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Fol low ing the global trend for car bon-free en ergy pro duc tion, Greece shut down most of its
coal power plants and in stalled so lar and wind sys tems for elec tric ity pro duc tion. Due to the
time vari a tions in the en ergy pro duc tion of these sys tems, a com ple men tary power source is
needed, with the abil ity to change its out put on de mand. Small mod u lar re ac tors com bine
zero-car bon emis sions with the abil ity to vary the power pro duc tion on de mand. The ob jec -
tive of this study is to ex am ine the en er getic com pet i tive ness of five ap pro pri ately se lected
small mod u lar re ac tors com pared to the to tal power pro duc tion of coal power plants in
Greece. The daily and monthly dis tri bu tion of gen er ated en ergy of the pre vi ous year (2023) is
an a lyzed to dem on strate the po ten tial op er a tion of small mod u lar re ac tors in Greece's elec tri -
cal grid. The out come ad dresses whether de ploy ing a small mod u lar re ac tor is en er get i cally
ben e fi cial for Greece and in di cates the num ber of mod ules re quired or how many small mod -
u lar re ac tors, in com bi na tion with re new able sources, can meet the de mand. The an nual coal
power plant pro duc tion of Greece of 4.5 TWh can be sub sti tuted with one multi-mod ule
small mod u lar re ac tor or a com bi na tion of them, ap pro pri ately lo cated.

Key words: small mod u lar re ac tor, elec tri cal power in Greece, re new able en ergy, coal power plant,
fos sil fuel power plant, load fol low ing mode, base-load mode, nu clear power plant

INTRODUCTION

Current situation and challenges

Dis cus sions about the bal ance be tween the
safety is sues and the prof its of nu clear en ergy are oc -
ca sion ally re kin dled, in coun tries that do not pro duce
nu clear power yet. Such an oc ca sion is the re cent
grow ing de vel op ment of small mod u lar re ac tors
(SMR). The Fit-for-55 pro gram of the Eu ro pean
Coun cil aims to re duce green house gas emis sions by
55 % by 2030 and achieve to tal car bon neu tral ity by
2050 [1]. Greece, as an EU mem ber state, at tempts to
achieve that goal by de creas ing the en ergy gen er ated
by fos sil fuel power plants (FFPP) and spe cif i cally by
coal power plants (CPP). Re new able sources, like so -
lar and wind, ex pand rap idly but have the dis ad van -
tage of de pend ency upon me te o ro log i cal con di tions.
More sta ble sources can be found in nat u ral gas, oil,
and nu clear power. While nat u ral gas, oil, and nu clear
fuel have be come in creas ingly ex pen sive, nu clear en -
ergy of fers the ben e fits of zero-car bon emis sions and
lon ger fu ture ex ploi ta tion pe ri ods. This study an a lyzes 

the op er a tional modes in which SMR could op er ate
and con trib ute to the Greek en ergy system.

There are more than 98 dif fer ent SMR de signs
un der de vel op ment and de ploy ment at dif fer ent stages
to day. Sev eral pro to types of SMR are un der con struc -
tion or in com mer cial op er a tion, while other de signs
are mak ing sig nif i cant li cens ing prog ress and are ex -
pected to be con structed as ini tial pro to types by 2030
[2, 3]. The re duced size of SMR re sulted in many ad -
van ta geous fea tures, such as lower core in ven to ries,
en hanced flex i bil ity, in her ent safety, etc. As a re sult,
the im proved techno-eco nomic char ac ter is tics of
small-sized re ac tors stood out the over all com pet i tive -
ness of this tech nol ogy [4]. More in for ma tion about
the techno-eco nomic trends of cur rently op er at ing nu -
clear power sys tems can be found in ref er ence [5].

The fol low ing in stal la tion chal lenges of SMR,
men tioned in [3, 6, 7], are rel e vant to the Greek re al ity:
fuel waste and spent fuel man age ment,  in vest ment costs, 
com ple men tary op er a tion with renewables, ful fill ment
of sit ting re quire ments, de com mis sion ing plan, and
safety con sid er ations and le gal frame work needed for the 
de ploy ment. In main land Greece, there are two ar eas
with in stalled CPP: West ern Mac e do nia in North ern
Greece and Meg a lop o lis in the Peloponnesus, south of
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Ath ens. These lo ca tions al ready have power in stal la tion
for the trans fer of the pro duced en ergy, mak ing them
ideal for the de ploy ment of SMR to le ver age the ex ist ing
in fra struc tures. Fur ther in ves ti ga tions must be con -
ducted re gard ing the op ti mal de ploy ment site, con sid er -
ing en vi ron men tal and civil fac tors.

Ad di tion ally, the mod u lar ity of an SMR al lows it 
to be fac tory-as sem bled and trans ported in in te grated
parts to a lo ca tion for in stal la tion. This char ac ter is tic
en ables off-grid de ploy ment in re mote ar eas, such as
is lands. For in stance, Crete could de velop an SMR and 
pro duce en ergy for elec tric ity and de sa li na tion [8].

Operating modes and fuel management

The op er a tion of a SMR is sim i lar to that of a
con ven tional nu clear power plant (NPP). The op er at -
ing modes are: base-load mode, pri mary, sec ond ary
fre quency con trol, and load-fol low ing mode [9]. 

Base-load mode de liv ers con stant power dur ing
al most the en tire re ac tor's op er a tional pe riod. How -
ever, since the op er a tion cost of an NPP in cludes rel a -
tively high cap i tal costs, it makes more eco nomic
sense to op er ate them con tin u ously near their max i -
mum power ca pac ity [9, 10].

Pri mary and sec ond ary fre quency con trols reg u -
late the grid fre quency to the de sired level (e. g., 50 Hz
for Greece). The pri mary fre quency con trol al lows
short-term ad just ment of power pro duc tion to the
grid's de mand in a time frame of 2-30 sec onds af ter the
de vi a tion is de tected. Typ i cally, power mod u la tions
fall within the range of 2 % of the nom i nal power.
Sec ond ary fre quency con trol ad justs the power out put
setpoint to re store the grid fre quency pro gres sively to
its nom i nal value. This pro ce dure mod i fies the power
level within the range of 5 % Pn [9].

