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The digital twin is considered the central component of modern industry. It has been adopted
in many industrial fields. However, its application in nuclear engineering is very rare, espe-
cially for the radioactive waste deposits which is an urgent and tricky issue. Motivated by this
demand and considering China's research & development guidelines for geological disposal
of high-level radioactive waste (a three-step strategy by 2050 to construct the radioactive
waste repository), a framework of the radioactive waste repository digital twin is proposed.
The digital twin uses the framework edge + cloud with a multi-layer structure. It can be
adopted in the construction of the radioactive waste repository. It can significantly strengthen
the management capability, reduce the operating cost, improve the safety level and deal with
accidents more efficiently. The first step for the achievement for the digital twin development
of radioactive waste repository based on the framework is also introduced in the paper. The
proposed digital twin framework of the radioactive waste repository in this work could be
widely used as a reference and easily extended to support management in other industrial
fields.
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INTRODUCTION

Artificial intelligence (AI) and big data have
played increasingly crucial roles in the nuclear indus-
try, supporting the design of new and more advanced
installations. They are considered as potential techni-
cal solutions that can evaluate the data of nuclear li-
braries [1], realize the thermal-hydraulic model opti-
mization of best estimate codes [2], and develop the
safety strategies for the Nuclear Power Plant (NPP) ac-
cidents [3, 4], etc. With the development of the digital
twin, the integration of the nuclear industry with rele-
vant Al technology will be closer, which will cover the
whole industrial chain from the fabrication of nuclear
fuel to the disposal of spent nuclear fuel. This work
concentrates on the use of the digital twin for the radio-
active waste disposal since it is thought of as an urgent
and tricky issue. The early generation of NPP and rele-
vant nuclear facilities are gradually going out of ser-
vice. It is reported that around 300 nuclear facilities
will be decommissioned around the world in the next
20 years [5].

The management of radioactive waste is one of
the most pressing problems all over the world nowa-
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days from both the scientific and the political points of
view [6]. Except for the low-level radioactive waste
which is on-ground or near-surface disposed, the mid-
dle-level and high-level radioactive waste should be
geologically disposed of in China with different
depths according to the radioactive intensity and de-
cay period of the waste. Based on the current techno-
logical limitations, the high-level radioactive waste is
normally stored underwater or ground with sufficient
radiation shielding structures to minimize the radioac-
tive hazard [7]. Moreover, the facilities need to keep
structural integrity for hundreds or thousands of years.
It is a challenging task since the storage facilities age
and the radioactive wastewater may be produced con-
stantly among the storage, which needs to remove ra-
dioactivity before discharge into the environment. As
aresult, research on deep geological disposal has been
conducted since 1985 in China. The official guidelines
R&D guidelines for geological disposal of high-level
radioactive waste were issued jointly by several gov-
ernment departments, including the China Atomic En-
ergy Authority, the Ministry of Science and Technol-
ogy and the Ministry of Environment Protection [8].
The Guidelines consisted of a three-step strategy for
high-level radioactive waste, involving the site selec-
tion before 2020, the underground in-situ tests before
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2040 and the construction of the repository before
2050 [9]. Wang et al. [10] introduced the detailed
progress in 2018. The final underground research lab-
oratory for high-level radioactive waste has been se-
lected at Beishan in the Gansu Province of northwest-
ern China. Construction of the Beishan laboratory
began on June 17, 2021 [11].

Since the underground environment and the re-
lated process of facilities are interlinked and complex
with a certain uncertainty, it may lead to abnormal occur-
rences or severe accidents. Moreover, the use of modern
technology, e. g., remote handling equipment, increases
the complexity of handling in the underground labora-
tory or repository. A challenging issue to the under-
ground facilities is how to introduce an advanced and
powerful tool to manage the whole complex project
along its life cycle, from its design, construction, opera-
tion to closure. Consequently, advanced digital technolo-
gies are suggested to deal with these things [12].

The adoption of the concept of the digital twin in
the traditional industry is fairly novel. The digital twin in
the nuclear industry, e.g., in the field of radioactive waste
disposal, is still in nascent stages. The application of the
digital twin could bring remarkable benefits to the de-
commissioning of nuclear facilities and storage installa-
tions in several aspects: reducing process risks of the re-
lated operation, improving reliability and safety,
reducing the cost, etc. But it is also challenging owing to
the dynamic nature and large uncertainty of the process.
It involves multi-scale and multi-physics phenomena
within a huge temporal span [13]. Although some de-
scriptions of digital twin frameworks can be found in the
open literature [14, 15], there are relatively few digital
twin frameworks developed specifically for radioactive
waste disposal and storage installations. In this work, a
prototype framework of the digital twin has been devel-
oped to support the management of the radioactive waste
repository (RWR). The framework is based on the con-
cept of building information modeling (BIM), which is a
relatively mature technology, and the artificial intelli-
gence (Al) innovation platform of the company
Jinyuyun, which has been applied in several fields such
as grid and power facilities.

