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Small mod u lar re ac tors rep re sent a prom is ing tech nol ogy for power gen er a tion, of fer ing so -
lu tions to the en ergy cri sis and mit i gat ing green house gas emis sions. As Ukraine con sid ers
the de ploy ment of NuScale, UK SMR, and SMR-160, it is cru cial to ad dress the safe man age -
ment of spent nu clear fuel. This study fo cuses on eval u at ing the ra dio log i cal char ac ter is tics of
spent nu clear fuel from the se lected small mod u lar re ac tors and for com par i son, from the
VVER-1000 re ac tor. Us ing the Monte Carlo code Ser pent, de ple tion cal cu la tions were per -
formed for an as sem bly in an in fi nite 2-D ge om e try, and the ac tiv ity, de cay heat, and in ha la -
tion tox ic ity of the spent nu clear fuel were as sessed. We de ter mined the main nuclides con trib -
ut ing to the ra dio log i cal char ac ter is tics and quan ti fied the mass con tent of these nuclides. The 
to tal num ber of spent nu clear fuel as sem blies pro duced dur ing the en tire life of each small
mod u lar re ac tor type was es ti mated. The ra dio log i cal char ac ter is tics as sessed for the three
small mod u lar re ac tors do not ex ceed those ob served for VVER-1000 re ac tors cur rently op -
er at ing in Ukraine. So, spent nu clear fuel gen er ated by the se lected small mod u lar re ac tors
will in tro duce no new chal lenges to Ukraine's ra dio ac tive waste man age ment sys tem. The re -
sults of this work pro vide valu able in sights for iden ti fy ing the op ti mal small mod u lar re ac tor
tech nol o gies for Ukraine con cern ing safe spent nu clear fuel man age ment.
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IN TRO DUC TION

By 2050, global en ergy con sump tion will in -
crease by al most 50 % [1]. Look ing for ways to meet the 
grow ing need for en ergy through clean and in no va tive
so lu tions, many coun tries of the world, in clud ing
Ukraine, plan to in crease the use of re new able sources
and nu clear en ergy. Small mod u lar re ac tors (SMR) can
ef fec tively con trib ute to the de car bon iza tion of the
power sec tor [2]. The SMR are re ac tors with elec tric
power up to 300-500 MW. The SMR of fer a range of
an tic i pated ben e fits, in clud ing sim pler de signs, en -
hanced safety and re li abil ity [3], the abil ity to work on a
bal anc ing power mar ket, power gen er a tion for a wider
range of us ers, and ap pli ca tions like com mer cial hy dro -
gen pro duc tion, dis trict heat ing, and wa ter de sa li na tion. 
Their mod u lar de signs and com pact foot prints po ten -
tially pro vide ad van tages in terms of con struc tion, op -

er a tion, and main te nance, al low ing for place ment in lo -
ca tions un suit able for larger nu clear fa cil i ties. Fur ther -
more, SMR are en gi neered with pas sive safety fea tures, 
re ly ing on nat u ral cir cu la tion, con vec tion, grav ity, and
self-pres sur iza tion [4].

Ukraine is an in dus trial coun try with a pow er ful
en ergy sec tor largely based on nu clear power. Nu clear
power plants (NPP) pro vide about half of the coun try's 
elec tric ity. Cur rently, 15 NPP units are op er ated in
Ukraine, of which 13 are VVER-1000 and 2 are
VVER-440. How ever, most Ukrai nian nu clear units
have been in op er a tion for de cades and will soon need
to be re placed [5]. Due to the war, many fos sil plants in
Ukraine have been dam aged or de stroyed. At pres ent,
Ukraine is con sid er ing the pos si bil ity of build ing up to 
20 SMR in stead of ther mal gen er a tion units de stroyed
dur ing the war [6]. Pre lim i nary agree ments have been
reached on co-op er a tion with the Amer i can com pany
NuScale and the Brit ish Rolls-Royce to in tro duce
SMR tech nol o gies in Ukraine [7]. In 2029, the im ple -
men ta tion of SMR pro jects is ex pected to be gin af ter
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the com ple tion of the tech nol ogy cer tif i ca tion and li -
cens ing pro ce dures [7].

In ad di tion to gen er at ing elec tric ity and heat, NPP
pro duces spent nu clear fuel (SNF) and other forms of ra -
dio ac tive waste, re quir ing an ap pro pri ate in fra struc ture
for their safe man age ment. In Ukraine, there are four op -
er at ing NPP. The big gest Zaporizhzhya NPP – now un -
der Rus sian con trol – has an on-site spent fuel dry stor age 
fa cil ity. Khmelnytska, Rivne, and South Ukraine NPP
are to use the Cen tral ized Spent Fuel Stor age Fa cil ity
(CSFSF) at the Chornobyl zone. The CSFSF has not
been dam aged dur ing the mil i tary op er a tions in the
Chornobyl  Ex clu sion Zone of the Rus sian army and is
com pletely ready for op er a tion [7]. The SNF from the
closed Chornobyl NPP is stored at the wet in terim stor -
age fa cil ity ISF-1 and the dry in terim stor age fa cil ity
ISF-2, both at the Chornobyl NPP site.