Load-fol low ing mode can ad just power pro duc -
tion in re sponse to vari a tions in elec tric ity de mand. The
ca pa bil ity of ma neu ver ing the gen er ated power of an
SMR is de ter mined by the man u fac tur ers and is based on
the re quire ments of grid op er a tors. Ac cord ing to the Eu -
ro pean Util i ties Re quire ments (EUR), a re ac tor must be
ca pa ble of con tin u ous op er a tion be tween 50 % and 100
% of its rated power, with a power out put change rate of
3-5 % of rated power per min ute [9]. To adapt to the
day-night al ter na tion in elec tric ity de mand, load fol low -
ing is im ple mented with 18 hours of op er a tion at rated
power and 6 hours at  low  power  with  ad just ments of
2-5 % of rated power per min ute [8]. Load fol low ing
mode has eco nomic con se quences re lated to the re duc -
tion in the load fac tor of the plant. How ever, the main
prob lem is the thermo-me chan i cal stress ap plied to the
plant dur ing fre quent and steep tem per a ture changes due
to rapid changes in power out put. There fore, load fol -
low ing may in crease slightly the main te nance costs of
the power sta tion [9-11].

The de pend ence of re new able en ergy sources
(RES) on me te o ro log i cal con di tions cou pled with the

low-ef fi ciency fac tor, re sults in in ter mit tent op er a tion of
those units dur ing the day. As a re sult, a re li able power
plant, such as an SMR, could help meet the ex cess power
de mand. This is why the con cept of nu clear-re new able
hy brid en ergy sys tems (NRHES), which in te grates re -
new able sources with NPP, is be com ing in creas ingly at -
trac tive. Load fol low ing is the main op er a tional mode of
NRHES, even though in these sys tems it is com mon to
use the ex cess power for nu clear cogeneration [12].

The op er a tion cy cle of an SMR re lies on the fuel
cy cle and the to tal fuel burn-up of the re ac tor. These
two fac tors dif fer de pend ing on the type of SMR [2].
The du ra tion of the fuel cy cle along with the spent fuel
man age ment plays a cru cial role in the pro cess of de -
ploy ment. New tech nol o gies in tro duce new types of
fuel. Fol low ing the Fukushima ac ci dent, the con cept
of ac ci dent-tol er ant fu els (ATF) has been gain ing mo -
men tum. The ATF is de fined as any fuel that could
with stand a loss-of-cool ant ac ci dent (LOCA) for a
lon ger pe riod than the con ven tional fuel used in NPP
[12]. The sustainability of SMR re quires plan ning for
de com mis sion ing and man ag ing spent fuel and waste
early in their de vel op ment to avoid later li a bil i ties.
Many de signs pro pose lon ger op er a tion cy cles be -
tween re fu el ing, rang ing from 1.5-20 years. A spent
fuel pool for tem po rary stor age of the used fuel is in -
cluded in the unit [4].

Con sid er ing the some what lower burn-up of
some SMR, they tend to gen er ate a bit more spent fuel
than a con ven tional NPP. Due to the in ter mit tent op er -
a tion of an SMR, the burn-up is re duced, add ing to the
to tal spent fuel pro duced by the re ac tor [12]. De spite
that, the dis charged burn-up is lower for SMR and,
there fore, the to tal spent fuel can be mod er ated [8]. 
These cons are in fa vor of the base-load mode op er a -
tion. Many SMR de vel op ers point out the op ti mized
de sign and ma te ri als that are used, that lead to lower
gen er a tion of waste, like bo ron-free tech nol ogy and
lon ger re fu el ing cy cles [2]. The lat ter might af fect fuel
per for mance and other as pects, such as core main tain -
abil ity, on line ac cess to ser vice key com po nents, and
dif fer ent man age ment of the spent fuel [2]. Also, so -
phis ti cated risk as sess ment meth ods can be ex ploited
to en sure the safety and se cu rity of ra dio ac tive waste
man age ment [13].

For LWR-SMR, var i ous fuel cy cles are adopted
de pend ing on the de sign. The fuel en rich ment of
LWR-SMR is typ i cally low, be low 5 %. Con se quently, 
the SMR main tains low dis charged burn-ups, from 2.3
to 162.4 GWd/tHM*, and achieves re fu el ing cy cles
ev ery 18, 24, or more months. The de sign of the SMR
in cluded pro vi sions for stor ing spent fuel for up to 10
years dur ing the re ac tor's life time [2]. Gen IV SMR
use dif fer ent types of fuel as sem blies to achieve re ac -
tor crit i cal ity. High tem per a ture gas-cooled SMR em -
ploy tristructural iso tro pic (TRISO) coated par ti cle
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fuel, which re fu els dur ing op er a tion. The typ i cal dis -
charge burnup of these SMR is sub stan tially higher,
rang ing be tween 60 to 165 GWd/tHM de pend ing on
the fuel cy cle [2]. The pro duc tion of TRISO el e ments
needs to be con ducted in con tem po rary fa cil i ties,
which are spe cif i cally made for this type of pro duc tion 
line. The re ac tor's burnup is a crit i cal fac tor in de ter -
min ing the quan tity of pro duced spent fuel. The SMR
have lon ger fuel cy cles and large spent fuel pool ca -
pac i ties, al low ing for ex tended pe ri ods of op er a tion
with out the im me di ate need for waste man age ment
con sid er ation.

POWER PRODUCTION IN GREECE

The to tal dis tri bu tion of power pro duc tion in the
coun try has changed dras ti cally in re cent years, with
the rise of re new able en ergy pro duc tion and the de -
crease in elec tric ity pro duc tion from fos sil fuel power
sta tions. As seen in tab. 1 [14], the to tal power de mand
is sta ble at around 50 TWh per year. From 2013 to
2023, the in cre ment of en ergy pro duc tion by re new -
able sources and the de cline of en ergy pro duc tion by
coal is no tice able. Fur ther more, en ergy pro duc tion
from com bined cy cle power plants, known for their
im proved ef fi ciency, along with the in crease in es ti -
mated an nual im ports, un der scores the coun try's need
for a more re li able mode of en ergy pro duc tion. Dur ing
the COVID-19 quar an tine (2020-2021), elec tric ity
im ports de creased while the over all elec tric ity de mand 
re mained con stant. Dur ing that pe riod coal power pro -
duc tion re duced by 4 TWh an nu ally and sta bi lized at
around 5 TWh per year. Con versely, the to tal en ergy
pro duc tion by nat u ral gas sta tions grad u ally in creased
over the years. The cause of this in cre ment was the low 
cost of nat u ral gas, un til the out break of the Rus -
sian-Ukrai nian war.

