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Pos si bil i ties of ap ply ing the gen er ated ra dio ac tive waste-spe cific vol ume  per unit of pro duced
elec tric ity are shown. This waste spe cific vol ume is used for ret ro spec tive as sess ment and fore cast -
ing of ra dio ac tive waste vol umes gen er ated at Rus sian nu clear power plants. Ac cord ing to the
avail able data pe riod cov er ing 2008-2021, the mean and me dian val ues of the an nual waste-spe -
cific vol ume for each nu clear power plant were ob tained. The me di ans for solid ra dio ac tive wastes 
di vided into the cat e go ries of very low-level wastes, low-level wastes, in ter me di ate level wastes
and high-level wastes are equal to 3.6·10–2, 3.2·10–2, 3.2·10–3, 3.0·10–4 m3(GWh)–1, re spec tively.
For liq uid ra dio ac tive wastes of the low-level waste and in ter me di ate level waste cat e go ries –
1.3·10–3 m3(GWh)–1, 2.4·10–2 m3(GWh)–1, re spec tively. The high est mean and me dian val ues of
waste-spe cific vol ume for all ra dio ac tive waste cat e go ries are typ i cal for nu clear power plants with 
LWGR (RBMK) re ac tor in stal la tions. The fore cast based on the plans to in crease elec tric ity pro -
duc tion by Rus sian nu clear power plants in di cates a likely in crease in the vol ume of ra dio ac tive
waste gen er a tion by 0.7-7.4 % (de pend ing on the waste cat e gory) in the pe riod from 2022 to
2027. The waste-spe cific vol ume use makes it pos si ble to rank the ex ist ing prac tices of nu clear
power plant op er a tion by the vol ume of ra dio ac tive waste gen er a tion to jus tify the cri te ria for
com pli ance with the In ter na tional Pro ject on In no va tive Nu clear Re ac tors sustainability meth -
od ol ogy.
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IN TRO DUC TION

The wide spread ap pli ca tion of tech nol o gies
based on ra dio ac tive sub stances (RS) and nu clear ma te -
ri als is de ter mined by the unique op por tu ni ties or al ter -
na tives for ob tain ing de manded ser vices or prod ucts.
Fur ther de vel op ment and ex ten sion of nu clear en ergy
use should not threaten the need of fu ture gen er a tions to 
pre serve a fa vor able en vi ron ment [1]. Ra dio ac tive
waste (RW) is a spe cific fac tor with long-term neg a tive
im pact on the en vi ron ment, which al ways ac com pa nies
the use of ra dio ac tive and nu clear ma te ri als. Safety for
hu mans and the en vi ron ment when han dling RW at all
stages of the life cy cle, in clud ing the time-lim ited stage
of fi nal iso la tion, in many ways de ter mines the ac cept -
abil ity of the risks nu clear en ergy uses in the pres ent and 
fu ture. Ac cord ing to the na tional Rus sian Fed er a tion re -
quire ments, con trol and ac count ing are re quired at each

stage of han dling RW and RS [2]. The data on the an -
nual RW gen er a tion of each cat e gory al lows us to
ad e quately pre dict the vol ume of RW gen er a tion for a
long-term pe riod and pre pare the in fra struc ture of fa cil -
i ties for  RW dis posal in ad vance [3].

Dur ing the nor mal op er a tion of a nu clear power
plant (NPP), the main sources of RW gen er a tion are
the re place ment of worn-out ma te ri als and equip ment
el e ments and struc tures con tain ing RS, de con tam i na -
tion of rooms and equip ment, and tech no log i cal me dia 
clean ing from RS. The phys i cal and chem i cal prop er -
ties of RW are de ter mined by the struc ture and con di -
tion of the RW ma te ri als, the tech no log i cal con di tions
of their ap pli ca tion, and the meth ods of han dling dur -
ing gen er a tion and ac cu mu la tion. The cat e go ries and
classes of RW formed at NPP de pend on the ag gre gate
state and the spe cific ac tiv ity of the radionuclide struc -
ture [4-6]. Ba sic in for ma tion on the clas si fi ca tion of
ra dio ac tive waste in the Rus sian Fed er a tion is pre -
sented in sev eral reg u la tory doc u ments [7-9].
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Dur ing the en tire op er a tion of NPP in Rus sia, a
sig nif i cant amount of RW has been ac cu mu lated in
spe cial ized stor age fa cil i ties lo cated on the ter ri tory of
the sta tions. Newly gen er ated and ac cu mu lated RW
are reg is tered by NPP spe cial ists [10-12]. The vol ume
of an nual RW gen er a tion (m3 per year) in for ma tion
dur ing nor mal op er a tion of NPP is pre sented in the an -
nual re ports on en vi ron men tal safety for the pe riod
2008-2021, shown on the website of Rosenergoatom
Con cern [13]. The con tent of en vi ron men tal re ports
in volves safety cul ture as pects such as quan ti ta tive
and qual i ta tive char ac ter is tics of all fac tors af fect ing
the pop u la tion and the en vi ron ment dur ing nor mal op -
er a tion of NPP, in clud ing data on the man age ment of
RW. The pub lished in for ma tion is char ac ter ized by in -
com plete ness. For in stance, data in teg rity on all RW
cat e go ries  ranges  from 19  %  for  Beloyarsk NPP to
86 % for Smolensk NPP [14]. Un der the as sump tion of 
rep re sen ta tive ness, it is pos si ble to ret ro spec tively re -
pro duce the miss ing data to es ti mate the to tal amount
of gen er a tion of each RW cat e gory for the con sid ered
pe riod based on in for ma tion on the an nual elec tric ity
pro duc tion of each NPP [15]. The key el e ment for such 
es ti mates is the spe cific waste rate of each cat e gory of
RW gen er a tion for each GWh of elec tric ity pro duced.
The nu mer i cal val ues of the waste-spe cific vol ume al -
low us to com pare the vol umes of RW gen er a tion at
dif fer ent NPP over time, re gard less of the type and ca -
pac ity of the re ac tor in stal la tions used, as well as to ob -
tain es ti mates of each cat e gory of RW gen er a tion in
the fu ture based on elec tric ity pro duc tion plans. The
di men sion of the waste-spe cific vol ume is m3(GWh)–1

