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ABSTRACT Many approaches are currently being considered to develop digital twins and integrated digital
frameworks. These approaches concentrate on an industrial sector or a single product, with the obvious risks
of alack of interoperability at differing levels of abstraction. However, a unified approach is required to truly
realize the benefits of digital twins and is achievable at their current stage of development. We present proof-
of-concept case studies where a digital twin architecture has been developed using standard techniques and
adopting a systems-based approach. This architecture has demonstrated technical benefits such as a step-
change in processing efficiency, a reduction in traditional manual interventions, an ability to integrate risk
and uncertainty, and a perceived cost benefit despite the necessary up-front investment. This approach also
allows for the integration of models and simulations at differing levels of detail within an overall value
chain. Several wider benefits to an organization such as improved communication and recording of implicit
expert knowledge were identified. These benefits we believe will offset the upfront resource required for the
development of the architecture. Challenges to adopting the technology were also identified and should be
addressed in parallel with future technology development. This work is a first step in establishing a practical
approach to realizing a digital twin architecture that demonstrates the flexibility and scalability that can be
applied universally. We discuss the wider application of this architecture to a wide range of industry sectors
by adopting this unified approach and thereby realize the major benefits a digital twin can provide.

INDEX TERMS Digital threads, digital twin, high-level architecture, horizontal integration, integrated

digital framework, systems architecture.

I. INTRODUCTION

The dream of conceptualizing, designing, testing, operating,
and disposing of objects in an integrated virtual environment
has existed for decades; proposals for an ‘analytical hierarchy
of models’ for simulating complex battlefield scenarios have
existed since the 1970s [1]. Further advancements have led
to the concept of a digital twin but consensus on a definition
of this concept has not yet been reached [2], [3]. In this
paper, we apply a recent definition which considers a digital
twin to be a simulation of a real-world object or system that
exchanges data with its real-life counterpart and subsequently
proposes behavior changes based on real-time data [3]. Since
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this definition includes a requirement for data manipulation
that will influence organizational practices such as decision
making and training, we recognize that, to truly realize the
benefits of digital twins, this definition must include a frame-
work to integrate the simulation into organizational practices;
a digital framework can be thought of as an infrastructure that
unites a sector, requiring training and wide scale deployment
to turn it from a digital toolkit to an embedded culture that
captures the accepted way of working.

Zheng et al. [4] proposed that a digital twin must fully
describe the potential or actual physical product from the
atomic to the macro geometrical level. This touches on the liv-
ing nature of digital twins. They must be continually updated
with data transferred from their real-world counterpart so
that the twin maintains its replication of the physical entity
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throughout its lifecycle (if updates cease then the twin reverts
to a digital representation of its counterpart). Another com-
monly accepted definition is from Glaessgen and Stargel [5]:
a digital twin being an ultra-realistic, integrated multiphysics,
multiscale, probabilistic simulation of an as-built vehicle or
system that uses the best available physical models, sensor
updates, fleet history, etc., to mirror the life of its corre-
sponding real twin. However, the quantity and complexity
of sensors and bandwidth required to capture the necessary
information for this complete or ultra-realistic replication
of an object, quickly becomes prohibitive. For example,
Google’s self-driving car is estimated to produce 1 gigabyte
of data per second, whilst today’s Bluetooth connections
can only transmit 0.03% of this data [6]. A digital twin is
then required for each car and so on. The computational
power required to manipulate such a growth of data quickly
erodes the economic benefits gained from the simulation. The
cost and complexity of developing digital twins of complex
engineered systems has been likened to the next Manhattan
Project. Estimates for the development of such technology for
the Department of Defense’s Next Generation Air dominance
aircraft, were projected to be $1-2 trillion and take up to
250 years to complete, even with a team a third of the size of
Microsoft [7]. This led NASA to conclude that these concepts
are impractical to fully implement.

For most situations, an exact replica that is accurate down
to the atomic level (commonly referred to as a digital clone)
is not required. A simplified representation (or abstraction)
can often enable the user to address the specific questions
or decisions required particularly when integrated with nar-
rower, more detailed models that run when required. This
mirrors the way that the human brain works, allowing a focus
on a particular item of interest whilst maintaining an over-
all awareness of the environment. To illustrate, a pedestrian
crossing a thoroughfare is conscious of the detail of traffic
close by and will be analyzing the risk of stepping onto
the road. Simultaneously, they will have some, less detailed,
knowledge of distant traffic (the context) and the behavior
of other pedestrians which might affect the overall scenario.
By adopting a similar approach, the framework allows for
detailed modelling to be linked to (less detailed) contex-
tual modelling to satisfy the ‘purpose’ without demanding
massive computing resource. For example, the digital twin
required to optimize a vehicle’s fuel efficiency could be sig-
nificantly different to one simulating the deterioration of the
tires; both may require a simplified representation of the car,
and its environment but with unique elements/functionality
to assess the impact on the item of interest within the defined
purpose. It is more computationally efficient to have different
models to address these differing questions rather than one
model that seeks to address all possible questions.

A digital twin would therefore require: (i) a specified pur-
pose or scenario that it is established to analyze; (ii) validation
versus its real-world equivalent and resultant accuracy found
to be within the limits required by the purpose defined in (i);
(iii) continual updating and optimization based on the input
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of ‘real-world’ data from its physical counterpart, as required
to continue delivering the purpose defined in (i); and (iv)
the ability to link to other digital twins relating to the same
product.

A digital twin can exist at any stage in the product lifecycle,
provided that it interacts with a physical counterpart, to pro-
vide improvements to the physical product [8]. Many dif-
ferent scenarios are of interest through the product lifecycle
and again the use of simplified integratable models provides
many efficiencies compared to a single complex monolithic
model. For the foreseeable future complex engineering sys-
tems will likely need to be represented by multiple digital
twins, representing unique points on the product lifecycle,
different levels of the system, subsystem or component level
to address specific scenarios. Multi-physics models describ-
ing processes or systems at different scales will usually be
required to be integrated into digital twins to describe and
analyze an engineered object to sufficient resolution and
certainty. To maintain their status as true digital twins they
must not only be connected, but also be regularly updated to
reflect the changes happening in the real-world. Digital twins
and other digital assets with the functionality to interconnect
independently would also therefore allow cross-sector use.

Many studies have explored the theoretical benefits of
moving to this more virtual, integrated way of work-
ing [4], [6], [9]. One of the most attractive benefits, partic-
ularly in high-cost economies, is the reduction in manual
interventions as this lowers cost, accelerates development
and decreases the likelihood of human error. There is further
potential for cost and time savings through the rapid eval-
uation and optimization of alternate designs, increasing the
rate and scale of innovations. The increased use of simulation
and modelling also reduces the number of physical prototypes
needed, thus reducing associated costs.

