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Abstract—There is an unprecedented need to expand the
toolbox of solutions to boost the scalability of clean power
and energy systems. Amidst this challenge, nuclear energy is
increasingly recognized as an important player in the path
toward deep decarbonization of the global energy mix. This
paper presents a technology review of small modular reactor
(SMR) concepts currently under development and deployment.
Both conventional and next-generation reactor technologies are
evaluated with a focus on potential power system integration
benefits, added system values, and provision of system-bearing
services. Nevertheless, there are currently some uncertainties in
the techno-economic competitiveness of SMRs, whether they can
leverage economics of mass production over their inherent lack of
economics of scale. To address this challenge, our paper provides
some basic cost analysis of SMRs, taking into account their
expected learning curves to evaluate the cost of future deploy-
ments and give insights into their economic competitiveness and
potential role as a disruptive solution in the energy transition.

Index Terms—Nuclear energy, generation III+ reactors, gener-
ation IV reactors, light-water reactors (LWRs), small modular
reactors (SMRs), advanced modular reactors (AMRs), power
system integration, techno-economic evaluation.

NOMENCLATURE
~ Total capital investment cost factor, [—]
LCOE Levelized cost of electricity, [$/MWh]
OPEX Operational cost to produce electricity, [$/MWh]

C Overnight construction cost, [$]

c Normalized overnight construction cost, [$/kW]
K Capacity factor, [pu] or [%]

k Construction cost scaling coefficient, [—]

N Number of years of operation, [—]

n Number of units constructed, [—]

P Electrical power capacity, [MW]

Base electricity price, [$/MWh]

Weighted average cost of capital, [—] or [%]
Number of hours per year, i.e., 8765.81277h
Value factor or capture rate, [—] or [%]
Learning rate, [—] or [%]
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Fig. 1. Overview of an SMR integrated into a sustainable energy system.

I. INTRODUCTION

UCLEAR energy offers a viable solution to addressing
N climate change and the escalating energy needs. Achiev-
ing the Paris Agreement’s ambitious goal to keep global warm-
ing below 1.5 °C requires swift action to cut greenhouse gas
emissions, a challenge nuclear energy has a large potential to
address. The International Energy Agency (IEA) emphasizes
the crucial role of nuclear energy in attaining a net-zero carbon
future [1]], [2]. Similarly, the MIT Energy Initiative high-
lights the increased costs associated with deep decarbonization
targets in the absence of nuclear energy [3]. Moreover, the
effective use of nuclear energy in reducing carbon emissions
is well-documented, with France and Sweden’s power systems
serving as prime examples of how rapid decarbonization was
achieved [4]. History tells us that nuclear energy not only
offers a long-term approach to combating climate change but
also has a proven track record of success.

Small modular reactors (SMRs) represent a paradigm shift
in nuclear technology, offering a smaller, approximately
300 MW capacity alternative to traditional gigawatt-scale re-
actors [5]], [6]. These reactors stand out due to their modu-
lar, prefabricated designs that promise to lower construction
costs and reduce project risks and capital expenses, which
have historically been significant barriers to nuclear power
expansion. Unlike their predecessors, SMRs aim to benefit
from economies of mass production over economies of scale
[7]. Contrary to existing nuclear technologies, SMRs could be
suitable for both grid-connected applications in a decentralized



TABLE I
MEAN PERFORMANCE METRICS AND DESCRIPTIONS OF THE DIFFERENT TYPES OF SMR TECHNOLOGIES INVESTIGATED IN THIS PAPER

SMR Inlet Outlet Thermal Electrical | Electrical Number . L
. . Brief description Ref.

model temp. temp. power power efficiency | of designs
+ | BWR 186°C | 286°C | 540MW | 174 MW 30.2% 4 Reactor core turns light-water directly into steam 17 |
= [ PWR 276°C | 317°C | 37T0MW | 112MW 26.1% 9 Reactor heats up pressurized water & exchange heat (18]
O | iPWR 287°C | 321°C | 454 MW | 149MW 31.3% 14 PWR’s primary circuit integrated within reactor vessel [18]
> | HTGR | 406 °C | 832°C | 246 MW | 106 MW 40.7% 17 Gas-cooled reactor core at very high temperatures [19]
T | LMFR | 374°C | 517°C | 335 MW | 141 MW 38.0% 9 Fast-neuron fission reactor with liquid metal coolant [20]
O TMSKR 585°C | 702°C | 380MW | 159 MW 41.7% 14 Coolant and/or the fission fuel is a molten salt mixture | [21]

microgrids [8]], [9] and off-grid applications [10], [11]]. Their
compact, modular nature facilitates easier transportation and
assembly, and their design allows for a broad range of applica-
tions beyond electricity generation, including district heating
and water desalination. Furthermore, SMRs can complement
intermittent renewables in an integrated and low-carbon energy
system [12], as highlighted in Fig. [T thereby supporting
broader environmental objectives. Nevertheless, commercial
deployments of SMRs are lagging, despite expectations that
light-water-based SMRs will have a short path to market [13]].