Compared to the literature, the main contribu-
tion of this paper is to apply the digital twin technology
in the field of radioactive waste deposits and develop
the framework for the RWR. The framework is crucial
for the establishment of future research programs. The
detailed structure and methods (including big data
technology and machine learning algorithm, efc.) are
not the focus of this work.

TWO FUNDAMENTAL CONCEPTS

Nowadays, the world is undergoing an era of digi-
tal transformation, which is an irreversible change. Dur-
ing the transition, it is common to hear many popular

concepts (such as Industry 4.0, Al, the internet of things
(IoT), big data and machine learning, efc.). These con-
cepts are also applied and widely used in industrial engi-
neering. In this section, two fundamental concepts (i.e.,
the building information modeling (BIM) and digital
twin) will be introduced, which are deduced from the
above-mentioned concepts and related to the radioactive
waste disposal and storage installations from the litera-
ture point of view and the objective of this work.

Building information modeling

The basic idea of BIM is the management of a
built facility along with its whole lifespan by the assis-
tant of digital building models. It can reduce the labo-
rious and error-prone manual entering of information,
increase work efficiency, provide a platform for auto-
mated analyses, and benefit the stakeholders for deci-
sion making since it supplies an improved information
flow at all stages. Although BIM is based on the visu-
alization of a 3-D geometrical model, it involves
nearly all the aspects of the modern architectural con-
cept with a high level of intelligence in its lifecycle. It
emphasizes the information exchange among the rele-
vant systems or platforms and analysis applications
based on the information databases throughout the
building lifespan. Recently, BIM has been considering
not only the structures, systems, and component (SSC)
of the building but also the external environment, no-
tably the carbon emissions [16]. The BIM has already
been in practice all over the world owing to its various
superiorities compared with conventional pa-
per-based workflows. It was also adopted in the field
of NPP decommissioning and the activities (design,
construction, operation, closure) related to the radio-
active waste disposal facilities [17].

Comparing BIM with the digital twin which will
be introduced, one difference between them is that
BIM relates to the management of the building during
its lifespan while the digital twin involves a couple of
hardware elements and their combination [18]. Some
scholars predictably pointed out that the transition
from BIM to the digital twin is an irreversible trend
and the transition is a shortcut and an effective method
to realize the digital twin owing to the good technolog-
ical foundation [19]. Consequently, the digital twin
framework developed in this work could be consid-
ered as an extended application of BIM.

Digital twin

The earliest prototype of the digital twin in the in-
dustry originated from the era of the National
Areonautics and Space Administration (NASA) Apollo
project in the USA. The formal concept of the digital
twin can be traced back to 2003 when Professor Grieves
of the University of Michigan showed the industry how
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to carry out product life-cycle management. He pro-
posed two systems, namely a physical system and vir-
tual system [20]. But as an early stage of its develop-
ment, a uniform definition of the digital twin is
currently impossible among the whole industry cur-
rently since a wide range of disciplines are interested in
it and this causes differences in the understanding and
application of the digital twin. Therefore, instead of dis-
cussing the definition of the digital twin, this article is
more willing to elucidate the characteristics of the digi-
tal twin based on the literature [21].

The main characteristics of the digital twin can
be summed up as follows:

— Real-time reflection

This is the most fundamental characteristic of
the digital twin and also its origin. Based on the online
smart monitoring system and the simulation of reliable
software, the physical object can be reflected synchro-
nously by the digital model with high fidelity. The dig-
ital object can be thought of as the 3-D image of the
physical object in the mirror.

— Interaction and convergence

It is stated that the physical object in the real
space, the digital object in the virtual space and the
connections between them are considered to be the
three basic elements of the digital twin [22]. Some re-
searchers put forward the five elements of the digital

Service

Connection Connection

Physical
object

Digital
object

Connection Connection

Figure 1. Five elements of the digital twin

twin, introducing data and service additionally [23], as
shown in fig. 1. The figure could reflect the connec-
tions among the elements clearly. Besides the digital
twin relationship between the physical object and the
digital object, the physical object and relevant data are
connected by various kinds of equipped sensors. The
data can also be used for the realization of the digital
object in the cloud (servers). The element service,
which can be considered as various application sce-
narios, relies on the physical object and digital object
and simultaneously its feedback contributes to the im-
provement of the physical and digital objects. Further-
more, considering the time scale, the interactions exist
in different phases of the objects, no matter in the real
space or virtual space. There is no doubt that the virtual
object, relevant information, connections and services
are all convergent to the physical object in the real
space.