‘Digital twins’ enable virtual verification, failure mode
prediction and analysis of designs, whilst extending the
benefit stream into manufacture, operation, maintenance and
repair, and also into policy and planning. An improved under-
standing of critical operations can be gained from exploring
what-if scenarios through the digital twin, leading to bet-
ter informed decision making and improved management of
physical assets [10].

Although the benefits of integrated digital frameworks are
well established, there is a significant gap in understanding
the best approach for realizing these frameworks. Example
approaches have previously been presented for applications
such as manufacturing using mechatronics [11], manufactur-
ing as a service [12] and for the generation of electricity from
nuclear power stations [13], [14], [15] while other studies
have provided analysis across lifecycles for a variety of appli-
cations [16]. Such examples demonstrate that a variety of
approaches are under consideration within different sectors.
Many sectors, such as manufacturing, aerospace, and electric-
ity generation, are highly complex and becoming ever more
so. In aerospace, a Boeing 747-800 requires over 6 million
separate parts, with sub-assemblies of the aircraft being
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manufactured by supply chain partners and only the final
assembly being conducted by Boeing [17]; the digital twin of
an in-operation aircraft must contain and allow for individ-
ual twins from each supply chain partner. Rossen et al. [11]
points out that a digital twin of a manufacturing plant can
provide links to externally hosted datapoints suggesting that
this evolution could involve ongoing digital communication
between Boeing and the supply chain. As electricity genera-
tion technologies shift from fossil fuels to renewables, control
systems requirements to balance the electricity distribution
grid must adapt, predicating the rise of a control system
digital twin [18]. Interfaces between the electricity generation
points and the control system must allow sufficient data flow
to allow the electricity grid to be balanced and this requires
information on the performance of each electricity generation
source, i.e., the digital twin of a nuclear reactor or solar farm
must interface with the digital twin of the electricity grid.
Many of these products, whether they be an aircraft or an elec-
tricity generation plant, will be in use for decades and may
be upgraded or modified during that time; hence, any digital
twin must also have the flexibility to accommodate these
changes. Therefore, it is clear that a common unified and
integrated approach would be beneficial i.e., one that provides
standardized interfaces across industry sectors, applications
and supply chains. We take this term ‘unified approach’ to
mean having such a consistent, or standard way of dealing
with the issue of assembling digital twins so that interoper-
ability along the supply chain, at differing levels of the system
and between systems provides cost effective construction and
deployment of the ‘twin’. Any approach to integration must
also be scalable, enable knowledge sharing, allow economies
of scale while protecting intellectual property.

In section II of this paper, we further define a digital
twin and outline the different approaches to integration with
reference to this ultimate aim.

In section III, we apply a particular approach of High-Level
Architecture (HLA) integration to two case studies from the
UK civil nuclear power sector. Previously, an HLA has been
applied at a component or sub-system level, and DTs have
been described as the backbone of future innovations e.g.
Jiang et al. [19] for a plant-wide monitoring system. However,
these are a subset of the Proof of Concept (POC) reported in
this paper and are not scalable, becoming too complex and
unwieldy if used to model organizations, sectors, or large
geographies. They also do not provide the necessary IP,
governance, or stewardship needed for such high-level digital
twins.

Other previous approaches to create digital twins at a
higher level have primarily utilized star and vertical integra-
tion [5], [7], [20]. These approaches have some advantages,
as they require fewer resources for the initial creation, how-
ever, they have significant disadvantages in terms of high
computational power requirements and reduced flexibility
and scalability, which have limited their wide scale adoption.
The approach in these case studies represents an advancement
for integration for this sector and we believe this is the first
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time that an HLA framework has been applied at the com-
ponent behavior level. The opportunities and challenges for
the broader application of this approach, and requirements
for further work, are laid out in section IV. Although the
case studies are from a particular sector, this approach to
integration could be applied across sectors and represents
an important first step in developing an integrated digital
framework that can be made available to all, with sufficient
flexibility to evolve and develop with time.

Il. INTEGRATED DIGITAL FRAMEWORKS AND

DIGITAL TWINS

A digital twin can be defined as an instance where there
is fully integrated, two-way flow of data between an exist-
ing physical object and a digital object [3], however, this
is a narrow definition. For data to be exchanged between
a physical entity and the digital twin, and manipulated by
the digital twin, a framework must be in place. As stated
above, we consider a framework to be not just the architec-
ture that allows the digital twin to interact with the physical
entity; an integrated digital framework is the architecture
needed to unite and integrate all hardware, software, user,
and organizational interfaces to allow seamless operability
for an application. It is often missed that these frameworks
must include the protocols and procedures needed to define
this common way of working in addition to the technology
elements. In this context, a digital twin without a framework
is unlikely to be sustainable or may only be operated by a
limited pool of users. Hence, in a field where there is no
consensus on definitions, defining the framework is a key
research outcome. As a first step to defining this framework,
the approach to building the digital twin and the architecture
for integration with the physical entity and end user must be
considered, as detailed in the following sub-sections.

A. BUILDING A DIGITAL TWIN

A digital twin can be either data-based or systems-based.
In a data-based approach, the data are structured according
to certain criteria, for example organizing them by different
functionalities [2]. The focus is on the flow of data as it is
received from the object’s sensors, analyzed and then the
output of the analysis fed back to the object which means
that all data required in the modelling and analysis must
be accessible. A data-based digital twin does not require
complete technical information; only access to sensors is
required for analysis. In contrast, a systems-based digital
twin combines various models along with complete technical
information and data on individual components to arrive at a
single, complete representation of the physical object. The
data that are fed back to the object could be used to pro-
vide modification of the object. For example, in closed-loop
control for manufacturing, corrective or preventative actions
can lead to automatic mitigation of defects [21]. The data
produced by the digital twin could also be reviewed by a
human operator to aid in decision making and then apply
corrective action, effectively utilizing an open-loop approach.
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FIGURE 1. lllustration of three common methods of system integration:
vertical, star and horizontal.

Regardless of whether the approach is data-based or
systems-based, open-loop or closed-loop, mapping out sys-
tems characteristics requires consistency and a standardized
way of storing and retrieving information. Both approaches
have different benefits: a data-based approach lends itself to
automation and so can improve productivity; a systems-based
approach lends itself to simulations and so makes it most
suitable for prediction of behavior and what-if analysis which
is ideal for managing uncertainty. A hybrid approach where
some elements of the digital twin use a data-based approach
whereas others use a systems-based approach can realize the
benefits of both approaches. As well as deciding the approach
to how the data are processed, the architecture for data flow
must also be considered. Various approaches are detailed
below.

B. APPROACHES TO INTEGRATING

DIGITAL FRAMEWORKS

Systems integration is the mechanism by which components
and subsystems are connected into one aggregate system.
Three common methods to integrate large systems are illus-
trated in Fig. 1 and described in the following sections.