Regarding the perceived SMR-hype, Ramana (2015 & 2021)
points out the fact that SMR-sized nuclear reactors have
existed for half a century already and are, in principle,
not something completely new [14], [15]. It is, therefore,
important to note that while small light-water reactors are a
well-established technology, the envisaged series fabrication,
advanced manufacturing techniques such as local electron-
beam welding [16], and modular construction of SMRs make
them more relevant today than several decades ago.

This paper offers a comprehensive review of SMRs intended
for power generation purposes and evaluates their potential
role in the energy transition from both technical and economic
perspectives. Electricity generation from renewable energy
sources (RES), such as wind and solar, is weather-dependent
and intermittent. Predicting the availability and variability of
these resources far into the future poses a challenge, which
is their most obvious and common limitation. To overcome
these challenges, diversifying the electricity generation port-
folio to include non-intermittent, firm, dispatchable sources
like SMRs, or pairing them with energy storage solutions, is
crucial. This paper addresses the most important power system
integration aspects of SMRs but provides only limited details
to accommodate readers not familiar with all the technicalities
of nuclear power plants. Finally, we will evaluate the economic
competitiveness of SMRs to take a potential role in the future
energy system.

The present paper is organised as follows. A state-of-the-art
(SotA) technology review of SMRs are provided in Section
II. Moreover, Section III explores SMRs’ potential roles in
an integrated and low-carbon energy system, including both
baseload operation and dispatchable modes. Then, the benefits
of increasing the power market value of SMRs via thermal
heat storage are described in Section IV. To evaluate the cost
of SMRs in future deployments, Section V presents a basic
techno-economic analysis of some SMR designs currently
participating in the race toward commercialization. Finally, the
paper is concluded in Section VI.

II. STATE-OF-THE-ART REVIEW
A. Literature Review

Recent research on SMR applications has focused on de-
veloping dynamic models for power system stability studies
[23]-[25]] and hybrid energy systems integration [26]. Other
research topics include the energy management of SMRs to
host increased penetration of renewables in integrated energy
systems [27], [28]]. Particularly interesting are SMRs’ load-
following possibilities and their potential to be integrated with
intermittent renewables, which were investigated by Ingersoll
et al. (2015) [29]]. However, Locatelli er al. (2015) found that
load-following operation of conventional SMRs can only be
economically feasible if they are combined with co-generation
applications, such as water desalinisation plants [30]]. Locatelli
et al. (2017 & 2018) also considered district heating and hy-
drogen production as other feasible co-generation applications
[31], [32]]. In addition to co-generation, it has been found by
Bertoni et al. (2024) that SMRs used for direct air carbon
capture (DACC) applications can significantly increase their
usable energy from 32 % to up to 85% [33]], considerably
enhancing the utilization thermal energy. A techno-economic
SMR analysis by Slavin et al. (2024) projects DACC levelized
cost by 2050 to be $40 per ton COs [34].

Sainati, Locatelli, and Brookes (2015) emphasise that a
sufficient number of SMRs need to be deployed to com-
pensate for their inherent lack of economies of scale [35]].
Moreover, Mignacca and Locatelli (2020) identified that there
are some uncertainties in the economics of SMRs, especially
regarding the cost-benefit of modular construction and the
operating and decommissioning costs of SMRs [36]]. While
there are uncertainties, Black et al. (2019) sees cost-reduction
opportunities for SMRs based on detailed cost data that can
make them economically competitive [37]]. Similarly, Asuega
et al. (2023) show that advanced modular reactors can be as
economically viable as conventional ones [38]]. In addition to
cost uncertainties, licensing, legal, and regulatory processes
are other major deployment challenges for SMRs, according
to Hidayatullah et al. (2015) [39].

B. Technology Review

All of the basic nuclear reactor technologies considered in
this paper are depicted in Fig. [2] highlighting their inherent
differences in generating steam. All SMR technologies supply
steam to a steam turbine that drives a synchronous turbogen-
erator to generate electrical power. Table [I| presents a group
review of 70 SMRs that are currently developed to be deployed
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Fig. 2. Comparison of steam generation principles applied to conventional and next-generation small modular reactor (SMR) technologies.

for electrical power generation purposes, where the key metrics
of all SMRs are listed in Table [l The SMR review includes
the following categories: 4x boiling water reactors (BWRs);
9x pressurized water reactors (PWRs); 14x integral PWRs
(iPWRs); 17x high-temperature gas-cooled reactors (HTGRs);
9x liquid metal-cooled fast reactors (LMFRs); 14x molten salt
reactors (MSRs); 3x reactors do not match the main categories.