— Self-evolution

The aim of building the digital twin is the
self-evolution or self-adaptation of the physical object,
i. e., the digital twin could not only reflect the geometry
and the concerned physical phenomena in the virtual
space but also offer the information (e.g. by prediction
using the machine learning algorithm) to update the ob-
ject data in the real space and to improve the relevant
procedures such as design, construction and operation,
etc. According to the extent of the digital twin's involve-
ment in industrial activities and the difficulty of relevant
technology, the characteristic of self-evolution for the
digital twin can be divided into several levels, as shown
in tab. 1. For the digital twins at Level 1, the principal
functions are the monitoring and simulation of the rele-
vant physical objects by using sufficient sensors and the
mechanism-model- based codes for simulation. These
monitoring data and the simulation results are helpful
for the optimization of the 3-D geometry of the physical
object in the framework of IoT. Simultaneously, virtual
reality (VR) is achieved by relevant technologies. The
digital twins at Level 2 have adopted Al technology for
the control of physical objects. More useful information
has been collected to build the Al models by machine
learning algorithms. The operation, diagnosis and prog-
nosis of the physical object behaviors could be opti-

Table 1. Hierarchy of the digital twin's characteristic of self-evolution

(learning and prediction)

Level Functions Evolution contents
— Status analysis based on real-time monitoring data and [oT technology
. . . — Simulation with mechanism-model based codes

1 Monitoring and simulation o
— Geometry optimization
— Realization of VR

Intelli — Adoption of big data and machine learning algorithm for relevant Al model training;
2 ntelligence — Diagnosis based on the Al model

— Optimization based on Al prediction

3 Supervision and automated | — Supervision in different stages within the whole lifecycle
operation — Automated operation and optimization of relevant measures
— Strategy assessment and decision makin;
4 Autonomous management &y &

— Application of the autonomous management and control system
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mized further based on the Al models. The digital twins
at Level 3 are used for supervision and automated oper-
ation of physical objects along their lifecycle. Regard-
less of normal operation or accident conditions, the dig-
ital twins can be used to propose optimization or
mitigation measures based on deep Al technologies.
The highest level of the digital twin, Level 4, empha-
sizes the usage of the autonomous management and
control system for the physical object. By using such a
system, the performance of the physical object can be
confirmed, and the degraded or failed conditions can be
detected intelligently and keep flexibility and adapt-
ability during these conditions. According to maturity,
itcan be divided into several phases —semiautonomous,
nearly autonomous and fully autonomous. Several
frameworks of 4-level digital twins for certain applica-
tion scenarios have been proposed in the nuclear indus-
try, which has inspired our framework for radioactive
waste disposal in this study. The researchers in the
Idaho National Laboratory and North Carolina State
University have reviewed the uncertainty quantifica-
tion and software risk analysis for digital twins in a
nearly autonomous management and control
(NAMAC) system [24] which is used to enhance the
defense- in-depth for nuclear installation [25, 26], and
put forward a detailed framework for the NAMAC sys-
tem [27]. Garcia et al. [28] have proposed a framework
for the realization of autonomous management for nu-
clear systems. Wood et al. [29] have studied the frame-
work of an autonomous control system for small modu-
lar reactors in detail.

In summary, the digital twin makes full use of the
historical operation data, the real-time monitoring data
of sensors, and the physical models for the simulation
of multi-physics, multi-scale processes in the virtual
space to reflect the whole life-cycle behaviors of the
corresponding physical system in the real space. As a
result, the digital twin can be considered as a virtual
duplicate of a system based on a fusion of its offline
and online database, the state-of-the-art machine
learning algorithms and the relevant models.

METHODOLOGY

This section will introduce firstly the 7-D capa-
bilities of the digital twin system for management, and
then the method of transition from the BIM technology
to the digital twin before the introduction of the pro-
posed framework of a digital twin for RWR.