for liq uid (LRW) and solid (SRW) ra dio ac tive waste.
It dem on strates the scale of their an nual gen er a tion
against the back ground of an nual elec tric ity pro duc -
tion and al lows us to con clude en vi ron men tal ef fi -
ciency in the field of RW man age ment at Rus sian NPP. 
The waste-spe cific vol ume is a con ve nient cri te rion
for com par ing ex ist ing prac tices of RW gen er a tion at
NPP. The ap pli ca tion of this in di ca tor al lows us to rank 
the eco log i cal per for mance of NPP in the fol low ing
cat e go ries: best, sus tain able, and worst prac tices of
RW gen er a tion at NPP. The re sults of this rank ing al -
low us to ob tain quan ti ta tive cri te ria for as sess ing the
com pli ance of new NPP pro jects with the prin ci ples of
sustainability of na tional en ergy sys tems set out in the
In ter na tional Pro ject on In no va tive Nu clear Re ac tors
(INPRO) meth od ol ogy [16]. To im ple ment the ba sic
prin ci ple of the INPRO meth od ol ogy, the val ues of the 
waste-spe cific vol ume of the de signed power units
RW vol ume must not ex ceed the val ues of the
waste-spe cific vol ume cor re spond ing me dian value of 
the best prac tices cur rently op er at ing at NPP. In this
pa per, based on the pub lished en vi ron men tal
Rosenergoatom Con cern re ports pe riod cov er ing
2008-2021, the pos si bil ity of ret ro spec tive re cov ery of 
miss ing data on the vol umes of RW gen er a tion for the
se lected time in ter val is dem on strated. This dem on -

stra tion is given both for all NPP as a whole, and tak ing 
into ac count NPP with a given type of re ac tor in stal la -
tions. Also, us ing waste-spe cific vol ume, fore cast es -
ti mates of the RW gen er a tion are given, tak ing into ac -
count the plan for elec tric ity pro duc tion at NPP in
Rus sia. These es ti mates can be con sid ered tar gets for
each cat e gory of RW gen er a tion.

MA TE RI ALS AND METH ODS

Cal cu la tion of nor mal ized mea sure and
ret ro spec tive as sess ment of the vol ume of
RW gen er a tion at Rus sian

A ret ro spec tive as sess ment of the an nual gen er a -
tion of RW can be made based on the re sults of sta tis ti -
cal pro cess ing of data on the vol ume of an nual gen er a -
tion of each cat e gory of RW (m3 per year), not re duced
to elec tric ity pro duc tion. The main dis ad van tage of
this ap proach is that it ig nores im por tant char ac ter is -
tics of re ac tor plants, such as power and op er a tion fac -
tors. The use of nor mal ized mea sures elim i nates this
dis ad van tage. The nor mal iza tion of the an nual vol ume 
of gen er a tion of each cat e gory of RW per unit of elec -
tric ity pro duced makes it pos si ble to cor rectly com -
bine or com pare subsamples of data on nu clear power
plants with re ac tor in stal la tions of dif fer ent power. To
cal cu late the nor mal ized mea sures of RW gen er a tion
at Rus sian NPP, the fol low ing steps are per formed:
– the sam ple of elec tric ity pro duc tion data [GWh]

for each NPP for each year in the pe riod
2008-2021 was formed as the sum of elec tric ity
pro duced by each NPP power unit, ac cord ing to
the PRIS (IAEA) da ta base [15],

– the subsamples of avail able data on the an nual
gen er a tion of LRW and SRW [m3] of each cat e -
gory of RW were formed based on the ma te ri als of
pub lished en vi ron men tal re ports of Rus sian NPP
[13], and

– for each NPP, subsamples of the ra tio of the an nual 
vol ume of each cat e gory of RW to the an nual elec -
tric ity pro duc tion, m3(GWh)–1 for each year of the
con sid ered pe riod are formed.

