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The dig i tal twin is con sid ered the cen tral com po nent of mod ern in dus try. It has been adopted
in many in dus trial fields. How ever, its ap pli ca tion in nu clear en gi neer ing is very rare, es pe -
cially for the ra dio ac tive waste de pos its which is an ur gent and tricky is sue. Mo ti vated by this
de mand and con sid er ing China's re search & de vel op ment guide lines for geo log i cal dis posal
of high-level ra dio ac tive waste (a three-step strat egy by 2050 to con struct the ra dio ac tive
waste re pos i tory), a frame work of the ra dio ac tive waste re pos i tory dig i tal twin is pro posed.
The dig i tal twin uses the frame work edge + cloud with a multi-layer struc ture. It can be
adopted in the con struc tion of the ra dio ac tive waste re pos i tory. It can sig nif i cantly strengthen 
the man age ment ca pa bil ity, re duce the op er at ing cost, im prove the safety level and deal with
ac ci dents more ef fi ciently. The first step for the achieve ment for the dig i tal twin de vel op ment
of ra dio ac tive waste re pos i tory based on the frame work is also in tro duced in the pa per. The
pro posed dig i tal twin frame work of the ra dio ac tive waste re pos i tory in this work could be
widely used as a ref er ence and eas ily ex tended to sup port man age ment in other in dus trial
fields.
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INTRODUCTION

Ar ti fi cial in tel li gence (AI) and big data have
played in creas ingly cru cial roles in the nu clear in dus -
try, sup port ing the de sign of new and more ad vanced
in stal la tions. They are con sid ered as po ten tial tech ni -
cal so lu tions that can eval u ate the data of nu clear li -
brar ies [1], re al ize the ther mal-hy drau lic model op ti -
mi za tion of best es ti mate codes [2], and de velop the
safety strat e gies for the Nu clear Power Plant (NPP) ac -
ci dents [3, 4], etc. With the de vel op ment of the dig i tal
twin, the in te gra tion of the nu clear in dus try with rel e -
vant AI tech nol ogy will be closer, which will cover the 
whole in dus trial chain from the fab ri ca tion of nu clear
fuel to the dis posal of spent nu clear fuel. This work
con cen trates on the use of the dig i tal twin for the ra dio -
ac tive waste dis posal since it is thought of as an ur gent
and tricky is sue. The early gen er a tion of NPP and rel e -
vant nu clear fa cil i ties are grad u ally go ing out of ser -
vice. It is re ported that around 300 nu clear fa cil i ties
will be de com mis sioned around the world in the next
20 years [5].

The man age ment of ra dio ac tive waste is one of
the most press ing prob lems all over the world now a -

days from both the sci en tific and the po lit i cal points of
view [6]. Ex cept for the low-level ra dio ac tive waste
which is on-ground or near-sur face dis posed, the mid -
dle-level and high-level ra dio ac tive waste should be
geo log i cally dis posed of in China with dif fer ent
depths ac cord ing to the ra dio ac tive in ten sity and de -
cay pe riod of the waste. Based on the cur rent tech no -
log i cal lim i ta tions, the high-level ra dio ac tive waste is
nor mally stored un der wa ter or ground with suf fi cient
ra di a tion shield ing struc tures to min i mize the ra dio ac -
tive haz ard [7]. More over, the fa cil i ties need to keep
struc tural in teg rity for hun dreds or thou sands of years.
It is a chal leng ing task since the stor age fa cil i ties age
and the ra dio ac tive wastewater may be pro duced con -
stantly among the stor age, which needs to re move ra -
dio ac tiv ity be fore dis charge into the en vi ron ment. As
a re sult, re search on deep geo log i cal dis posal has been
con ducted since 1985 in China. The of fi cial guide lines 
R&D guide lines for geo log i cal dis posal of high-level
ra dio ac tive waste were is sued jointly by sev eral gov -
ern ment de part ments, in clud ing the China Atomic En -
ergy Au thor ity, the Min is try of Sci ence and Tech nol -
ogy and the Min is try of En vi ron ment Pro tec tion [8].
The Guide lines con sisted of a three-step strat egy for
high-level ra dio ac tive waste, in volv ing the site se lec -
tion be fore 2020, the un der ground in-situ tests be fore
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2040 and the con struc tion of the re pos i tory be fore
2050 [9]. Wang et al. [10] in tro duced the de tailed
prog ress in 2018. The fi nal un der ground re search lab -
o ra tory for high-level ra dio ac tive waste has been se -
lected at Beishan in the Gansu Prov ince of north west -
ern China. Con struc tion of the Beishan lab o ra tory
be gan on June 17, 2021 [11].

Since the un der ground en vi ron ment and the re -
lated pro cess of fa cil i ties are inter linked and com plex
with a cer tain un cer tainty, it may lead to ab nor mal oc cur -
rences or se vere ac ci dents. More over, the use of mod ern
tech nol ogy, e. g., re mote han dling equip ment, in creases
the com plex ity of han dling in the un der ground lab o ra -
tory or re pos i tory. A chal leng ing is sue to the un der -
ground fa cil i ties is how to in tro duce an ad vanced and
pow er ful tool to man age the whole com plex pro ject
along its life cy cle, from its de sign, con struc tion, op er a -
tion to clo sure. Con se quently, ad vanced dig i tal tech nol o -
gies are sug gested to deal with these things [12].

The adop tion of the con cept of the dig i tal twin in
the tra di tional in dus try is fairly novel. The dig i tal twin in
the nu clear in dus try, e.g., in the field of ra dio ac tive waste
dis posal, is still in na scent stages. The ap pli ca tion of the
dig i tal twin could bring re mark able ben e fits to the de -
com mis sion ing of nu clear fa cil i ties and stor age in stal la -
tions in sev eral as pects: re duc ing pro cess risks of the re -
lated op er a tion, im prov ing re li abil ity and safety,
re duc ing the cost, etc. But it is also chal leng ing ow ing to
the dy namic na ture and large un cer tainty of the pro cess.
It in volves multi-scale and multi-phys ics phe nom ena
within a huge tem po ral span [13]. Al though some de -
scrip tions of dig i tal twin frame works can be found in the
open lit er a ture [14, 15], there are rel a tively few dig i tal
twin frame works de vel oped spe cif i cally for ra dio ac tive
waste dis posal and stor age in stal la tions. In this work, a
pro to type frame work of the dig i tal twin has been de vel -
oped to sup port the man age ment of the ra dio ac tive waste
re pos i tory (RWR). The frame work is based on the con -
cept of build ing in for ma tion mod el ing (BIM), which is a
rel a tively ma ture tech nol ogy, and the ar ti fi cial in tel li -
gence (AI) in no va tion plat form of the com pany
Jinyuyun, which has been ap plied in sev eral fields such
as grid and power fa cil i ties.