Multidimensionality of
the installation model

The created model for the installation (of radioac-
tive waste) can be generated in various dimensions
(from 2-D-level to 7-D-level), which depends on the

data content required from the installation and the rele-
vant technology used for the data analysis [17]. In the
traditional industry, 2-D-level and 3-D-level geometric
models are used to assist the construction, operation and
daily management of installation, especially for struc-
ture visualization. The 4-D-level model refers to the in-
troduction of the time dimension into the 3-D-level
model. Models defined in this way can be used for the
installation visualization in the form of animation. Fur-
thermore, it is helpful for the relevant activity planning
and scheduling optimization of installations. The
5-D-level model refers to the combination of cost and
the 4-D-level model. Some 6-D-level models only con-
sider the sustainability of the installation, but the
6-D-level model in this work involves both
sustainability and safety because of the particularity and
risk of radioactive waste. The 6-D-level model can
make installation in safe conditions, self-sustainable
and energy-efficient. It can reduce the probability of ac-
cidents and decrease the energy consumption of the in-
stallation in the long run. The 7-D-level model is related
to installation management. It includes guidelines and
procedures for different kinds of management (e.g.,
quality management, risk management and knowledge
management, efc.). It can be used to optimize the man-
agement of a relevant installation along its lifecycle
from the design stage to decommissioning.

Theoretically, all levels of the model from 2-D to
7-D can be achieved by BIM [30]. But based on the lit-
erature, most application paradigms using BIM are in
the range of 4-D-level or 5-D-level models [31]. The
main difficulty is that 6-D-level and 7-D-level models
need real-time monitoring data, which requires strong
sensor networks and data processing capabilities. It
can only be realized after the IoT, big data and
high-performance computing have developed to a cer-
tain stage [32]. Until recent years, this problem may be
solved effectively with the development of digital
twins owing to its advantage in the real-time dynamic
interaction between the information space and the
physical space. Consequently, the different dimen-
sion-level capabilities of installation models (geomet-
ric model, BIM and digital twin) can be clearly differ-
entiated as shown in fig. 2. The figure also provides a
methodology for the transition from BIM technology
to the digital twin.

Transition from BIM technology
to the digital twin

Compared with a digital twin, BIM has the fol-
lowing shortcomings: it lacks adequate data, notably
the real-time monitoring data of the SSC to build a rel-
evant digital object [33] and it lacks tools for lifecycle
predictive analysis. With the development of Al tech-
nology, these shortcomings of BIM can be made up by
the technology of IoT and big data. It is generally be-
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Figure 2. Dimension capabilities
for the geometric model, BIM and
digital twin

T = time, S = sustainability & safety, 6D=5D+S

C = cost, M = management

Figure 3. Realization of Data from BIM

digital twin based on BIM
(the difference between

digital twin and BIM) f;:igmg';:::

Data integration Digital twin with ML _Malntenances/
. |-~ s =»| diagnosis/prognosis
(big data) algorithms/model based on digital twin

lieved that the integration of [oT, big data and BIM led
to the realization of the Digital Twin. Consequently,
the terminology BIM-Based Digital Twin has been in-
vented, which may also reflect the technology de-
velopment trend. The digital twin of the installation
can utilize various sensor networks such as the wire-
less sensor network, which can be thought of as a part
of 10T, to create real-time information and a relevant
database of the installation. This dynamic information
and database allow for 3-D visualization, real-time
analysis and informed decision-making based on the
introduction of machine learning algorithms/models.
As a summary, the realization of the digital twin based
on BIM can be illustrated as shown in fig. 3.

Framework of the digital twin

This framework in this study is based on the Al
innovation platform of the company Jinyuyun [34].
This platform was developed to promote the industrial
digital transformation and upgrading in the environ-
ment of big data and Al. It has been applied in several
industrial fields such as power systems, petroleum,
natural gas, and transportation, efc., covering nearly
one hundred industry customers in China [35].

Overall framework

The digital twin involves the integration of sev-
eral t echnical layers based on the five elements in
fig. 1. Figure 4 presents the overall framework of the
digital twin proposed by Jinyuyun. The digital twin
framework is divided into two parts: the edge and the
cloud. At present, this framework edge + cloud is very
popular in both academic and industrial fields [36].

The edge is the concerned objects of the digital
twin, where sensors and devices communicate real-time

Digital twin
framework
T 1]
T

Device mmunication Data layer Computing Management
layer layer layer layer

Figure 4. Proposed overall framework of the digital twin

data to the network (the cloud). From the perspective of
an end-user, the edge plays a vital role in the [0T environ-
ment. It may be the internal SSC of the installation. But it
may also be in the areas where the installation may affect
or be affected by, e.g., the geological and the hydrologi-
cal environments of the RWR. The concept of de-
fense-in-depth for RWR involves several barriers (which
include engineering and natural barriers). All of these
barriers are thought of as the edges for the installation. As
a preliminary framework of the digital twin for an RWR,
the edges (including the interior and exterior of the instal-
lation), are identified in tab. 2. The interior refers to the
infrastructures and the internal environment of the repos-
itory and they are crucial for the stability and safety of the
installation. The exterior is the external environment that

Table 2. Edges of the digital twin for an RWR
Region Concerns

Entrance, ramps, shafts, tunnel, host rock,
foundation beds, tanks, containments,
shielding and engineered barriers

(clay and concrete), seal components,
radioactive liquid collection system,
drainage system, and other SSC

Facility covering, soil, rock, air,
Exterior edge | groundwater and hydrological
environment, vegetation, efc.