In 2013, Greece pri mar ily re lied on fos sil fuel
power sta tions, in clud ing twenty-one CPP, four teen
com bined cir cle power plants op er at ing mainly with
nat u ral gas, and four pe tro leum-fu eled ther mal power
sta tions. By 2021, there were ten op er a tional CPP.

These CPP were shut down over the fol low ing two
years due to the con struc tion of the Ptolemaida 5, a
state-of-the-art CPP with an es ti mated power ca pac ity
of 616 MWe.

Ta ble 2 shows the to tal power gen er a tion in
GWh of ev ery op er a tional CPP from 2020 to 2023.
The Ptolemaida 5 CPP was un der con struc tion un til it
be gan op er a tion in De cem ber 2022. A few months be -
fore the be gin ning of its op er a tion, five CPP, with a to -
tal power ca pac ity of 1361 MWe, were grad u ally shut
down [14]. The to tal power ca pac ity of these CPP was
un der taken by the Ptolemaida 5 CPP and a few new
com bined cy cle power plants. From tab. 2 it is sup -
posed that in the fol low ing years, the need for cleaner
en ergy will lead to the shut down of the CPP Ag.
Dimitrios I and II and CPP Meg a lop o lis IV [15]. 

To dem on strate the quan tity of gen er ated power
that needs to be re placed by 2050 this study pri mar ily re -
lies on data from 2022 and 2023 [16]. Since 2019, RES
have been in te grated into the grid at a higher rate than be -
fore, lead ing to a sig nif i cantly lower con tri bu tion from
CPP in to tal power pro duc tion. In ad di tion, the pan demic
changed slightly the power de mand and there fore the to -
tal gen er a tion of en ergy, due to the quar an tines. These
facts led to the se lec tion of the past 24 months for this
study. Fig ure 1 shows the to tal monthly dis tri bu tion of
gen er ated power in Greece dur ing 2023. July has the
high est elec tric ity de mand, and the great est amount of
en ergy is pro duced by renewables. The curve il lus trates
the to tal power that ide ally should be re placed by a
zero-emis sion en ergy source, such as NPP. Then the
monthly de mand by an NPP will be around 1.5-3 TWh
with an av er age of 1.78 TWh elec tri cal power. The min i -
mum and max i mum val ues are 1.34 and 2.99 TWh, re -
spec tively.

Now a days, around 20 TWh are an nu ally pro -
duced by Greek FFPP; from this num ber, only 4.5
TWh is pro duced from CPP, as shown in tab. 2 [16]. A
to tal ca pac ity power of 700 MWe (of a multi-mod ule
SMR, or sev eral units in an SMR plant) gen er ates 4.84
TWh elec tric ity per year, con sid er ing their re ac tor op -
er ates at 80 % of its nom i nal power. This amount of en -
ergy is equiv a lent to the en ergy pro duced by CPP an -
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Ta ble 1. To tal power dis tri bu tion of en ergy from 2013 to 2023 [14]

Year Power
de mand [TWh]

Re new able en ergy
pro duc tion [TWh]

Hy dro elec tric en ergy
pro duc tion [TWh]

Coal power
pro duc tion [TWh]

Nat u ral gas en ergy
pro duc tion [TWh]

Im ports
[TWh]

2013 50.7 8.2 5.6 23.2 12.1 6.3
2014 50.4 8.6 3.9 22.7 6.3 13.3
2015 51.4 9.4 5.4 19.4 7.3 14.3
2016 51.2 10.2 4.8 14.9 12.5 13.5
2017 52.0 10.6 3.5 16.4 15.4 10.9
2018 51.5 11.0 5.1 14.9 14.1 11.0
2019 52.2 12.4 3.4 10.4 16.2 14.9
2020 50.1 14.8 2.9 6.9 17.8 13.2
2021 52.4 17.2 5.3 5.3 20.9 10.4
2022 50.7 19.6 4.0 5.6 17.9 11.9
2023 49.5 21.4 4.0 4.5 14.6 14.5



nu ally. One ef fec tive way to ex ploit nu clear power is
to op er ate an SMR in base load mode in com bi na tion
with any com bined cy cle sta tions that emit low green -
house gases. Then the peaks of the de manded elec tri -
cal power, which can not be fol lowed by the power
pro duc tion of the base load mode of the SMR, can be
pro duced by the com bined cy cle sta tions. How ever,
new SMR tech nol o gies can fol low the load by op er at -
ing in load-fol low ing mode, and this op er a tion mode is 
eas ier for multi-mod ule SMR.

To sum up, de ploy ing SMR could di min ish the
to tal power pro duced by FFPP in Greece. For in stance, 
a multi-mod ule SMR with a to tal power ca pac ity of
700 MWe could gen er ate enough power to re place all
cur rently op er at ing CPP. Fur ther more, it has the flex i -
bil ity to op er ate along side re new able en ergy sys tems.

TYPES OF SMALL MODULAR
REACTORS

In this study, five SMR are se lected that could be
po ten tially de ployed in Greece's elec tric grid: two
multi-mode LWR-SMR, one sin gle-unit LWR-SMR,
and two ad vanced (Gen er a tion IV) SMR; one high-

-tem per a ture gas-cooled re ac tor (HTGR) and one liq -
uid metal fast re ac tor. The cri te ria for se lect ing these
SMR are the abil ity to op er ate in load-fol low ing mode, 
ei ther with sin gle or mul ti ple mod ules, en hanced pas -
sive safety sys tems, and a low fuel burn rate, which
could lead to ex tended fuel cir cles. Ad di tion ally, the
seis mic ity of Greece is a sig nif i cant fac tor in de ter min -
ing the best ar eas for in stal la tion. Com mer cial iza tion
and li cens ing of the de signs are the over all cri te ria to
be con sid ered be fore the se lec tion and in stal la tion of
each re ac tor. Ta ble 3 con tains the five types of se lected 
SMR and some of their fea tures. In the fol low ing sec -
tion, the char ac ter is tics of these de signs and the fac tors 
that lead to their se lec tion are pre sented.