Com pared to the lit er a ture, the main con tri bu -
tion of this pa per is to ap ply the dig i tal twin tech nol ogy 
in the field of ra dio ac tive waste de pos its and de velop
the frame work for the RWR. The frame work is cru cial
for the es tab lish ment of fu ture re search pro grams. The
de tailed struc ture and meth ods (in clud ing big data
tech nol ogy and ma chine learn ing al go rithm, etc.) are
not the fo cus of this work.

TWO FUNDAMENTAL CONCEPTS

Now a days, the world is un der go ing an era of dig i -
tal trans for ma tion, which is an ir re vers ible change. Dur -
ing the tran si tion, it is com mon to hear many pop u lar

con cepts (such as In dus try 4.0, AI, the internet of things
(IoT), big data and  ma chine learn ing, etc.). These con -
cepts are also ap plied and widely used in in dus trial en gi -
neer ing. In this sec tion, two fun da men tal con cepts (i.e.,
the build ing in for ma tion mod el ing (BIM) and dig i tal
twin) will be in tro duced, which are de duced from the
above-men tioned con cepts and re lated to the ra dio ac tive
waste dis posal and stor age in stal la tions from the lit er a -
ture point of view and the ob jec tive of this work.

Building information modeling

The ba sic idea of BIM is the man age ment of a
built fa cil ity along with its whole life span by the as sis -
tant of dig i tal build ing mod els. It can re duce the la bo -
ri ous and er ror-prone man ual en ter ing of in for ma tion,
in crease work ef fi ciency, pro vide a plat form for au to -
mated anal y ses, and ben e fit the stake holders for de ci -
sion mak ing since it sup plies an im proved in for ma tion
flow at all stages. Al though BIM is based on the vi su -
al iza tion of a 3-D geo met ri cal model, it in volves
nearly all the as pects of the mod ern ar chi tec tural con -
cept with a high level of in tel li gence in its lifecycle. It
em pha sizes the in for ma tion ex change among the rel e -
vant sys tems or plat forms and anal y sis ap pli ca tions
based on the in for ma tion da ta bases through out the
build ing life span. Re cently, BIM has been con sid er ing 
not only the struc tures, sys tems, and com po nent (SSC) 
of the build ing but also the ex ter nal en vi ron ment, no -
ta bly the car bon emis sions [16]. The BIM has al ready
been in prac tice all over the world ow ing to its var i ous
superiorities com pared with con ven tional pa -
per-based workflows. It was also adopted in the field
of NPP de com mis sion ing and the ac tiv i ties (de sign,
con struc tion, op er a tion, clo sure) re lated to the ra dio -
ac tive waste dis posal fa cil i ties [17].

Com par ing BIM with the dig i tal twin which will
be in tro duced, one dif fer ence be tween them is that
BIM re lates to the man age ment of the build ing dur ing
its life span while the dig i tal twin in volves a cou ple of
hard ware el e ments and their com bi na tion [18]. Some
schol ars pre dict ably pointed out that the tran si tion
from BIM to the dig i tal twin is an ir re vers ible trend
and the tran si tion is a short cut and an ef fec tive method
to re al ize the dig i tal twin ow ing to the good tech no log -
i cal foun da tion [19]. Con se quently, the dig i tal twin
frame work de vel oped in this work could be con sid -
ered as an ex tended ap pli ca tion of BIM.

Digital twin

The ear li est pro to type of the dig i tal twin in the in -
dus try orig i nated from the era of the Na tional
Areonautics and Space Ad min is tra tion (NASA) Apollo 
pro ject in the USA. The for mal con cept of the dig i tal
twin can be traced back to 2003 when Pro fes sor Grieves 
of the Uni ver sity of Mich i gan showed the in dus try how

H. Xu, et al.: A Dig i tal Twin Frame work for Con struc tion and Op er a tion of the ...
182 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 3, pp. 181-192



to carry out prod uct life-cy cle man age ment. He pro -
posed two sys tems, namely a phys i cal sys tem and vir -
tual sys tem [20]. But as an early stage of its de vel op -
ment, a uni form def i ni tion of the dig i tal twin is
cur rently im pos si ble among the whole in dus try cur -
rently since a wide range of dis ci plines are in ter ested in
it and this causes dif fer ences in the un der stand ing and
ap pli ca tion of the dig i tal twin. There fore, in stead of dis -
cuss ing the def i ni tion of the dig i tal twin, this ar ti cle is
more will ing to elu ci date the char ac ter is tics of the dig i -
tal twin based on the lit er a ture [21].

The main char ac ter is tics of the dig i tal twin can
be summed up as fol lows:

– Real-time re flec tion

This is the most fun da men tal char ac ter is tic of
the dig i tal twin and also its or i gin. Based on the on line
smart mon i tor ing sys tem and the sim u la tion of re li able 
soft ware, the phys i cal ob ject can be re flected syn chro -
nously by the dig i tal model with high fi del ity. The dig -
i tal ob ject can be thought of as the 3-D im age of the
phys i cal ob ject in the mir ror.