Interior edge
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is involved in the design and operation of RWR. In order
to avoid the impact of natural disasters (e. g., landslides
and torrents) on the repository which may lead to acci-
dents, the monitoring of relevant exterior edges is also
considered in its digital twin.

The cloud of the digital twin is the network and
servers that support physical objects and achieve rele-
vant applications. In order to realize the real-time opera-
tions and processing, it includes several layers with dif-
ferent functions, i. e., the communication layer for the
connection between the edge device and the service, the
data layer for the massive data management, the comput-
ing layer for the Al training, prediction and modeling,
and finally the management layer for status evaluation
and decision making. In this mode, the cloud is responsi-
ble for completing computing tasks, obtaining the deci-
sion results and feeding them back for control.

Device layer

For a digital twin, the edge device is essentially a
bridge between the physical object and the digital object.
It can be any piece of hardware that is responsible for sta-
tus monitoring, collecting and filtering data, controlling
data flow at the boundary between the edge and the
cloud, executing control instructions and completing rel-
evant process management. With the development of
[0T, the edge device with intelligence is more and more
popular in the management of installations.

The key issues of high level radiactive waste
(HLW) disposal are related to the depth of the reposi-
tory, the stability and waste-isolating functions of the
hostrock and the engineered barriers, etc. [37]. The data
of the SSC in the repository, rock stability conditions,
rock strength, rock fracturing and fall, clay and soil
microstructure, and the environment are acquired by
the equipped device for the avoidance of onsite seismic-
ity, flooding, unauthorized intrusion, sabotage and ter-
rorism [38]. In order to obtain all the data required by
the data twin of RWR, a variety of sensing and measur-
ing devices/tools with smart intelligence are considered
by Jinyuyun at the device layer, e. g., radiation dosime-
ters, thermocouples, pressure sensors, flow meters, vi-
bration monitors, smart cameras, smartphones, VR
glasses, robots and drones, efc. Some of these devices
have been applied in the domestic projects of energy,
transportation, power grid and power facilities.

As an example of intelligent devices, the intelli-
gent inspection robots developed by Jinyuyun can be
divided into two types: wheeled robot (the left) and
rail-mounted robot (the right), which can be selected
according to the site conditions. The intelligent in-
spection robot can detect the environment of the en-
trance, ramps, shafts, tunnel, tanks, containments,
shielding and engineered barriers, efc. of the RWR,
and realize the functions of instrumentation panel
identification and data acquisition, infrared tempera-
ture measurement, radioactive detection, environmen-
tal monitoring, security alarm, etc.

Communication layer

The digital twin emphasizes edge-to-cloud com-
munication and information exchange for highly effi-
cient management. The communication layer involves
an integrated management platform for the relevant
edge devices of the digital twin. It has the following
functions:

—  Registration and account

If a new device is introduced, the concerned de-
vice needs to be analyzed and there is a formal registra-
tion process. Each service or decision for the digital
twin is assigned a universally unique identifier by us-
ing the IoT technology, such as radio frequency identi-
fication and quick response code.

—  Status perception and monitoring

Understanding the operation status of the de-
vices is very important to keep the machine in good
operational status. In order to avoid abnormal condi-
tions caused by system faults, the fault occurrence
time can be predicted intelligently according to the
state estimation algorithm. Once an abnormal condi-
tion has been detected during the monitoring process,
a warning message will be sent by the communication
system, allowing the system administrator to maintain
the system before the fault occurs.

—  Location perception and positioning

In industry, high-precision positioning is cru-
cial. In the application scenario of RWR, clear posi-
tioning is the premise of the safety patrol inspection
and measurement. The communication layer includes
the position information of all the devices in the digital
twin of the repository and responds to the motion of
the devices. Sensors and Al methodology have been
adopted in order to improve positioning accuracy.

—  Display and control

The display and control is used to display neces-
sary information of the digital twin and control the rel-
evant devices or equipment since it directly affects the
operation and overall safety of the physical object, i.
e., RWR, in this study. In order to improve the effec-
tiveness of display and control, necessary data pro-
cessing and computation need to be considered before
the diversity of display terminals. It should be empha-
sized that communication protocols provided the
means by which vast amounts of information can be
transferred throughout different levels of an industrial
network while digital twin capabilities enable fasci-
nating process modeling techniques [39]. The follow-
ing protocols, see tab. 3, are frequently used in the in-
dustry. They are familiar to the authors and are
recommended for the digital twin of RWR.

