knowledge across the program is critical and could potentially be resolved using an 

INDE as described above. Additionally, a fully equipped INDE might be able to communicate 

with other INDEs if allowed, such as a personalised digital twin, to assemble background, 

ethical views and records of “judgement” rationale. Thus, this could potentially allow wisdom 

to be stored and shared. 

6.4.3.2 Design review meetings 

The design process of the STEP programme follows three-months cycles, in which a full design 

review is conducted at the end of one cycle followed by a design sprint at the start of the next. 

During the design cycle, teams often work on their respective areas while the final outputs are 

discussed at the end of the cycle to identify setbacks or showstoppers. During the placement, a 

study on the design reviews process at STEP was conducted through attending, summarising 

and supporting the production of a technical note that covered the information and decisions 

made during a three-day design review meeting. In preparation for the design review, videos 

recordings of previous design decisions were studied alongside the published documentation 

on such decisions. This combined approach has allowed an understanding to be built up of the 

previous design decisions and their rationales. However, it was difficult to build a complete 

picture of the decisions due to large numbers of iterations and changes that had been made prior 

to the previous design review. Most information came from published documents 

supplemented by a few video recordings of design decisions. Viewing the full records and 

studying the published documents was time consuming, thus most of the prior design decisions 

were not fully investigated.  

The three-day design review was conducted mostly in person in a large conference room. 

Participants were predominantly leaders from every design team, who would present their 

progress and discuss the potential impacts from and to other areas. It was highlighted that there 

is a need for a consistent set of requirements across the design team. Some leaders argued that 

“environmental and safety” should be included in the requirements set. However, it was pointed 

out that “decisions are easier if not considering” certain requirements. This suggested that 

potential inconsistencies could exist in defining the requirements across the product areas. On 

the other hand, there was a discussion on the timing of setting the requirements. The system 

engineering team required the set of requirements before the end of the next design cycle while 
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some confusion emerged as “we aren’t making the requirements until” the next design cycle. 

It was highlighted that there was some mismatch information in the goals, objectives and 

requirements between the departments that were not communicated. It was concluded that there 

is a lack of information sharing and communication, which needed a shift in active sharing in 

the working culture across the departments. Similar discussions on assumptions and certain 

definitions highlighted some level of inconsistency among teams, especially in the 

development of models and simulations. This was due to a significant number of models and 

simulations being used locally for the required analyses. Additionally, there were concerns 

about the unrecorded constraints used in models and simulations. The need for system 

integration was strongly emphasised during the review process. Few areas have demonstrated 

their inter-connectivity while most areas remained “working in isolation”. Information was 

available locally, but not automatically transferred to other areas. Similar issues with decisions 

made in a certain design area in isolation were also highlighted, with one participant observing 

“such decisions would be helpful to have known”. Furthermore, there were several “what if” 

type of questions which appeared in the evaluation of options. One design team leader 

questioned if “one plan overall”, which suggested the consideration of only a single design 

solution, could be sufficient considering the material used. It was identified that there is a need 

to find an agreement across the design team on several decisions, however consensus could not 

be reached during the review process due to lack of information and/or assessment. Thus, 

cooperating areas were routinely recommended to work together outside of the review process. 

Resource allocations were also discussed with a few design areas called for additional support 

due to being “under resourced”, having “not enough time” or “needing more time”. 

Following on from the three-day review meetings, I participated in a blanket segmentation 

selection decision meeting. In this case design solutions were proposed for this particular 

component, and subsequently discussed and evaluated by other design teams to assess viability. 

A general consensus among the teams was established but detailed analyses were not available 

at the time of discussion, thus no trade-off considerations were made. Inquiries to gather the 

required information, however, led to a delay of more than two weeks and a second meeting. 