– In ter ac tion and con ver gence

It is stated that the phys i cal ob ject in the real
space, the dig i tal ob ject in the vir tual space and the
con nec tions be tween them are con sid ered to be the
three ba sic el e ments of the dig i tal twin [22]. Some re -
search ers put for ward the five el e ments of the dig i tal

twin, in tro duc ing data and ser vice ad di tion ally [23], as 
shown in fig. 1. The fig ure could re flect the con nec -
tions among the el e ments clearly. Be sides the dig i tal
twin re la tion ship be tween the phys i cal ob ject and the
dig i tal ob ject, the phys i cal ob ject and rel e vant data are
con nected by var i ous kinds of equipped sen sors. The
data can also be used for the re al iza tion of the dig i tal
ob ject in the cloud (serv ers). The el e ment ser vice,
which can be con sid ered as var i ous ap pli ca tion sce -
nar ios, re lies on the phys i cal ob ject and dig i tal ob ject
and si mul ta neously its feed back con trib utes to the im -
prove ment of the phys i cal and dig i tal ob jects. Fur ther -
more, con sid er ing the time scale, the in ter ac tions ex ist
in dif fer ent phases of the ob jects, no mat ter in the real
space or vir tual space. There is no doubt that the vir tual 
ob ject, rel e vant in for ma tion, con nec tions and ser vices
are all con ver gent to the phys i cal ob ject in the real
space.

– Self-evo lu tion

The aim of build ing the dig i tal twin is the
self-evo lu tion or self-ad ap ta tion of the phys i cal ob ject,
i. e., the dig i tal twin could not only re flect the ge om e try
and the con cerned phys i cal phe nom ena in the vir tual
space but also of fer the in for ma tion (e.g. by pre dic tion
us ing the ma chine learn ing al go rithm) to up date the ob -
ject data in the real space and to im prove the rel e vant
pro ce dures such as de sign, con struc tion and op er a tion,
etc. Ac cord ing to the ex tent of the dig i tal twin's in volve -
ment in in dus trial ac tiv i ties and the dif fi culty of rel e vant 
tech nol ogy, the char ac ter is tic of self-evo lu tion for the
dig i tal twin can be di vided into sev eral lev els, as shown
in tab. 1. For the dig i tal twins at Level 1, the prin ci pal
func tions are the mon i tor ing and sim u la tion of the rel e -
vant phys i cal ob jects by us ing suf fi cient sen sors and the 
mech a nism-model- based codes for sim u la tion. These
mon i tor ing data and the sim u la tion re sults are help ful
for the op ti mi za tion of the 3-D ge om e try of the phys i cal
ob ject in the frame work of IoT. Si mul ta neously, vir tual
re al ity (VR) is achieved by rel e vant tech nol o gies. The
dig i tal twins at Level 2 have adopted AI tech nol ogy for
the con trol of phys i cal ob jects. More use ful in for ma tion 
has been col lected to build the AI mod els by ma chine
learn ing al go rithms. The op er a tion, di ag no sis and prog -
no sis of the phys i cal ob ject be hav iors could be op ti -
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Fig ure 1. Five el e ments of the dig i tal twin

Ta ble 1. Hi er ar chy of the dig i tal twin's char ac ter is tic of self-evo lu tion

Level Func tions Evo lu tion con tents

1 Mon i tor ing and sim u la tion

– Sta tus anal y sis based on real-time mon i tor ing data and IoT technology
– Sim u la tion with mech a nism-model based codes
– Ge om e try op ti mi za tion
– Re al iza tion of VR

2 In tel li gence
(learn ing and pre dic tion)

– Adop tion of big data and ma chine learn ing al go rithm for rel e vant AI model training;
– Di ag no sis based on the AI model
– Op ti mi za tion based on AI pre dic tion

3 Su per vi sion and au to mated
op er a tion

– Su per vi sion in dif fer ent stages within the whole lifecycle
– Au to mated op er a tion and op ti mi za tion of rel e vant measures

4 Au ton o mous man age ment
– Strategy as sess ment and de ci sion mak ing
– Application of the au ton o mous man age ment and con trol system



mized fur ther based on the AI mod els. The dig i tal twins
at Level 3 are used for su per vi sion and au to mated op er -
a tion of phys i cal ob jects along their lifecycle. Re gard -
less of nor mal op er a tion or ac ci dent con di tions, the dig -
i tal twins can be used to pro pose op ti mi za tion or
mit i ga tion mea sures based on deep AI tech nol o gies.
The high est level of the dig i tal twin, Level 4, em pha -
sizes the us age of the au ton o mous man age ment and
con trol sys tem for the phys i cal ob ject. By us ing such a
sys tem, the per for mance of the phys i cal ob ject can be
con firmed, and the de graded or failed con di tions can be
de tected in tel li gently and keep flex i bil ity and adapt -
abil ity dur ing these con di tions. Ac cord ing to ma tu rity,
it can be di vided into sev eral phases – semiautonomous, 
nearly au ton o mous and fully au ton o mous. Sev eral
frame works of 4-level dig i tal twins for cer tain ap pli ca -
tion sce nar ios have been pro posed in the nu clear in dus -
try, which has in spired our frame work for ra dio ac tive
waste dis posal in this study. The re search ers in the
Idaho Na tional Lab o ra tory and North Carolina State
Uni ver sity have re viewed the un cer tainty quan ti fi ca -
tion and soft ware risk anal y sis for dig i tal twins in a
nearly au ton o mous man age ment and con trol
(NAMAC) sys tem [24] which is used to en hance the
de fense- in-depth for nu clear in stal la tion [25, 26], and
put for ward a de tailed frame work for the NAMAC sys -
tem [27]. Gar cia et al. [28] have pro posed a frame work
for the re al iza tion of au ton o mous man age ment for nu -
clear sys tems. Wood et al. [29] have stud ied the frame -
work of an au ton o mous con trol sys tem for small mod u -
lar re ac tors in de tail.

In sum mary, the dig i tal twin makes full use of the 
his tor i cal op er a tion data, the real-time mon i tor ing data 
of sen sors, and the phys i cal mod els for the sim u la tion
of multi-phys ics, multi-scale pro cesses in the vir tual
space to re flect the whole life-cy cle be hav iors of the
cor re spond ing phys i cal sys tem in the real space. As a
re sult, the dig i tal twin can be con sid ered as a vir tual
du pli cate of a sys tem based on a fu sion of its offline
and on line da ta base, the state-of-the-art ma chine
learn ing al go rithms and the rel e vant mod els.