Data layer
To achieve the digital twin for a designated in-

dustry field, the data analysis is essential work. The
characteristics impact the data and information man-
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Table 3. Examples of communication protocols
suggested in the digital twin of RWR

Unit of data
Protocol . Type of sensor
transmission
Wireless temperature sensor
. Wireless humidity sensor
Micro power ; . .
wireless Wireless vibration sensor
network Byte Wireless micro
communication meteorological sensor
protocol -
Wireless gas sensor
Wireless liquid level sensor
Wireless partial discharge
Low-power ad sensor
hoc network KB Mechanical characteristic
routing protocol sensor
Vibration sensor

agement strongly and lead to the application of big
data technology. The datasets used for big data include
different types of data from different sources, such as
sensor-measured data, internal variable data, model
data, network variables data, operation data, analy-
sis-obtained data, trend data, knowledge data, alarm
data and fault log data, efc. These datasets comprise a
data lake, which is used to support not only steady vi-
sualization of the real-time status of physical objects
of the digital twin but also their controlling manage-
ment, upgrade and optimization.

The task for the first step is to identify the crucial
parameters which can reflect the status of the RWR.
The identification may be based on classical method-
ologies such as the analytic hierarchy process, fuzzy
decision making and expert system, etc. The datasets
for these parameters consist of three parts of data: the
historic measured data, the real-time monitoring data
and the simulation results. The historic data refers to
the measured data from the situ records during earlier
phases and the real-time monitoring data from the in-
stalled sensors. The simulation results are from profes-
sional codes such as the Monte Carlo transport code
and best estimate thermal-hydraulic code ezc. [40,41].

Computing layer

The digital twin, as an application simula-
tion-driven R&D innovation, may encounter problems
such as difficult inheritance of expert experience, low
repetition efficiency and simulation process inconsis-
tency during its development process. In order to reduce
repetitive design work and improve efficiency in each
stage of the installation of the RWR, the computing layer
of the digital twin framework considers an intelligent
computing center. It is a full life cycle simulation man-
agement platform and service configuration system,
which realizes the standardization and automation of the
R&D process through the sharing and reuse of intelligent
models and role management, so as to quickly respond to
and realize the personalized intelligent service require-
ments put forward by the regulatory agencies or clients.

The intelligent computing center involves the following

structure and functions.

—  Standardization and automation of the R&D pro-
cess: the standardization and the automation of the
simulation process are conducive to the mastery of
professional software, saving design and research
time and ensuring the consistency of results. In ad-
dition, it is conducive to the function customiz-
ation, the integration of different functional codes,
the automatic update of the simulation models and
data, and the automatic analysis and display of the
simulation results.

—  Sharing and repeating of intelligent models: the
intelligent computing center can realize sharing
and repeating of intelligent models to build engi-
neering services quickly in the other fields with a
lower cost. The developed intelligent computing
center of Jinyuyun can transplant its computing
services to the RWR digital twin on the premise of
considering its radiation and other particularity.

—  Role management of intelligent models: the rap-
idly moving digitization strategies may entail de-
ploying advanced administrative practices such as
role-based management [42]. The idea of role
management is to classify the roles of models
based on their application purposes and authori-
ties. It has the characteristics of security, flexibil-
ity and strong availability.

—  Knowledge management: the trend of Al technol-
ogy is from perceptron to cognition. As an impor-
tant concern for the digital twin, Al cognition is
based on knowledge management, which pro-
vides full-stack support from knowledge map
modeling, knowledge extraction, knowledge fu-
sion/storage, knowledge computing, knowledge
reasoning to knowledge application. In nuclear
engineering, the SSC, their attributes and the con-
nection among the SSC is emphasized in the
knowledge map.

—  Model/algorithm library: the intelligent comput-
ing center includes cloud servers, which have
powerful computing capability and on which the
industry engineering codes (such as neutron ki-
netic codes, shielding calculation codes, and ther-
modynamic codes, efc.) are installed. Addition-
ally, machine learning algorithms including both
non-deep learning and deep learning are adopted
by the intelligent computing center. Both of them
are used for classification, clustering and regres-
sion according to the actual needs, shown in fig. 5.