Additionally, it was highlighted that local assumptions were having to be made due to the 

uncertainty level in the conceptual design. For example, waste management team outputs were 

based on general assumptions around the size and volume of the material potentially used in 

the breeding blanket without a specific model underpinning them. Someya et al. (2015) 

highlighted that the operating lifetime of a breeding blanket would dictate both maintenance 
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schedules and waste generation. However, the breeding blanket is subject to a number of other 

physical effects which influence its operating life, specifically:  continuous high heat loads;, 

cyclic loads from various physical effects due to plasma pulse or magnetic fields; corrosion 

from material degradation and, erosion from high energy neutron and gas ions component 

bombardment leading to ejection of particles (Mattas and Billone, 1996). In a digital 

environment, these complex inter-relationships could be demonstrated by the schematic 

diagram in Figure 19, which emphasises the design objectives indicated by the triangular 

relationships between power, safety and performance as opposed to cost (thus, red triangle is 

facing down). Models and simulations of a particular mechanistic effect (e.g the breeding 

blanket) or an operational parameter (e.g the waste profile), could be evaluated directly against 

these design objectives. Using the design objectives as a reference, the evaluation of design 

options and their impacts allows designers to identify the conflicts and synergies with other 

effects, thus allowing the interconnections and interdependencies among various elements to 

be considered in forming a comprehensive understanding of the situation. The automation, 

visualisation and simulation of impacts and responses between systems could enable designers 

to conduct local analyses in testing different design changes and seeing through its propagation 

across the systems, especially the global objectives in the centre, This could be done 

independently without the need of input from other designers, thus allowing for efficient and 

effective examinations of different design options in multiple operating scenarios.  

 

Figure 19. A schematic diagram showing a consideration of two design parameters of the breeding 

blanket in a digital environment. Both design parameters are contributing to the optimisation 

process indicated by the segmented triangle in the middle. On the left, competing effects underlying 

the operating lifetime parameters are considered in parallel. On the right operating condition 

underlying the waste profile parameters are considered in parallel. 
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6.4.3.3 Information workflow project 

Compatibility of simulation models and digital technologies used at the STEP programme was 

studied during the development of the information workflow project. Figure 20 captures the 

information workflow across the plant architecture at the time of the study. In this figure, the 

plant 3D visualisation and digital mock-up tools (bottom right of outputs box) allowed 

designers to quickly visualise particular design ideas. Similar observation to Tan and 

Vonderembse (2006) in the popularity of  Computer Aided Design (CAD) in engineering 

design, they were widely used across the plant, ranging from the “Tokamak/Plant Spatial 

Integration” to the “Design Output”. On the other hand, consideration of the plant lifecycle 

could be observed in the inputs box in Figure 20 , such as operational phases (e.g load cases 

and safety), decommissioning phases (e.g environment and radiation environment). 

Stakeholders were also considered in the form of requirements. However, the workflow also 

presented a complex integration between simulation models and digital tools. Several tools 

were used in the concept development with different input/output file extensions, of which data 

might require modification before they can be analysed or passed on. Similarly, requirements 

generation methods could take many different forms, ranging from word documents, pdf file 

to a database. Simple data conversion methods, such as the use of excel spreadsheets, were 

employed to converting data at the start of “Tokamak/Plant Spatial Integration”, which might 

be an issue when automation of data transfer is required. Additionally, uncertified software, 

such as FreeCAD, were used for local analyses; however, the output results fed directly into 

other software or simulation models which might prove to be an issue in the overall certification 

of the design.  

6.4.4  Conclusion 

The study has explored the current challenges in implementing a concurrent design approach. 

