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Following the global trend for carbon-free energy production, Greece shut down most of its
coal power plants and installed solar and wind systems for electricity production. Due to the
time variations in the energy production of these systems, a complementary power source is
needed, with the ability to change its output on demand. Small modular reactors combine
zero-carbon emissions with the ability to vary the power production on demand. The objec-
tive of this study is to examine the energetic competitiveness of five appropriately selected
small modular reactors compared to the total power production of coal power plants in
Greece. The daily and monthly distribution of generated energy of the previous year (2023) is
analyzed to demonstrate the potential operation of small modular reactors in Greece's electri-
cal grid. The outcome addresses whether deploying a small modular reactor is energetically
beneficial for Greece and indicates the number of modules required or how many small mod-
ular reactors, in combination with renewable sources, can meet the demand. The annual coal
power plant production of Greece of 4.5 TWh can be substituted with one multi-module
small modular reactor or a combination of them, appropriately located.

Key words: small modular reactor, electrical power in Greece, renewable energy, coal power plant,
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INTRODUCTION
Current situation and challenges

Discussions about the balance between the
safety issues and the profits of nuclear energy are oc-
casionally rekindled, in countries that do not produce
nuclear power yet. Such an occasion is the recent
growing development of small modular reactors
(SMR). The Fit-for-55 program of the European
Council aims to reduce greenhouse gas emissions by
55 % by 2030 and achieve total carbon neutrality by
2050 [1]. Greece, as an EU member state, attempts to
achieve that goal by decreasing the energy generated
by fossil fuel power plants (FFPP) and specifically by
coal power plants (CPP). Renewable sources, like so-
lar and wind, expand rapidly but have the disadvan-
tage of dependency upon meteorological conditions.
More stable sources can be found in natural gas, oil,
and nuclear power. While natural gas, oil, and nuclear
fuel have become increasingly expensive, nuclear en-
ergy offers the benefits of zero-carbon emissions and
longer future exploitation periods. This study analyzes
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the operational modes in which SMR could operate
and contribute to the Greek energy system.

There are more than 98 different SMR designs
under development and deployment at different stages
today. Several prototypes of SMR are under construc-
tion or in commercial operation, while other designs
are making significant licensing progress and are ex-
pected to be constructed as initial prototypes by 2030
[2, 3]. The reduced size of SMR resulted in many ad-
vantageous features, such as lower core inventories,
enhanced flexibility, inherent safety, efc. As a result,
the improved techno-economic characteristics of
small-sized reactors stood out the overall competitive-
ness of this technology [4]. More information about
the techno-economic trends of currently operating nu-
clear power systems can be found in reference [5].

The following installation challenges of SMR,
mentioned in [3, 6, 7], are relevant to the Greek reality:
fuel waste and spent fuel management, investment costs,
complementary operation with renewables, fulfillment
of sitting requirements, decommissioning plan, and
safety considerations and legal framework needed for the
deployment. In mainland Greece, there are two areas
with installed CPP: Western Macedonia in Northern
Greece and Megalopolis in the Peloponnesus, south of
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Athens. These locations already have power installation
for the transfer of the produced energy, making them
ideal for the deployment of SMR to leverage the existing
infrastructures. Further investigations must be con-
ducted regarding the optimal deployment site, consider-
ing environmental and civil factors.

Additionally, the modularity ofan SMR allows it
to be factory-assembled and transported in integrated
parts to a location for installation. This characteristic
enables off-grid deployment in remote areas, such as
islands. For instance, Crete could develop an SMR and
produce energy for electricity and desalination [8].

Operating modes and fuel management

The operation of a SMR is similar to that of a
conventional nuclear power plant (NPP). The operat-
ing modes are: base-load mode, primary, secondary
frequency control, and load-following mode [9].

Base-load mode delivers constant power during
almost the entire reactor's operational period. How-
ever, since the operation cost of an NPP includes rela-
tively high capital costs, it makes more economic
sense to operate them continuously near their maxi-
mum power capacity [9, 10].

Primary and secondary frequency controls regu-
late the grid frequency to the desired level (e. g., 50 Hz
for Greece). The primary frequency control allows
short-term adjustment of power production to the
grid's demand in a time frame of 2-30 seconds after the
deviation is detected. Typically, power modulations
fall within the range of £2 % of the nominal power.
Secondary frequency control adjusts the power output
setpoint to restore the grid frequency progressively to
its nominal value. This procedure modifies the power
level within the range of +5 % Pn [9].