METHODOLOGY

This sec tion will in tro duce firstly the 7-D ca pa -
bil i ties of the dig i tal twin sys tem for man age ment, and
then the method of tran si tion from the BIM tech nol ogy 
to the dig i tal twin be fore the in tro duc tion of the pro -
posed frame work of a dig i tal twin for RWR.

Multidimensionality of
the installation model

The cre ated model for the in stal la tion (of ra dio ac -
tive waste) can be gen er ated in var i ous di men sions
(from 2-D-level to 7-D-level), which de pends on the

data con tent re quired from the in stal la tion and the rel e -
vant tech nol ogy used for the data anal y sis [17]. In the
tra di tional in dus try, 2-D-level and 3-D-level geo met ric
mod els are used to as sist the con struc tion, op er a tion and 
daily man age ment of in stal la tion, es pe cially for struc -
ture vi su al iza tion. The 4-D-level model re fers to the in -
tro duc tion of the time di men sion into the 3-D-level
model. Mod els de fined in this way can be used for the
in stal la tion vi su al iza tion in the form of an i ma tion. Fur -
ther more, it is help ful for the rel e vant ac tiv ity plan ning
and sched ul ing op ti mi za tion of in stal la tions. The
5-D-level model re fers to the com bi na tion of cost and
the 4-D-level model. Some 6-D-level mod els only con -
sider the sustainability of the in stal la tion, but the
6-D-level model in this work in volves both
sustainability and safety be cause of the par tic u lar ity and 
risk of ra dio ac tive waste. The 6-D-level model can
make in stal la tion in safe con di tions, self-sus tain able
and en ergy-ef fi cient. It can re duce the prob a bil ity of ac -
ci dents and de crease the en ergy con sump tion of the in -
stal la tion in the long run. The 7-D-level model is re lated 
to in stal la tion man age ment. It in cludes guide lines and
pro ce dures for dif fer ent kinds of man age ment (e.g.,
qual ity man age ment, risk man age ment and knowl edge
man age ment, etc.). It can be used to op ti mize the man -
age ment of a rel e vant in stal la tion along its lifecycle
from the de sign stage to de com mis sion ing.

The o ret i cally, all lev els of the model from 2-D to 
7-D can be achieved by BIM [30]. But based on the lit -
er a ture, most ap pli ca tion par a digms us ing BIM are in
the range of 4-D-level or 5-D-level mod els [31]. The
main dif fi culty is that 6-D-level and 7-D-level mod els
need real-time mon i tor ing data, which re quires strong
sen sor net works and data pro cess ing ca pa bil i ties. It
can only be re al ized af ter the IoT, big data and
high-per for mance com put ing have de vel oped to a cer -
tain stage [32]. Un til re cent years, this prob lem may be
solved ef fec tively with the de vel op ment of dig i tal
twins ow ing to its ad van tage in the real-time dy namic
in ter ac tion be tween the in for ma tion space and the
phys i cal space. Con se quently, the dif fer ent di men -
sion-level ca pa bil i ties of in stal la tion mod els (geo met -
ric model, BIM and dig i tal twin) can be clearly dif fer -
en ti ated as shown in fig. 2. The fig ure also pro vides a
meth od ol ogy for the tran si tion from BIM tech nol ogy
to the dig i tal twin.

Transition from BIM technology
to the digital twin

Com pared with a dig i tal twin, BIM has the fol -
low ing short com ings: it lacks ad e quate data, no ta bly
the real-time mon i tor ing data of the SSC to build a rel -
e vant dig i tal ob ject [33] and it lacks tools for lifecycle
pre dic tive anal y sis. With the de vel op ment of AI tech -
nol ogy, these short com ings of BIM can be made up by
the tech nol ogy of IoT and big data. It is gen er ally be -
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lieved that the in te gra tion of IoT, big data and BIM led
to the re al iza tion of the Dig i tal Twin. Con se quently,
the ter mi nol ogy BIM-Based Dig i tal Twin has been in -
vented, which may also re flect the tech nol ogy de -
velopment trend. The dig i tal twin of the in stal la tion
can uti lize var i ous sen sor net works such as the wire -
less sen sor net work, which can be thought of as a part
of IoT, to cre ate real-time in for ma tion and a rel e vant
da ta base of the in stal la tion. This dy namic in for ma tion
and da ta base al low for 3-D vi su al iza tion, real-time
anal y sis and in formed de ci sion-mak ing based on the
in tro duc tion of ma chine learn ing al go rithms/mod els.
As a sum mary, the re al iza tion of the dig i tal twin based
on BIM can be il lus trated as shown in fig. 3. 

Framework of the digital twin

This frame work in this study is based on the AI
in no va tion plat form of the com pany Jinyuyun [34].
This plat form was de vel oped to pro mote the in dus trial
dig i tal trans for ma tion and up grad ing in the en vi ron -
ment of big data and AI. It has been ap plied in sev eral
in dus trial fields such as power sys tems, pe tro leum,
nat u ral gas, and trans por ta tion, etc., cov er ing nearly
one hun dred in dus try cus tom ers in China [35].

Over all frame work

The dig i tal twin in volves the in te gra tion of sev -
eral t echnical lay ers based  on  the  five  el e ments in
fig. 1. Fig ure 4 pres ents the over all frame work of the
dig i tal twin pro posed by Jinyuyun. The dig i tal twin
frame work is di vided into two parts: the edge and the
cloud. At pres ent, this frame work edge + cloud is very
pop u lar in both ac a demic and in dus trial fields [36].