From the literature, effective communication, integrated design reviews and compatibility of 

design tools were described as the main challenges. Key attributes of the digital environments 

were identified and examined for their potential to overcome these challenges. A case study 

was conducted in the STEP programme at UKAEA to explore the current application of a 

concurrent design approach, its challenges and the use of a digital environment.  
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CHAPTER VII.  DISCUSSION 

7.1.  Systematic literature reviews 

Systematic literature reviews in Engineering sector have been growing in popularity, exceeding 

500 articles in 2022 and more than double the number in 2019, as shown in Figure 2. Despite 

the rate of systematic literature reviews across all areas fluctuated around the same number in 

the past 10 years, the exponential increase in adoption of the methodology demonstrated the 

recognition of its value in Engineering sectors in recent years. This could potentially be due to 

the searching and filtering process is closely matched with engineering process, in which 

rigorous method is often required (Collaboration, 2019). In addition, the workflow, as shown 

in Figure 3, could be easily replicated by other researchers, thus promoting repeatability which 

is a central criteria in engineering studies. On the other hand, the unbiased protocol has allowed 

the study to consider a wide range of articles and ensure the coverage of knowledge in the 

literature. This is because articles were chosen based on its content rather than different metrics, 

thus allows the researchers to actively engage and explore the range of knowledge available. 

However, there are also a number of disadvantages of the process. Firstly, the process could be 

time-consuming. The iterative nature of the development of the keywords could take a 

substantial amount of time if key readings were not identified quickly. The variation of 

keywords used in the literature could also be a problem, especially in new and developing 

areas. The complications could be overcome by different search techniques, such as the use of 

Boolean operators as shown in Chapter 3. However, it could also result in a large number of 

articles, for example 3118 articles found but only 15 were selected. As a result, the filtering 

process was also affected and costed time. Secondly, the use of exclusion criteria provided a 

consistent system in selecting articles, however the interpretation and decision were based on 

the researchers. This could be the ground for bias understanding and decision-making, which 

could reduce the reliability of the method. Finally, the review only focused on academic 

literature while relevant scientific reports such as IAEA TECDOCs and NUREG were not 

considered. This potentially limits the range of perspectives and practical insights due to 

overlook valuable real-world context and current developments. Therefore, a short survey of 

the non-academic documents could be done to examine the potential innovative practices and 

practical applications that might be important to the study. 
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In overall, it could be argued that the benefits could outweigh the disadvantages. Generative 

artificial intelligence, such as ChatGPT and Azure OpenAI, could be used to acquire an initial 

understanding of the research questions and potential keywords list. Some stages of the filtering 

process could be automated using a linguistic model, and thus fasten the process and reduce 

the level of researcher’s bias. On the other hand, the high level of repeatability and rigour of 

the process could harmonise greatly with engineering studies, in which the full context of the 

study ranging from the literature understanding to experimental procedures could be readily 

examined and tested. Therefore, the systematic review process described in chapter 3 has 

contributed to an understanding of the process and its potential applications in engineering 

studies. 

7.2.  Mapping methodology and prediction process 

7.2.1  Integration of regulatory maps into an integrated nuclear digital environment 

The graphical presentation of the regulatory maps could be integrated into a digital 

environment as an interface that dynamically reflects the changes in the design as well as 

regulatory requirements. The interface allows designers to quickly locate the safety 

requirements for comparison and refinement of the design. Safety assessments could be done 

against the requirements with the help of the safety team to add confidence in the safe design. 

A simple assessment interface could be used such as a confident level meters or traffic lights 

systems, to allow instantaneous tracking of changes or improvements. Such metrics could be 

linked in an integrated environment to allow assessment of risk from component level to full 

system analysis. Approaches and concepts of integration exist in the literature. For example, a 

model-based approach was proposed that facilitate automated verification of compliance to 

safety requirements (Habli and Kelly, 2009) or the concept of compliance-driven design was 

developed to emphasise compliance arguments alongside product designs (Hall and Rapanotti, 

2009). Furthermore, consistent evaluation between teams and a coherent structure in the 

organisation can be achieved due to the same safety references being used. 

On the other hand, regulators can use the safety map to locate the safety claims which have 

been cited in the design. Assessing the safety arguments would allow a regulator to identify 

any existing misinterpretations early, thus provide feedback quickly for corrections or 

improvements. Regulators could also assess the evidence trail or development journal by 

tracing the design changes and their associated confidence level to understand the full context 

of design decisions. This would allow a synchronisation between the parties, thus enabling a 
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concurrent approach. The active engagement and assessment of the regulators in the digital 

environment would promote a collaborative culture to resolve concerns and to address changes. 

