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The paper presents the algorithms introduced to calculate the minimum allowable volume of vitrified high-level ra-
dioactive waste (HLW) in accordance with the current Russian regulations for glass-like matrix materials. This study 
presents the volumes of vitrified RW generated from the reprocessing of different spent nuclear fuel types (BR-1200, 
BREST-300, VVER-1000) calculated in the VIZART software package. The developed algorithm can be used to calculate 
the volume of immobilized waste forms assuming the use of different matrix materials such as borosilicate glass, alu-
minophosphate glass, cement and ceramics. If necessary, the algorithm can be adjusted with an account taken of the 
requirements for the matrix material quality.
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Introduction

Due to their physical and chemical properties 
(long-term mechanical strength, low rates of con-
taminant releases, high resistance to ionizing ra-
diation), glass-like matrices are considered a most 
promising waste form material providing immo-
bilization of HLW subject to final disposal. Nev-
ertheless, based on a wide range of experimental 
data, certain restrictions on the content of vari-
ous groups of radionuclides in them are in place, 
i. e., these are stated in the regulatory document 
NP‑019-15 with amendments enacted on January 1, 
2024 [1], [2] (Table 1 [2]).

Table 1. Main quality indicators for a glass-like compound 

Parameter Value

Mass fraction of α-emitters No more than 0.2 %

Resistance to β- and 
γ-radiation

No less than 108 Gy  
(over 10,000 years)

Resistance to α-radiation No less than 1018 α -decays/cm3 
(over 10,000 years)

An algorithm was proposed to calculate the mini-
mum permissible volume of a glass-like matrix re-
quired to dispose of the HLW generated from a unit 
SNF mass: it estimates the amount of glass taking 
into account the permissible inclusion factors for var-
ious isotope groups present in SNF and the radiation 
resistance of the selected glass matrix composition to 
α-, β- and γ-radiation [1]. In addition, the algorithm 
can be easily adapted to analyze glass volumes pro-
vided maximum permissible inclusion of various SNF 
components into the matrix, for example, if there is 
information on the maximum permissible incorpora-
tion of radioactive noble metals (RNM), Mo, Zr, oxides 
of rare earth elements (REE) and other substances.

Algorithm proposed to calculate the minimum 
permissible volumes of glass for HLW immobilization

Accounting for component inclusions

To take into account the permissible inclusion 
of various components, the developed algorithm 
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calculates the minimum volume of glass-like ma-
trix used for HLW immobilization. 

For example, to calculate the volume of glass with 
the maximum permissible content of α-emitters, 
the following formula can be applied: 

	 ,	 (1)

where ma is the content of α-emitters per 1 kg 
of SNF, kg; Ka is the permissible mass fraction of 
α-emitters in the matrix, %; rmatrix is the density of 
the produced glass matrix, kg/m3.

Similarly, volumes are calculated according to the 
maximum permissible content of various compo-
nents, such as REE, Mo, Zr, RNM.

Calculation of radiation exposure 
on a glass-like matrix

As indicated above, according to regulatory re-
quirements, immobilized HLW shall withstand 
the radiation exposure from α-, β- and γ-radiation 
emitted by radionuclides immobilized into the ma-
trix. Then the minimum permissible matrix volume 
according to its radiation resistance can be calcu-
lated as a sum of minimum permissible volumes ac-
cording to α-, β- and γ-radiation:

	 Vrad.resistance = Va-radiation + Vb, g-radiation,	 (2)

where Vα-radiation and Vβ-, γ-radiation are minimum per-
missible matrix volumes according to α-, β- and 
γ-radiation, respectively.

The minimum permissible matrix volume accord-
ing to α-radiation, (Vα-radiation (2)) depends on the 
number of α-decays over a period of 10,000, 1,000, 
100 years, which corresponds to classes 1, 2 or 3 of 
solidified RW for all α-emitting isotopes in 1 kg of 
SNF subject to reprocessing:
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where N0
i is the number of atoms of the i-th iso-

tope in 1 kg of SNF at the time of its reprocessing 
(vitrification);
Ai  is the number of α-decays during the decay of 
the i-th isotope (in case of a decay chain — the total 
number of α-decays along the entire chain);
li is the decay constant for the i-th isotope, 1/year;
t is the time, 10,000, 1,000, 100 years for class 1, 2 or 
3 of the resulting RW, respectively.