NUWARD (EDF)

The NUWARD re ac tor is an in te grated PWR de -
signed to gen er ate 340 MWe with the co op er a tion of
two in de pend ent re ac tor mod ules of 170 MWe each.
[2]. The in de pend ent op er a tion be tween the two mod -
ules of fers flex i bil ity and al lows the re ac tor to in te -
grate with re new able en ergy sources, by work ing in
load-fol low ing mode, with greater ef fi ciency [17].
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Ta ble 2. To tal power pro duc tion from CPP in Greece [16]

Coal power plants Power ca pac ity [MWe]*
Power gen er a tion [GWh]

2020 2021 2022 2023
CPP AG. DIMITRIOS I 274 264.1 332.0 174.6 23.7
CPP AG. DIMITRIOS II 274 419.7 355.1 316.2 63.0
CPP AG. DIMITRIOS III 283 970.7 1119.5 929.1 585.6
CPP AG. DIMITRIOS IV 283 446.2 961.4 809.1 277.1
CPP AG. DIMITRIOS V 342 242.3 45.3 1510.3 1156.7

CPP AMYNTAIO I 273 333.3 0 0 0
CPP AMYNTAIO II 273 186.7 0 0 0
CPP KARDIAS III 280 528.2 333.2 0 0
CPP KARDIAS IV 280 638.9 444.2 0 0

CPP MELITIS I 289 728.7 548.6 718.3 309.6
CPP MEG A LOP O LIS III 255 334.1 31.6 0 0
CPP MEG A LOP O LIS IV 256 629.5 1169.8 983.6 430
CPP PTOLEMAIDAS 5 616 0 0 125.4 1657.3

To tal [GWh] 5722.4 5340.789 5566.6 4503

* MWe means mega watt elec tri cal

Fig ure 1. Monthly
dis tri bu tion in TWh
of the to tal power
gen er a tion in Greece
dur ing 2023 [16]



The NUWARD re ac tor op er ates in base-load and
load-fol low ing modes, with a range of 20-100 % of the 
nom i nal power and a rate of change of 5 % per min ute.
The re ac tor's ba sic grid in ter face com plies with
ENTSO-E and EUR re quire ments, typ i cally at 225 kV
or 400 kV and 50 Hz. The de sign life of the re ac tor is
60 years and the es ti mated con struc tion time, from
first con crete to crit i cal ity, is 36 months [17].

As a re sult, the in de pend ent op er a tion of the two
mod ules, along with the abil ity to op er ate at a load-fol -
low ing mode with a fast rate of change al lows the for -
ma tion of a NRHES in the elec tric grid of Greece. Ad -
di tion ally, the re ac tor's ex ten sive fuel cir cle and
pro vi sional spent fuel man age ment com prise two sig -
nif i cant fea tures for Greece, be cause of the time
needed for the fuel re cy cling strat e gies to be de vel -
oped and im ple mented in the coun try. 

VOYGR (NuScale Power Co.)

The VOYGR SMR by NuScale Power Co. is a
scal able ar range ment of nu clear power mod ules that
op er ate in de pend ently in a multi-mod ule con fig u ra -
tion. The NuScale power mod ule is a small, light-wa -
ter-cooled pres sur ized wa ter re ac tor (PWR) with an
elec tri cal ca pac ity of 77 MWe. The VOYGR plants
con tain a vary ing num ber of these mod ules, pur -
pose-built to meet the cus tomer's en ergy de mands.
Typ i cally, stan dard plants are VOYGR-4 with four
mod ules at 308 MWe, VOYGR-6 with six mod ules at
462 MWe, and VOYGR-12 with twelve mod ules at
924 MWe. The pur pose of the de sign is to gen er ate
power with the flex i bil ity to fol low the grid's de mand
[2].  The multi-mod u lar de sign al lows the shut down
and ac ti va tion of one or more mod ules dur ing pe ri ods
with greater and re duced en ergy pro duc tion by re new -
able sources, re spec tively [4]. Each mod ule is op er -
ated in de pend ently and is re fu eled by dis con nect ing it
from the op er a tion bay and mov ing it to the re fu el ing
area within the re ac tor pool [18]. The re fu el ing is con -
ducted in three parts, on a nom i nal 18-month re fu el ing
cy cle. The es ti mated re fu el ing out age time is 10 days.
The re fu el ing pro cess does not af fect the over all op er -
a tion of the plant, con sid er ing that the nom i nal power
of a mod ule is only 77 MWe. The spent fuel pool pro -
vides stor age for up to 10 years of used fuel as sem -
blies. The plant site lay out in cludes space al lo ca tion
for dry stor age of all used fuel for the 60-year de sign
life of the plant [2].

In con clu sion, the great power ma neu ver abil ity
of the VOYGR SMR, con sid er ing the in de pend ence
of each mod ule that could fol low the grid's de mand,
the si mul ta neous op er a tion and main te nance, and the
fuel man age ment, ren ders it an ap peal ing op tion for
Greece. The avail abil ity of the dry stor age fa cil ity cov -
er ing a pe riod of 60 years is a ben e fit for Greece, as the
so lu tions for the spent fuel and the ra dio ac tive waste
man age ment must be de vel oped.

BWRX-300 (GE-Hitachi Nuclear Energy &
Hitachi-GE Nuclear Energy)

The BWRX-300 re ac tor by GE-Hitachi Nu clear
En ergy and Hitachi-GE Nu clear En ergy is a small, sin -
gle-mod ule, light-wa ter-cooled BWR SMR with an
elec tri cal ca pac ity of 270-290 MWe. Wa ter serves as
both the cool ant for the core and the neu tron mod er a -
tor; the cir cu la tion of the pri mary cy cle is nat u ral, and
the lay out of the nu clear steam sup ply sys tem fol lows a 
di rect Ran kine cy cle [2, 19]. The lower op er at ing pres -
sure and the lack of a sec ond ary cy cle ad vance the
safety and cost of the re ac tor [19]. The BWRX-300
could op er ate in base-load and load-fol low ing modes,
with a power out put rang ing from 50-100 % of its
nom i nal ca pac ity [19]. Re fu el ing out ages are 10-20
days and the fuel cy cle lasts 12-24 months de pend ing
on the cus tomer's needs [2]. The rel a tively low peak
ground ac cel er a tion of 0.3 g for the safe shut down
seis mic event of the re ac tor al lows for its de ploy ment
in earth quake-prone coun tries [19]. Al though this fea -
ture is com mon in many re ac tors, the BWRX-300 ex -
hib its higher seis mic sen si tiv ity.