The edge is the con cerned ob jects of the dig i tal
twin, where sen sors and de vices com mu ni cate real-time

data to the net work (the cloud). From the per spec tive of
an end-user, the edge plays a vi tal role in the IoT en vi ron -
ment. It may be the in ter nal SSC of the in stal la tion. But it
may also be in the ar eas where the in stal la tion may af fect
or be af fected by, e.g., the geo log i cal and the hy dro log i -
cal en vi ron ments of the RWR. The con cept of de -
fense-in-depth for RWR in volves sev eral bar ri ers (which 
in clude en gi neer ing and nat u ral bar ri ers). All of these
bar ri ers are thought of as the edges for the in stal la tion. As 
a pre lim i nary frame work of the dig i tal twin for an RWR,
the edges (in clud ing the in te rior and ex te rior of the in stal -
la tion), are iden ti fied in tab. 2. The in te rior re fers to the
in fra struc tures and the in ter nal en vi ron ment of the re pos -
i tory and they are cru cial for the sta bil ity and safety of the
in stal la tion. The ex te rior is the ex ter nal en vi ron ment that
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Fig ure 2. Di men sion ca pa bil i ties
for the geo met ric model, BIM and
dig i tal twin
T = time, S = sustainability & safety,
C = cost, M = man age ment

Fig ure 3. Re al iza tion of
dig i tal twin based on BIM
(the dif fer ence be tween
dig i tal twin and BIM)

 Fig ure 4. Pro posed over all frame work of the dig i tal twin

Ta ble 2. Edges of the dig i tal twin for an RWR

Re gion Con cerns

In te rior edge

En trance, ramps, shafts, tun nel, host rock,
foun da tion beds, tanks, containments,
shield ing and en gi neered bar ri ers
(clay and con crete), seal com po nents,
ra dio ac tive liq uid col lec tion sys tem,
drain age sys tem, and other SSC

Ex te rior edge
Fa cil ity cov er ing, soil, rock, air,
ground wa ter and hy dro log i cal
en vi ron ment, veg e ta tion, etc.



is in volved in the de sign and op er a tion of RWR. In or der
to avoid the im pact of nat u ral di sas ters (e. g., land slides
and tor rents) on the re pos i tory which may lead to ac ci -
dents, the mon i tor ing of rel e vant ex te rior edges is also
con sid ered in its dig i tal twin.

The cloud of the dig i tal twin is the net work and
serv ers that sup port phys i cal ob jects and achieve rel e -
vant ap pli ca tions. In or der to re al ize the real-time op er a -
tions and pro cess ing, it in cludes sev eral lay ers with dif -
fer ent func tions, i. e., the com mu ni ca tion layer for the
con nec tion be tween the edge de vice and the ser vice, the
data layer for the mas sive data man age ment, the com put -
ing layer for the AI train ing, pre dic tion and mod el ing,
and fi nally the man age ment layer for sta tus eval u a tion
and de ci sion mak ing. In this mode, the cloud is re spon si -
ble for com plet ing com put ing tasks, ob tain ing the de ci -
sion re sults and feed ing them back for con trol.

De vice layer

For a dig i tal twin, the edge de vice is es sen tially a
bridge be tween the phys i cal ob ject and the dig i tal ob ject.
It can be any piece of hard ware that is re spon si ble for sta -
tus mon i tor ing, col lect ing and fil ter ing data, con trol ling
data flow at the bound ary be tween the edge and the
cloud, ex e cut ing con trol in struc tions and com plet ing rel -
e vant pro cess man age ment. With the de vel op ment of
IoT, the edge de vice with in tel li gence is more and more
pop u lar in the man age ment of in stal la tions.

The key is sues of high level radiactive waste
(HLW) dis posal are re lated to the depth of the re pos i -
tory, the sta bil ity and waste-iso lat ing func tions of the
host rock and the en gi neered bar ri ers, etc. [37]. The data 
of the SSC in the re pos i tory, rock sta bil ity con di tions,
rock strength, rock frac tur ing and fall, clay and soil
microstructure, and the en vi ron ment are ac quired by
the equipped de vice for the avoid ance of onsite seis mic -
ity, flood ing, un au tho rized in tru sion, sab o tage and ter -
ror ism [38]. In or der to ob tain all the data re quired by
the data twin of RWR, a va ri ety of sens ing and mea sur -
ing de vices/tools with smart in tel li gence are con sid ered 
by Jinyuyun at the de vice layer, e. g., ra di a tion do sim e -
ters, thermocouples, pres sure sen sors, flow me ters, vi -
bra tion mon i tors, smart cam eras, smartphones, VR
glasses, ro bots and drones, etc. Some of these de vices
have been ap plied in the do mes tic pro jects of en ergy,
trans por ta tion, power grid and power fa cil i ties.

As an ex am ple of in tel li gent de vices, the in tel li -
gent in spec tion ro bots de vel oped by Jinyuyun can be
di vided into two types: wheeled ro bot (the left) and
rail-mounted ro bot (the right), which can be se lected
ac cord ing to the site con di tions. The in tel li gent in -
spec tion ro bot can de tect the en vi ron ment of the en -
trance, ramps, shafts, tun nel, tanks, containments,
shield ing and en gi neered bar ri ers, etc. of the RWR,
and re al ize the func tions of in stru men ta tion panel
iden ti fi ca tion and data ac qui si tion, in fra red tem per a -
ture mea sure ment, ra dio ac tive de tec tion, en vi ron men -
tal mon i tor ing, se cu rity alarm, etc.

Com mu ni ca tion layer

The dig i tal twin em pha sizes edge-to-cloud com -
mu ni ca tion and in for ma tion ex change for highly ef fi -
cient man age ment. The com mu ni ca tion layer in volves 
an in te grated man age ment plat form for the rel e vant
edge de vices of the dig i tal twin. It has the following
functions:
– Reg is tra tion and ac count

If a new de vice is in tro duced, the con cerned de -
vice needs to be an a lyzed and there is a for mal reg is tra -
tion pro cess. Each ser vice or de ci sion for the dig i tal
twin is as signed a uni ver sally unique iden ti fier by us -
ing the IoT tech nol ogy, such as ra dio fre quency iden ti -
fi ca tion and quick re sponse code.
– Sta tus per cep tion and mon i tor ing

Un der stand ing the op er a tion sta tus of the de -
vices is very im por tant to keep the ma chine in good
op er a tional sta tus. In or der to avoid ab nor mal con di -
tions caused by sys tem faults, the fault oc cur rence
time can be pre dicted in tel li gently ac cord ing to the
state es ti ma tion al go rithm. Once an ab nor mal con di -
tion has been de tected dur ing the mon i tor ing pro cess,
a warn ing mes sage will be sent by the com mu ni ca tion
sys tem, al low ing the sys tem ad min is tra tor to maintain
the system before the fault occurs.
– Lo ca tion per cep tion and po si tion ing