Lessons learnt could be achieved by communicating additional guidance or clarification, thus 

allowing a smoother regulatory assessment. Additionally, the integration of the regulatory maps 

allows both designers and regulators to test different regulatory frameworks from other 

countries which could facilitate discussion, negotiation and agreement with international 

parties, thus creating a unified regulatory framework globally. 

7.2.2  Potential application of mapping process in other industries 

A generic approach was used in the regulatory mapping exercise as described in Chapter IV, 

thus it provides a versatile and broadly applicable mapping strategy between safety and 

regulation that could be adapted across all the industries. For example, in the aviation industry, 

safety cases generally use an argument-based structure that is the same as the nuclear safety 

case as described above. Therefore, safety features can be extracted from the safety case in a 

similar fashion. On the other hand, the fundamental safety principles from the nuclear 

regulatory requirements were employed to not only provide a fair evaluation between fission 

and fusion but also allow a top-down approach to visualise the relationship between safety 

features and requirements. This supports creating well-structured safety cases that help reduce 

safety and commercial risks (Bishop and Bloomfield, 2000).  

It is recommended that the same approach should be employed in a mapping exercise in 

aviation industry. Furthermore, a regulatory map in the aviation industry would be beneficial 

to other highly regulated industries due to its leading position in safety standards and 

guidelines. This would allow other industrial sectors to explore the best practice in the aviation 

industry and learn lessons for improvement. The same argument could also be applied to the 

aviation industry but allowing an exploration in the practice of the regulatory process in other 

industries. The continuous learning and improvement among the regulatory processes across 

different sectors promises better safety standards and harmonisation across the regulation 

systems, enhancing policies and better trade-of (De La Vara, 2014). 

7.3.  Digital environments in concurrent design process 

The development of digital communication has significantly improved the challenges in 

effective communication of concurrent design processes. Multi-disciplinary teams of designers 

could instantly exchange ideas and negotiate trade-off. Additionally, the technologies also 
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lessen the burden of geological locations, cultural and technological differences. However, the 

implementation of such technologies in existing workflow and practice could still be difficult. 

Even though the integration of Microsoft Team in the STEP workflow has promoted effective 

communication among designers, traditional communication methods such as documentation 

release and emails still existed, which could cause difficulties in locating the correct 

information. On the other hand, digital communication technologies also carry the risk of 

security breaches, in which sensitive and commercial information could be lost. Therefore, the 

integration of such technologies would require additional effort in security measures. Similarly, 

the use of a central information sharing platforms allows multiple users to access the 

information quickly and timely. However, it also requires the designer to proactively update 

and synchronise their information in accordance with other designers. Thus, it is important that 

a procedure of unified way of working should be established early to ensure the constant 

synchronisation and up-to-date of information across the organisation.  

An integrated digital environment that makes use of computational models of engineering 

systems could provide a shared platform for designers to explore and investigate different 

design choices. Management of engineering changes and conflicts could be tracked and 

communicated across the organisations. However, changes management is strongly dependent 

on the reliability of the models and computational simulations, in which modelling assumptions 

could still be large. On the other hand, the development of a fully integrated digital environment 

could be complicated as shown in Figure 18, which could be costly and expensive. 

Additionally, compatibility of existing digital products and solutions could be an issue in 

moving onto an integrated digital environment. Some digital products, such as FreeCAD, might 

not be able to integrate due to certification, thus previous works might need to be revisit in the 

new systems and incur more cost.  