Con sid er ing that Greece is an earth quake-prone
coun try, the abil ity to dis able the re ac tor dur ing, even
small, earth quake events is a mat ter of great im por -
tance. Fur ther more, the broad load-fol low ing range of
50-100 % of its nom i nal power and the sim plic ity of re -
ac tiv ity con trol due to xe non sta bil ity, pro vide im -
proved con trol of the NPP in com bined op er a tion with
re new able sources. Lastly, the out stand ing safety fea -
tures of the BWRX-300, with five de fense lines, ren der
this re ac tor one of the saf est com mer cially avail able [2].

Xe-100 (X-Energy, LCC)

The Xe-100 is a small, sin gle-unit, peb ble bed
HTGR with an elec tric ity ca pac ity of 82.5 MWe de -
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Ta ble 3. Types of SMR dis cussed in this study [2]

Re ac tor Tech nol ogy de vel oper/coun try Type Power per
mod ule [MWe] Fuel cir cle [month]

1 NUWARD EDF, France iPWR 170 24
2 VOYGR NuScale Power Co., USA iPWR 77 18
3 BWRX-300 GE-Hitachi Nu clear En ergy, Ja pan & USA BWR 300 12-24
4 Xe-100 X-en ergy, LCC, USA HTGR 82.5 On line re fu el ing
5 ARC-100 ARC Clean En ergy, Can ada SFR 100 240



signed by Xe-En ergy, LCC. The de sign of the re ac tor
core fea tures around 22000 graph ite peb bles, each filled
with 18000 UCO TRISO-coated par ti cles. The core's
mod er a tor is graph ite, and he lium is used as the heat
trans port fluid. At full power, ap prox i mately 173 fresh
peb bles must be added and re moved as spent fuel from
the re ac tor core. This con tin u ous (on line) re fu el ing leads
to core equi lib rium, with an av er age burn-up of 165
GWd/tHM. For fur ther tech ni cal in for ma tion on this
topic, ref er ence [20] stud ies the ki netic pa ram e ters of a
peb ble bed re ac tor with TRISO fuel, sim i lar to the op er -
at ing HTR-10 re ac tor. The re ac tor can op er ate in
load-fol low ing mode, within the range of 40-100% of its
nom i nal power. The main ad van tage of this type of SMR
is the ab sence of a LOCA event. The worst ac ci dent sce -
nario is the to tal loss of power ac com pa nied by the loss of 
he lium fluid, known as the depressurized loss of forced
cool ing (DLOFC). Even dur ing a DLOFC event, the de -
cay heat is re moved via the ther mal char ac ter is tics of the
core and the graph ite core sup port struc tures [2].

These ad van tages, which en sure the re ac tor's high
safety, cou pled with the com mer cial iza tion of the suc -
cess ful Chi nese HTR-PM re ac tor, pres ent it as a se cure
so lu tion for Greece. How ever, the de ploy ment of any
HTGR re ac tor ne ces si tates the use of TRISO fuel par ti -
cles, which must ei ther be im ported or pro duced do mes -
ti cally (in the coun try where the re ac tor is de ployed).
These pro ce dures in crease the op er a tional costs.

ARC-100 (ARC Clean Energy)

The ARC-100 is a so dium-cooled fast re ac tor
SMR with an elec tri cal power ca pac ity of 100 MWe
uti liz ing metal fuel based on en riched ura nium [2].
The op er at ing pres sure of this re ac tor is rel a tively low
and the pos si bil ity of a LOCA event is elim i nated. 

The main ad van tages of this re ac tor are the
affordability of this struc ture and the use of fast neu -
trons which al lows the re ac tor to reburn its re cy cled
burned fuel and achieve a closed fuel cir cle. It is es ti -
mated that the re fu el ing out age oc curs once ev ery 20
years and has a short main te nance out age dur ing that
pe riod [21]. The du ra tion of the re fu el ing, along with
the safety of the fuel as sem bly and the use of pas sive

safety sys tems leads to the se lec tion of this SMR as a
suit able op tion for Greece.

DEPLOYMENT OF A SMALL
MODULAR REACTOR IN THE
GREEK ELECTRICITY SYSTEM

The de ploy ment of a nu clear power unit, such as
an SMR, in the Greek elec tric ity sys tem is not new.
There are plenty of chal lenges that need to be taken
into con sid er ation be fore the de ploy ment of an SMR
in the elec tri cal grid. In the fol low ing sec tions, an anal -
y sis of the se lected SMR is con ducted, con sid er ing
three spe cific days from the pre vi ous year: the day
with the high est power de mand, the day with the low -
est, and one day of typ i cal power de mand in Greece.

Suitable small modular reactors

Al though many fac tors in flu ence the se lec tion of 
the ap pro pri ate SMR, one sig nif i cant fac tor is the abil -
ity to op er ate in load-fol low ing mode. Fig ure 2 shows
the range of pos si ble gen er ated power of the se lected
de signs given by the in ven tors. Note that NuScale pro -
vides a wide range of load-fol low ing of 0-100 %.
Though this is pos si ble, it is op ti mum not to de crease
the gen er ated power be low 50 %, since the plant is
thermo-me chan i cally stressed and is more at trac tive to 
main tain the pri mary cir cuit at a con stant power pro -
duc tion [6]. As a re sult, we as sume that the range of
VOYGR power plants op er ates be tween 50-100% of
their nom i nal power.

An other im por tant con sid er ation is the to tal fuel
cy cle of the SMR and the du ra tion of the re fu el ing pro -
cess. In this case, multi-mod ule SMR are con ve nient
be cause the main te nance and re fu el ing of one mod ule
does not dras ti cally af fect the to tal power gen er ated by 
the unit.