To for mal ize the cal cu la tions and anal y sis of the
ob tained data, the fol low ing sym bols are in tro duced: V
[m3] – the vol ume of an nual RW gen er a tion, E [GWh]
– an nual elec tric ity pro duc tion, and S [m3(GWh)–1] –
the nor mal ized mea sure of the gen er a tion of each cat e -
gory of RW. The cal cu la tion of the re quired Sijk value
for the i-th NPP is per formed us ing all avail able data of 
the j-th cat e gory of RW for the k-th year of ob ser va tion

S
V

E
ijk

ijk

ijk

= (1)

The ob tained me di ans of nor mal ized mea sures
<Sj>, tab. 1, al low us to per form a ret ro spec tive as sess -
ment of the vol ume of <Vjik> gen er a tion of four cat e -
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go ries of SRW and two cat e go ries of LRW for each
NPP for any year in the stud ied in ter val of 2008-2021
as fol lows

á ñ = á ñV E Sijk ik j (2)

This as sess ment does not ap ply to a spe cific NPP 
but ap plies equally to all op er a tional NPP in Rus sia.
This means that the cal cu lated val ues <Vjik> do not ad -
e quately re pro duce the vol ume of RW at a par tic u lar
plant, but are used only to es ti mate the to tal vol ume of
each cat e gory of RW for all NPP for a sin gle year <Vjk> 
and for the en tire pe riod un der re view <Vj>

á ñ = áå ñV Vjk i ijk (3)

á ñ = áå ñV Vj k jk (4)

De ter mi na tion of fre quency dis tri bu tions
quartile ranges of Rus sian NPP
waste-spe cific vol ume

The cri te ria for the im ple men ta tion of the ba sic
prin ci ple of op ti mi za tion and sus tain able de vel op ment of 
nu clear en ergy INPRO can be de ter mined based on the
stud ied NPP clas si fi ca tion into three cat e go ries: the best,
sus tain able, and worst prac tice of ra dio ac tive waste man -
age ment. The cat e go ries of NPP can be de fined as fol -
lows. First, the bound aries of the fre quency dis tri bu tions
quartile ranges of waste-spe cific vol ume, based on the
set of all the stud ied NPP for the pe riod from 2008 to
2021, are cal cu lated. Then, ac cord ing to the time se ries
of an nual waste rates Qi,j, m

3(Gwh)–1 each i -th sta tion for 
the j-th year a rank de pend ing on  the cor re spon dence to

the quartiles can be as signed (q1 – 25th  per cen tile, q2 –
50th per cen tile (me dian), and q3 – 75th per cen tile)
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The rank val ues R i
av av er aged over the en tire ob -

ser va tion pe riod for each sta tion in di rectly in di cate the 
fre quency of fail ing Qi,j within cor re spond ing
quartiles and al low clas si fy ing NPP by the re quired
cat e go ries. The cat e go ries bound aries by av er age
ranks are de ter mined ex pertly and are taken 1-1.5 for
the best (Qi,j are more of ten in the 1st quartile), 1.5-2.5
– for sta ble (2nd and 3rd quartiles) and 2.5-3 – for the
worst (mainly 4th quartile) prac tices. This ap proach
was used in works [17, 18].

RE SULTS AND DIS CUS SIONS

In the pe riod cov er ing 2008-2021, elec tric ity
pro duc tion  at  Rus sian  NPP  in creased  by  33.5 %.
In 2021 year, 202 939 GWh was pro duced, and in
2008 – 152 058 GWh, the to tal in cre ment amounted
to 50 882 GWh, fig. 1. The con tri bu tion to the elec -
tric ity pro duc tion in crease was made by NPP with
PWR (VVER) re ac tor unit – 47 424 GWh (93.2 %)
and with FBR (BN) re ac tor unit – 3 458 GWh (6.8
%). The to tal amount of power pro duc tion for the
pe riod un der re view is 2 462 191 GWh [15].

A con tin u ous in crease in elec tric ity pro duc tion,
ex cept for 2013 and 2020, is likely to be ac com pa nied
by an in crease in an nual RW gen er a tion. The as sump -

D. D. Desyatov, et al., Waste-Spe cific Vol ume for Ret ro spec tive, Pre dic tive ...
Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2023, Vol. 38, No. 2, pp. 71-79 73

Ta ble 1. De scrip tive sta tis tics of an nual spe cific waste rate of RW gen er a tion by waste cat e go ries at
Rus sian NPP pe riod cov er ing 2008-2021

RW cat e go ries Num ber
of val ues

S j

[m3(GWh)–1]
Stan dard
de vi a tion

< Sj >
[m3(GWh)–1]

Minimum
[m3(GWh)–1]

Maximum
[m3(GWh)–1]