In in dus try, high-pre ci sion po si tion ing is  cru -
cial. In the ap pli ca tion sce nario of RWR, clear po si -
tion ing is the prem ise of the safety pa trol in spec tion
and mea sure ment. The com mu ni ca tion layer in cludes
the po si tion in for ma tion of all the de vices in the dig i tal 
twin of the re pos i tory and re sponds to the mo tion of
the de vices. Sen sors and AI meth od ol ogy have been
adopted in or der to im prove po si tion ing ac cu racy. 
– Dis play and con trol

The dis play and con trol is used to dis play nec es -
sary in for ma tion of the dig i tal twin and con trol the rel -
e vant de vices or equip ment since it di rectly af fects the
op er a tion and over all safety of the phys i cal ob ject, i.
e., RWR, in this study. In or der to im prove the ef fec -
tive ness of dis play and con trol, nec es sary data pro -
cess ing and com pu ta tion need to be con sid ered be fore
the di ver sity of dis play ter mi nals. It should be em pha -
sized that com mu ni ca tion pro to cols pro vided the
means by which vast amounts of in for ma tion can be
trans ferred through out dif fer ent lev els of an in dus trial
net work while dig i tal twin ca pa bil i ties en able fas ci -
nat ing pro cess mod el ing tech niques [39]. The fol low -
ing pro to cols, see tab. 3, are fre quently used in the in -
dus try. They are fa mil iar to the au thors and are
rec om mended for the dig i tal twin of RWR.

Data layer

To achieve the dig i tal twin for a des ig nated in -
dus try field, the data anal y sis is es sen tial work. The
char ac ter is tics im pact the data and in for ma tion man -
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age ment strongly and lead to the ap pli ca tion of big
data tech nol ogy. The datasets used for big data in clude
dif fer ent types of data from dif fer ent sources, such as
sen sor-mea sured data, in ter nal vari able data, model
data, net work vari ables data, op er a tion data, anal y -
sis-ob tained data, trend data, knowl edge data, alarm
data and fault log data, etc. These datasets com prise a
data lake, which is used to sup port not only steady vi -
su al iza tion of the real-time sta tus of phys i cal ob jects
of the dig i tal twin but also their con trol ling man age -
ment, up grade and op ti mi za tion.

The task for the first step is to iden tify the cru cial
pa ram e ters which can re flect the sta tus of the RWR.
The iden ti fi ca tion may be based on clas si cal meth od -
ol o gies such as the an a lytic hi er ar chy pro cess, fuzzy
de ci sion mak ing and ex pert sys tem, etc. The datasets
for these pa ram e ters con sist of three parts of data: the
his toric mea sured data, the real-time mon i tor ing data
and the sim u la tion re sults. The his toric data re fers to
the mea sured data from the situ re cords dur ing ear lier
phases and the real-time mon i tor ing data from the in -
stalled sen sors. The sim u la tion re sults are from pro fes -
sional codes such as the Monte Carlo trans port code
and best es ti mate ther mal-hy drau lic code etc. [40, 41 ].

Com put ing layer

The dig i tal twin, as an ap pli ca tion sim u la -
tion-driven R&D in no va tion, may en coun ter prob lems
such as dif fi cult in her i tance of ex pert ex pe ri ence, low
rep e ti tion ef fi ciency and sim u la tion pro cess in con sis -
tency dur ing its de vel op ment pro cess. In or der to re duce
re pet i tive de sign work and im prove ef fi ciency in each
stage of the in stal la tion of the RWR, the com put ing layer
of the dig i tal twin frame work con sid ers an in tel li gent
com put ing cen ter. It is a full life cy cle sim u la tion man -
age ment plat form and ser vice con fig u ra tion sys tem,
which re al izes the stan dard iza tion and au to ma tion of the
R&D pro cess through the shar ing and re use of in tel li gent 
mod els and role man age ment, so as to quickly re spond to
and re al ize the per son al ized in tel li gent ser vice re quire -
ments put for ward by the reg u la tory agen cies or cli ents.

The in tel li gent com put ing cen ter in volves the fol low ing
struc ture and functions.
– Stan dard iza tion and au to ma tion of the R&D pro -

cess: the stan dard iza tion and the au to ma tion of the 
sim u la tion pro cess are con du cive to the mas tery of 
pro fes sional soft ware, sav ing de sign and re search
time and en sur ing the con sis tency of re sults. In ad -
di tion, it is con du cive to the func tion cus tom iz -
ation, the in te gra tion of dif fer ent func tional codes, 
the au to matic up date of the sim u la tion mod els and 
data, and the au to matic anal y sis and dis play of the
sim u la tion re sults.

– Shar ing and re peat ing of in tel li gent mod els: the
in tel li gent com put ing cen ter can re al ize shar ing
and re peat ing of in tel li gent mod els to build en gi -
neer ing ser vices quickly in the other fields with a
lower cost. The de vel oped in tel li gent com put ing
cen ter of Jinyuyun can trans plant its com put ing
ser vices to the RWR dig i tal twin on the prem ise of
con sid er ing its ra di a tion and other par tic u lar ity.

– Role man age ment of in tel li gent mod els: the rap -
idly mov ing digitization strat e gies may en tail de -
ploy ing ad vanced ad min is tra tive prac tices such as 
role-based man age ment [42]. The idea of role
man age ment is to clas sify the roles of mod els
based on their ap pli ca tion pur poses and au thor i -
ties. It has the char ac ter is tics of se cu rity, flex i bil -
ity and strong avail abil ity.

– Knowl edge man age ment: the trend of AI tech nol -
ogy is from perceptron to cog ni tion. As an im por -
tant con cern for the dig i tal twin, AI cog ni tion is
based on knowl edge man age ment, which pro -
vides full-stack sup port from knowl edge map
mod el ing, knowl edge ex trac tion, knowl edge fu -
sion/stor age, knowl edge com put ing, knowl edge
rea son ing to knowl edge ap pli ca tion. In nu clear
en gi neer ing, the SSC, their at trib utes and the con -
nec tion among the SSC is em pha sized in the
knowl edge map.