Con sid er ing the pre vi ous point, we can es ti mate
the to tal an nual power gen er ated by each of the se -
lected SMR, as shown in fig. 3. The di a gram in cludes
the to tal power gen er ated by all CPP in the coun try
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Fig ure 2. Range of pos si ble gen er ated
power of the se lected SMR [2]



dur ing 2023. Note that a multi-mod ule VOYGR could
even tu ally sur pass the to tal gen er a tion of CPP. Ta ble 4
pres ents the fuel cy cle and the du ra tion of the re fu el ing 
pro cess as given by the SMR de sign ers of the se lected
re ac tors. The NuScale power plants re quire re fu el ing
each mod ule ev ery 18 months for 10 days. Dur ing this
pe riod, the SMR op er ates nor mally with its full nom i -
nal power, mi nus 77 MWe. The op ti mal ap proach is to
re fuel and main tain each mod ule ev ery 4.5 months for
VOYGR-4, 3 months for VOYGR-6, and ev ery 1.5
months for VOYGR-1. This ap proach en sures that the
to tal elec tri cal ca pac ity re mains con sis tent through out
the year. It is ev i dent that the high est core dis charge
burn-up re sults in the pro duc tion of a greater amount
of spent fuel [6]. Con se quently, al though the Xe-100
SMR may be the saf est of the se lected re ac tors, it has a

high core dis charge burn-up sim i lar to other HTGR
SMR.

Con sid er ing that the an nual en ergy pro duc tion of
each SMR is three-fourths of its yearly out put, the fol -
low ing com bi na tion of SMR can be de ployed to elim i -
nate coal power pro duc tion. A sec ond ary con sid er ation
is the lo ca tion of the in stal la tions. As pre vi ously men -
tioned, Meg a lop o lis' CPP, at the end of its op er a tional
life [22] pro duced 10 % of the to tal an nual pro duc tion
of CPP. There fore, in stall ing a lower power pro duc tion
unit near the cap i tal of Greece would be ben e fi cial, as it
would re duce en ergy trans fer losses. Fig ure 4 pres ents
the com bi na tions of SMR that cover the re cent CPP pro -
duc tion for Greece. M val ues, eq. (1), are de rived by
sub tract ing three-fourths of the max i mum yearly en -
ergy Eni of the ith col umn SMR and three-fourths of the
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Fig ure 3. Range of
an nual gen er ated
en ergy by the SMR
un der con sid er ation [2]

Ta ble 4. To tal power gen er a tion in load-fol low ing mode, fuel cy cle, and du ra tion of
the re fu el ing pro cess of the se lected SMR [2]

SMR Elec tri cal ca pac ity [MWe]
To tal LF power [MWe]

Fuel cy cle [month] Du ra tion [d] Core dis charge
burn-up [GWd/tHM]Min Max

NUWARD 2  170 64 340 24 20 –

VOYGR-4 4  77 154 308 18 10 >30

VOYGR-6 6  77 231 462 18 10 >30

VOYGR-12 12  77 462 924 18 10 >30

BWRX-300 270-290 135 270 12-24 10-20 49.5
Xe-100 82.5 33 82.5 On-line 0 163

ARC-100 100 50 100 240 – 77

Fig ure 4. Com bi na tions of
SMR that cover re cent CPP
pro duc tion in Greece



max i mum yearly en ergy Enj of the jth row SMR from
the to tal an nual en ergy of CPP (i. e. 4.5 TWh). The M
val ues close to zero in di cate that the com bi na tion of the
SMR i with the SMR j pro duces an nual en ergy close to
4.5 TWh. The mi nus sign in di cates the re sid ual to reach
4.5 TWh, while the pos i tive M ex presses the over sup -
ply above 4.5 TWh.

M En En Enj i  





 









CPPs

3

4

3

4
(1)

In fig. 4, the light grey and the dark grey high -
lighted com bi na tions in di cate the re sid ual and the
over sup ply to achieve 4.5 TWh, re spec tively. The
neu tral (white) com bi na tions are the ones with re sid -
ual or over sup ply <|0.8| TWh, and that is an indexc of
which com bi na tion of SMR can pre cisely cover the
an nual en ergy pro duc tion by CPP (i. e. 4.5 TWh). The
in te ger mul ti pli ca tion (e. g. 3x) re fers to the num ber of
SMR of the same type.

There fore, some ra tio nal com bi na tions of SMR,
which sat isfy an nu ally the 4.5 TWh de mand are:
– one ARC-100 com bined with two BWRX-300
– one VOYGR-6 com bined with one BWRX-300
– one Xe-100 com bined with two BWRX-300
– five Xe-100 com bined with one BWRX-300
– one NUWARD com bined with three ARC-100
– two NUWARD
– one VOYGR-12 (with an an nual over sup ply of

about 1.5 TWh)
To elim i nate fos sil fuel power pro duc tion (i. e.

CPP plus nat u ral gas) the com bi na tion of SMR must
pro duce 4.2 times the an nual en ergy pro duc tion by CPP
(i. e. 19.1 TWh). Some ra tio nal com bi na tions, which
are de rived us ing the method out lined in fig. 4, are:
– two VOYGR-12 com bined with four BWRX-300
– three VOYGR-12 com bined with three Xe-100
– three VOYGR-6 com bined with six BWRX-300
– two VOYGR-12 com bined with ten ARC-100
– four VOYGR-6 com bined with four BWRX-300

Ob vi ously, in the case of cov er ing the whole fos sil
fuel power pro duc tion, the com bi na tion of an NPP with
SMR will be more suit able for Greece, for the gen er ated
power to be sat is fied by nu clear power is high.

Power generation with an SMR on
normal, lowest, and highest power demand

To dem on strate the re duc tion in en ergy pro duc -
tion of FFPP in Greece with the ad di tion of an SMR in
the grid, three case stud ies are an a lyzed: a day with
nor mal elec tric ity de mand, the day with the low est
elec tric ity de mand, and the day with the high est elec -
tric ity de mand, tab. 5. These days were se lected from
the pre vi ous year (2023). The type of day in these three 
case stud ies could be pre dicted a day be fore via in te -
grated sched ul ing pro cess  (ISP) and the NPP could be
planned to op er ate in load fol low ing or base-load
mode.

Case Study I: Power gen er a tion with an
SMR on a day with the nor mal de mand

Be fore ex am in ing the up per and lower lim its of
power de mand on the elec tri cal grid, it is es sen tial to
an a lyze a day from the pre vi ous year when the power
de mand was rel a tively nor mal. The se lec tion of this
day was ran dom but was made af ter ex clud ing the days 
of higher and lower power de mand in No vem ber. The
se lected day was Wednes day, 15 No vem ber 2023.