Ra tio
S j /< Sj >

LRW

LLW 18 1.4·10–3 4.5·10–4 1.3·10–3 2.0·10–4 2.7·10–3 1.1

ILW 58 3.4·10–2 1.9·10–2 2.4·10–2 3.6·10–3 1.3·10–1 1.4

SRW

VLLW 15 9.8·10–2 9.7·10–2 3.6·10–2 8.1·10–3 2.7·10–1 2.7

LLW 73 6.1·10–2 5.6·10–2 3.2·10–2 7.1·10–4 5.4·10–1 1.9

ILW 72 6.0·10–3 4.8·10–3 3.2·10–3 1.2·10–4 4.0·10–2 1.9

Fig ure 1. Dy nam ics of elec tric ity
pro duc tion at Rus sian NPP from 2008
to 2021 [10]



tion of a com pa ra ble in crease in the pro duc tion of RW
of all cat e go ries can not be re futed or con firmed based
on frag men tary an nual data pub lished in the en vi ron -
men tal re ports of NPP [9]. How ever, it is pos si ble to
ob tain more cor rect es ti mates of the vol ume of an nual
gen er a tion of LRW and SRW by ret ro spec tively re pro -
duc ing (in ter po lat ing) the val ues miss ing in the en vi -
ron men tal re ports. For this pur pose, the waste-spe cific 
vol ume (Sijk) for typ i cal Rus sian re ac tor in stal la tions is 
cal cu lated in this study.

Each Sijk value is spe cific and char ac ter izes the
vol ume of gen er a tion of a spe cific cat e gory of RW:
low-level waste (LLW) and in ter me di ate-level waste
(ILW) for LRW; very low-level waste (VLLW),
low-level waste (LLW), in ter me di ate-level waste
(ILW) and high-level waste (HLW) in a par tic u lar year 
at a par tic u lar NPP for each GWh of elec tric ity pro -
duced. The com plex of val ues (Sijk) de scribes all pos si -
ble vari ants of the val ues of nor mal ized mea sures in
gen eral, with out tak ing into ac count the type and
power of re ac tor in stal la tions. The main sta tis ti cal
char ac ter is tics of the nor mal ized mea sures of the vol -
ume of RW gen er a tion at Rus sian NPP, cal cu lated
from the en tire avail able data set for the pe riod cov er -
ing 2008-2021, are pre sented in tab. 1.

In the re viewed en vi ron men tal re ports lack in -
for ma tion about the LRW gen er a tion of the VLLW
cat e gory since this cat e gory is not pro vided in the Rus -
sian RW clas si fi ca tion [7-9]. In for ma tion on the gen -
er a tion LRW of the HLW cat e gory is ei ther not avail -
able or in di cates zero val ues of an nual gen er a tion.

The mean val ues – S j of spe cific waste rates of
all cat e go ries of RW ex ceed the cor re spond ing me dian 
val ues < Sj >, which in di cates the asym me try of the
fre quency dis tri bu tions of the stud ied val ues, so it is
more cor rect to use the me di ans as in di ca tors for ret ro -
spec tive and pre dic tive es ti mates of the gen er a tion of
RW since they are more re sis tant to sta tis ti cal out li ers
in the an a lyzed sam ple data.

Fig ure 2 shows the struc ture of SRW cat e go ries
by the to tal vol ume of RW gen er ated at Rus sian NPP,
ac cord ing to the data avail able in en vi ron men tal re -
ports and ob tained by ret ro spec tive as sess ment for the
en tire study pe riod.

Ac cord ing to en vi ron men tal re ports for SRW,
the con tri bu tion of each cat e gory is ranked as fol lows:
LLW > VLLW > ILW  > HLW with mul ti ple LLW pre -
dom i nance. In terms of the to tal vol ume of LRW, there

is a mul ti ple pre dom i nance of ILW (97 %) over LLW
(3 %).

The re sults of a ret ro spec tive as sess ment of both
the missed val ues and the val ues reg is tered in the en vi -
ron men tal re ports of the an nual pro duc tion vol umes of
each cat e gory of RW for the pe riod un der re view showed 
an ex pected in crease of 33.5 %, in pro por tion to the in -
crease in elec tric ity pro duc tion. At the same time, the
struc ture of LRW and SRW dif fers from the one that was
ob tained from the avail able pub lic re port ing data fig.
2(a). In the to tal vol ume of LRW, the share of ILW was
95 %, which ap prox i mately cor re sponds to the anal y sis
of pub lished data shows. The con tri bu tion of each cat e -
gory of waste to the to tal vol ume of SRW changed mul ti -
di rec tional: in creased by 38 % for VLLW, de creased by
32 % for LLW, de creased by 5 % for ILW, and de creased
by more than 1 % for HLW fig. 2(b).

The val ues of the me di ans < Sj > in tab. 1 are ob -
tained from all avail able data, but with out tak ing into
ac count the pos si ble spe cif ics of the gen er a tion of RW
at NPP with dif fer ent types of re ac tor units. The given
spe cif ics can be ig nored only if the share of each sta tion
in the to tal vol ume of power gen er a tion at the NPP is
pre served. How ever, in a pe riod cov er ing 2008-2021,
the growth of elec tric ity pro duc tion was 68.8 % at PWR 
(VVER) and 91.5 % at FBR (BN), and re duc tion was
13.2 % at LWGR (RBMK) re ac tors, so for a ret ro spec -
tive as sess ment, it is nec es sary to take into ac count the
nor mal ized mea sures of the RW gen er a tion at NPP with
one type of re ac tor. De spite the lim ited set of ini tial data
sub groups of the val ues of waste-spe cific vol ume for
the types of re ac tor in stal la tions were formed and their
me dian val ues < Sj > type were ob tained, tab. 2.