The SNF man age ment is an in te gral part of the
nu clear fuel cy cle, its back-end. To choose ap pro pri ate 
SMR con cepts for Ukraine, it is nec es sary to an a lyze
fuel cy cle per for mance, from fuel min ing and fab ri ca -
tion to ra dio ac tive waste dis posal, and en vi ron men tal
im pacts. Not all el e ments of the fuel cy cle are pres ent
in the fuel cy cle of Ukraine. At pres ent, Ukraine buys
West ing house fuel and has no re pro cess ing and fi nal
dis posal. Af ter the used fuel is un loaded from the re ac -
tor, it is stored un der wa ter at the re ac tor site in a spent
fuel pool for sev eral years. Then the spent fuel may be
moved to a dry stor age fa cil ity at the NPP site, or trans -
ported to the cen tral ized dry stor age fa cil ity. Ukraine
has cho sen the so-called de ferred so lu tion, which pro -
vides for long-term safe stor age with out fi nal dis posal
or re pro cess ing. Stud ies of the pos si bil ity of SNF dis -
posal are at the ini tial stage in Ukraine [5]. In the Re -
pub lic of Ser bia, re search is un der way to iden tify a
new lo ca tion for the ra dio ac tive waste dis posal, as the
cur rent stor age site near Bel grade, known as Vincha, is 
un suit able. This ef fort aims to align with in ter na tional
stan dards, meet strin gent spa tial re quire ments, and ad -
here to na tional plan ning pri or i ties for man ag ing ra -
dio ac tive waste [8].  The ap pli ca tion of a dig i tal twin
of a ra dio ac tive waste re pos i tory [9] prom ises sub stan -
tial ben e fits for the con struc tion of such fa cil i ties, in -
clud ing en hanced man age ment ca pa bil i ties and safety, 
cost re duc tion, and more ef fi cient re sponse to ac ci -
dents.

At the mo ment there are many dif fer ent SMR
pro jects in the nu clear power mar ket, which are based
both on tra di tional and well-tested re ac tor tech nol o -
gies and on tech nol o gies that have not yet been tested.
A va ri ety of SMR tech nol o gies means a va ri ety of
wastes. Since non-wa ter SMR in tro duce new ma te ri -
als as fu els, cool ants, and mod er a tors, they pro vide
new is sues for ra dio ac tive waste man age ment [10].

Since each coun try is re spon si ble for the man age -
ment of SNF pro duced on its ter ri tory, Ukraine needs to
con sider var i ous SMR tech nol o gies and then con sider
how to man age the pro duced SNF, tak ing into ac count

the al ready ex ist ing struc ture and ex pe ri ence of SNF
man age ment in Ukraine. Spent fuel and waste man age -
ment for the ma jor ity of wa ter-cooled SMR is sim i lar to
that for the LWR op er at ing in Ukraine. There fore, from
the point of view of SNF man age ment, the light wa ter
SMR are pref er a ble for Ukraine. At the same time, light
wa ter SMR have key dif fer ences from the large light
wa ter re ac tors: power rat ing, foot print, sim pler de sign,
more sig nif i cant in ner safety, in te gral de sign
(NuScale), nat u ral pri mary cir cu la tion (NuScale,
SMR-160), no sol u ble bo ron in the pri mary cir cuit
(Rolls-Royce SMR), in te grated dry spent fuel stor age
and trans por ta tion sys tem (SMR-160).

In this work, we in ves ti gate the char ac ter is tics of 
spent fuel from three light wa ter SMR: VOYGRTM
(NuScale Power Cor po ra tion, USA), UK SMR
(Rolls-Royce SMR Ltd, UK) and SMR-160 (Holtec
In ter na tional, USA). The con sid ered SMR pro jects
dif fer in de sign, nom i nal power, fuel as sem bly length,
and char ac ter is tics of nu clear fuel ir ra di a tion. All
these fac tors can af fect the com po si tion of the SNF
and, as a re sult, the SNF man age ment. The con sid ered
SMR pro jects in clude their so lu tions for on-site SNF
man age ment. Eval u at ing these so lu tions should be
based on in de pend ent data on the char ac ter is tics of the
SMR SNF. The goal of this study is to es ti mate and
com pare the key prop er ties of the SNF, which af fect
the SNF man age ment, for the three SMR. We also
com pare the data on the SMR with sim i lar data on the
VVER-1000 re ac tors that op er ate in Ukraine.