In conclusion, it was highlighted that the use of an integrated digital environment could remove 

many of the challenges of concurrent design in communication and information sharing, design 

reviews and compatibility issues as emphasised in the literature. However, its implementation 

in the current practice have revealed additional challenges. A unified method of working is 

required to take advantage of the digital systems and design experts. Credibility and trust in the 

digital systems would need to be achieved to explore design configurations. 
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7.4.  Research aims and objectives 

The first objective of this thesis requires an investigation into the essential requirements of 

regulatory processes and the development of a method for integrating these processes into an 

integrated digital environment (INDE) for both nuclear fission and fusion powerplants. 

Regulatory approaches in several industries and across the globe were studied and explored in 

the literature review in Chapter II. Key principles and requirements, which are critical to 

regulatory processes in nuclear industry, were identified. Consequently, the knowledge has 

provided a strong foundation in understanding the design and content of three different safety 

cases, of which a fusion one for the JET machine; and two fission ones regulated under goal-

based approach (HPC-ONR) and prescriptive approach (THOR-NRC). A robust methodology 

was developed to extract the safety features pertinent to each nuclear reaction type and to map 

them to the fundamental principles of regulatory requirements. The regulatory maps were 

successfully produced in Chapter IV and potential integration of the mapping process to an 

integrated digital environment was discussed in section 7.2.1 above. Thus, the first objective 

has been successfully achieved.  

Building upon this, the second objective involves recommendations on strategies for achieving 

regulatory approval for fusion powerplants. The different hazards profiles between fusion and 

fission powerplants were identified in the comparisons between the maps, which resonates well 

with the regulatory framework for fusion energy proposed by the UK government (BEIS, 

2021). It was recommended that the importance of fusion safety categories should be prioritised 

differently to fission one. Areas such as containment, shielding and auxiliary systems should 

receive more attention. Additionally, the potential benefits of using an INDE in regulatory 

process, as discussed in section 7.2.1 above, could provide an alternative approach to regulation 

by effective communication and evidence trails between designers and regulators. Thus, it can 

be argued that the second objective was completed.  

Finally, the impact of an INDE on design parameters and its potential for innovation and design 

was explored. Concurrent design process was explored due to its potential in reducing time to 

market and saving cost. Three different challenges in concurrent design approach were 

explored, which include effective communication, integrated design reviews and compatibility 

of design tools. These challenges were effectively overcome by the deployment of an INDE as 

discussed in Chapter IV. However, the case study from the STEP programme at UKAEA 

demonstrated that current level of digital technologies has alleviated some level of the 
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challenges, but they are still somewhat far from an INDE. Additionally, the potential impacts 

of an INDE on fusion design parameters such as Figure 19 could be further explored.  

7.5.  Research limitation and future works 

There are a number of limitations to this study. Firstly, the study involved only one case study 

for each nuclear reactor type, including two research reactors (one fission and one fusion) and 

a single commercial fission reactor. Thus, the validity of the result can only be achieved by 

comparing the similarity and differences between these reactors. However, the designs of 

fission and fusion reactors are significantly different while there are also the substantial scale 

differences between research and commercial ones. Furthermore, the safety cases were 

designed at different stages of the reactors’ lifecycle which resulted in the few outliers 

highlighted in previous chapters. Therefore, future work should include adding more safety 

cases to further confirm the mapping methodology and to allow a better understanding of the 

differences in safety case construction. Additionally, the ITER and DEMO safety cases could 

be valuable to the study since they are potentially the closest to a safety case for a commercial 

fusion plant. Their maps would allow a direct comparison to the prediction method in Chapter 

V, which would allow refinement and improvement to the methodology. Additionally, the 

fundamental safety principles were confined to the United Kingdom regulatory framework. 

Thus, sampling the regulatory approaches in other industries and, or countries to assess the 

differences based on the same set of safety features, which could help identify better 

approaches in the design of regulatory requirements. The same could be done by assessing the 

safety requirements in different industries using the same regulatory principles to evaluate best 

practice and harmonisation between different regulatory systems.  