The data in tab. 2 clearly show that NPP with
LWGR (RBMK) re ac tor units gen er ate more RW of all
cat e go ries ex cept LLW of LRW one pro duc ing the same
amount of elec tric ity at NPP than PWR (VVER) and
FBR (BN). A ret ro spec tive es ti mate of the vol ume of RW 
gen er a tion, tak ing into ac count the type of re ac tor unit
<Wjik > type, can be ob tained ac cord ing to the for mula (2) 
us ing < Sj > type in stead of <Sj>. The to tal vol umes of
each cat e gory of RW for all NPP with one type of re ac tor
unit for a sin gle year <Wjik>type and for the en tire pe riod
2008-2021 <Wj>type is cal cu lated us ing eqs. (3) and (4),
re spec tively.

Tak ing into ac count the spe cif ics of the me dian
val ues of <Sj> type, the to tal vol ume of LRW <Wj>
type up by 11 % and by 79 % for SRW, tab. 3. 
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Fig ure 2. Struc ture of SRW
cat e go ries by vol ume of gen er ated
waste at all Rus sian NPP pe riod
cov er ing 2008-2021; (a) ac cord ing to
en vi ron men tal re ports [13] and
(b) ob tained by ret ro spec tive
as sess ment



The vol ume of LRW of the LLW cat e gory is less
by 32 % and by 10 % of the ILW cat e gory in com par i -
son with the ret ro spec tive as sess ment with out tak ing
into ac count the type of re ac tor unit; the vol ume of
SRW of the LLW cat e gory changes mul ti di rec tional.

De spite a sig nif i cant in crease in elec tric ity pro -
duc tion at PWR (VVER) re ac tor units (93.2 %) and
FBR (BN) (6.8 %) in the pe riod cov er ing 2008-2021,
the bulk of RW of each cat e gory (ex cept LRW of cat e -
gory LLW) formed dur ing this pe riod falls on NPP
with LWGR (RBMK) plants, fig. 3.

Since there was no growth of power gen er a tion
at LWGR (RBMK) re ac tors dur ing this time, it can be
ex pected that the in crease in the to tal RW vol umes of
all NPPN, cal cu lated ret ro spec tively tak ing into ac -
count the nor mal ized mea sures for dif fer ent types of
re ac tors, will not be pro por tional to the in crease in
elec tric ity pro duc tion (33.5 %). In par tic u lar, our cal -
cu la tions show that the vol ume of waste has in creased
from 2008 to 2021 as fol lows: LRW of LLW cat e gory - 
41.9 %; LRW of ILW cat e gory 17.8 %; SRW of VLLW 
cat e gory – 6.7 %; SRW of LLW cat e gory – 5.2 %;
SRW of ILW cat e gory – 14.2 %. Cat e gory HLW of
SRW has de creased by 9.7 %. In the long run, the re -
place ment of LWGR (RBMK) re ac tor plants with
PWR (VVER) will be ac com pa nied by a re duc tion in
RW vol umes while main tain ing the achieved level of
elec tric ity pro duc tion.

Ac cord ing to the plans for the nu clear power in -
dus try of the Rus sian Fed er a tion de vel op ment, the
amount of elec tric power gen er a tion by NPP NPPs lo -
cated on the ter ri tory of Rus sia in 2027 – at least 221.7
bil lion kWh per year [19]. Thus, elec tric ity pro duc tion
will grow by 9.3 % rel a tive to 2021. When us ing the me -
dian val ues of <Sj> nor mal ized mea sures of RW gen er a -
tion with out tak ing into ac count the type of re ac tor in stal -
la tion, tab. 1, the fore cast es ti mate of waste vol umes in
2027 will be 5.72×103 and 1.57·104 m3 for LRW and
SRW, re spec tively. By 2027, the vol ume of each cat e -
gory of RW will grow in pro por tion to the growth of elec -
tric ity pro duc tion by 9.3 %. tab. 4.

To pre dict the vol ume of RW gen er a tion, tak ing
into ac count the me dian val ues of nor mal ized mea -
sures <Sj>type spe cific for each type of re ac tor (tab. 2),
it is as sumed that the en tire growth of elec tric ity pro -
duc tion will oc cur at NNP with PWR (VVER) re ac -
tors, and the elec tric ity pro duc tion at RBMK and FBR
will re main un changed – 57.8 bil lion kWh and 7.2 bil -
lion kWh per year, re spec tively [12].

By 2027, the vol umes will in crease by 0.7-7.4 %,
de pend ing on the cat e gory of RW, tab. 4.