As we see in fig. 5, the to tal de mand for that day
was around 4 GWh, with an in cre ment in the af ter noon 
hours. The to tal gen er a tion from FFPP was sta ble at
around 1-2 GWh with CPP pro duc ing around 300
MWe of that en ergy. As sum ing the op er a tion of an
SMR, the to tal power gen er a tion from FFPP will de -
crease and the power pro duc tion from CPP would
even tu ally be nul li fied. Elim i nat ing power gen er a tion
from CPP and some of the en ergy gen er ated by com -
bined cy cle power plants could also al low for the shut -
down of cer tain units run ning on nat u ral gas. It is well
known that com bined cy cle power units have rapid in -
ser tion and ex trac tion time from the grid.

Fig ure 6 shows a de tailed ver sion of the out lined
part of fig. 5. As men tioned previonsly, the flex i bil ity of
com bined cy cle power plants, along with the fact that the
op er a tion of an NPP in base load mode is op ti mal, makes
the mix of these two en ergy sources ad e quate for the
elec tric ity that could be pro duced in a day with nor mal
de mand. Fi nally, for this anal y sis, we con sid ered that
each sin gle unit SMR op er ated at 80 % of its nom i nal
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Ta ble 5. Pro gram of op er a tion of se lected SMR in ev ery case;
the per cent age re fers to the nom i nal power of each SMR

Day with nor mal de mand 00:00-23:00
VOYGR-12 80 % with two units off
VOYGR-6 80 % with one unit off

NUWARD, BWRX-300, Xe-100, ARC-100 80 %
Day with the low est de mand 00:00-07:00 08:00-16:00 16:00-23:00

NUWARD, VOYGR, BWRX-300 80 % 60 % 80 %
Xe-100, ARC-100 60 %

Day with the high est de mand 00:00-02:00 03:00-12:00 13:00-23:00
NUWARD, VOYGR, BWRX-300 95 % 80 % 95 %

Xe-100, ARC-100 95 %



power in base load mode, ex cept for the VOYGR
multi-mod ule SMR. For VOYGR units it was con sid -
ered that one or two units were shut down for main te -
nance pur poses. 

As ex pected, the greater the nom i nal power of the
SMR, the less power is gen er ated from the CPP. The re -
duc tion of CPP's en ergy gen er a tion leads to the to tal
elim i na tion of CO2 emis sions in the en vi ron ment, and
prob a bly the re duc tion of the to tal cost of elec tric ity.

Case study II: power gen er a tion with a
SMR on a day with the low est de mand

The day with the low est de mand in 2023 was
Sunday, 26 March. The to tal de mand on that day de -
creased rap idly from 7 a.m. to 3 p.m. Con se quently,
the to tal en ergy gen er a tion de creased dur ing this pe -
riod, and Greece ex ported some sur plus en ergy to
neigh bor ing coun tries. As a re sult, the pro duc tion
from FFPP was re duced to the level of 1GWh. To dem -
on strate the power con tri bu tion of an op er at ing SMR
to the grid, we as sume that all the SMR op er ate at 80 %
ca pac ity from mid night to 7 a.m., and at 60 % ca pac ity
un til 4 p.m. From 4 p.m. to mid night, we as sume that
the SMR op er ates nor mally again at 80 % of its nom i -
nal power. The ex emp tions for Xe-100 and ARC-100
were also ap plied in this case.

Fig ure 7 shows the hourly to tal gen er a tion on
that day. The shad owed, out lined area is the range of
re duc tion of the to tal en ergy gen er ated from FFPP if an 

SMR op er ates si mul ta neously. Fig ure  8 pro vides a de -
tailed ver sion of the pre vi ous fig ure, il lus trat ing the
de crease in CPP power pro duc tion. In ter est ingly, a se -
lected SMR could sur pass the to tal gen er ated energy
from CPP on this day (200 MWh). There fore, the to tal
com par i son is made with the curve of FFPP (to tal en -
ergy gen er ated from CPP and com bined cy cle power
plants). On this low-de mand day, it is no tice able that
the op er a tion of SMR elim i nates the us age of CPP and
re duces the needed en ergy from com bined cy cle
power plants.

Case study III: power gen er a tion with an
SMR on a day with the great est de mand 

The day with the great est elec tric ity de mand in
2023 was Fri day, 21 July 2023. On this day the to tal
elec tric ity de mand reached 175 MWe, while the gen er -
ated power in the grid was 143 MWe. The en ergy def i cit 
was com pen sated by im ports from neigh bor ing coun -
tries. The hourly de mand was around 7 MWe and grad -
u ally in creased from 7-9 MWe af ter 18:00, re sult ing in
greater pro duc tion from FFPP through out the day. 

As sum ing part of the gen er ated en ergy co mes
from a sin gle-mod ule or multi-mod ule SMR, the curve
of the FFPP will de crease. The to tal re duc tion is pro por -
tional to the power pro duc tion of the se lected SMR.
Fig ure 9 shows the hourly power pro duc tion by each
en ergy source and the range in which the FFPP curve
would be lo cated if one of the se lected SMR were in -
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Fig ure 5. Day with nor mal
de mand (15.11.2023);
the shaded out lined area
rep re sents the po ten tial
power gen er a tion by FFPP if 
one of the se lected SMR
were in stalled in the elec tric
grid  

Fig ure 6. to tal fos sil fuel
power gen er a tion of the
day with nor mal power
de mand in 2023
(15.11.2023); the most SMR
could po ten tially sur pass
the to tal en ergy gen er ated
by NPP on that day



stalled in the grid. Note that the up per and lower lim its
of the shaded out lined area cor re spond to the op er a tion
of the SMR with the lower and the higher ca pac ity (i. e.
Xe-100 and VOYGR-12), re spec tively. The goal of
SMR op er a tion in Greece is to re duce the CPP power
pro duc tion. Nat u ral gas, im ports, and other car bon-free
sources can cover the re main ing power needs. There -
fore, fig. 10 shows a more de tailed ver sion of the pre vi -
ous di a gram with FFPP re placed by CPP. On the day
with the high est de mand, FFPP needed to gen er ate an
ex cep tional amount of en ergy. It is no tice able that in te -
grat ing coal with any SMR de sign would de crease the
en ergy pro duc tion of CPP and the re main ing en ergy
that must be cov ered by other means.