Load-following mode can adjust power produc-
tion in response to variations in electricity demand. The
capability of maneuvering the generated power of an
SMR is determined by the manufacturers and is based on
the requirements of grid operators. According to the Eu-
ropean Utilities Requirements (EUR), a reactor must be
capable of continuous operation between 50 % and 100
% of its rated power, with a power output change rate of
3-5 % of rated power per minute [9]. To adapt to the
day-night alternation in electricity demand, load follow-
ing is implemented with 18 hours of operation at rated
power and 6 hours at low power with adjustments of
2-5 % of rated power per minute [§]. Load following
mode has economic consequences related to the reduc-
tion in the load factor of the plant. However, the main
problem is the thermo-mechanical stress applied to the
plant during frequent and steep temperature changes due
to rapid changes in power output. Therefore, load fol-
lowing may increase slightly the maintenance costs of
the power station [9-11].

The dependence of renewable energy sources
(RES) on meteorological conditions coupled with the

low-efficiency factor, results in intermittent operation of
those units during the day. As a result, a reliable power
plant, such as an SMR, could help meet the excess power
demand. This is why the concept of nuclear-renewable
hybrid energy systems (NRHES), which integrates re-
newable sources with NPP, is becoming increasingly at-
tractive. Load following is the main operational mode of
NRHES, even though in these systems it is common to
use the excess power for nuclear cogeneration [12].

The operation cycle of an SMR relies on the fuel
cycle and the total fuel burn-up of the reactor. These
two factors differ depending on the type of SMR [2].
The duration of the fuel cycle along with the spent fuel
management plays a crucial role in the process of de-
ployment. New technologies introduce new types of
fuel. Following the Fukushima accident, the concept
of accident-tolerant fuels (ATF) has been gaining mo-
mentum. The ATF is defined as any fuel that could
withstand a loss-of-coolant accident (LOCA) for a
longer period than the conventional fuel used in NPP
[12]. The sustainability of SMR requires planning for
decommissioning and managing spent fuel and waste
early in their development to avoid later liabilities.
Many designs propose longer operation cycles be-
tween refueling, ranging from 1.5-20 years. A spent
fuel pool for temporary storage of the used fuel is in-
cluded in the unit [4].

Considering the somewhat lower burn-up of
some SMR, they tend to generate a bit more spent fuel
than a conventional NPP. Due to the intermittent oper-
ation of an SMR, the burn-up is reduced, adding to the
total spent fuel produced by the reactor [12]. Despite
that, the discharged burn-up is lower for SMR and,
therefore, the total spent fuel can be moderated [8].
These cons are in favor of the base-load mode opera-
tion. Many SMR developers point out the optimized
design and materials that are used, that lead to lower
generation of waste, like boron-free technology and
longer refueling cycles [2]. The latter might affect fuel
performance and other aspects, such as core maintain-
ability, online access to service key components, and
different management of the spent fuel [2]. Also, so-
phisticated risk assessment methods can be exploited
to ensure the safety and security of radioactive waste
management [13].

For LWR-SMR, various fuel cycles are adopted
depending on the design. The fuel enrichment of
LWR-SMR is typically low, below 5 %. Consequently,
the SMR maintains low discharged burn-ups, from 2.3
to 162.4 GWd/tHM", and achieves refueling cycles
every 18, 24, or more months. The design of the SMR
included provisions for storing spent fuel for up to 10
years during the reactor's lifetime [2]. Gen IV SMR
use different types of fuel assemblies to achieve reac-
tor criticality. High temperature gas-cooled SMR em-
ploy tristructural isotropic (TRISO) coated particle

*GWd/tHM means gigawat day per tonne of heavy metals
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fuel, which refuels during operation. The typical dis-
charge burnup of these SMR is substantially higher,
ranging between 60 to 165 GWd/tHM depending on
the fuel cycle [2]. The production of TRISO elements
needs to be conducted in contemporary facilities,
which are specifically made for this type of production
line. The reactor's burnup is a critical factor in deter-
mining the quantity of produced spent fuel. The SMR
have longer fuel cycles and large spent fuel pool ca-
pacities, allowing for extended periods of operation
without the immediate need for waste management
consideration.

POWER PRODUCTION IN GREECE

The total distribution of power production in the
country has changed drastically in recent years, with
the rise of renewable energy production and the de-
crease in electricity production from fossil fuel power
stations. As seen in tab. 1 [14], the total power demand
is stable at around 50 TWh per year. From 2013 to
2023, the increment of energy production by renew-
able sources and the decline of energy production by
coal is noticeable. Furthermore, energy production
from combined cycle power plants, known for their
improved efficiency, along with the increase in esti-
mated annual imports, underscores the country's need
for a more reliable mode of energy production. During
the COVID-19 quarantine (2020-2021), electricity
imports decreased while the overall electricity demand
remained constant. During that period coal power pro-
duction reduced by 4 TWh annually and stabilized at
around 5 TWh per year. Conversely, the total energy
production by natural gas stations gradually increased
over the years. The cause of this increment was the low
cost of natural gas, until the outbreak of the Rus-
sian-Ukrainian war.