In gen eral, both ap proaches give ap prox i mately
the same re sult of the fore cast for the to tal vol ume of
RW in 2027:
– LRW with out tak ing into ac count the type of re ac tor

– 5.72·103 m3, tak ing into ac count – 5.64·103 m3;
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Ta ble 2. Me dian val ues of waste-spe cific vol ume of RW gen er a tion, m3(GWh)–1, for NPP with dif fer ent types of
re ac tor units < Sj > type

LRW SRW

Type of re ac tor unit LLW ILW VLLW LLW ILW HLW

LWGR (RBMK) 1.3·10–3 4.0·10–2 2.1·10–1 5.5·10–2 4.7·10–3 7.1·10–4

PWR (VVER) 2.2·10–3 1.8·10–2 1.5·10–2 1.9·10–2 2.1·10–3 2.3·10–5

FBR – 2.7·10–2 – 7.7·10–3 – 7.2·10–5

Ta ble 3. Ret ro spec tive as sess ment of the vol ume of each cat e gory of SRW and LRW gen er ated at all
Rus sian NPP pe riod cov er ing 2008-2021

Method of as sess ment
Vol ume SRW [m3] Vol ume LRW [m3]

VLLW LLW ILW HLW To tal SRW LLW ILW To tal LRW

With out tak ing into ac count the
type of re ac tor unit <Wj>

8.82·104 7.78·104 7.83·103 7.37·102 1.75·105 3.28·103 6.02·104 6.35·104

Tak ing into ac count the type of
re ac tor unit <Wj> type

2.27·105 7.95·104 7.38·103 7.11·102 3.14·105 4.34·103 6.60·104 7.03·104

<Wj>type / <Wj> 2.57 1.02 0.94 0.96 1.79 1.32 1.10 1.11

Fig ure 3. Share of RW at NPP with a given
type of re ac tor unit in the to tal vol ume for
each cat e gory of RW



– SRW with out tak ing into ac count the type of re ac tor
– 1.57 ·104 m3, tak ing into ac count – 2.15·104 m3.

In 2027, the vol ume of LRW by 93 % will con sist 
of the cat e gory of ILW. The struc ture of SRW by RW
cat e go ries ex pected in 2027 is shown in fig. 4. 

More than 97 % of the pre dicted vol ume of SRW
in to tal for all nu clear power plants will be long to the
cat e gory of VLLW and LLW.

De ter mi na tion of fre quency dis tri bu tions
quartile ranges of Rus sian NPP
spe cific waste rate

Per cen tiles q1, q2, and q3 of fre quency dis tri bu -
tions of waste-spe cific vol ume at Rus sian NPP NPP
for 2008-2021 were cal cu lated sep a rately for two cat e -
go ries of LRW and four cat e go ries of SRW, tab. 5.

Since the re port ing data is char ac ter ized by a
large num ber of gaps, the es ti mates given may have
some sta tis ti cal bias. To re duce this ef fect, it seems ap -

pro pri ate to ob tain quartile es ti mates from the
cor re spond ing the o ret i cal curves of the best ap prox i -
ma tions of the fre quency dis tri bu tions of waste-spe -
cific vol ume. The anal y sis of the data un der con sid er -
ation showed the pres ence of a pos i tive skew of the
waste-spe cific vol ume of each cat e gory. The hy poth e -
sis of a nor mal dis tri bu tion of val ues in all cases was
re jected ac cord ing to the Kolmogorov-Smirnov and
Shapiro-Wilk cri te ria; the lognormal dis tri bu tion law
turned out to be the best ap prox i ma tion. As an ex am -
ple, fig. 5 shows the fre quency dis tri bu tion of log a -
rithms of the waste-spe cific vol ume of the SRW LLW
cat e gory from 2008 to 2021 as the most rep re sen ta tive
sam ple among all the stud ied pop u la tions. It can be
seen that ac cord ing to the Shapiro-Wilk cri te rion, the
hy poth e sis about the nor mal ity of log a rith mic val ues
can not be re jected, there fore, the as sump tion about the 
lognormal dis tri bu tion of the ini tial data is valid (in
this case, the lognormal ap prox i ma tion is the most
pref er a ble of all stud ied).
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Ta ble 4. Fore cast as sess ment of vol umes of each cat e gory of RW <Wj> and <Wj>type at all Rus sian NPP 2027

Year
Vol ume LRW [m3] Vol ume SRW [m3]

LLW ILW VLLW LLW ILW HLW

<Wj> (2021) 2.70·102 4.96·103 7.27·103 6.42·103 6.45·102 6.07·101

<Wj> (2027) 2.95·102 5.42·103 7.94·103 7.01·103 7.05·102 6.63·101

<Wj>type (2021) 3.74·102 5.01·103 1.47·104 5.82·103 5.57·102 4.50·101

<Wj>type (2027) 4.02·102 5.24·103 1.48·103 6.06·103 5.84·102 4.53·101

Vol ume in crease [%] 7.4 4.6 1.3 4.1 4.8 0.7

Fig ure 4. Fore cast as sess ment of the struc ture of solid
RW cat e go ries by the vol ume of waste gen er ated at all
Rus sian NPP in 2027

Ta ble 5. Per cen tiles and fre quency dis tri bu tions quartile ranges of waste-spe cific vol ume at Rus sian NPP ac cord ing to the
re port ing data of 2008-2021