MA TE RI ALS AND METH ODS

In this work, the Monte Carlo code Ser pent was
used to per form de ple tion sim u la tion in the in fi nite
2-D ge om e try. The ENDF/B-VII.1 nu clear data were
used in the sim u la tions. Re flec tive or pe ri odic bound -
ary con di tions are ap plied on the as sem bly faces,
which means that in stead of a real re ac tor core, an in fi -
nite pe ri odic struc ture of iden ti cal fuel as sem blies
(FA) is sim u lated. So, no leak age of neu trons and vari -
a tion of the neu tron flux in the ax ial di rec tion are taken 
into ac count. Such a 2-D de ple tion sim u la tion is ap -
plied for var i ous SMR types [11, 12] and gives a suf fi -
ciently ac cu rate as sess ment of the SNF com po si tion in 
the mid dle part of the as sem bly in height, ex cept the
as sem blies that re main on the core-pe riph ery for a sig -
nif i cant part of the ir ra di a tion pe riod [11]. An other
sim pli fi ca tion is to keep all pa ram e ters con stant dur ing 
the cal cu la tion. The re ports [13, 14] com pre hen sively
dis cuss the ef fect of the aforemen tioned sim pli fi ca -
tions on the spent fuel com po si tion in wa ter-cooled re -
ac tors and pres ent the re sults of sen si tiv ity stud ies on
the mod el ing and sim u la tion in put pa ram e ters. We
model FA of NuScale, SMR-160, UK SMR, as well as
VVER-1000 FA. For the SMR, we con sider stan dard
LWR fuel UO2 with en rich ment less than 4.95 % in a
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17 ´ 17 square con fig u ra tion [4]. The key sim u la tion
pa ram e ters [4, 11, 15, 16] are pre sented in tab. 1. The
lat est pub licly avail able data on 2022 have been used.
For the NuScale FA, the ini tial en rich ment of 4.55 %
235U is taken from the re port [11]. For the SMR-160
FA, the ini tial en rich ment of 4.0 % 235U equals the av -
er age en rich ment ac cord ing to [4]. The ini tial en rich -
ment of 4.55 % 235U for UK SMR FA is a rea son able
value less than max i mum en rich ment 4.95 % ac cord -
ing to [4]. Ac tual core fuel load ing pat terns usu ally in -
clude sev eral FA types with dif fer ent ini tial en rich -
ment and burnable poi son con tent (see, for ex am ple,
[17, 18]). In this study, we sim u late the NuScale and
UK SMR fuel as sem blies with rods con tain ing gad o -
lin ium, and the SMP-160 FA with out rods con tain ing
gad o lin ium. For the VVER-1000, the FA of the
TVS-A de sign and 390GO type was sim u lated. The
key pa ram e ters cor re spond to the bench mark [19]: lin -
ear ther mal power is 51845 Wcm–1, ac tive fuel length
is 355 cm, av er age ini tial en rich ment is 3.9 % 235U, 6
fuel rods with 5 % Gd2O3, bo ron con cen tra tion in wa -
ter is 525 parts per mil lion (ppm), cool ant den sity is
0.724 gcm–3. For the VVER-1000 FA we con sider 55
MWday per ki lo gram of ura nium (MWd/kgU) burnup
at dis charge. We as sume that 650 ppm sol u ble bo ron
for the NuScale SMR and SMR-160 con sid ered in the
sim u la tion ap prox i mately matches the av er age bo ron
con cen tra tion over the cy cle. Ac cord ing to [4], the av -
er age core wa ter tem per a ture is 282 °C for SMR-160
and 310 °C for UK SMR, at a pres sure of 15.5 MPa in
both cases. The cool ant den si ties for the SMR-160 and 
UK SMR were de rived by ap ply ing bilinear in ter po la -
tion tech niques to data from the NIST Com pressed
Wa ter and Super heated Steam tab. [20].

Fig ure 1(a)-1(c) shows fuel and con trol rod pat -
terns for square SMR as sem blies and 1(d) hex ag o nal
VVER 1000 as sem bly. Fuel rods con tain ing gad o lin ium
are marked in dark green. For the VVER-1000 FA, fuel
rods with an ini tial en rich ment of 4 % are marked in yel -
low, and in light green – with an ini tial en rich ment of 3.6
%. In an SMR as sem bly, the ini tial en rich ment of all fuel
rods is the same: 4.55 %, 1(a) and 1(b), and 4 %, 1(c).