Management layer

As shown in fig. 2, big improvement from BIM
to the digital twin is the enhancement of intelligent
management, which is reflected in each layer of the
digital twin, especially the management layer. The
management layer of the digital twin for RWR in-
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Figure 5. Engineering methods and the machine learning algorithm of the computing layer
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Chief operator storage and
management
Operator | :
Authentication
On-site
operator ;
Information
sharing

Permissions

Figure 6. Architecture of user and role management

volves several aspects of content including the man-
agement of the system, operation environment, opera-
tion monitoring, and application.

— System management

The digital twin system management includes
the user and role management, process control and rel-
evant resource and device management.

The management of users and their roles is re-
lated to the users' memberships in roles, the different
rights and permission executions by role members,
and the integration of concrete service items in the dig-
ital twin environment with the application in the radio-
active deposit repository. Consequently, a role-based
model is needed for the design of the access control
system. Based on the management structure of nuclear
engineering installations, the user's role in the digital
twin management for the RWR can be divided into 4
types: operation leader, chief operator, operator and
on-site operator, as shown in fig. 6. Different users

have different permissions such as registration and ac-
cess control, etc.

The process control is characterized by an inva-
sion of the digital control subsystem (DCS) into the
digital twin of the radioactive deposit repository. A
characteristic feature of the DCS implementation is
the great flexibility to make variations in the automa-
tion strategy.

The resource and device management involves a
database, which includes both the fixed and mobile re-
sources/devices. Combined with the characteristics of
the digital twin, the resource and device management
are optimized dynamically based on the requirement
(e. g., performance and power consumption) by using
the methodology of ToT.

— Operation environment and
monitoring management

Due to the complex operating environment in the
RWR, its real-time monitoring and management are cru-
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cial for its operation and safety along with its whole life-
span. Therefore, the influence of the operating environ-
ment and monitoring dataset on simulation and prediction
is considered in the digital twin system of the RWR.

As a part of the operating environment and mon-
itoring management, the operation environment (i. e.,
the on-site environment in which the relevant tasks are
performed in the RWR) is recreated virtually by the
digital twin, which is called the operating environment
twin. The configuration of the digital twin can be con-
trolled by the human-computer interaction interface. A
real-time view of the environment and configuration is
designed for the digital twin system.

The real-time monitoring system for the RWR is an
important part of its digital twin system. The requirement
of the monitoring system includes versatility, ease of op-
eration, high speed for data acquisition, stability and
safety. This is achieved by deep coupling of the device
layer, data layer and computing layer with advanced Al
algorithms. The monitoring system, which was set at the
terminals of devices, uploads the real-time data to the
cloud-based data management platform on the servers
for data analysis and Al model establishment. This is an
iterated process since the analysis results will also impact
the design of the monitoring system.

— Application management

The application is used to provide services for
the installation managers and users. The scope of ap-
plication development determines the Al level for
RWR management. It is so important that some re-
searchers consider it as a separate layer (the top and
implementation layer) of DT architecture [43].

Jinyuyun has several applications of Al and loT
technology in the industrial fields. For example, the
3-D visualization system and the wearable device
based on augmented reality developed by Jinyuyun
have been applied in the management of power sys-
tems in several companies in China. These technolo-
gies may be applied in the management of the RWR
with very few changes, which considered the particu-
larity of the RWR, such as the internal heat source due
to the decay heat of radioactive waste, the radioactive
environment of the RWR, efc. As a summary, fig. 7 has
listed the applications developed by Jinyuyun in the
power system and the RWR applications which are un-
der development.

APPLICATION

During the planning, construction and operation
of RWR, the digital twin of RWR is achieved by the
adoption of 3-D visualization tools and using the IoT
measurement data and the multi-physical simulation
results for analysis. It is based on the Jinyuyun Al in-
novation platform. The digital twin for the RWR is at
the first step of development based on the experience
of the digital twin in the other industrial fields. Figure
8 shows the designed interface of the digital twin. Be-
sides the 3-D display of the installation, it involves the
project brief introduction, total information of SSC,
maintenance information, parameter selection and
measurement information. Figure 9 displays the 3-D
scene of the instrument room. Around the display
screen, crucial information and functions are also
shown and used for monitoring, measure execution,
and control.