1) VERTICAL INTEGRATION
This method integrates subsystems with a stack-like structure
(analogous to Russian dolls), creating a single inseparable
monolithic system, depicted in Fig. 2, where changes to
any individual subsystem would normally affect all linking
subsystems. Data from sensors are passed through layers,
interpreted in some way and then information is supplied back
to the physical object. In a data-based approach, since the
data are organized according to criteria, all sensor data on a
particular aspect of the physical object, for example servos or
temperature, follow the same route through these layers and
are acted on in the same way; the monolithic architecture is
akin to a ‘black box’ where data are processed without a need
for the user to understand how the data have been analyzed.
In the systems-based approach, each sensor is treated as a
unique entity, assigned an identifier, and the data from it flows
through the layers until it reaches the subsystem that acts on it.
In practice, vertical integration can be performed more
quickly than other methods; however, as Fig. 2 illustrates,
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FIGURE 2. An illustration of the additional complexities required for
vertical, star or horizontally integrated systems to upgrade and evolve,

A1 (shown in dashes lines); or add new subsystem, E (shown in dotted
lines); or to scale-up by adding more subsystems, D1 & D2, with the same
interface. In vertically integrated systems, all elements are tightly coupled
into a single, inseparable, monolithic (stacked) system so any change to
one of the sub-systems will affect all connected systems and subsystems
in the stack.

it requires more effort to evolve and upgrade the subsystems,
introduce new functionality, and scale up the system, due to
the tight coupling and monolithic nature of the integration.
In many sectors the object or physical plant may be in opera-
tion for decades and be modified repeatedly during this time.
Therefore, there is a need to develop a flexible approach to
integration if the digital twin is to be sustainable i.e. to ensure
that future modifications to the physical entity are reflected
by the digital entity. Indeed, if the digital entity cannot be
updated and pass data back and forth with the physical object,
it does not meet the criteria for a digital twin.

2) STAR INTEGRATION A.K.A SPAGHETTI INTEGRATION

This approach integrates subsystems with a point-to-point
structure. It uses the concept of external interfaces to link
subsystems to each other according to their own needs.
This improves the integrated system’s ability to evolve as
there is no need to modify the whole integrated system with
each change. However, as Fig. 2 illustrates, the interface
complexity, and associated times and costs increase expo-
nentially when adding additional subsystems as data flow
must be specified for each connection between the sub-
systems. Coming back to the idea of a sustainable digital
twin, any future modification of the digital entity to reflect
any modification to the physical entity can become unwieldy
for the same reasons outlined above in relation to vertical
integration.

In the data-based approach, data flow is dictated by the
classification of the data; for example, if one subsystem
requires temperature data from a particular location in the
physical object or plant system, then it must be classified
accordingly in order to be passed to the subsystem that
will analyze it. This introduces an additional up-front cost
to setting up the digital twin as data classification must be
considered at the outset.
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3) HORIZONTAL INTEGRATION
This method uses a specialized subsystem dedicated to com-
munication between other systems or subsystems, which is
analogous to a data-bus. This reduces the number of con-
nections to only one per system or subsystem (the direct
connection to the communication subsystem), as shown in
Fig. 2. A key advantage of the horizontal integration is that it
allows independence of the models with regards to physical
scale and timing schedules, albeit with a defined, controlled
interface. Not only does this reduce some of the challenges
associated with integration, but it requires less computational
effort as only the required module needs to run, and it can be
easily updated with data input files from the other modules.
The key disadvantage with horizontal integration is that
initial development times may increase as the dedicated com-
munication module must be developed, as well as common
protocols for defining and managing interfaces. A temporal
management plan is also required at the outset to define
the frequency, granularities, and input/output requirements.
As with star integration, consideration to data classifica-
tion increases the upfront development time if a data-based
approach is used.

lll. CASE STUDY — DEVELOPING INTEGRATED DIGITAL

FRAMEWORKS FOR THE UK NUCLEAR SECTOR
Being the first nation to achieve industrial scale electric-

ity production from a nuclear reactor, the UK represents
an interesting case. Here, the regulations and procedures
originally developed against a backdrop of post-war secrecy
in the 1950’s evolved over the intervening decades to their
present high standard. The industry is highly regulated with
safety being of paramount concern and any new development
requires significant buy-in from the regulatory bodies. These
safety and security issues are seen as the main discriminators
of the nuclear sector from others, but at heart designing, build-
ing, and operating nuclear plants is little different from other
sectors designing, building, and operating (DBO) complex
systems.

In the UK, the industry is undergoing a renaissance; the
drive for net zero and the aspiration to implement smart grids
requires a flexible mix of green electricity generation and
this includes nuclear energy [11]. Digital twins would help
drive this renaissance: moving toward a systems approach to
adigital twin will lead to improvements in efficiency and will
provide a means of uncertainty quantification that is much
needed in safety analysis.

The civil nuclear power industry in the UK encompasses
the complete lifecycle for the power plants: fuel fabrication,
construction, electricity production, used fuel management,
decommissioning and waste management. Decommissioning
of some facilities is expected to take decades and so requires
elements of asset management. The supply chain for this
industry is geographically diverse and, with the renaissance
only just beginning, there is a skills gap associated with
an ageing workforce [22]. Some areas of the civil nuclear
power industry have begun to explore virtual prototyping,
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with some attempts to virtually represent reactor compo-
nents [23], [24]. There have been notable attempts to integrate
different tools and produce digital frameworks for nuclear
power plant design at an international level while recogniz-
ing that widespread adoption of digital twins will require
acceptance by regulators, must have robust cyber security,
and be able to deal with emerging threats while providing
protection of intellectual property. Hence, a digital twin for
applications within the nuclear industry must be secure and
meet the demands of the emerging workforce requirements to
safeguard knowledge and deliver resource efficiencies while
evolving as the technology develops [25]. A vision for one
such digital framework is introduced in section A and the
driver for its development is described in section B while
the high-level architecture is depicted in section C. Technical
details of the use cases are provided in the remainder of this
section.

A. A VISION FOR AN INTEGRATED

DIGITAL ENVIRONMENT

A conceptual approach for the application of digital frame-
works to the nuclear sector, the Integrated Nuclear Digital
Environment (INDE), has previously been proposed [26].
This idealized the real-world lifecycle into five stages: design,
operations, end of life, waste packaging for interim storage,
and waste disposal, as illustrated in Fig. 3. A parallel dig-
ital world is constructed which mirrors those five stages,
starting with a virtual prototype and combining real-world
data from Building Infrastructure Modelling (BIM) data, non-
destructive testing and monitoring data to create digital twins.
Included in this framework is a series of interconnected,
multiscale, multiphysics computational models that link to
real world data throughout the complete lifecycle. In compar-
ison, other frameworks used by the industry, such as baseline
VERA [13] and NURESIM SALOME [15], explained in
more detail below are heavily focused on solving specific
engineering/physics problems associated with reactor oper-
ation. Although Advanced VERA and DaVinci [27] contain
tools that are designed to model hypothetical reactor design,
their current limitations and lack of connection to the down-
stream lifecycle of these reactors mean that there may be
certain safety or economic factors that are missed.