The de ple tion sim u la tion was per formed in
burnup steps from 0.1 to 5 MWd/kgU up to the dis -

charge burnup val ues spec i fied above. Cool ing of the
used fuel was sim u lated in time steps from 50 to 365
days up to 10 years.

In this work, we as sess the ra dio log i cal char ac -
ter is tics of the SNF. The code Ser pent cal cu lates the
to tal ac tiv ity, de cay heat, and radiotoxicity as the sum
of the ra dio log i cal char ac ter is tics of each nu clide cal -
cu lated by the for mu las

A t N t Vi i i( ) ( )= l (1)

D t A ti i i( ) ( )= e (2)

R t A t DCFi i i( ) ( )= (3)

Here Ai(t) [Bq] is the ac tiv ity of the i-th nu clide at
the mo ment of time t, Ni(t) – the num ber den sity of the
ith nu clide at the mo ment of time t, V – the vol ume (in the 
case of 2-D cal cu la tion, is the cross-sec tional area) of
the fuel as sem bly, li – the de cay con stant, Di(t) – the de -
cay heat of the ith nu clide, ei – the de cay en ergy, Ri(t) –
the radiotoxicity, and DCFi – the spe cific radiotoxicity
(dose con ver sion fac tor, in SvBq–1). For each nu clide,
the de cay con stant, de cay en ergy, and spe cific in ha la -
tion tox ic ity were ob tained from the ENDF nu clear data 
files used in the sim u la tions. In the next sec tion, we also
cal cu late the ex pected to tal num ber of SNF as sem blies
pro duced dur ing the life of the plant.

RE SULTS AND DIS CUS SION

The SNF ra dio log i cal char ac ter is tics de pend on
many pa ram e ters and con di tions of re ac tor op er a tion
[14]: dis charge burnup, cool ing time, ini tial en rich -
ment, con cen tra tions of sol u ble bo ron and burnable
poi son, fuel den sity, mod er a tor den sity, and spe cific
power (spe cific power is the power per unit mass of
ini tial heavy met als). A par tic u larly im por tant pa ram e -
ter is the dis charge burnup. Fig ures 2 and 3 il lus trate
the de pend ence of the ac tiv ity and de cay heat of spent
fuel on the cool ing time; for greater burnup (UK SMR
and VVER-1000), the level of ac tiv ity and de cay heat
is sig nif i cantly higher.

Ex pla na tion of the dif fer ences in ra dio log i cal
char ac ter is tics be tween the re ac tor as sem blies with
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Ta ble 1. Some key prop er ties of NuScale SMR, SMR-160 and UK SMR

Prop erty NuScale SMR-160 UK SMR

Ther mal power [MW] [4] 250 525 1358

Num ber of FA in the core [4] 37 57 121

Lin ear ther mal power [Wcm–1] 33784 24893 40083

Ac tive fuel length [cm] 200 [4] 370 [15] 280 [4]

Ini tial en rich ment (% 235U) 4.55 4 4.55

Fuel rods with gad o lin ium 16 rods
8 % Gd2O3 [11] – 40 rods

8 % Gd2O3 [16]

Dis charge burnup [MWd/kgU] [4] 45 45 55

Bo ron con cen tra tion in wa ter [ppm] 650 650 –

Cool ant den sity [gcm–3] 0.753 [11] 0.761 0.705



iden ti cal dis charge burnup is less ev i dent. This ef fect,
most pro nounced dur ing sev eral first years of cool ing,
di min ishes with time. For in stance, af ter 1 year,
NuScale FA ex hib its 19 % higher ac tiv ity and 17 %
more de cay heat than SMR-160 FA, but af ter 7 years,
this gap nar rows to 4  % and 1 %. At iden ti cal dis -
charge burnup and sim i lar cool ant den sity (see tab. 1
for NuScale and SMR-160 fuel as sem blies), the ef fect
can re sult from dis tinc tions due to the pres ence of gad -
o lin ium rods in the NuScale FA and dif fer ences in ini -
tial en rich ment and lin ear ther mal power. No ta bly, our
ad di tional com pu ta tion for NuScale FA at the same
lin ear power of 24893 Wcm–1 as for SMR-160 FA has
re vealed that NuScale FA ex hib its slightly lower ra -
dio log i cal char ac ter is tics com pared to SMR-160 FA.
The dif fer ence de creases from 1 % to al most 0 % for
ac tiv ity and from 3 % to 1 % for de cay heat through out
10 years of cool ing. These dif fer ences in ra dio log i cal
char ac ter is tics re sult from greater ini tial en rich ment
and the pres ence of gad o lin ium rods in the NuScale
FA. Re turn ing to the de pend en cies shown in figs. 2
and 3, we can con clude that some what higher ra dio -
log i cal char ac ter is tics for the NuScale FA com pared to 