Ra dio ac tive waste cat e gory q1 (25th per cen tile)
[m3(Gwh)–1]

q2 (me dian)
[m3(Gwh)–1]

q3 (75th per cen tile)
[m3(Gwh)–1]

Quartile range (q3 – q1),
[m3(Gwh)–1]

LRW LLW 1.13×10–3 1.33×10–3 1.53×10–3 4.01×10–4

LRW ILW 1.72×10–2 2.45×10–2 4.15×10–2 2.42×10–2

SRW VLLW 1.49×10–2 3.58×10–2 2.18×10–1 2.03×10–1

SRW LLW 9.03×10–3 3.16×10–2 5.67×10–2 4.77×10–2

SRW ILW 2.07×10–3 3.18×10–3 6.71×10–3 4.64×10–3

SRW HLW 3.16×10–5 2.99×10–4 7.60×10–4 7.28×10–4

Fig ure 5. Fre quency dis tri bu tion of log a rithms of the
waste-spe cific vol ume of SRW LLW cat e gory with a
the oretical nor mal curve



The ob tained lognormal ap prox i ma tion of the
fre quency dis tri bu tions of the ini tial data al lows us to
give the o ret i cal es ti mates of the per cen tiles of
waste-spe cific vol ume, which could be ex pected with
the com plete ab sence of gaps in the stud ied pop u la -
tions, tab. 6.

In or der to in crease con ser va tive ness, the main
cri te rion for com pli ance with the ba sic INPRO prin ci -
ple is the me dian value of waste-spe cific vol ume for
the best prac tices of op er at ing NPP. Ac cord ingly, for
the im ple men ta tion of this prin ci ple, it is nec es sary
that the val ues of the waste-spe cific vol ume of the pro -
jected power units do not ex ceed the val ues of the me -
di ans of the waste-spe cific vol ume of the best prac -
tices cur rently op er at ing at NPP. How ever, at pres ent,
there is not enough ini tial data to ob tain a sta ble as sess -
ment of the bound ary be tween the best and worst prac -
tices of RW gen er a tion at Rus sian NPP.

Since the com plete ness of the re ports in most
cases does not ex ceed 50 %, it is not pos si ble to cor -
rectly cal cu late the val ues R i

av  ranks av er aged over the 
ob ser va tion pe riod for each sta tion, and ac cord ingly
clas sify the NPP to re quired cat e go ries. To ob tain sta -
ble bound aries, it is pro posed to use the per cen tiles of
the fre quency dis tri bu tions of waste-spe cific vol ume
re con structed by the lognormal ap prox i ma tion. At the
same time, the value of the lower quartile q1 of the cor -
re spond ing RW cat e gory can be taken as the INPRO
com pli ance cri te rion. The choice of the lower quartile,
which is es sen tially the bound ary of the best prac tices
cat e gory, as the main guide lines for the de sign of new
NPP re ac tor in stal la tions fully cor re sponds to the ba sic 
prin ci ple of the INPRO meth od ol ogy, since it en sures
that the ra di a tion im pact of RW gen er a tion is not ex -
ceeded in com par i son with the cur rent ex pe ri ence of
op er at ing NPP.

CON CLU SIONS

In for ma tion about the vol ume of RW an nual
gen er a tion of Rus sian NPP, pre sented in the pub lic en -
vi ron men tal re ports of Rosenergoatom Con cern JSC
pe riod cov er ing 2008-2021, is frag men tary. This does
not al low us to ad e quately as sess the struc ture of RW
by cat e gory and make a firm con clu sion about an in -

crease or de crease in the vol ume of their gen er a tion,
tak ing into ac count a sig nif i cant elec tric ity pro duc tion
in crease (by 33.5 %). At the same time, the avail able
data al low us to ob tain mean and me dian val ues, as
well as quartile ranges of fre quency dis tri bu tions of a
waste-spe cific vol ume of two cat e go ries of LRW and
four cat e go ries of SRW for each NPP.

For com pli ance with the ba sic prin ci ple of the
INPRO meth od ol ogy, pro jects of new NPP re ac tor in -
stal la tions should have waste-spe cific vol ume no
worse than val ues of the lower bound ary of the best
prac tices cat e gory, m3(GWh)–1:
– for LRW LLW – 8.23×10–4,
– for LRW ILW – 1.72×10–2,
– for SRW VLLW – 1.95×10–2

– for SRW LLW – 9.53×10–3,
– for SRW ILW – 1.48×10–3, and
– for SRW HLW – 4.25×10–5.