Project brief
information

Total information
of SSC

3D model truly restore the
indoor and outdoor environment

Parameter
selection

Measurement
information

Maintainment
information

3-D display area

Figure 8. The user interface of the digital twin

Environmental
information

Area and mode.
selection

Function selection

3-D display area

SSC list

Figure 9. The 3-D display of the instrument room



H. Xu, et al.: A Digital Twin Framework for Construction and Operation of the ...
190 Nuclear Technology & Radiation Protection: Year 2022, Vol. 37, No. 3, pp. 181-192

CONCLUSIONS

This paper has introduced the conceptual design of
the digital twin framework for RWR, which has 7-D ca-
pabilities for management. It is developed on the basis of
the 5-D capabilities of BIM of RWR in the literature and
has referred to the latest progress of the digital twin in in-
dustry. The framework is based on the experience of the
Jinyuyun Al innovation platform, by which a digital twin
of the power system has been built and widely applied in
China. These successful cases have proved the capability
of'the digital twin systems to reproduce complicated sce-
narios with respect to the operation of the RWR. The dig-
ital twin system uses the most popular framework edge +
cloud nowadays with the multi-layer structure of differ-
ent functions. This framework would be a big step to-
wards the digital twin system of RWR for its whole life-
span management. The first step achievement for the
digital twin development of RWR based on the frame-
work is also introduced in the paper.

There are several evident limitations of this
study that require deeper research in the near future.

e Firstly, this study has only developed the
framework of the digital twin for the modeling of
RWR. There is huge potential for the detailed struc-
tural design and application of digital twin systems to
realize its intelligent management during the whole
lifespan.

e Secondly, the digital twin system is a new con-
cept and still in an initial stage of development, and
there's no consensus on its definition for nuclear engi-
neering and the corresponding main features. There-
fore, the structure of the digital twin framework needs
to be optimized to adapt itself to the special require-
ments (e.g., the safety requirements) of RWR.

e Thirdly, the machine learning methods pro-
posed by this paper for the digital twin system need to
be studied in detail to evaluate their adaptability. The
evaluation method and standard are also important is-
sues for future research. Furthermore, the optimiza-
tion of the proposed methods will be another impor-
tant research issue in the near future.
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Xynr CJY, Juxya 1YO, Tao TAHT

JUTUTAITHA IMAPHA CTPYKTYPA 3A U3TPANIBLY U
OYHKIMOHUCAILE OIJATAIUIITA PAINOAKTUBHOI' OTITIAJA

JMrUTAIHA Iap cMaTpa ce LEHTPATHOM KOMIIOHEHTOM MOJIEpHE HHIyCTPHje KOja je yCBOjeHa y
MHOTHUM UHAYCTPUjCKUM obJacTuMa. MebyTum, leropa npuMeHa y HyKJIeapHOM MHXXEHEPHUHTY BEOMa je
peTka, moceGHO 3a OJIaTalIuIITe PafiMOaKTHBHOI OTHAfa IITO jeé XUTHO M MPOOIEMATHIHO NHUTAHE.
MoTuBuCaH! OBUM 3aXTE€BOM U y3uMajyhu y 003Mp KHMHECKE CMEpHHIE 3a MCTpPa*kuBambe U Pa3Boj
TeOJIOIKOT Ofilarama paJioaKTHBHOT OTIIajia BUCOKOT HUBOA (CTpaTernja y Tpu Kopaka fo 2050. rognHe
3a W3rpajikby OJjIarajuilTa pPavoakTUBHOTI OTHaja), NMpeliaske ce IMOCTyNaK AWTHTAIHOr mapa 3a
CKIIaIITEHe. [JUruTaIHu nap KOPUCTH OKBHUP “000] + 001aK” ca BUILIECTIOJHOM CTPYKTYPOM M MOXKeE ce
YCBOJUTH Yy U3IPaby OfijlarajuiiTa pajuoakTUBHOT OTIaJa, 3Ha4yajHO OjadyaTd CIOCOOHOCT yIIpaBibaba,
CMaWBUTU OINEPATHBHE TPOIIKOBE, MOOOBIIATH HUBO Oe30eJHOCTH ¥ e(UKacHUje ce HOCUTH ca
aKIUieHTUMa. Y pajly je IPeAcTaBIbeH U IPBU KOPAK 3a MOCTU3ahe AUTUTANIHE TAPHE CTPYKTYpE pas3Boja
opnaramuinta. ITpegnoxena qururanta apHa CTpYKTypa OfijlarajuiiTa pajuoaKTUBHOT OTIAala Y OBOM
pajy Moria 61 ce IMPOKO KOPUCTUTHU Kao pedepeHla 1 J1aKo IPOLIUPUTH 32 MOAPIIKY MEHAIMEHTY Y
APYrUM MHyCTPHUjCKUM OOacTuma.

Kmwyune peuu: ouzuitiaanu iap, ooaazasuuiitie paouoaKitiuHoZ otliinadd, 8euitiaika UHleAuzeHyLja,
UHGOPMAUUOHO MOOea08arbe 32pade, CULyOuja cayuaja