the SMR-160 FA are caused by higher spe cific power,
which af fects pre dom i nantly short-lived nu clide com -
po si tion (for the con sid ered SMR as sem blies, spe cific
power val ues are ap prox i mately pro por tional to lin ear
ther mal power val ues, be cause of very close val ues of
mass of ini tial heavy met als per unit length). This
aligns with pre vi ous find ings [14], that the gamma
source re lated to 144Pr fol lows a power law re la tion -
ship of p0.65, where p is spe cific power. For the cal cu la -
tions cor re spond ing to figs. 2 and 3, 144Ce (the half-life 
is 285 days) and its short-lived daugh ter 144Pr (the
half-life is 17.3 min utes), con trib ute about 1/3 to the
ac tiv ity and de cay heat af ter one year of cool ing but
less than 1 % af ter 7 years. How ever, the con tri bu tions
for the NuScale FA are greater than for the SMR-160
FA. The same rea sons are likely to ex plain sim i lar dif -
fer ences in ra dio log i cal char ac ter is tics be tween UK
SMR and VVER 1000 FA, see figs. 2 and 3.

The val ues per fuel as sem bly de pend on its di -
men sions. The SMR-160 FA is lon ger than the
NuScale FA, there fore, with the same burnup, the ra -
dio log i cal char ac ter is tics of the SMR-160 FA are
higher. Radiotoxicity, ac tiv ity, and de cay heat are im -
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Fig ure 1. Ge om e try of the com pu ta tional model plot ted by Ser pent: (a) – NuScale FA, (b) – UK SMR FA,
(c) – SMR-160 FA, and (d) – VVER-1000 TVS-A



por tant char ac ter is tics for near-term spent fuel han -
dling, trans por ta tion, and stor age, as well as for
long-term waste dis posal plan ning. For the fi nal geo -
log i cal dis posal, ra dio log i cal char ac ter is tics should be 
an a lyzed on the time scale of cen tu ries and mil len nia,
which can be the next re search step. Ta ble 2 pres ents
spent fuel ra dio log i cal char ac ter is tics cal cu lated per
as sem bly af ter dis charge and 7 years of cool ing in the
spent fuel pool.

The ra dio log i cal char ac ter is tics of spent fuel and
the risks as so ci ated with them come from two groups of
iso topes – fis sion prod ucts and trans uranic el e ments.
How ever, not all of them are equally im por tant. We have
fig ured out the main con tri bu tors to the ra dio log i cal
char ac ter is tics, to gether with their per cent age con tri bu -

tions to radiotoxicity, ac tiv ity, and de cay heat. They are
trans uranic iso topes 238Pu, 239Pu, 240Pu, 241Pu, 241Am,
244Cm, and fis sion prod ucts 90Sr, 90Y, 134Cs, 137Cs,
137mBa,  147Pm,  154Eu.  Each of them con trib utes at least 2 
% to one or more ra dio log i cal char ac ter is tics. The data in
tab. 3 are pre sented for the NuScale FA. For the SMR-
160, UK-SMR, and VVER-1000 fuel as sem blies, the list 
of nuclides con trib ut ing more than 2 % to the ra dio log i -
cal char ac ter is tics re mains un changed. For the UK SMR
and VVER-1000, which un dergo deeper burnup, the
con tri bu tions of nu clide 244Cm to tox ic ity and de cay heat
in crease by a fac tor of nearly 1.5 and 2.0, re spec tively;
the con tri bu tions of other iso topes dif fer less.

Ta ble 4 shows masses of the main iso topes per
unit mass of ini tial heavy met als for NuScale SMR, UK
SMR, SMR-160, and VVER-1000. Be sides short-lived 
and me dium-lived fis sion prod ucts shown in tab. 3, tab.
4 in cludes also the iso topes with a very long half-life,
99Tc, 135Cs, 129I, 107Pd, 93Zr.

Plan ning of the SNF storages (on-site, re gional,
or cen tral ized) for each of the SMR types re quires the
num ber of SNF as sem blies NFA pro duced dur ing the
en tire life of the plant. This num ber can be roughly es -
ti mated us ing the avail able data on the ba sic pa ram e -
ters of the re ac tor. The ther mal en ergy E re leased by
the re ac tor dur ing its life time t can be found as fol lows

E P t= thh (1)

where Pth is the nom i nal re ac tor ther mal power and h –
the ca pac ity fac tor. Know ing the av er age fuel burnup
B, which is the en ergy re leased per unit mass of ura -
nium, we then find the to tal mass of ura nium mU,tot  re -
quired to pro duce the en ergy E

m
E

B
U, tot = (2)