In 2013, Greece primarily relied on fossil fuel
power stations, including twenty-one CPP, fourteen
combined circle power plants operating mainly with
natural gas, and four petroleum-fueled thermal power
stations. By 2021, there were ten operational CPP.

These CPP were shut down over the following two
years due to the construction of the Ptolemaida 5, a
state-of-the-art CPP with an estimated power capacity
of 616 MWe.

Table 2 shows the total power generation in
GWh of every operational CPP from 2020 to 2023.
The Ptolemaida 5 CPP was under construction until it
began operation in December 2022. A few months be-
fore the beginning of its operation, five CPP, with a to-
tal power capacity of 1361 MWe, were gradually shut
down [14]. The total power capacity of these CPP was
undertaken by the Ptolemaida 5 CPP and a few new
combined cycle power plants. From tab. 2 it is sup-
posed that in the following years, the need for cleaner
energy will lead to the shutdown of the CPP Ag.
Dimitrios I and II and CPP Megalopolis IV [15].

To demonstrate the quantity of generated power
that needs to be replaced by 2050 this study primarily re-
lies on data from 2022 and 2023 [16]. Since 2019, RES
have been integrated into the grid at a higher rate than be-
fore, leading to a significantly lower contribution from
CPP in total power production. In addition, the pandemic
changed slightly the power demand and therefore the to-
tal generation of energy, due to the quarantines. These
facts led to the selection of the past 24 months for this
study. Figure 1 shows the total monthly distribution of
generated power in Greece during 2023. July has the
highest electricity demand, and the greatest amount of
energy is produced by renewables. The curve illustrates
the total power that ideally should be replaced by a
zero-emission energy source, such as NPP. Then the
monthly demand by an NPP will be around 1.5-3 TWh
with an average of 1.78 TWh electrical power. The mini-
mum and maximum values are 1.34 and 2.99 TWh, re-
spectively.

Nowadays, around 20 TWh are annually pro-
duced by Greek FFPP; from this number, only 4.5
TWh is produced from CPP, as shown in tab. 2 [16]. A
total capacity power of 700 MWe (of a multi-module
SMR, or several units in an SMR plant) generates 4.84
TWh electricity per year, considering their reactor op-
erates at 80 % of its nominal power. This amount of en-
ergy is equivalent to the energy produced by CPP an-

Table 1. Total power distribution of energy from 2013 to 2023 [14]

Year Power Renewable energy | Hydroelectric energy Coal power Natural gas energy | Imports
demand [TWh] | production [TWh] production [TWh] production [TWh] | production [TWh] [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 16.4 154 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 29 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
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Table 2. Total power production from CPP in Greece [16]

. Power generation [GWh]

Coal power plants Power capacity [MWe]* 2020 2001 2022 2023
CPP AG. DIMITRIOS 1 274 264.1 332.0 174.6 23.7
CPP AG. DIMITRIOS 1I 274 419.7 355.1 316.2 63.0
CPP AG. DIMITRIOS 111 283 970.7 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 1V 280 638.9 4442 0 0

CPP MELITIS I 289 728.7 548.6 718.3 309.6
CPP MEGALOPOLIS III 255 334.1 31.6 0 0
CPP MEGALOPOLIS 1V 256 629.5 1169.8 983.6 430
CPP PTOLEMAIDAS 5 616 0 0 125.4 1657.3
Total [GWh] 5722.4 5340.789 5566.6 4503

* MWe means megawatt electrical
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Figure 1. Monthly
distribution in TWh
of the total power
generation in Greece
during 2023 [16]

nually. One effective way to exploit nuclear power is
to operate an SMR in base load mode in combination
with any combined cycle stations that emit low green-
house gases. Then the peaks of the demanded electri-
cal power, which cannot be followed by the power
production of the base load mode of the SMR, can be
produced by the combined cycle stations. However,
new SMR technologies can follow the load by operat-
ing in load-following mode, and this operation mode is
easier for multi-module SMR.

To sum up, deploying SMR could diminish the
total power produced by FFPP in Greece. For instance,
a multi-module SMR with a total power capacity of
700 MWe could generate enough power to replace all
currently operating CPP. Furthermore, it has the flexi-
bility to operate alongside renewable energy systems.

TYPES OF SMALL MODULAR
REACTORS

In this study, five SMR are selected that could be
potentially deployed in Greece's electric grid: two
multi-mode LWR-SMR, one single-unit LWR-SMR,
and two advanced (Generation IV) SMR; one high-

-temperature gas-cooled reactor (HTGR) and one lig-
uid metal fast reactor. The criteria for selecting these
SMR are the ability to operate in load-following mode,
either with single or multiple modules, enhanced pas-
sive safety systems, and a low fuel burn rate, which
could lead to extended fuel circles. Additionally, the
seismicity of Greece is a significant factor in determin-
ing the best areas for installation. Commercialization
and licensing of the designs are the overall criteria to
be considered before the selection and installation of
each reactor. Table 3 contains the five types of selected
SMR and some of their features. In the following sec-
tion, the characteristics of these designs and the factors
that lead to their selection are presented.