The ap pli ca tion of the ob tained waste-spe cific vol -
ume will al low the in tro duc tion of new cri te ria for an in -
de pend ent as sess ment of the sus tain able de vel op ment of
nu clear en ergy in Rus sia. If the con tri bu tion of each NPP
to the to tal amount of elec tric ity pro duced is con stant,
ret ro spec tive and fore cast es ti mates of the vol ume of RW 
gen er a tion can be per formed with out tak ing into ac count
the type of re ac tor in stal la tion us ing the me dian val ues of
the en tire sam ple formed. In this case, the es ti mate of the
change in the vol ume of any cat e gory of RW will ex actly
cor re spond to the change in elec tric ity pro duc tion. How -
ever, tak ing into ac count the ten dency for a sig nif i cant in -
crease in elec tric ity pro duc tion at PWR (VVER) re ac tor
plants and al most fixed an nual pro duc tion at LWGR
(RBMK) and FBR (BN), it is ad vis able to use me dian
val ues of the waste-spe cific vol ume to each type of re ac -
tor plant, es pe cially since the anal y sis showed mul ti ple
ex cesses of the waste-spe cific vol ume of any cat e gory at
NPP with LWGR (RBMK) re ac tors com pared to PWR
(VVER) and FBR (BN). The waste-spe cific vol ume ap -
pli ca tion for each type of re ac tor in stal la tion leads to an
in creased ret ro spec tive as sess ment of the vol ume of
LRW and SRW for the pe riod cov er ing 2008-2021 and a
com pa ra ble fore cast es ti mate for 2027 in com par i son
with the waste-spe cific vol ume use with out tak ing into
ac count the type of re ac tor in stal la tion. Both over the past 
pe riod and in the fu ture un til 2027, the main vol ume of all 
cat e go ries of LRW and SRW is formed at NPP with
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Ta ble 6. The val ues of per cen tiles and quartile ranges of waste-spe cific vol ume re stored on the ba sis of the lognormal
ap prox i ma tion of the fre quency dis tri bu tions of the ini tial data

Ra dio ac tive waste cat e gory q1 (25th per cen tile)
[m3(Gwh)–1]

q2 (me dian)
[m3(Gwh)–1]

q3 (75th per cen tile)
[m3(Gwh)–1]

Quartile range (q3 – q1),
[m3(Gwh)–1]

LRW LLW 8.23×10–4 1.23×10–3 1.84×10–3 1.02×10–3

LRW ILW 1.72×10–2 2.69×10–2 4.22×10–2 2.50×10–2

SRW VLLW 1.95×10–3 4.70×10–2 1.13×10–1 9.35×10–2

SRW LLW 9.53×10–3 2.53×10–2 6.73×10–2 5.77×10–2

SRW ILW 1.48×10–3 3.26×10–3 7.19×10–3 5.71×10–3

SRW HLW 4.25×10–5 1.67×10–4 6.54×10–4 6.12×10–4



LWGR (RBMK) re ac tors. In per spec tive, the re place -
ment of LWGR (RBMK) in stal la tions with PWR
(VVER) will be ac com pa nied by a de crease in the vol -
ume of RW while main tain ing the achieved level of elec -
tric ity pro duc tion.
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SPECIFICNA  ZAPREMINA  OTPADA  ZA  RETROSPEKTIVNE,
PREDIKTIVNE PROCENE  I  RANGIRAWE  PRAKSE  TOKOM  NORMALNOG

RADA  RUSKIH  NUKLEARNIH  ELEKTRANA

Prikazane su mogu}nosti primene specifi~ne zapremine proizvodwe radioaktivnog
otpada po jedinici proizvedene elektri~ne energije. Ova specifi~na zapremina otpada koristi se
za retrospektivnu procenu i predvi|awe koli~ina radioaktivnog otpada nastalog u ruskim
nuklearnim elektranama. Prema dostupnim podacima za pe riod 2008–2021, dobijene su sredwe
vrednosti i medijane godi{we specifi~ne zapremine otpada za svaku nuklearnu elektranu.
Medijane za ~vrst radioaktivni otpad, koji se deli na kategorije veoma niskog radioaktivnog
otpada, niskoaktivnog otpada, otpada sredweg nivoa i visokoaktivnog otpada, iznosile su 3.6·10‡2,
3.2·10‡2, 3.2·10‡3 i 3.0·10‡4 m3(GWh)–1, respektivno. Za te~ni radioaktivni otpad, kategorije
niskoaktivnog otpada i sredweaktivnog otpada bile su 1.3·10‡3 i 2.4·10‡2, respektivno. Najve}e
sredwe vrednosti i medijane specifi~ne zapremine otpada za sve kategorije radioaktivnog otpada
tipi~ne su za nuklearne elektrane sa LWGR (RBMK) reaktorskim instalacijama. Prognoza
zasnovana na planovima za pove}awe proizvodwe elektri~ne energije u ruskim nuklearnim
elektranama ukazuje na verovatno pove}awe obima proizvodwe radioaktivnog otpada za 0.7–7.4 %
(u zavisnosti od kategorije otpada), u periodu od 2022. do 2027. godine. Upotreba specifi~ne
zapremine omogu}ava rangirawe postoje}ih praksi rada nuklearnih elektrana prema koli~ini
nastalog radioaktivnog otpada kako bi se opravdali kriterijumi za usagla{enost sa
metodologijom odr`ivosti prema Me|unarodnom projektu o inovativnim nuklearnim reaktorima

Kqu~ne re~i: radioaktivni otpad, specifi~na zapremina otpada, reaktorsko postrojewe, 
..........................nuklearna elektrana, inovativni nuklearni reaktor 