The vision of the INDE framework is to provide tools
to support the analysis of the whole nuclear industry life-
cycle; this ‘top-down’ approach provides an opportunity to
address the limitation of other existing approaches. Part of
the rationale for proposing the INDE was to create a driver
for industry investment by linking technical challenges to the
potential benefits.

The UK Government recognized the need for such an inte-
grated approach in the domestic nuclear sector. As a result,
through the Department of Business, Energy and Industrial
Strategy (BEIS), it funded the Nuclear Virtual Engineering
Capability Project (NVEC) [previously known as Digital
Reactor Design] [25] as a driver for further work on the
INDE and a proof of principle. The initial aim was to create a
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FIGURE 3. Schematic diagram of the INDE showing the digital environment, its relationship to the real world and the potential

added value.

software environment with the potential to ‘plug and play’
multiple different software applications. A key element of
the project was to create an open framework architecture to
enable multiple organizational users across the nuclear lifecy-
cle to collaborate between sites to deliver economic benefit.
The resultant use cases are seen as important stepping-stones
to the future realization of a complete INDE.

B. THE CURRENT LANDSCAPE

As part of the NVEC project, the UK Government (BEIS)
funded a project to map the existing virtual engineering
capability, both in the UK and internationally. A review of
the current status of UK and international virtual engineer-
ing (VE) capabilities was completed [27] and a summary of
the findings is included in Table 1. The capability review
concluded that existing tools could be broadly split into two
categories: (a) frameworks for industrial applications that
couple licensed codes within an integrated platform with the
purpose of providing more accurate and easier to use systems,
e.g. Oak Ridge National Laboratory’s Baseline VERA [13]
and AREVA’s ARCADIA®systems [14]; and (b) frame-
works developed for research purposes that are designed
to test next generation technologies and approaches [15].
They aimed to ultimately become verified and validated to
then be incorporated into future industrial grade tools e.g.,
VERA [13].
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C. THE DIGITAL ARCHITECTURE APPROACH

A critical requirement identified for the NVEC proof of
concept was to address specific problems through the inte-
gration of high-fidelity modelling and simulation within the
integrated framework. This need for simulations dictated a
systems-based approach. The highly regulated nature of the
nuclear industry meant that the full technical information was
already available, and the systems architecture of a power-
plant in existence, offsetting some of the inherent disadvan-
tages of this approach.

To provide connectivity between the computational mod-
els, the framework uses horizontal integration. As the
physical assets being twinned have decade or longer lifecy-
cles, an ability to update, improve and sustain any digital
framework is imperative. Horizontal integration provides the
necessary flexibility, easy extension and scalability that is
considered necessary to create a sustainability digital twin for
such long-lifecycle products. One clear need was to ensure
the retention of Intellectual Property (IP) by the IP generator
and not allow ‘leakage’ across organizational/supply chain
boundaries. This led to an adoption of HLA as the core of
the POC activity. The digital framework was therefore devel-
oped in accordance with IEEE 1516-2010, the standard for
Modelling and Simulation (M&S) HLA generation and IEEE
1730-2010, the recommended Practice for Distributed Sim-
ulation Engineering and Execution Process. The framework
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TABLE 1. Overview of existing nuclear digital framework capabilities [27].

Tool Description Key Users Strengths Weaknesses Status
Baseline Closely coupled star US & some Shared IP based on open- o High computational Limited
VERA integrated toolkit for reactor international source licensing demand out of reach of adoption — slow

safety, licensing and partners Developed with industrial most industrial users update
sustainability- focused in engagement e Focus on technical industrially
industry standard tools for Based on industry standard challenge problems
core reactor unit operations license grade tools — verified e Restrictions on some
(neutronics, thermal component modules make
hydraulics, etc) release outside US
difficult
e Star integration makes
switch out of specific
elements difficult
VERA Vertically integrated toolkit Primarily US- Advanced capabilities for e As above — but not yet Limited to
concerned with the based future reactor design verified research
development of advanced research organisations
codes covering fuel organisations
performance and in-silico
neutron physics
NURESIM  Star integrated toolkit for EU Open framework e Focus on technical Project dormant
SALOME reactor safety, licensing and (18 countries Easy coupling between challenge problems after 3 rounds
sustainability & 23 research different codes of funding
& industrial Includes uncertainty
partners) quantification
Interoperability between
CAD models and
computational simulation
User friendly interface
Reduces training time
ARCADIA  Integrated industrial toolset ~ AREVA Emphasis on professional e Focus on workflow and Commercial
to support reactor safety & software development optimisation product
licensing Industrial standard unit e Expensive license cost &
codes unavailable to general
users
DaVinci Industrial toolset to support Rolls-Royce Built using commercial e No Cloud solution In use

software

reactor safety & licensing
build integrating from Excel
spreadsheets to FEA software

Individual tool execution
e Currently focussed on
design phase — although
plans to expand
manufacturing,
certification and operation
during later phases

integrates several elements: (a) a real-time infrastructure
(RTI): a component or software module that provides a
standardized set of services through different programming
languages. In simple terms, the RTT is a universal translator
allowing otherwise dissimilar software and simulations to
communicate. This could include information exchange, syn-
chronization and federation management, where a federation
is a set of integrated yet individual simulations using the
same RTI services. (b) Graphical user interface (GUI) — a
simple interface to allow operators to access the framework;
(c) Sim Manager — the control system for the federates (indi-
vidual codes or simulations that can link together to address
a specific issue); (d) Database — the storage mechanism for
records and results (note this can be distributed rather than
a single permanent database); (e) uncertainty quantification
capability which was a later addition to the framework in the
form of a module for the assessment of uncertainty within
the framework; (f) visualization of outputs. The resultant
framework is shown in Fig. 4.
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The unproven nature of digital frameworks led to skep-
ticism about the ability to achieve effective integration and
a reluctance to modify existing code before the integration
and its benefits were proven. Therefore, it was not possible
to create a true HLA using a standard approach and protocol
set. For this reason, a workaround was developed, by using
adaptors to interface between the real-time infrastructure and
the extant analytical toolset.

In the use cases below, various computational tools are
brought together under a single framework to accurately sim-
ulate certain aspects of two different nuclear reactor technolo-
gies. In addition, a concept model for the generic top-level
nuclear power plant-based was developed.