NUWARD (EDF)

The NUWARD reactor is an integrated PWR de-
signed to generate 340 MWe with the cooperation of
two independent reactor modules of 170 MWe each.
[2]. The independent operation between the two mod-
ules offers flexibility and allows the reactor to inte-
grate with renewable energy sources, by working in
load-following mode, with greater efficiency [17].
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Table 3. Types of SMR discussed in this study [2]

Reactor Technology developer/country Type m(iizﬁefﬁi;/e] Fuel circle [month]
1 NUWARD EDF, France iPWR 170 24
2 VOYGR NuScale Power Co., USA iPWR 77 18
3 BWRX-300 GE-Hitachi Nuclear Energy, Japan & USA BWR 300 12-24
4 Xe-100 X-energy, LCC, USA HTGR 82.5 Online refueling
5 ARC-100 ARC Clean Energy, Canada SFR 100 240

The NUWARD reactor operates in base-load and
load-following modes, with arange of 20-100 % of the
nominal power and a rate of change of 5 % per minute.
The reactor's basic grid interface complies with
ENTSO-E and EUR requirements, typically at 225 kV
or 400 kV and 50 Hz. The design life of the reactor is
60 years and the estimated construction time, from
first concrete to criticality, is 36 months [17].

As aresult, the independent operation of the two
modules, along with the ability to operate at a load-fol-
lowing mode with a fast rate of change allows the for-
mation of a NRHES in the electric grid of Greece. Ad-
ditionally, the reactor's extensive fuel circle and
provisional spent fuel management comprise two sig-
nificant features for Greece, because of the time
needed for the fuel recycling strategies to be devel-
oped and implemented in the country.

VOYGR (NuScale Power Co.)

The VOYGR SMR by NuScale Power Co. is a
scalable arrangement of nuclear power modules that
operate independently in a multi-module configura-
tion. The NuScale power module is a small, light-wa-
ter-cooled pressurized water reactor (PWR) with an
electrical capacity of 77 MWe. The VOYGR plants
contain a varying number of these modules, pur-
pose-built to meet the customer's energy demands.
Typically, standard plants are VOYGR-4 with four
modules at 308 MWe, VOY GR-6 with six modules at
462 MWe, and VOYGR-12 with twelve modules at
924 MWe. The purpose of the design is to generate
power with the flexibility to follow the grid's demand
[2]. The multi-modular design allows the shutdown
and activation of one or more modules during periods
with greater and reduced energy production by renew-
able sources, respectively [4]. Each module is oper-
ated independently and is refueled by disconnecting it
from the operation bay and moving it to the refueling
area within the reactor pool [ 18]. The refueling is con-
ducted in three parts, on a nominal 18-month refueling
cycle. The estimated refueling outage time is 10 days.
The refueling process does not affect the overall oper-
ation of the plant, considering that the nominal power
of amodule is only 77 MWe. The spent fuel pool pro-
vides storage for up to 10 years of used fuel assem-
blies. The plant site layout includes space allocation
for dry storage of all used fuel for the 60-year design
life of the plant [2].

In conclusion, the great power maneuverability
of the VOYGR SMR, considering the independence
of each module that could follow the grid's demand,
the simultaneous operation and maintenance, and the
fuel management, renders it an appealing option for
Greece. The availability of the dry storage facility cov-
ering a period of 60 years is a benefit for Greece, as the
solutions for the spent fuel and the radioactive waste
management must be developed.

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

The BWRX-300 reactor by GE-Hitachi Nuclear
Energy and Hitachi-GE Nuclear Energy is a small, sin-
gle-module, light-water-cooled BWR SMR with an
electrical capacity of 270-290 MWe. Water serves as
both the coolant for the core and the neutron modera-
tor; the circulation of the primary cycle is natural, and
the layout of the nuclear steam supply system follows a
direct Rankine cycle [2, 19]. The lower operating pres-
sure and the lack of a secondary cycle advance the
safety and cost of the reactor [19]. The BWRX-300
could operate in base-load and load-following modes,
with a power output ranging from 50-100 % of its
nominal capacity [19]. Refueling outages are 10-20
days and the fuel cycle lasts 12-24 months depending
on the customer's needs [2]. The relatively low peak
ground acceleration of 0.3 g for the safe shutdown
seismic event of the reactor allows for its deployment
in earthquake-prone countries [19]. Although this fea-
ture is common in many reactors, the BWRX-300 ex-
hibits higher seismic sensitivity.