The number of atoms of each isotope can be cal-
culated as follows:

	 N
m Niso

iso
0 =

⋅ A

µ
,	  (4)

where miso is the isotope mass in 1 kg of SNF, kg;
NA is the Avogadro constant, 1/mol;

miso is the isotope molar mass, kg/mol.
Then the minimum permissible matrix volume 

for α-radiation can be calculated as follows:

	 ,	  (5)

where Nmax is the radiation resistance of glass to 
α-radiation, i. e., the maximum permissible number 
of α-decays in a unit volume of glass over a certain 
time period (depending on the glass composition). 

The minimum permissible volume of glass ac-
cording to β- and γ-radiation, (Vβ-, γ-radiation) depends 
on the energy of β- and γ-radiation emitted by 1 kg 
of SNF released (and absorbed) by the matrix over 
10,000 years in case of RW Class 1, 1,000 years 
in case of RW Class 2 or 100 years in case of RW 
Class 3. To simplify the calculations, an assumption 
was made regarding the absorption of radiation en-
ergy at the generation point:

	  ,	 (6)

where Eb,γ is the energy of β- and γ-radiation per 
1 kg of SNF absorbed by the matrix over 10,000, 
1000, 100 years, J; Dmax is the threshold for β- and 
γ-radiation — the radiation resistance of glass to β- 
and γ-radiation (depending on the glass composi-
tion), Gy = J/kg.

The amount of energy released over the consid-
ered time, J, can be calculated as follows (summed 
up are all β- and γ-emitters):

	 E = , 	 (7)

where Pi
b + Pi

g is the total energy released (and ab-
sorbed) by the matrix during a single β- or γ-decay 
(if there is a decay chain, then the β- and γ-energy 
is summed up over the entire chain), J.

Accounting for thermal exposure
The minimum permissible volume of immobi-

lized HLW estimated based on thermal exposure, 
which is limited according to NP-093-14 [3], is cal-
culated using the ENDF/B-VII.1 library of nuclear 
constants [4] according to the below formula:

	  ,	 (8)

where Eproduct is the energy release from 1 kg of SNF 
subject to reprocessing per unit time, W; maxHeat 
is the maximum permissible specific heat release 
from the matrix material that depends on the con-
ditions inherent in subsequent operations involv-
ing the resulting RW (controlled storage preceding 
final disposal and/or final disposal, W/m3). 
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Eproduct consists of the energy released by each 
isotope constituting to the liquid radioactive waste 
resulted from SNF reprocessing:

	 ,	 (9)

where Ei
comgonent is the energy release from the spec-

ified mass of the i-th chemical component, W;
ei

1 is the energy release during a single decay of the 
i-th isotope, J;
t is the cooling time provided for the produced RW, 
i. e., the time period elapsed from SNF reprocessing 
to RW disposal.

Test calculation results

The algorithm described above was used to calcu-
late the volumes of final HLW forms in the VIZART 
software package [5]. The following parameters 
were requested from the user as input data:
•• fractionation option at the SNF reprocessing stage 
(without fractionation, extraction of the minor 
actinide (MA) fraction into a separate stream, ex-
traction of the Cs-Sr fraction), which determines 
the isotopic composition of resulting HLW;

•• HLW handling option after the matrix is formed 
(glass remelting in N years, pre-disposal interme-
diate storage of the matrix, etc.);

•• class of produced HLW.

Figure 1 shows the interface, namely, a snippet 
of the software module with a panel for parameter 
input. Volumes of final HLW forms were calculated 
using the developed module. Information on SNF 
inventories planned for reprocessing at the en-
terprises being established in the Russian Federa-
tion were used as input data: Pilot Demonstration 
Center (PDC) at MCC, Pilot Demonstration Energy 

Complex (PDEC) at SCC, the Industrial Energy 
Complex (PEC) (the site for its construction has not 
been selected yet) [6], [7], respectively, from:
•• the BR-1200 reactor unit (PEC) with a burnup of 
20 % of heavy atoms and a post-reactor cooling 
period of 1.5 years;

•• BREST-300 (PDEC), burnup — 8 % of heavy atoms, 
post-reactor cooling period of 3 years;

•• WWER-1000 (PDC), burnup — 50 GW day/t, post-
reactor cooling time of 7 years.