Secondly, the nature of the research methodology lies in qualitative analysis, which inherently 

has a number of weaknesses. Extracting safety features required interpretation of the safety 

case and how safety arguments were structured. Thus, this is prone to subjectivity due to 

previous knowledge and understanding of safety in the nuclear industry. Additionally, the 

extraction process was also subject to failure in detecting the complexity in the safety features. 

Even though external support from safety case specialists as well as a clear workflow and 

several checkers were incorporated, it would be difficult to eliminate these limitations. 

Replication of the mapping study is possible using the workflow but may not yield the same 

outcome. The construction of the regulatory map uses a small level of quantification; however, 

the algorithm was simplified and could be further improved.  
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The sample size of interview candidates in Chapter 5 was relatively small and confined by the 

organisation. Therefore, potential bias opinions could influence the integrity of the interviews. 

Therefore, wider range of interviewees, such as the public, regulators, and investors would help 

improve the quality of the study and enhance the understanding. Additionally, the outcome of 

the interview was not feedback fully to the experts at UKAEA due to time constraints. 

Therefore, future work should establish a comprehensive feedback loop with the experts to 

maximise the learning and clarify differences. This would ensure that their insights and 

perspectives are incorporated into the prediction process and its refinement, thus improving 

overall quality of the process.  

Finally, the mapping process was time consuming due to the nature of the qualitative analysis. 

However, it could be beneficial to design and execute digital techniques such as natural 

language processing to speed up the analytical process, eliminate subjectivity in interpreting 

the safety case, and provide an understanding of the requirements for the interface, interactions 

between different stakeholders. Therefore, potential future work could be a cost-benefit 

analysis in designing and using such technologies.  
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CHAPTER VIII.  CONCLUSIONS AND FUTURE WORK 

Systematic literature review has gained popularity in the Engineering sector in recent years. A 

study was successfully conducted by adopting the methodology in exploring the literature at 

early stages of the research project. The study identified 15 articles which were reviewed to 

form an understanding of the existing literature around the subject.  

In pursuing the understanding of the regulatory framework in the nuclear industry, nuclear 

safety cases and the current regulation were examined. A mapping study between nuclear safety 

features and regulatory safety principles was conducted for both fission and fusion reactors. 

Key interactions between the regulatory requirements and safety approaches were identified, 

which showed that fusion and fission carried significantly different hazard profiles.  

A similar pattern was observed between the map of THOR and HPC, which motivated the study 

to predict a regulatory safety map for a commercial fusion reactor. A prediction methodology 

was developed and conducted which show a significant increase in the number of safety 

features. Semi-structured interviews and thematic analysis were employed to explore expert’s 

opinions on the safe design of a commercial fusion reactors to provide validation to the 

predicted calculation.  

The engineering design process was explored in considering a concurrent way of working and 

the potential benefits of a digital environment. Challenges in the implementation of concurrent 

design approach, such as dependency on communications, integration of design reviews and 

compatibility of design tools, which could be overcome by a digital environment. A case study 

was conducted based on the three-month placement in the STEP programme at UKAEA, which 

highlights the widely use of simulation models and digital tools, however these challenges still 

exist.  

There are several angles to the future work from this project. Firstly, additional safety cases 

and regulatory standards from the nuclear and other highly regulated industries could be used 

to improve the process further. Secondly, repetition of the mapping process by an independent 

researcher would be needed to provide confidence in the methodology and to improve the 

process further. Thirdly, a larger sample of interview candidates, who come from different 

organisations, could be used to improve the validation process of the predicted maps. Finally, 

digital technology could be invested in and employed to automate the mapping process, thus 

improving efficiency and reducing human bias.   
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Appendix 2: Mapping of reviewed articles against digital keywords search criteria. Top row 

represents the order of articles number as shown in Appendix 1 
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Appendix 3: Mapping of reviewed articles against regulatory keywords search criteria. Top 

row represents the order of articles number as shown in Appendix 1 
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Appendix 4: List of classified safety features following the classification process in Figure 9 
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