Considering that Greece is an earthquake-prone
country, the ability to disable the reactor during, even
small, earthquake events is a matter of great impor-
tance. Furthermore, the broad load-following range of
50-100 % of its nominal power and the simplicity of re-
activity control due to xenon stability, provide im-
proved control of the NPP in combined operation with
renewable sources. Lastly, the outstanding safety fea-
tures of the BWRX-300, with five defense lines, render
this reactor one of the safest commercially available [2].

Xe-100 (X-Energy, LCC)

The Xe-100 is a small, single-unit, pebble bed
HTGR with an electricity capacity of 82.5 MWe de-
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signed by Xe-Energy, LCC. The design of the reactor
core features around 22000 graphite pebbles, each filled
with 18000 UCO TRISO-coated particles. The core's
moderator is graphite, and helium is used as the heat
transport fluid. At full power, approximately 173 fresh
pebbles must be added and removed as spent fuel from
the reactor core. This continuous (online) refueling leads
to core equilibrium, with an average burn-up of 165
GWd/tHM. For further technical information on this
topic, reference [20] studies the kinetic parameters of a
pebble bed reactor with TRISO fuel, similar to the oper-
ating HTR-10 reactor. The reactor can operate in
load-following mode, within the range of 40-100% of its
nominal power. The main advantage of this type of SMR
is the absence of a LOCA event. The worst accident sce-
nario is the total loss of power accompanied by the loss of
helium fluid, known as the depressurized loss of forced
cooling (DLOFC). Even during a DLOFC event, the de-
cay heat is removed via the thermal characteristics of the
core and the graphite core support structures [2].

These advantages, which ensure the reactor's high
safety, coupled with the commercialization of the suc-
cessful Chinese HTR-PM reactor, present it as a secure
solution for Greece. However, the deployment of any
HTGR reactor necessitates the use of TRISO fuel parti-
cles, which must either be imported or produced domes-
tically (in the country where the reactor is deployed).
These procedures increase the operational costs.

ARC-100 (ARC Clean Energy)

The ARC-100 is a sodium-cooled fast reactor
SMR with an electrical power capacity of 100 MWe
utilizing metal fuel based on enriched uranium [2].
The operating pressure of this reactor is relatively low
and the possibility of a LOCA event is eliminated.

The main advantages of this reactor are the
affordability of this structure and the use of fast neu-
trons which allows the reactor to reburn its recycled
burned fuel and achieve a closed fuel circle. It is esti-
mated that the refueling outage occurs once every 20
years and has a short maintenance outage during that
period [21]. The duration of the refueling, along with
the safety of the fuel assembly and the use of passive

safety systems leads to the selection of this SMR as a
suitable option for Greece.

DEPLOYMENT OF A SMALL
MODULAR REACTOR IN THE
GREEK ELECTRICITY SYSTEM

The deployment of a nuclear power unit, such as
an SMR, in the Greek electricity system is not new.
There are plenty of challenges that need to be taken
into consideration before the deployment of an SMR
in the electrical grid. In the following sections, an anal-
ysis of the selected SMR is conducted, considering
three specific days from the previous year: the day
with the highest power demand, the day with the low-
est, and one day of typical power demand in Greece.

Suitable small modular reactors

Although many factors influence the selection of
the appropriate SMR, one significant factor is the abil-
ity to operate in load-following mode. Figure 2 shows
the range of possible generated power of the selected
designs given by the inventors. Note that NuScale pro-
vides a wide range of load-following of 0-100 %.
Though this is possible, it is optimum not to decrease
the generated power below 50 %, since the plant is
thermo-mechanically stressed and is more attractive to
maintain the primary circuit at a constant power pro-
duction [6]. As a result, we assume that the range of
VOYGR power plants operates between 50-100% of
their nominal power.

Another important consideration is the total fuel
cycle of the SMR and the duration of the refueling pro-
cess. In this case, multi-module SMR are convenient
because the maintenance and refueling of one module
does not drastically affect the total power generated by
the unit.

Considering the previous point, we can estimate
the total annual power generated by each of the se-
lected SMR, as shown in fig. 3. The diagram includes
the total power generated by all CPP in the country
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Table 4. Total power generation in load-following mode, fuel cycle, and duration of

the refueling process of the selected SMR [2]

SMR Electrical capacity [MWe] TO;SIIHI:F Lot IE/[I\QQNG] Fuel cycle [month] Duration [d] burg?lfg El(i‘f{:{;g/rtgﬁ:M]
NUWARD 2 x170 64 340 24 20 -
VOYGR-4 4 x77 154 308 18 10 >30
VOYGR-6 6 x 77 231 462 18 10 >30
VOYGR-12 12 x 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

during 2023. Note that a multi-module VOYGR could
eventually surpass the total generation of CPP. Table 4
presents the fuel cycle and the duration of the refueling
process as given by the SMR designers of the selected
reactors. The NuScale power plants require refueling
each module every 18 months for 10 days. During this
period, the SMR operates normally with its full nomi-
nal power, minus 77 MWe. The optimal approach is to
refuel and maintain each module every 4.5 months for
VOYGR-4, 3 months for VOYGR-6, and every 1.5
months for VOYGR-1. This approach ensures that the
total electrical capacity remains consistent throughout
the year. It is evident that the highest core discharge
burn-up results in the production of a greater amount
of spent fuel [6]. Consequently, although the Xe-100
SMR may be the safest of the selected reactors, ithas a

high core discharge burn-up similar to other HTGR
SMR.