We as sume that the av er age burnup is the same
as spec i fied in tab. 1. Once mU,tot is known, the cor re -
spond ing num ber of as sem blies NFA is given by

N
m

m
FA

U, tot

U,FA

= (3)
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Fig ure 2. Ac tiv ity per unit length of the FA up to 10 years
af ter dis charge

Fig ure 3. De cay heat per unit length of the FA up to 10
years af ter dis charge

Ta ble 2. To tal in ha la tion tox ic ity, ac tiv ity, and de cay heat
per as sem bly af ter dis charge and 7 years of cool ing

Char ac ter is tic NuScale SMR-160 UK SMR

Tox ic ity [10–10 Sv] 1.18 2.41 2.43

Ac tiv ity [10–15 Bq] 5.72 10.19 9.56

De cay heat [W] 466.9 855.2 856.5

Ta ble 3. The nu clide con tri bu tions that ex ceed 2 % of 
in ha la tion tox ic ity, ac tiv ity, and de cay heat for NuScale
spent fuel as sem bly af ter dis charge and 7 years of cool ing

Iso tope Tox ic ity [%] Ac tiv ity [%] Heat [%]
238Pu 38 – 8
239Pu 3 – –
240Pu 6 – –
241Pu 21 19 –

241Am 14 – 3
244Cm 16 – 7

90Sr – 14 5
90Y – 14 25

134Cs – 3 11
137Cs – 19 7

137mBa – 18 24
147Pm – 5 –
154Eu – – 3



where mU,FA is the mass of ura nium per fuel as sem bly.
We cal cu lated this value from the Ser pent FA mod els.
Table 5 shows the re sults eval u ated us ing eqs. (1)-(3).

It should be noted that the re sults of this study of -
fer just a gen eral un der stand ing of the ex pected SNF
char ac ter is tics, which can vary within cer tain lim its.
The SMR pro jects con tinue to evolve with time to al -
low higher burnup at dis charge and better uti li za tion of 
nu clear fuel. De pend ing on the in-core man age ment,
the pa ram e ters of SNF as sem blies will vary due to dif -
fer ent in di vid ual in-core his to ries. The re sults pre -
sented above are an ex am ple of SNF char ac ter is tics,
based on the ap plied as sump tions and cur rently avail -
able in put data.

Com pared to large re ac tors, SMRs have smaller
cores; that can lead to in creased neu tron leak age and
greater inhomogeneity of the neu tron field within the
core. Burnup cal cu la tions per formed in an in fi nite ge -
om e try (con sid er ing sep a rate fuel as sem bly with re -
flec tive or pe ri odic bound ary con di tions) do not take
into ac count neu tron leak age and the het er o ge ne ity of
the neu tron field. Con se quently, the er ror in such cal -
cu la tions for SMR could be greater than for large re ac -
tors. To ac cu rately as sess these ef fects, it is nec es sary
to carry out 2-D and 3-D full-core cal cu la tions. Such
an ex ten sive anal y sis is be yond the scope of this work

and has not been car ried out by other au thors, to the 
best  of our knowl edge. How ever, in large light wa ter
re ac tors neigh bor as sem blies can also im pact the neu -
tron spec trum and cre ate strong inhomogeneity of the
neu tron field. The pre vi ous in ves ti ga tion has re vealed 
[13]  that  neigh bor  as sem blies typ i cally im pact the as -
sem bly to tal fis sile con tent by ap prox i mately 1 %, for
UO2 fuel; fre quently, the re sults ob tained by dis re -
gard ing neigh bor as sem blies were close to those ob -
tained from more com pre hen sive neigh bor mod els.

Ac cord ing to [21], the lower SNF dis charge
burnup for light wa ter SMR can re sult in a greater
amount of spent fuel per unit of en ergy pro duced,
com pared to con ven tional large re ac tors. How ever,
the quan tity of fis sion prod ucts per unit of en ergy pro -
duced re mains the same, while the quan tity of trans -
uranic el e ments per unit of en ergy pro duced (such as
238Pu, 241Pu, 241Am, 244Cm, which con trib ute sig nif i -
cantly to ra dio log i cal char ac ter is tics) de creases rap -
idly with de creas ing burnup [14]. As a re sult, lower
dis charge burnup of SMR SNF can lead to re duced de -
cay heat, ac tiv ity, and tox ic ity, thereby fa cil i tat ing the
han dling and stor age, while also re duc ing as so ci ated
costs.