In figs. 9 and 10, all me dium to high ca pac ity
SMR op er ate at 95 % of their nom i nal power from
mid night to 3 a.m., then at 80 % from 3 a.m. to 1 p.m.,
and again at 95 %  from 1 pm to mid night. The SMR do 
not op er ate at their max i mum nom i nal power, to avoid
thermo-me chan i cal stress on the re ac tor and to main -
tain a higher fuel ef fi ciency of the core. The SMR pro -
duce power in load-fol low ing mode, al low ing them to
adapt to time-de pend ent de vi a tions in de mand. For the 
lower ca pac ity SMR (Xe-100 and ARC-100), we as -
sumed that they op er ate at base-load mode, at 95 % of
their nom i nal power. As a re sult, the ISP data of this
day showed a great gen er a tion of en ergy from
renewables that could po ten tially ful fill the de mand of
the elec tric grid. How ever, the in suf fi cient trans mis -
sion and stor age of this gen er ated en ergy re sults in the

ex clu sion of many so lar and wind sources from the
grid [22]. If this is sue is re solved, nu clear en ergy and
renewables can be paired to achieve to tal de car bon iza -
tion [23]. Fi nally, it is ap par ent that each time an SMR
is in te grated into the grid, the curve of FFPP be comes
in creas ingly flat tened, pro por tion ally to the to tal nom -
i nal power of the plant.

CONCLUSIONS

By in te grat ing SMR with re new able en ergy
sources and hydropower, the coun try could elim i nate
car bon emis sions and achieve car bon neu tral ity. Com -
bin ing nu clear en ergy and renewables is fea si ble,
given the ca pa bil ity of SMR to op er ate in load-fol low -
ing mode. Op er a tional CPP can be sub sti tuted by a
lim ited num ber of one type of SMR or a com bi na tion
of var i ous SMR de signs. The over all power out put
from FFPP needs to be ad dressed through a com bi na -
tion of dif fer ent SMR.

Cal cu la tions based on data from the In de pend ent 
Power Trans mis sion Op er a tor [16] show that the to tal
de mand on the coun try's grid is sig nif i cant, while do -
mes tic power gen er a tion re lies heavily on FFPP. The
op er a tion of an SMR, whether in load-fol low ing or
base-load mode, re duces the to tal power pro duc tion
by FFPP from 55.6 % to 36.6 %, ul ti mately de creas ing
car bon emis sions. Com bin ing mul ti ple SMR can elim -
i nate the op er a tion of CPP and re duce power pro duc -
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Fig ure 8. To tal fos sil fuel power
gen er a tion of the day with the
low est de mand in 2023 (26.03.
2023); fos sil fuel power
gen er a tion is the sum of
com bined cy cle and CPP-gen -
er ated power. The en ergy pro -
duced by any SMR will sur pass
the to tal gen er ated power of all
CPP in the coun try

Fig ure 7. Day with low est de -
mand in 2023 (26.03.2023); the
shaded out lined part in di cates
the po ten tial power gen er a tion
area by FFPP if one of the se -
lected SMR were in stalled in
the elec tric grid, note that from
11:00-14:00, the coun try ex -
ported ex cess gen er ated power



tion from nat u ral gas. Renewables will con tinue to
play a sig nif i cant role in bal anc ing en ergy pro duc tion,
sup ported by en ergy stor age so lu tions.

The com bi na tion of more than one SMR has the
ad van tage of lo cat ing them in ar eas not far away from the 
two ma jor con sum ers of Greece, i. e. Attica and Mac e do -
nia, which in clude the two big gest cit ies. De tailed stud ies 
should be con ducted to de ter mine whether the Meg a lop -
o lis and Ptolemaida re gions, which have hosted coal
mines and CPP for de cades, can also ac com mo date the
SMR that might be in stalled in Greece.

The de ploy ment of SMR is en er get i cally ben e fi -
cial, but long-term en vi ron men tal, eco nomic, and so -
cial as pects must be con sid ered. Be yond power pro -
duc tion and trans fer losses, man ag ing spent fuel and
ra dio ac tive waste from fis sion is a crit i cal is sue that
must be ad dressed for the suc cess ful de ploy ment of
nu clear en ergy in Greece.
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Joanis M. KAISAS, Nikolaos I. NIKOLAIDIS

ANALIZA  I  OPTIMIZACIJA  DOPRINOSA  MALIH  MODULARNIH
REAKTORA  PROIZVODWI  ELEKTRI^NE  ENERGIJE  U  GR^KOJ

Prate}i globalni trend proizvodwe energije bez ugqenika, Gr~ka je zatvorila ve}inu
svojih elektrana na ugaq i instalirala solarne i vetroelektrane za proizvodwu elektri~ne
energije. Zbog vremenskih varijacija u proizvodwi energije ovih sistema, potreban je
komplementaran izvor napajawa, sa mogu}no{}u promene wegovog izlaza na zahtev. Mali
modularni reaktori kombinuju nultu emisiju ugqenika sa mogu}no{}u da variraju proizvodwu
energije na zahtev. Ciq ovog rada je da se ispita energetska konkurentnost pet odabranih,
odgovaraju}ih malih modularnih reaktora u pore|ewu sa ukupnom proizvodwom elektri~ne
energije termoelektrana na ugaq u Gr~koj. Dnevna i mese~na distribucija proizvedene energije u
prethodnoj godini (2023) analizirana je kako bi se demonstrirao potencijalni rad malih
modularnih reaktora u elektri~noj mre`i Gr~ke. Ishod se odnosi na to da li je postavqawe malog
modularnog reaktora energetski korisno za Gr~ku i ukazuje na broj potrebnih mod ula ili koliko
malih modularnih reaktora, u kombinaciji sa obnovqivim izvorima, mo`e da zadovoqi potra`wu.
Godi{wa proizvodwa elektrane na ugaq u Gr~koj od 4,5  mo`e se zameniti jednim
vi{emodulnim malim modularnim reaktorom, ili wihovom kombinacijom, na odgovaraju}em mestu.

Kqucne re~i: mali modularni reaktor, elektri~na energija u Gr~koj, obnovqiva energija,
..........................elektrana na ugaq, elektrana na fosilna goriva, re`im pra}ewa optere}ewa,
..........................re`im baznog optere}ewa, nuklearna elektrana