Considering that the annual energy production of
each SMR is three-fourths of its yearly output, the fol-
lowing combination of SMR can be deployed to elimi-
nate coal power production. A secondary consideration
is the location of the installations. As previously men-
tioned, Megalopolis' CPP, at the end of its operational
life [22] produced 10 % of the total annual production
of CPP. Therefore, installing a lower power production
unit near the capital of Greece would be beneficial, as it
would reduce energy transfer losses. Figure 4 presents
the combinations of SMR that cover the recent CPP pro-
duction for Greece. M values, eq. (1), are derived by
subtracting three-fourths of the maximum yearly en-
ergy En, of the i column SMR and three-fourths of the
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maximum yearly energy En; of the j" row SMR from
the total annual energy of CPP (i. e. 4.5 TWh). The M
values close to zero indicate that the combination of the
SMR i with the SMR j produces annual energy close to
4.5 TWh. The minus sign indicates the residual to reach
4.5 TWh, while the positive M expresses the oversup-
ply above 4.5 TWh.

3 3
M =-|| En ——En; |-—En; 1
[[ cPps T /j 4 z:| (1)

In fig. 4, the light grey and the dark grey high-
lighted combinations indicate the residual and the
oversupply to achieve 4.5 TWh, respectively. The
neutral (white) combinations are the ones with resid-
ual or oversupply <|0.8] TWh, and that is an indexc of
which combination of SMR can precisely cover the
annual energy production by CPP (i. e. 4.5 TWh). The
integer multiplication (e. g. 3x) refers to the number of
SMR of the same type.

Therefore, some rational combinations of SMR,
which satisfy annually the 4.5 TWh demand are:

— one ARC-100 combined with two BWRX-300

— one VOYGR-6 combined with one BWRX-300

— one Xe-100 combined with two BWRX-300

— five Xe-100 combined with one BWRX-300

— one NUWARD combined with three ARC-100

— two NUWARD

— one VOYGR-12 (with an annual oversupply of
about 1.5 TWh)

To eliminate fossil fuel power production (i. e.
CPP plus natural gas) the combination of SMR must
produce 4.2 times the annual energy production by CPP
(i. e. 19.1 TWh). Some rational combinations, which
are derived using the method outlined in fig. 4, are:

— two VOYGR-12 combined with four BWRX-300
— three VOYGR-12 combined with three Xe-100
— three VOYGR-6 combined with six BWRX-300
— two VOYGR-12 combined with ten ARC-100

— four VOYGR-6 combined with four BWRX-300

Obviously, in the case of covering the whole fossil
fuel power production, the combination of an NPP with
SMR will be more suitable for Greece, for the generated
power to be satisfied by nuclear power is high.

Table 5. Program of operation of selected SMR in every case;

the percentage refers to the nominal power of each SMR

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

To demonstrate the reduction in energy produc-
tion of FFPP in Greece with the addition of an SMR in
the grid, three case studies are analyzed: a day with
normal electricity demand, the day with the lowest
electricity demand, and the day with the highest elec-
tricity demand, tab. 5. These days were selected from
the previous year (2023). The type of day in these three
case studies could be predicted a day before via inte-
grated scheduling process (ISP) and the NPP could be
planned to operate in load following or base-load
mode.

Case Study I: Power generation with an
SMR on a day with the normal demand

Before examining the upper and lower limits of
power demand on the electrical grid, it is essential to
analyze a day from the previous year when the power
demand was relatively normal. The selection of this
day was random but was made after excluding the days
of higher and lower power demand in November. The
selected day was Wednesday, 15 November 2023.

As we see in fig. 5, the total demand for that day
was around 4 GWh, with an increment in the afternoon
hours. The total generation from FFPP was stable at
around 1-2 GWh with CPP producing around 300
MWe of that energy. Assuming the operation of an
SMR, the total power generation from FFPP will de-
crease and the power production from CPP would
eventually be nullified. Eliminating power generation
from CPP and some of the energy generated by com-
bined cycle power plants could also allow for the shut-
down of certain units running on natural gas. It is well
known that combined cycle power units have rapid in-
sertion and extraction time from the grid.