– Model/al go rithm li brary: the in tel li gent com put -
ing cen ter in cludes cloud serv ers, which have
pow er ful com put ing ca pa bil ity and on which the
in dus try en gi neer ing codes (such as neu tron ki -
netic codes, shield ing cal cu la tion codes, and ther -
mo dy namic codes, etc.) are in stalled. Ad di tion -
ally, ma chine learn ing al go rithms in clud ing both
non-deep learn ing and deep learn ing are adopted
by the in tel li gent com put ing cen ter. Both of them
are used for clas si fi ca tion, clus ter ing and re gres -
sion ac cord ing to the ac tual needs, shown in fig. 5. 

Man age ment layer

As shown in fig. 2, big im prove ment from BIM
to the dig i tal twin is the en hance ment of in tel li gent
man age ment, which is re flected in each layer of the
dig i tal twin, es pe cially the man age ment layer. The
man age ment layer of the dig i tal twin for RWR in -

H. Xu, et al.: A Dig i tal Twin Frame work for Con struc tion and Op er a tion of the ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2022, Vol. 37, No. 3, pp. 181-192 187

Ta ble 3. Ex am ples of com mu ni ca tion pro to cols
 sug gested in the dig i tal twin of RWR

Pro to col Unit of data
trans mis sion Type of sen sor

Mi cro power
wire less
net work

com mu ni ca tion
pro to col

Byte

Wire less tem per a ture sen sor

Wireless hu mid ity sen sor

Wire less vi bra tion sen sor

Wireless mi cro
me te o ro log i cal sen sor

Wire less gas sen sor

Wire less liq uid level sen sor

Low-power ad
hoc net work

rout ing pro to col
KB

Wire less par tial dis charge
sen sor

Me chan i cal char ac ter is tic
sen sor

Vi bra tion sen sor



volves sev eral as pects of con tent in clud ing the man -
age ment of the sys tem, op er a tion en vi ron ment, op er a -
tion mon i tor ing, and ap pli ca tion.

– Sys tem man age ment

The dig i tal twin sys tem man age ment in cludes
the user and role man age ment, pro cess con trol and rel -
e vant re source and de vice man age ment.

The man age ment of us ers and their roles is re -
lated to the us ers' mem ber ships in roles, the dif fer ent
rights and per mis sion ex e cu tions by role mem bers,
and the in te gra tion of con crete ser vice items in the dig -
i tal twin en vi ron ment with the ap pli ca tion in the ra dio -
ac tive de posit re pos i tory. Con se quently, a role-based
model is needed for the de sign of the ac cess con trol
sys tem. Based on the man age ment struc ture of nu clear
en gi neer ing in stal la tions, the user's role in the dig i tal
twin man age ment for the RWR can be di vided into 4
types: op er a tion leader, chief op er a tor, op er a tor and
on-site op er a tor, as shown in fig. 6. Dif fer ent us ers

have dif fer ent per mis sions such as reg is tra tion and ac -
cess con trol, etc.

The pro cess con trol is char ac ter ized by an in va -
sion of the dig i tal con trol sub sys tem (DCS) into the
dig i tal twin of the ra dio ac tive de posit re pos i tory. A
char ac ter is tic fea ture of the DCS im ple men ta tion is
the great flex i bil ity to make vari a tions in the au to ma -
tion strat egy.

The re source and de vice man age ment in volves a
da ta base, which in cludes both the fixed and mo bile re -
sources/de vices. Com bined with the char ac ter is tics of
the dig i tal twin, the re source and de vice man age ment
are op ti mized dy nam i cally based on the re quire ment
(e. g., per for mance and power con sump tion) by us ing
the meth od ol ogy of IoT.

– Op er a tion en vi ron ment and
mon i tor ing man age ment

Due to the com plex op er at ing en vi ron ment in the
RWR, its real-time mon i tor ing and man age ment are  cru -
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Fig ure 5. En gi neer ing meth ods and the ma chine learn ing al go rithm of the com put ing layer

Fig ure 6. Ar chi tec ture of user and role man age ment



cial for its op er a tion and safety along with its whole life -
span. There fore, the in flu ence of the op er at ing en vi ron -
ment and mon i tor ing dataset on sim u la tion and pre dic tion
is con sid ered in the dig i tal twin sys tem of the RWR.

As a part of the op er at ing en vi ron ment and mon -
i tor ing man age ment, the op er a tion en vi ron ment (i. e.,
the on-site en vi ron ment in which the rel e vant tasks are
per formed in the RWR) is rec re ated vir tu ally by the
dig i tal twin, which is called the op er at ing en vi ron ment 
twin. The con fig u ra tion of the dig i tal twin can be con -
trolled by the hu man-com puter in ter ac tion in ter face. A 
real-time view of the en vi ron ment and con fig u ra tion is 
de signed for the dig i tal twin sys tem.

The real-time mon i tor ing sys tem for the RWR is an 
im por tant part of its dig i tal twin sys tem. The re quire ment 
of the mon i tor ing sys tem in cludes ver sa til ity, ease of op -
er a tion, high speed for data ac qui si tion, sta bil ity and
safety. This is achieved by deep cou pling of the de vice
layer, data layer and com put ing layer with ad vanced AI
al go rithms. The mon i tor ing sys tem, which was set at the
ter mi nals of de vices, uploads the real-time data to the
cloud-based data man age ment plat form on the serv ers
for data anal y sis and AI model es tab lish ment. This is an
it er ated pro cess since the anal y sis re sults will also im pact 
the de sign of the mon i tor ing sys tem.

– Ap pli ca tion man age ment

The ap pli ca tion is used to pro vide ser vices for
the in stal la tion man ag ers and us ers. The scope of ap -
pli ca tion de vel op ment de ter mines the AI level for
RWR man age ment. It is so im por tant that some re -
search ers con sider it as a sep a rate layer (the top and
im ple men ta tion layer) of DT ar chi tec ture [43].