Accounting for the radiation exposure of the matrix
The volumes of HLW formed by different groups 

of radionuclides were calculated based on the de-
veloped algorithm assuming the separation of two 
target components only from SNF — uranium and 
plutonium (the efficiency of uranium and plutoni-
um separation was assumed as equal to 99.9997 % 
and 99.975 %, respectively, according to [8]). Bo-
rosilicate glass (BSG) was considered as a waste 
form material for HLW immobilization with the 
following permissible radiation exposure levels ad-
opted: for α-radiation — 5·1018 α-decays/cm3 over 
10,000 years, for β- and γ-radiation — 109 Gy over 
10,000 years (also adopted in [8] and satisfying the 
proven radiation permissible exposure levels estab-
lished for BGS [9]). Information on the composition 
of SNF planned to be reprocessed at PDC, PDEC 
and PEC plants were used as initial data in the cal-
culations [6], [7]. Figure 2 presents the calculation 
results. The data obtained demonstrates that the 
resulting HLW volume was mainly contributed by 
the MA and the Cs-Sr fraction.

Changes in the isotopic SNF composition tak-
ing place at the pre-reprocessing stage, i.e., at the 
intermediate storage stage, over a time period of 

Figure 1. Snippet of a calculation module interface  
in the VIZART: parameters entered to calculate  

the HLW matrix volumes

Figure 2. Contribution of individual fractions into the RW 
volume
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30—40 years (Table 2) show that the effect of Cs‑Sr 
fraction on the vitrified HLW volume ceases to be 
predominant (decreased exposure from β- and 
γ-radiation radiation) given considerably higher 
contribution from MA, which is explained by the 
growing 241Am content (fission product of 241Pu) 
in the SNF composition at the storage stage (Fig-
ure 3). Over 30 years, the mass of 241Am in it grows 
by 2.5 times.

Table 2. Volumes of HLW depending  
on the pre-reprocessing SNF storage time

Nuclide fraction 
subject to 

immobilization

Inter-
mediate 
storage, 
years

HLW volume, cm3/kg SNF

BR-1200, 
burnup — 
20 % h.a., 
cooling 
time — 

1.5 years

BREST-300, 
burnup — 
8 % h.a., 
cooling 
time — 

3 years

WWER-1000, 
burnup — 

50 GW·day/t 
SNF, cool-
ing time — 

7 years 

Remaining 
target products

negli-
gible 3 2 0.2

Minor actinides

7 2,560 1,025 359

37 4,045 2,314 765

67 4,213 2,520 828

Decay products 
(Cs-Sr fraction)

7 2,106 781 574

37 860 364 276

67 430 182 137

Total (not 
accounting for 
the package 
volume)

7 4,669 1,808 933

37 4,908 2,680 1,040

67 4,646 2,704 965

Accounting for α-emitter and transuranic 
element inclusion into the matrix

As shown in Table 1, in addition to regulatory re-
quirements for the radiation resistance of glass to 
various types of radiation, there is a criterion limit-
ing the inclusion of α-emitters into it. According to 
the in-force regulations, it shall not exceed 0.2 % by 
weight [2]. Analyzed below is the effect of this limi-
tation on the BGS volume for HLW generated from 
the reprocessing of SNF considering different types 
of reactor units considered above.

Table 3 summarizes the calculated minimum 
permissible BGS volumes compared based on 
two criteria: restrictions imposed on the mass of 
α-containing products and those on the number 
of α-nuclide decays in a unit BGS volume (require-
ments for radiation resistance [1]) considering 
the case when fractionation is applied at the SNF 
reprocessing stage with 99.9 % of MA that are ex-
tracted and do not end up in the HLW (complete MA 
transfer into HLW was considered in [10]).

Table 3. Permissible BGS volumes depending on the 
restrictions imposed on the inclusion of α-containing 

radionuclides into the matrix

Isotope 
group Condition

BGS volume, cm3/kg SNF
BR-1200, 
burnup — 
20 % h.a., 

cooling time 
— 1.5 years

BREST-300, 
burnup — 
8 % h.a., 

cooling time 
— 3 years

WWER-1000, 
burnup — 

50 GW·day/t 
SNF, cooling 
time — 7 years 

All α-emit
ters that 
remained 
upon com-
pleting the 
fractional 
separation 
of 99.9 % MA