Figure 6 shows a detailed version of the outlined
part of fig. 5. As mentioned previonsly, the flexibility of
combined cycle power plants, along with the fact that the
operation of an NPP in base load mode is optimal, makes
the mix of these two energy sources adequate for the
electricity that could be produced in a day with normal
demand. Finally, for this analysis, we considered that
each single unit SMR operated at 80 % of its nominal

Day with normal demand 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 lowest demand 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 highest demand 00:00-02:00 03:00-12:00 13:00-23:00
NUWARD, VOYGR, BWRX-300 95 % 80 % 95 %
Xe-100, ARC-100 95 %
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power in base load mode, except for the VOYGR
multi-module SMR. For VOYGR units it was consid-
ered that one or two units were shut down for mainte-
nance purposes.

As expected, the greater the nominal power of the
SMR, the less power is generated from the CPP. The re-
duction of CPP's energy generation leads to the total
elimination of CO, emissions in the environment, and
probably the reduction of the total cost of electricity.

Case study II: power generation with a
SMR on a day with the lowest demand

The day with the lowest demand in 2023 was
Sunday, 26 March. The total demand on that day de-
creased rapidly from 7 a.m. to 3 p.m. Consequently,
the total energy generation decreased during this pe-
riod, and Greece exported some surplus energy to
neighboring countries. As a result, the production
from FFPP was reduced to the level of 1IGWh. To dem-
onstrate the power contribution of an operating SMR
to the grid, we assume that all the SMR operate at 80 %
capacity from midnight to 7 a.m., and at 60 % capacity
until 4 p.m. From 4 p.m. to midnight, we assume that
the SMR operates normally again at 80 % of its nomi-
nal power. The exemptions for Xe-100 and ARC-100
were also applied in this case.

Figure 7 shows the hourly total generation on
that day. The shadowed, outlined area is the range of
reduction of the total energy generated from FFPP ifan

SMR operates simultaneously. Figure 8 provides a de-
tailed version of the previous figure, illustrating the
decrease in CPP power production. Interestingly, a se-
lected SMR could surpass the total generated energy
from CPP on this day (200 MWh). Therefore, the total
comparison is made with the curve of FFPP (total en-
ergy generated from CPP and combined cycle power
plants). On this low-demand day, it is noticeable that
the operation of SMR eliminates the usage of CPP and
reduces the needed energy from combined cycle
power plants.

Case study III: power generation with an
SMR on a day with the greatest demand

The day with the greatest electricity demand in
2023 was Friday, 21 July 2023. On this day the total
electricity demand reached 175 MWe, while the gener-
ated power in the grid was 143 MWe. The energy deficit
was compensated by imports from neighboring coun-
tries. The hourly demand was around 7 MWe and grad-
ually increased from 7-9 MWe after 18:00, resulting in
greater production from FFPP throughout the day.

Assuming part of the generated energy comes
from a single-module or multi-module SMR, the curve
ofthe FFPP will decrease. The total reduction is propor-
tional to the power production of the selected SMR.
Figure 9 shows the hourly power production by each
energy source and the range in which the FFPP curve
would be located if one of the selected SMR were in-
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stalled in the grid. Note that the upper and lower limits
of the shaded outlined area correspond to the operation
of the SMR with the lower and the higher capacity (i. e.
Xe-100 and VOYGR-12), respectively. The goal of
SMR operation in Greece is to reduce the CPP power
production. Natural gas, imports, and other carbon-free
sources can cover the remaining power needs. There-
fore, fig. 10 shows a more detailed version of the previ-
ous diagram with FFPP replaced by CPP. On the day
with the highest demand, FFPP needed to generate an
exceptional amount of energy. It is noticeable that inte-
grating coal with any SMR design would decrease the
energy production of CPP and the remaining energy
that must be covered by other means.

In figs. 9 and 10, all medium to high capacity
SMR operate at 95 % of their nominal power from
midnight to 3 a.m., then at 80 % from 3 a.m. to 1 p.m.,
and againat 95 % from 1 pmto midnight. The SMR do
not operate at their maximum nominal power, to avoid
thermo-mechanical stress on the reactor and to main-
tain a higher fuel efficiency of the core. The SMR pro-
duce power in load-following mode, allowing them to
adapt to time-dependent deviations in demand. For the
lower capacity SMR (Xe-100 and ARC-100), we as-
sumed that they operate at base-load mode, at 95 % of
their nominal power. As a result, the ISP data of this
day showed a great generation of energy from
renewables that could potentially fulfill the demand of
the electric grid. However, the insufficient transmis-
sion and storage of this generated energy results in the

exclusion of many solar and wind sources from the
grid [22]. If this issue is resolved, nuclear energy and
renewables can be paired to achieve total decarboniza-
tion [23]. Finally, it is apparent that each time an SMR
is integrated into the grid, the curve of FFPP becomes
increasingly flattened, proportionally to the total nom-
inal power of the plant.