D. CONCEPTUAL MODEL FOR NUCLEAR POWER PLANT

A plant level simulation was created to prove the concept of a
distributed model for multiple site working and system level
optimization. The resultant high-level architecture is shown
in Fig. 5, connecting abstracted models of the nuclear island,
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FIGURE 4. Generic software framework developed under the Digital Reactor Design project including (a) A real-time
infrastructure (RTI); (b) Graphical user interface (GUI) - a simple interface to allow operators to access the framework; (c) Sim
Manager - the control system for the federates; (d) database - the storage mechanism for records and results (note this can be
distributed rather than a single permanent database); (e) uncertainty quantification capability & (f) visualisation for outputs.
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FIGURE 5. HLA for Power plant (system) level simulation. The nuclear island represents the components that are unique to a
nuclear reactor (safety systems, reactor core, coolant system and steam generators). The conventional island represents
components of the plant that are generic to electricity generation (the turbine, generators, condenser and secondary coolant

system).

conventional islands, control room, etc. The key parameters
could then be adjusted, enabling users to understand the
impact of these on the top-level system design. For example,
changing the design of a generator turbine would have an
impact on overall plant performance. Although no structured
design exercises were undertaken, this demonstrated that the
use of integrated digital frameworks for design optimization
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is feasible. It also demonstrated that that this model could be
operated at multiple geographically dispersed sites.

E. USE CASES
The INDE framework was substantiated through two detailed

use cases: the through-life assessment of cracking of graphite
fuel bricks in an Advanced Gas Cooled Reactor (AGR); and a
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FIGURE 6. Integrated software framework for Advanced Gas-Cooled reactor (AGR) use case.

control rod ejection scenario for a Pressurised Water Reactor
(PWR). In both use cases, the intent was to demonstrate
the benefits of such frameworks by supporting the decision-
making process with rapid and accurate analysis, i.e., to cre-
ate optimized open-loop systems. The highly regulated nature
of the nuclear industry means that it is considered likely that
for the foreseeable future all such frameworks would be open-
loop; so, no consideration has been given to the additional
mechanisms and protocols that would be required to allow
the overall control of any physical systems.

The first use case sought to simulate the change in graphite
properties through the operating life of a real-life advanced
gas cooled reactor (AGR). To model the different physics
and damage mechanisms, including fast neutron irradiation
and radiation-induced graphite weight loss, four codes were
coupled together and then executed in an iterative fashion.
The codes were:

« PANTHER [28] (PWR and AGR Neutronic and
Thermal-Hydraulic Evaluation Route) was used for
assessing the neutron flux, the power production and the
heat distribution within the reactor cores. As the name
suggests, the code is used for both PWRs and AGRs but
was also used for Magnox reactors.

« MCBEND [29] is a general-purpose Monte Carlo radi-
ation transport code to model the behavior of neutrons,
photons and high energy electrons through materials and
voids.
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« FEAT-GRAPHITE [30] is a graphite condition assess-
ment tool used to predict graphite weight loss, material
properties and stresses within individual graphite bricks
of an AGR core. It is a suite of macros which are
run using the Finite Element Analysis Toolbox (FEAT)
and used to compute graphite weight loss based on the
MCBEND results and considering other factors, such as
the chemistry conditions in the core.

« CODE_ASTER [31] to take field variable data from
MCBEND and FEAT-GRAPHITE, including neutron
damage, temperature and graphite weight loss, and
project them onto a suitable finite element mesh for non-
linear structural analysis.

The resultant integrated software framework is shown
in Fig. 6.

The traditional way of working with the codes used in this
case study requires users to manually generate input files
for each code, passing data from the output of one code
to the input of the next code in the sequence. At project
conception, it was considered that there was a high risk that
integration via a software framework would not be possible,
making these activities true proofs of principles. Prior to
commencement of the coding and activity to integrate soft-
ware, the organizations supplying data and code for the INDE
case studies had to agree on a common set of interfaces to
define the sequencing, timing, formats and the usage of the
simulation. This proved almost as challenging as integrating
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FIGURE 7. Integrated software framework for Pressurised Water Reactor (PWR) rod ejection use case.

the simulations. The end result was an integrated simulation
that linked complementary analytical capability by connect-
ing independent organizations on remote sites and enabling
them to collaborate and compare results in real-time. The
processing time for analysis was reduced from 4 days to
approximately 4 hours. This was reduced further when the
operators became experienced in running the new analy-
sis. Outputs from the manual and networked analyses were
compared and found to be within acceptable limits by the
end-user.

The second use case, a control rod ejection in a Pressurized
Water Reactor (PWR), was chosen to both demonstrate the
multi-physics capabilities of the framework and the addition
of new fuel codes within the calculations. Whilst a solution
can be developed using a single tool (e.g. DYN3D [32]), the
usual industrial practice is to use a number of codes from
different sources and this can introduce a lack of efficiency.
Once set up, the framework allowed more rapid analysis of
differing scenarios with no loss of accuracy. The codes used
in this use case were:

« WIMS [33] is a 2D lattice solver operating on
unstructured mesh geometry that utilizes fine geo-
metrical details, isotopic evolution and generic multi-
group, multi-energy tabulated neutron cross-sections to
generate homogenized few-group data (Flux Weight
Constants) for a single fuel pin or an assembly.

« PANTHER (as above) is a coupled nodal diffusion and
thermal hydraulic solver used to provide distributions
of neutron flux, power and irradiation in a reactor
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core and perform analyses of steady-state and transient
operations.

o ENIGMA [34] models the evolution of the thermal and
mechanical state of the fuel and the changes caused by
the generation and redistribution of fission products. The
calculated parameters included temperatures, stresses,
strains and corrosion.

The resultant integrated software framework is shown in
Fig. 7. Once implemented, the analysis time was reduced
from approximately 8 days to 12 hours [35]. Simplified mod-
els were initially substituted in the nuclear island of the PWR
use case and the standard protocols used (defining the data
input and outputs) meant that these abstracted models could
easily be replaced by the high-fidelity codes by actioning a
simple drop-down box.

In both use cases, the benefits were offset by the initial
overhead to create the code, i.e., the requirement for a com-
mon standard and approach that is agreed by the multiple
project partners. In the PWR example, the time to develop and
run the initial simulation was comparable to the current man-
ual process. However, subsequent runs could be completed in
minutes, leading to an exponential increase in benefits with
each subsequent iteration. It was found that the development
time for modular elements such as adaptors and real-time
infrastructure could be reduced by reusing and modifying
existing codes rather than starting from scratch.