All SMR pro jects con sid ered in this study in cor -
po rate on-site dry stor age fa cil i ties for the en tire du ra -
tion of re ac tor op er a tion. How ever, it may be de sir able
to trans port SNF from SMR as it ac cu mu lates, to a cen -
tral ized stor age fa cil ity. If SMR are de ployed at mul ti -
ple lo ca tions through out Ukraine, a com pre hen sive
plan for SNF trans por ta tion through out the coun try
will need to be de vel oped.  Since the CSFSF in the
Chornobyl Ex clu sion Zone is de signed to store SNF
from ex ist ing large re ac tors, it will need to be ex -
panded or new stor age fa cil i ties will need to be con -
structed. Fur ther more, in light of the plans to de ploy
SMR in Ukraine, ex pe dit ing the res o lu tion of the fi nal
geo log i cal dis posal is sue is es sen tial. A com pre hen -
sive and timely ad dress ing of SMR SNF man age ment
is sues will help to gain the nec es sary sup port of lo cal
com mu ni ties and con trib ute to the de vel op ment of nu -
clear en ergy in Ukraine.

CON CLU SIONS

At pres ent, Ukraine con sid ers the pos si bil ity of
de ploy ment of wa ter-cooled SMR in the near fu ture,
VOYGRTM (NuScale Power Cor po ra tion, USA), UK 
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Ta ble 4. Mass con tent of the iso topes in the fuel as sem blies
(mg/g of ini tial heavy met als)

Iso tope Half-life NuScale SMR-160 UK SMRVVER-1000
238Pu 87.7 y 0.26 0.31 0.40 0.38
239Pu 2.41×104 y 5.91 5.73 6.11 6.21
240Pu 6.56×103 y 2.62 2.65 3.07 3.11
241Pu 14.2 y 1.13 1.10 1.33 1.37

241Am 4.33×102 y 0.52 0.52 0.61 0.61
244Cm 18.1 y 0.04 0.05 0.10 0.13

90Sr 28.79 y 0.61 0.58 0.71 0.69
90Y 64.6 h 1.5×10–4 1.5×10–4 1.8×10–4 1.7×10–4

134Cs 2.06 y 0.02 0.01 0.02 0.03
137Cs 30.17 y 1.37 1.34 1.68 1.70

137mBa 2.55 min 2.1×10–7 2.0×10–7 2.6×10–7 2.6×10–7

147Pm 2.62 y 0.03 0.03 0.04 0.04
154Eu 8.59 y 0.02 0.02 0.03 0.03
99Tc 2.11×105 y 1.04 1.05 1.23 1.20

135Cs 2.3×106 y 0.69 0.74 0.78 0.58
129I 1.6×107 y 0.21 0.21 0.26 0.27

107Pd 6.5×106 y 0.28 0.30 0.39 0.42
93Zr 1.53×106 y 0.97 0.95 1.14 1.11

Ta ble 5. The to tal num ber of SNF as sem blies pro duced dur ing the SMR life time,
at the ca pac ity fac tor of h = 0.95

Value

NuScale SMR
t = 60 y

Pth =250 MW
B = 45 MWd/kgU

SMR-160
t = 80 y

Pth =525 MW
B = 45 MWd/kgU

UK SMR
t = 60 y

Pth =1358 MW
B = 55 MWd/kgU

mU,tot [kg] 116000 324000 514000

mU,FA [kg] 250 470 350

NFA 464 690 1470



SMR (Rolls-Royce SMR Ltd, UK) and SMR-160
(Holtec In ter na tional, USA). Op er at ing nu clear re ac -
tors in Ukraine, are of the VVER type. In this work, we 
per form 2-D in fi nite-core de ple tion cal cu la tions of the 
SMR fuel as sem blies and the VVER-1000 as sem bly
us ing the Monte Carlo code Ser pent. Main SNF char -
ac ter is tics af fect ing the SNF man age ment were eval u -
ated: ac tiv ity, de cay heat, and in ha la tion tox ic ity (per
unit length of the as sem bly and as sem bly), the con tri -
bu tions of nuclides that ex ceed 2 % of ac tiv ity, de cay
heat, and in ha la tion tox ic ity, and mass con tent of these
nuclides per unit mass of heavy met als. We also eval u -
ated the to tal num ber of SNF as sem blies pro duced
dur ing the en tire life of the plant, for each SMR type.
From the ob tained re sults, the fol low ing con clu sions
can be made.

The in ha la tion tox ic ity, ac tiv ity, and de cay heat
per unit length of the SNF as sem bly, are close for the
con sid ered SMR and the VVER-type re ac tors. There -
fore, SNF from the con sid ered SMR will not cre ate
new is sues for ra dio ac tive waste man age ment in
Ukraine. For the three SMR, the eval u ated ra dio log i -
cal char ac ter is tics do not ex ceed those for large
VVER-1000 re ac tors cur rently op er at ing in Ukraine.