No more than 
0.2 % by mass 

of the HLW 
matrix

1,075 472 437

5·1018 α -de-
cays/cm3 over 
10,000 years

16 8 2

Long-lived 
α-emitters 
(half-life of 
over 1010 

years)

No more than 
0.2 % by mass 

of the HLW 
matrix

1,073 470 436

5·1018 α -de-
cays/cm3 over 
10,000 years

0.0003 0.0002 0.0001

Figure 3. Contributions of radionuclide fractions into the HLW 
volume and relevant changes given different pre-reprocessing 

SNF cooling times: a) minor actinides, b) fission products
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Data from Table 3 indicates that the criterion 
limiting the mass fraction of α-containing nu-
clides in glass provides a quite considerable in-
crease in the permissible volume of vitrified HLW. 
Analyzed below is the composition of α-isotopes in 
SNF. Particular attention is paid to the mass frac-
tion of α-emitters with a half-life of over 1010 years. 
Tables 4 and 5 show the content of α-emitters in 
HLW from the reprocessing of different SNF types 
assuming respectively either 99.9 % MA extraction 
or the transfer of all MA into HLW.

Table 4. Mass fraction of α-isotopes in SNF  
from various reactor units (taking into account  

a 0.1 % MA transfer into HLW)

Isotope Half life, 
years

Isotope content compared to the one of 
other α-emitters, %

BR-1200, 
burnup — 
20 % h.a., 

cooling time 
— 1.5 years

BREST-300, 
burnup — 
8 % h.a., 

cooling time 
— 3 years

WWER-1000, 
burnup — 

50 GW·day/t 
SNF, cooling 
time — 7 years 

148Sm 7.00·1015 10.0 6.9 12.8
144Nd 2.29·1015 70.4 68.2 75.8
147Sm 1.06·1011 19.4 24.7 11.3

Other < 1010 < 0.2 < 0.2 < 0.1

Total mass of a-emit-
ters in SNF, g/kg SNF 5.80 2.55 2.36

Table 5. Mass fraction of α-isotopes in SNF  
from various reactor units (taking into account  

a 100 % MA transfer into HLW)

Isotope Half life, 
years

Isotope content compared to the one of 
other α-emitters, %

BR-1200, 
burnup — 
20 % h.a., 

cooling time 
— 1.5 years

BREST-300, 
burnup — 
8 % h.a., 

cooling time 
— 3 years

WWER-1000, 
burnup — 

50 GW·day/t 
SNF, cooling 

time — 7 years 
148Sm 7,00·1015 4,4 3,5 8,0
144Nd 2.29·1015 30.0 34.7 47.5
147Sm 1.06·1011 7.5 12.6 7.1
237Np 2.14·106 17.4 5.6 16.9
245Cm 8.5·103 1.6 0.2 0.2
243Am 7.37·103 11.2 12.3 4.8
241Am 432.2 18.8 28.7 13.9
244Cm 18.1 8.9 2.3 1.7

Other < 1010 < 0.2 < 0.1 < 0.1

Total mass of a-emit-
ters in SNF, g/kg SNF 13.4 5.0 3.7

It is obvious that limits imposed on radionuclide 
mass content in glass are mainly contributed by 

α-emitters with a half-life of over 1010 years. On 
the other hand, it is clear that they affect neither 
the strength properties of the glass compound and 
the radionuclide leaching rate nor the radiation 
resistance of glass. Therefore, regulatory require-
ment restricting the mass of all α-emitters in glass 
should be viewed as excessive providing unreason-
able overestimation of the vitrified HLW volumes, 
thereby, affecting the charges bared by the enter-
prises involved in this process. It is advisable to 
review this requirement and either completely ex-
clude it or limit its effect only to radionuclides with 
a half-life of less than 1010 years.

Conclusion

The algorithm proposed in this paper to calculate 
the volumes of immobilized HLW can be applied to 
evaluate permissible RW amount considering vari-
ous SNF reprocessing methods:
•• when separating individual types of radionuclides 
into separate streams (fractionation);

•• when using various waste immobilization mech-
anisms (their inclusion into glass-like matrices, 
into cement, etc.). 
The permissible volume of immobilized HLW 

evaluated based on the calculation algorithm for 
RW matrices described in this article showed that 
the current regulations on their inclusion into glass 
provide for an excessive requirement limiting the 
amount of α-emitters, which results in consider-
ably larger final volumes of vitrified HLW and un-
reasonably high disposal costs.
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