Prior to implementing the framework, the approach to
implementing the codes in these use cases involved multiple
human touch points or ‘tweaks.” Fig. 8 illustrates these for
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the PWR use case. The complexity and implicit knowledge
required for these interventions meant different specialists
were required for each specific code, and these specialists
could be located in different departments and/or physical
locations. In the PWR example, eleven manual manipula-
tions were replaced by two minor input and output checks.
Quality checks confirmed the results were still acceptable
to the end user. The capability of monitoring at each stage
was retained. This significantly reduced the opportunity for
the introduction of human error, in addition to the obvious
resource efficiency improvements. Initial concerns that the
accuracy might suffer when these manual adjustments were
removed were disproved when results were found to be com-
parable to at least two decimal places. As the integration
required the codification of knowledge, this made it explicit
and has the added benefit that this would then be available
for the life of the product. As a result, the entire operation
can be completed by a single analyst, as opposed to the three
specialists required before, as shown in Fig. 8. It also reduces
the time to competency required of the analyst completing the
work, as the simple GUI took the analyst step-by-step through
what was required.

Various visualization options were developed for these
use cases. This included 2D graphics, 3D visualization, and
immersive, full-scale virtual reality (VR) visualizations as
shown in Fig. 9 and the supplemental videos. The simulations
were built up with standard protocols. The user interface
allowed side by side, real-time comparison of results from
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different codes, as illustrated in Fig. 10. The VTK library [36]
was used to create the user interface and visualize data.

F. EXTENSION OF USE CASES

To demonstrate the ‘plug and play’ capability of these frame-
works, an extension to the PWR use case was carried out.
This involved the substitution of the PANTHER code with
DYN3D, which are different codes that provide the same
simulation capability, as illustrated in Fig. 11. On completion,
the results from DYN3D were found to be equivalent to
those obtained using the integrated framework containing
PANTHER. This demonstrated the key advantage of the hori-
zontal integration: it lends itself to customization by allowing
the simple replacement/modification of the modular simula-
tions. Although there was a set-up time of approximately a
person-week (35 hours) to create the initial interface repre-
sentation, once this was established the DYN3D/PANTHER
modules could be interchanged instantaneously via a drop-
down menu. It should be noted that, during this proof of con-
cept, adapter modules were used to interface all proprietary
codes (except DYN3D). These were necessary to mediate and
act as an interface between HLA and a specific code, as there
was a reluctance to modify the base codes without evidence
that the approach would work. Any further development
should integrate the HLA communication interface as part of
the code. However, the horizontal integration meant that no
other modules had to be changed to make this substitution.
This is seen as a key advantage over existing integrated
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FIGURE 9. Snapshots from full-scale immersive Virtual Reality output: showing the plant as is (a) and an
overlay of power distribution and control rod position (b).
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FIGURE 10. Simulation outputs allowed side-by-side comparison of results. In this example from the PWR use case, linear rod
power results obtained from PANTHER are contrasted with the fuel centre temperatures obtained from ENIGMA.
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FIGURE 11. Demonstration of ‘module’ interchangeability for Rod Ejection of PWR Use Case Simulation (compared to original
in FIGURE 7).

code systems such as NURESIM and VERA. An additional Automated and integrated uncertainty quantification was
advantage was that the potential to execute codes while phys- applied to specific aspects of the use cases. Uncertainty
ically separated by hundreds of miles was demonstrated. The quantification is a key capability to define the appropriate
locations used are included in Fig. 5. boundaries of processes, critical safety parameters, allow-
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able tolerances, concession limits, and appropriate safety
margins using the best estimate plus uncertainty approach.
The full technical results were published in [33] and so
only briefly summarized here while more consideration is
given to the wider benefits in the discussion section below.
In the AGR case study, the effects of uncertainty on the
fracture mechanics of the fuel bricks was based on a consti-
tutive law describing the material behavior of graphite and
derived from hundreds of materials properties. In the PWR
use case involving DYN3D, computation tools for uncertainty
quantification were selected from pre-existing algorithms
within the OpenCossan library [37]. In both cases equivalent
accuracy to the manual methods were achieved with the
PWR case generating comparable results to within a factor
of 10~7 of the existing methods. Sensitivity analysis was
completed for various computational outputs which enabled
an increased understanding of critical parameters, e.g. for
generated power, initial power had very limited impact on
the output, whilst the thermo-hydraulic parameters and fuel
assembly manufacturing tolerances played a crucial role.
These insights offer the potential of opening up the design
space or reducing conservatism on non-critical factors. The
initial set-up time was comparable to the manual processes
and now this capability has been established, reductions in
analysis time would be achieved for future calculations, how-
ever, until approval from regulators can be gained, manual
methods would still need to be carried out.

G. OUTCOMES

As far as we are aware, this work represents the ‘first of
a kind’ usage of an HLA framework at the component
behavior level and the first application of HLA to a UK
civil nuclear scenario. Integrated simulations that have pre-
viously been created for the nuclear sector have primarily
utilized star and vertical integration [13]-[15]. These pre-
vious approaches had some advantages, such as requiring
fewer resources for the initial creation, however, there are
also significant disadvantages in terms of high computational
power requirements and reduced flexibility and scalability,
which limited their wide scale adoption. Therefore, any new
integrated digital framework should offer a solution that can
be made available to all, with sufficient flexibility to evolve
and develop with time. Based on these initial use cases, the
framework that has been tested here provides a foundation
for this solution and so warrants further development and
testing.

The resultant software framework is an important proof
of principle for the realization of the INDE, increasing the
confidence that there is a viable approach for developing
and scaling such a framework for the civil nuclear industry.
To date, this work does not have the dynamic connectivity to
real-world assets that would qualify as a digital twin. How-
ever, the horizontal integration approach used would lend
itself to the addition of real-world data in a straightforward
and modular fashion.
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IV. DISCUSSION

The aspiration for a digital framework is a new way of work-
ing where hardware, software, user and organizational inter-
faces are interlinked and allow a fully joined-up approach to
product development, business management and operations.
It is not enough for one organization or sector to develop
its own approach; the interconnected nature of various sec-
tors, where supply chain partners contribute to aspects of
manufacturing or product development and, in the case of
electricity generation, where disparate power generators must
interface with a central control system, demonstrates that a
unified approach is required that must be adaptable over the
decades that some products may be in use for. The guiding
light to achieving this aspiration of a unified approach is to
consider how dissimilar systems can be connected; where
different approaches to the architecture for the digital twin are
possible, the case study indicates that horizontal integration
of a systems-based approach led to a favorable outcome. The
development of this architecture is an important first step
to realizing this aspiration. The many positive early indica-
tions of success, and the challenges associated with meeting
this aim, can be explored in relation the technical and non-
technical aspects. Although these benefits and challenges,
explored below, are derived from use cases from the nuclear
industry, they would also apply to any industry with similar
requirements.