Com pared to UK SMR and VVER-1000 SNF,
NuScale and SMR-160 SNF fuel as sem blies ex hibit
lower in ha la tion tox ic ity, ac tiv ity, and de cay heat per
unit length, and re quire shorter cool ing time in the
used fuel pool be fore mov ing to dry cask stor age.

Among the stud ied SNF as sem blies with iden ti -
cal dis charge burnup (45 MW/kgU for NuScale and
SMR-160, and 55 MW/kgU for UK SMR and VVER-
1000) the NuScale and VVER-1000 as sem blies ex -
hibit no tice ably higher ra dio log i cal char ac ter is tics
through out sev eral ini tial years of cool ing in the pool.
These dif fer ences are re lated to sig nif i cantly higher
spe cific power for NuScale and VVER-1000 com -
pared to SMR-160 and UK SMR, cor re spond ingly.
The ef fect of spe cific power on the ra dio log i cal char -
ac ter is tics dom i nates over the ef fect of other dis tinc -
tions be tween the stud ied as sem blies with iden ti cal
dis charge burnup (in ini tial en rich ment, burnable poi -
son con tent, and cool ant den sity), at least dur ing the
first 5 years of cool ing. The power-de pend ent al ter -
ations in the nu clide com po si tion of SNF as sem blies
can be of po ten tial im por tance for safe guard mea sures
and non de struc tive test ing of the SMR SNF.

The three SMR sig nif i cantly dif fer in to tal num ber
of SNF as sem blies pro duced dur ing the en tire life of the
plant, mainly due to dif fer ent re ac tor heat power and ac -
tive length of the fuel as sem bly. This could be im por tant
for the sit ing of plants (in clud ing on-site dry stor age) as
well as op tions for the de vel op ment of de cen tral ized and
cen tral ized SNF man age ment in Ukraine.

The es ti mates of SNF char ac ter is tics ob tained in
this work can help to eval u ate the NuScale, UK SMR,
and SMR-160 pro jects un der con sid er ation for con -
struc tion in Ukraine in terms of SNF man age ment and

their in clu sion in the ra dio ac tive waste man age ment
scheme in Ukraine, to rea son ably in form the pub lic
about the risks as so ci ated with SMR ra dio ac tive
waste, and to pre pare pub lic opin ion for the in tro duc -
tion of new SMR tech nol o gies in Ukraine.
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Olena KOTIJAINCEVA, Volodimir KOTIJAINCEV, Volodimir GULIK

RADIJACIONE  KARAKTERISTIKE  UTRO[ENOG  NUKLEARNOG  GORIVA
MALIH  MODULARNIH  REAKTORA  U  RAZMATRAWU

ZA  UPOTREBU  U  UKRAJINI

Mali modularni reaktori predstavqaju obe}avaju}u tehnologiju za proizvodwu
elektri~ne energije, nude}i re{ewa za energetsku krizu i ubla`avawe emisija gasova staklene
ba{te. Po{to Ukrajina razmatra raspore|ivawe NuScale, UK SMR i SMR-160, od kqu~ne je
va`nosti da se pozabavi sigurnosnim upravqawem istro{enim nuklearnim gorivom. Ova studija
fokusira se na procenu radijacionih karakteristika utro{enog nuklearnog goriva iz odabranih
malih modularnih reaktora i, radi pore|ewa, iz reaktora VVER -1000. Koriste}i Monte Karlo
kod Ser pent, izvr{eni su prora~uni osiroma{ewa za gorivi sklop u beskona~noj 2-D geometriji i
procewena je aktivnost, toplotno slabqewe i inhalaciona toksi~nost utro{enog nuklearnog
goriva. Odredili smo glavne nuklide koji doprinose radijacionim karakteristikama i
kvantifikovali maseni sadr`aj ovih nuklida. Procewen je ukupan broj utro{enih sklopova
nuklearnog goriva nastalih tokom ~itavog ̀ ivotnog veka svakog malog modularnog tipa reaktora.
Radijacione karakteristike procewene za tri mala modularna reaktora ne prelaze one uo~ene za
reaktore VVER-1000 koji trenutno rade u Ukrajini. Otuda, utro{eno nuklearno gorivo
proizvedeno u odabranim malim modularnim reaktorima ne}e predstavqati nove izazove za
ukrajinski sistem upravqawa radioaktivnim otpadom. Rezultati ovog rada pru`aju dragocene
uvide za identifikaciju optimalnih tehnologija malih modularnih reaktora za Ukrajinu u
pogledu sigurnosnog upravqawa utro{enim nuklearnim gorivom.

Kqu~ne re~i: mali modularni reaktor, upravqawe utro{enim nuklearnim gorivom,
                         NuScale, UK SMR, SMR-160, Ser pent, karakteristika utro{enog nuklearnog 
.........................goriva