CONCLUSIONS

By integrating SMR with renewable energy
sources and hydropower, the country could eliminate
carbon emissions and achieve carbon neutrality. Com-
bining nuclear energy and renewables is feasible,
given the capability of SMR to operate in load-follow-
ing mode. Operational CPP can be substituted by a
limited number of one type of SMR or a combination
of various SMR designs. The overall power output
from FFPP needs to be addressed through a combina-
tion of different SMR.

Calculations based on data from the Independent
Power Transmission Operator [16] show that the total
demand on the country's grid is significant, while do-
mestic power generation relies heavily on FFPP. The
operation of an SMR, whether in load-following or
base-load mode, reduces the total power production
by FFPP from 55.6 % to 36.6 %, ultimately decreasing
carbon emissions. Combining multiple SMR can elim-
inate the operation of CPP and reduce power produc-
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tion from natural gas. Renewables will continue to
play a significant role in balancing energy production,
supported by energy storage solutions.

The combination of more than one SMR has the
advantage of locating them in areas not far away from the
two major consumers of Greece, i. e. Attica and Macedo-
nia, which include the two biggest cities. Detailed studies
should be conducted to determine whether the Megalop-
olis and Ptolemaida regions, which have hosted coal
mines and CPP for decades, can also accommodate the
SMR that might be installed in Greece.

The deployment of SMR is energetically benefi-
cial, but long-term environmental, economic, and so-
cial aspects must be considered. Beyond power pro-
duction and transfer losses, managing spent fuel and
radioactive waste from fission is a critical issue that
must be addressed for the successful deployment of
nuclear energy in Greece.
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Joannc M. KANCAC, Hukonaoc 1. HUKOJAUTINUC

AHAIM3A N OIITUMU3AIIMJA JOIIPUHOCA MAJ/IMUX MOIAYJAPHUX
PEAKTOPA IMPOU3BOAIbU EJEKTPUYHE EHEPTUJE Y I'PYKOJ

[Iparehu rnobanHu TpeH NpOU3BOAKE eHepruje 6e3 yribeHnka, I'puka je 3arBopuia Behuny
CBOjUX eJIeKTpaHa Ha yrajb W MHCTajJupaja CoJlapHe U BETPOEJIeKTpaHe 3a MPOU3BOAHY €JIEKTPUYHE
eHepruje. 300r BpEMEHCKMX BapwWjanyja y TPOW3BOAILM CHEPTHje OBUX CHCTEMa, TMOTpebaH je
KOMIUIEMEHTapaH M3BOp Hamajama, ca MoryhHomthy nmpomeHe HeroBor usjia3a Ha 3axTeB. Mainu
MOJIyJIApHU peaKkTOpu KOMOWMHY]Yy HYITY €MUCH]y yIibeHuKa ca MoryhHourhy fa Bapupajy NpoOU3BONLY
eHepruje Ha 3axTeB. Lluib OBOr pajia je fa ce MCIOUTa €HepreTcka KOHKYPEHTHOCT MeT Ofja0paHuX,
ofrosapajyhux Maamx MOJYyJIapHUX peakTopa y nopebemy ca YKYIHOM HPOHU3BO[IKOM EJEKTPUYHE
eHepruje TEpPMOENIeKTPaHa Ha yrasb y quKoj JlHeBHa U MeceyHa fUcTpudyIuja pOM3BE/ICHE eHepruje y
npeTxoaHoj ropuHu (2023) aHaNM3UpaHa je Kako OuM ce AeMOHCTpUpaOo HOTeHHI/I]aIIHI/I pag Mamux
MOJIyJIApHUX peaKTopa y eeKTpUIHOj Mpesku ['puke. Micxos ce oqHOCH Ha TO Jia JIH je TIOCTaBIbalhe MajIor
MOJyJIapHOT peakTopa eHepreTcKu KOPUCHO 3a I'puKy u yKa3yje Ha 6poj IOoTpeOHUX MOAyJla UIIN KOJIUKO
MaJluX MOJlyJIapHUX peakTopa, y KoMOuHaIju ca OOHOBJbUBHM U3BOPUMA, MOXKE J1a 3aJ{0BOJbU OTPAXKIDY.
l'opummwa mpousBoama enekTpaHe Ha yrasmb y I'pukoj om 4,5 TWh Moxke ce 3aMEHUTH jeHUM
BHIIIEMOJYJTHUM MaJIUM MOIYJIapHUM PEAKTOPOM, MIIM BbMXOBOM KOMOMHAIIUjOM, Ha ofiroBapajyhem mecry.

Kmwyune peuu: maau mooyaapHu peaxkinop, eaexitipudHa enepzuja 'y I puxoj, obnosmusea enepzuja,
eneKiipana Ha y2asm, eAeKilipana Ha ocuana zopusa, pexcum ipahersa obitiepehiersa,
pexcum 6a3noz oiiiliepeherba, HyKaeapHa eaeKilipana