A. TECHNICAL BENEFITS

There are many expected technical benefits from these frame-
works [38]. The use cases demonstrated increased efficien-
cies: in particular, step-change reductions in the elapsed time
for simulation, processing times and a threefold reduction
in the number of analysts needed to complete the task.
The removal of a large number of manual interventions
increased confidence that the capability would perform as
expected. The HLA concept for the software framework
has delivered the flexibility and scalability that would be
needed to ensure the long-term sustainability of such a
framework. However, a detailed cost/benefit analysis has not
been undertaken. With horizontal integration, the scale of
the initial investment required to agree standard protocols
and approaches between collaborative partners should not be
underestimated, especially when few precedents exist. Any
future work should seek to quantify this fully.

The resultant software framework required relatively few
resources to run. Analyses were completed on a small cluster
(n<4) of off-the-shelf PCs as opposed to requiring dedicated
High Performing Computing (HPC) power as a standard
which is expensive and out of reach of many industrial users.
As these are only small-scale proof of concepts, it is not
yet possible to formally conclude whether HPC would be
required for running the full system framework.

There is little quantitative data in the published literature
on the benefits that have been achieved from digital frame-
works which makes it difficult to compare these results to
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TABLE 2. Summary of benefit streams from digital frameworks [4], [6], [9], [38], [39]. [40].

Benefits

Harder

Softer

Reduction overall lead-times and cost

Reduced run-times

Increased quality through decreased number of human interactions
Increased understanding of uncertainties

Rapid design optimisation — move to non-obvious/evolutionary design
Transparency of change management — single version of the truth, leads
to reduced mistakes and reduced time in version management
Integration of tolerances/tolerance stack-ups

Enabler for simulation of on-off/off-nominal events

Computation costs — cost of hardware, HPC access, etc

e o o o o o

e o

e Improved knowledge management through the capture & validation of
corporate knowledge

e Training and education platform

o User-friendly interface allowing improved access for non-specialists

e Tailored visualisations all based on single ‘version of the truth’

e Improved communication & collaboration

e Library of ‘trusted simulations’

e Auditable and transparent decision-making processes

e Driver for culture change across industry sectors

other case studies. Caution is advised on treating the values
quoted within this paper as representative; the examples were
specially selected to offer more potential for improvement
than the standard. However, even with conservatism, the step
change in analyses and elapsed times offers the potential
to reduce the overall timescale for design. Currently, for
nuclear fission reactors, this extends to years [23]; hence, any
meaningful reduction would provide a compelling case for
future research in this area.

B. ORGANIZATIONAL BENEFITS
In addition to the resource efficiencies, a number of other
benefits to the organization were found. The development of
adaptive visualizations of outputs and the creation of a ‘single
version of the truth’ was found to improve communication
between partners at geographically isolated sites. It also made
it easier for individuals to access and manipulate results while
tailoring them to personal preferences. This single ‘version of
the truth’ eliminated issues of version control and reduced the
burden of configuration management. However, data are not
available on the scale and impact of these improvements.
The creation of the frameworks requires the codification
of otherwise implicit knowledge, thus creating a repository
of knowledge that would aid long-term data preservation.
As many sectors are facing challenges with ageing work-
forces [39], [40], these approaches would help in mitigating
some of the risks as older knowledge holders retire.
Knowledge management and improved communications
were just two organizational benefits found to have been
improved by using these frameworks. These ‘softer’ benefits
were harder to quantify but were still important contributors
to the overall value case. Table 2 captures examples of the
range of benefits that can be realized through digital frame-
works [4], [6], [9], [38] and identifies those which are ‘harder’
(easy to quantify) or softer. It is recommended that any future
work seeks to quantify these savings from the softer benefits.
The systems-based approach has the advantage that one
person or organization can be responsible for part of the
framework. This would allow one subsystem to be managed
or operated by a single organization while still allowing inte-
gration with other parts of the digital twin. Where a unified,
sector-agnostic approach is considered, there is a clear benefit
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in allowing development of a subsystem by subject matter
experts while it remains integrated with the rest of the digital
twin; the expert knowledge can be captured by the digital
twin while those that have provided the knowledge can retain
intellectual property rights.

C. TECHNICAL CHALLENGES

In a future where the use of digital twins may become
standard practice, they would ideally be introduced at the
design stage as a virtual prototype i.e. a representation of a
proposed real-world object, only validated to establish the
extent to which they represent the real-world with respect to
their intended usage [16]. Creating these frameworks without
the foundational elements of a digital prototype could be
prohibitively expensive. Digital prototypes are not currently
available for existing nuclear infrastructures, and many gaps
exist in the BIM dataset for nuclear infrastructures [26].
As a result, it may be cost-prohibitive to create a complete
digital framework for existing systems. For these reasons,
it is considered that the focus should be on developing these
frameworks as a key capability for future assets rather than
attempting to retrofit. However, even with this aim, signif-
icant investment is required to develop these technologies
now, so that they are ready in parallel with any new build
timelines for the nuclear industry.

The systems-based approach applied here utilized sim-
ulations and exemplar data sets within a framework and
expert knowledge of the individual components. A data-based
digital twin would also be able to handle large volumes
of data from sensors, software, and actuators to increase
the automation of calculations and thereby improve produc-
tivity. However, the drawback to a data-based approach is
that the large volumes of data can be difficult to handle
and cost-prohibitive. In addition, the output of a data-based
digital twin cannot easily be transferred to another similar
system, having been developed from that very specific data
set. This lack of transferability along with the somewhat
‘black-box’ nature of a data-based digital twin is at odds
with the learning from experience principle that the industry
operates under; the systems-based approach offers greater
insight and this benefit outweighs the upfront development
effort.
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D. ORGANIZATIONAL CHALLENGES

The use cases presented were focused on an initial demon-
stration. If the software framework and benefits are to be
maintained in the long-term, collective discipline is required
by all partners to utilize these protocols for any ongoing
development. This is considered to be one of the many
organizational challenges that merit further investigation to
understand the practicalities of these approaches in the future.

There was also recognition during the development of
these use cases, that although the initial proof of concept
has been established, the work on integrated digital frame-
works cannot stop at technology development. Training,
deployment and the cultural change programs required for
wide scale adoption are significant considerations that should
be understood in more detail. If these points were not
addressed, then it is likely that only limited benefits from
this approach would be obtained. NASA proposed that man-
agement support/advocacy, technical capability readiness and
organizational willingness were prerequisites for the adoption
of these new technologies [41]. To wait for these prerequisites
to manifest organically would add to already long develop-
ment times, so this may re-enforce the need to consider a
‘controlling mind’ or strategic deployment plan for critical
areas.