Jinyuyun has sev eral ap pli ca tions of AI and IoT
tech nol ogy in the in dus trial fields. For ex am ple, the
3-D vi su al iza tion sys tem and the wear able de vice
based on aug mented re al ity de vel oped by Jinyuyun
have been ap plied in the man age ment of power sys -
tems in sev eral com pa nies in China. These tech nol o -
gies may be ap plied in the man age ment of the RWR
with very few changes, which con sid ered the par tic u -
lar ity of the RWR, such as the in ter nal heat source due
to the de cay heat of ra dio ac tive waste, the ra dio ac tive
en vi ron ment of the RWR, etc. As a sum mary, fig. 7 has 
listed the ap pli ca tions de vel oped by Jinyuyun in the
power sys tem and the RWR ap pli ca tions which are un -
der de vel op ment.

APPLICATION

Dur ing the plan ning, con struc tion and op er a tion
of RWR, the dig i tal twin of RWR is achieved by the
adop tion of 3-D vi su al iza tion tools and us ing the IoT
mea sure ment data and the multi-phys i cal sim u la tion
re sults for anal y sis. It is based on the Jinyuyun AI in -
no va tion plat form. The dig i tal twin for the RWR is at
the first step of de vel op ment based on the ex pe ri ence
of the dig i tal twin in the other in dus trial fields. Fig ure
8 shows the de signed in ter face of the dig i tal twin. Be -
sides the 3-D dis play of the in stal la tion, it in volves the
pro ject brief in tro duc tion, to tal in for ma tion of SSC,
main te nance in for ma tion, pa ram e ter se lec tion and
mea sure ment in for ma tion. Fig ure 9 dis plays the 3-D
scene of the in stru ment room. Around the dis play
screen, cru cial in for ma tion and func tions are also
shown and used for mon i tor ing, mea sure ex e cu tion,
and con trol.
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Fig ure 7. Com par i son of
ap pli ca tions de vel oped by
Jinyuyun in the power sys tem
and the ap pli ca tions for RWR
which are un der de vel op ment

Fig ure 8. The user in ter face of the dig i tal twin

Fig ure 9. The 3-D dis play of the in stru ment room



CONCLUSIONS

This pa per has in tro duced the con cep tual de sign of
the dig i tal twin frame work for RWR, which has 7-D ca -
pa bil i ties for man age ment. It is de vel oped on the ba sis of
the 5-D ca pa bil i ties of BIM of RWR in the lit er a ture and
has re ferred to the lat est prog ress of the dig i tal twin in in -
dus try. The frame work is based on the ex pe ri ence of the
Jinyuyun AI in no va tion plat form, by which a dig i tal twin 
of the power sys tem has been built and widely ap plied in
China. These suc cess ful cases have proved the ca pa bil ity 
of the dig i tal twin sys tems to re pro duce com pli cated sce -
nar ios with re spect to the op er a tion of the RWR. The dig -
i tal twin sys tem uses the most pop u lar frame work edge +
cloud now a days with the multi-layer struc ture of dif fer -
ent func tions. This frame work would be a big step to -
wards the dig i tal twin sys tem of RWR for its whole life -
span man age ment. The first step achieve ment for the
dig i tal twin de vel op ment of RWR based on the frame -
work is also in tro duced in the pa per.

There are sev eral ev i dent lim i ta tions of this
study that re quire deeper re search in the near fu ture.

· Firstly, this study has only de vel oped the
frame work of the dig i tal twin for the mod el ing of
RWR. There is huge po ten tial for the de tailed struc -
tural de sign and ap pli ca tion of dig i tal twin sys tems to
re al ize its in tel li gent man age ment dur ing the whole
life span.

· Sec ondly, the dig i tal twin sys tem is a new con -
cept and still in an ini tial stage of de vel op ment, and
there's no con sen sus on its def i ni tion for nu clear en gi -
neer ing and the cor re spond ing main fea tures. There -
fore, the struc ture of the dig i tal twin frame work needs
to be op ti mized to adapt it self to the spe cial re quire -
ments (e.g., the safety re quire ments) of RWR.

· Thirdly, the ma chine learn ing meth ods pro -
posed by this pa per for the dig i tal twin sys tem need to
be stud ied in de tail to eval u ate their adapt abil ity. The
eval u a tion method and stan dard are also im por tant is -
sues for fu ture re search. Fur ther more, the op ti mi za -
tion of the pro posed meth ods will be an other im por -
tant re search is sue in the near fu ture.
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Hung SJU, Jihua DUO, Tao TANG

DIGITALNA  PARNA  STRUKTURA  ZA  IZGRADWU  I
FUNKCIONISAWE  ODLAGALI[TA  RADIOAKTIVNOG  OTPADA

Digitalni par smatra se centralnom komponentom moderne industrije koja je usvojena u
mnogim industrijskim oblastima. Me|utim, wegova primena u nuklearnom in`eweringu veoma je
retka, posebno za odlagali{te radioaktivnog otpada {to je hitno i problemati~no pitawe.
Motivisani ovim zahtevom i uzimaju}i u obzir kineske smernice za istra`ivawe i razvoj
geolo{kog odlagawa radioaktivnog otpada visokog nivoa (strategija u tri koraka do 2050. godine
za izgradwu odlagali{ta raioaktivnog otpada), predla`e se postupak digitalnog para za
skladi{tewe. Digitalni par koristi okvir “obod + oblak” sa vi{eslojnom strukturom i mo`e se
usvojiti u izgradwi odlagali{ta radioaktivnog otpada, zna~ajno oja~ati sposobnost upravqawa,
smawiti operativne tro{kove, poboq{ati nivo bezbednosti i efikasnije se nositi sa
akcidentima. U radu je predstavqen i prvi korak za postizawe digitalne parne strukture razvoja
odlagali{ta. Predlo`ena digitalna parna struktura odlagali{ta radioaktivnog otpada u ovom
radu mogla bi se {iroko koristiti kao referenca i lako pro{iriti za podr{ku menaxmentu u
drugim industrijskim oblastima.

Kqu~ne re~i: digitalni par, odlagali{te radioaktivnog otpada, ve{ta~ka inteligencija,
..........................informaciono modelovawe zgrade, studija slu~aja