Although not evident in the technical results, other chal-
lenges were experienced. Discussions during this project and
during the formulation of the NVEC work highlighted differ-
ences of opinions on the commercial ownership of the frame-
work and the routes and mechanisms for exploiting such a
framework for revenue generation. Similarly, a requirement
to appoint an ultimate decision-maker or establish a clear
governance structure was identified, to ensure that matters
pertaining to the future development and evolution of the
framework could be resolved appropriately. There is also a
need to define where the responsibility and resources would
reside to provide routine maintenance and upkeep for the
resultant framework, i.e., ensuring there is active stewardship.
It is considered a gap in the literature that little has been found
on the requirements to establish clear commercial frame-
works, governance and stewardship for these frameworks as
part of the development process. More work is required to
define appropriate solutions for these areas.

E. APPLICATION TO OTHER INDUSTRIES

Given that the nuclear sector in the UK is entering something
of a renaissance where new reactors are now being proposed,
this provides a unique opportunity; although the industry
encapsulates decades of operation, the previous technology
did not incorporate widespread use of sensors and often relied
on expert knowledge. The development of sensors for the
nuclear industry is in its infancy and the development of a
digital twin that evolves as this technology also develops
while also codifying the expert knowledge could represent
a step-change in how the industry works as well as providing
a template for other industries to follow. Further, in a highly
regulated industry that demands precise prediction of future
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performance, the up-front investment in a flexible digital twin
architecture will pay off in the long-run and act as an example
for other industries to follow.

However, cross-fertilizing the learning from the develop-
ment of digital frameworks is not enough. The importance of
a unified approach to building a digital twin is clear [3], [42]
and the approach outlined in this paper could serve as the
foundation for such unification. In particular, there is a need
for a standardized way of exchanging information between
the components of a digital twin, and indeed between individ-
ual digital twins, is required to truly realize the benefits [11].
Standardized data exchange would require an approach with
built-in flexibility to allow for plug-and-play connectivity,
and this is what the architecture used in these case studies
provides; the example in section 3.6 of interchanging mod-
ules via a drop-down menu is facilitated by using a standard
approach to integration. Hence, the ability to provide trans-
lation between different components of a digital twin will
be instrumental in providing this flexibility. Once a module
has been developed, a standardized approach would make its
re-use straightforward and allow its translation into a future
where current barriers to adoption such as development times
and costs are reduced.

Big data analytics is increasingly used to drive efficiency
and provide enhanced insight into causes of failure [43] and
an approach that combines both data-based and systems-
based methods is seen to add the greatest value [2]. Some
aspects of the architecture presented in our study could be
adapted to include a data-based approach and so would gen-
erate a hybrid approach where the best approach is selected
for different aspects of the digital twin.

Further cross-sector applications can be envisioned. The
visualizations used in our study are universal so can be
applied to any other industry with an interest in modelling
components. The framework incorporates codes that describe
thermodynamic, mechanical, and structural properties, so the
types of data that would be used in industries, such as
aerospace, are very similar to the case studies reported here.
In translation to manufacturing, the case studies used here
represent scenarios relevant to Prognostic and Health Man-
agement applications: data are collected from the physical
system and used to determine when preventative maintenance
or diagnostics of faults are required. In this regard, the frame-
work we have outlined would provide excellent adaptability
for manufacturing as a service [12]. The horizontal integra-
tion lends itself to adaptation for other industries; a translator
may be required at a node to integrate any new software into
the systems-level environment, but ideally the new software
would incorporate the necessary interface. To truly realize
this benefit, common standards should be developed to define
the interface with the translator. The up-front effort required
to develop these standards will be substantial and would be
offset by the economy of scale generated by the widespread
adoption of this approach. The ability to run the simulations
without the need for a High Performance Computing clus-
ter would be a further advantage for wider-scale adoption.
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The development of plug-and-play modules that apply across
sectors could introduce a new market where code is developed
specifically because of the flexibility provided by a stan-
dardized approach. We can envision a future where a library
of standardized digital models is available for connecting
common pieces of hardware or management systems. This
approach has a clear benefit over other architectures which
would require widespread adaptation of the framework to add
in every extra piece of software. To support such an approach,
funding models should be revised so that research can be less
specific to an individual sector.

V. CONCLUSION

A. OUTCOMES

The nuclear case study presented here provides a proof-of-
concept for an initial software framework for an Integrated
Nuclear Digital Environment (INDE) and is the first time
that HLA has been applied to a civil nuclear scenario. This
approach is widely applicable to other sectors and shows
promise as the basis for a unified, cross-sector approach to
developing digital twins.

The framework is the first of a kind to use HLA at the com-
ponent level and at the analysis tool level. The horizontal inte-
gration methodology was found to have the scalability needed
to ensure that frameworks could develop, evolve, and remain
relevant through time, addressing limitations of previous soft-
ware frameworks. As well as resource efficiencies, several
additional softer benefits, such as improved inter-site co-
operation, knowledge management and time to competence,
were found. The addition of automated integration of risk and
uncertainty is novel and is found to be as reliable as manual
methods while reducing resource requirements. Although
this HLA approach to the software framework requires an
increased up-front investment in resource to define common
standards as well as some ongoing maintenance of these
standards, this investment is considered worthwhile due to the
longer-term benefits that it offers.

B. OUTLOOK

The proof-of-concept provided by this study demonstrates
that there is an achievable route to implementation of an
INDE and is an important first step to realizing a unified
approach to implementing digital twins.

The horizontal architecture provides a significant opportu-
nity for cross-sectoral efficiencies and so, compared to other
architectures, would lend itself well to the development of
a unified approach. Patterson et al have already proposed
how the INDE could be developed and expanded to deal
with the unique requirements of fusion power plants [44]
and many elements such as the GUI, database, RTI, SIM
managers, and the simulations themselves, could be used in
many different sectors beyond electricity generation. This
approach can be thought of as providing ‘building blocks’
that could then be configured as appropriate for the individual
sectors. Developing a standard approach to integration allows
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the development of modules that can be used interchange-
ably and so could lead to new markets where these mod-
ules provide a revenue stream. The horizontal architecture
could be adapted to provide a hybrid approach where some
components utilize a data-based approach and others use a
systems-based approach, depending on the level of detail
and technical understanding required. The upfront cost and
timescale for development are necessary to move to this
approach which would truly realize a unified approach to
digital twin architecture.

Further research is needed into the commercial and organi-
zation challenges that digital frameworks present. In particu-
lar, solutions will need to be found for critical issues such as
the benefit distribution, commercial models, governance and
stewardship, if the collaboration that underpins the benefit
streams is to be realized. There is also an opportunity to create
synergies and gain further efficiency improvements through
consideration of a cross-sectoral approach. If adopted more
broadly, the adaptable approach used by the INDE could be a
key enabler to connect disparate digital frameworks, sectors,
and applications over time. The organization or establishment
that finds a solution for these challenges and champions the
development will have the opportunity to establish a global
leadership position.
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