While the BWRs, PWRs, and iPWRs are considered con-
ventional reactor technologies (Generation Il1+), HTGRs, LM-
FRs, and MSRs are based on next-generation nuclear tech-
nologies (Generation IV). Table || indicates that the mean
electrical power of the SMR designs from all categories is
in the range between 100 MW and 200 MW. Nevertheless, it
is shown that Generation IV technologies (i.e., HTGR, LMFR,



TABLE I

OVERVIEW OF SMRS FOR ELECTRICAL POWER GENERATION UNDER DEVELOPMENT, UNDER CONSTRUCTION OR IN OPERATION [22]

S . Reactor inlet | Reactor outlet Thermal Electrical | Electrical Design
upplier Model . Country
temperature temperature power power efficiency Status
NIKIET KARAT-45 180°C 286 °C 180 MW 45 MW 25.0% Russia Conceptual
& NIKIET KARAT-100 104°C 286 °C 360 MW 100 MW 27.8% Russia Conceptual
E NIKIET VK-300 190°C 285°C 750 MW 250 MW 33.3% Russia Detailed
GE-Hitachi BWRX-300 270°C 288°C 870 MW 300 MW 34.5% US/Japan Detailed
NIKIET UNITHERM 249°C 330°C 30 MW 6.6 MW 22.0% Russia Conceptual
Rosatom ABV-6E 250°C 325°C 38 MW IMW 23.7% Russia Final
Last Energy PWR-20 286 °C 312°C 80 MW 20 MW 25.0% us Detailed
x Rosatom KLT-40S 280°C 316°C 150 MW 35 MW 23.3% Russia Operational
= CGNPC ACPR50S 299°C 322°C 200 MW 50 MW 25.0% China Detailed
A KEPCO BANDI-60 290°C 325°C 290 MW 60 MW 20.7 % South Korea Conceptual
Holtec SMR-160 243°C 288°C 525 MW 160 MW 30.5% Us Preliminary
SPIC/SNERDI CAP200 289°C 313°C 660 MW 200 MW 30.3% China Basic
Rolls-Royce SMR 295°C 325°C 1358 MW | 470 MW 34.6 % UK Detailed
NIKIET SHELF-M 271°C 308°C 35 MW 10 MW 28.6 % Russia Basic
CNEA CAREM-25 284°C 326°C 100 MW 27TMW 27.0% Argentina Construction
Rosatom RITM-200M 282°C 318°C 175 MW 50 MW 28.6 % Russia Conceptual
Rosatom RITM-200N 283°C 321°C 190 MW 55 MW 28.9 % Russia Detailed
NuScale VOYGR 249°C 316°C 250 MW 7TMW 30.8% us Licensing
KAERI SMART 296 °C 322°C 365 MW 107 MW 29.3% South Korea Detailed
g CNNC/NPIC ACP100 287°C 320°C 385 MW 125 MW 32.5% China Construction
A CNNC ACP100S 287°C 320°C 385 MW 125 MW 325% China Preliminary
’ EDF NUWARD 280°C 307°C 540 MW 170 MW 31.5% France Conceptual
KHNP/KAERI i-SMR 296 °C 321°C 540 MW 170 MW 31.5% South Korea Basic
BWXT mPower 291°C 319°C 575 MW 195 MW 33.9% us Terminated
Westinghouse AP300 294°C 324°C 900 MW 300 MW 33.3% France Conceptual
Rosatom VBER-300 292°C 328°C 917 MW 325 MW 35.4% Russia Licensing
Mitsubishi IMR 329°C 345°C 1000MW | 350 MW 35.0% Japan Conceptual
INET HTR-10 250°C 700°C 10 MW 2.5 MW 25.0% China Operational
STL Nuclear AMR 450°C 750°C 10MW 3MW 30.0% South Africa Conceptual
Urenco U-Battery n/a n/a 10 MW 4 MW 40.0 % UK Conceptual
HolosGen HOLOS-QUAD 590°C 855°C 22 MW 10MW 45.5% us Detailed
BRIN PeLUIt/RDE 250°C 750°C 40 MW 13MW 32.5% Indonesia Conceptual
STL Nuclear HTMR100 250°C 750°C 100 MW 35 MW 35.0% South Africa Basic
General Atomics FMR 509°C 800°C 100 MW 50 MW 50.0 % us Conceptual
~ Eskom Holdings AHTR-100 406 °C 1200°C 100 MW 50 MW 50.0 % South Africa Conceptual
E StarCore STARCORE 280°C 750°C 150 MW 60 MW 40.0% Canada Conceptual
T X-energy Xe-100 260°C 750°C 200MW | 82.5 MW 41.3% us Basic
Rosatom MHR-100 553°C 950°C 215 MW 87TMW 40.5% Russia Conceptual
PBMR PBMR-400 500°C 900°C 400 MW 165 MW 41.3% South Africa Terminated
Rosatom MHR-T 578°C 950°C 600 MW 206 MW 34.3% Russia Conceptual
INET HTR-PM 250°C 750°C 500 MW 210 MW 42.0% China Operational
General Atomics EM? 550°C 850°C 500 MW 265 MW 53.0% us Conceptual
Framatome SC-HTGR 325°C 750°C 625 MW 272 MW 43.5% us Preliminary
Rosatom GT-MHR 490°C 850°C 600 MW 288 MW 48.0% Russia Preliminary
Toshiba 4S 355°C 510°C 30 MW 10 MW 33.3% Japan Detailed
UNIST MicroURANUS 250°C 350°C 60 MW 20 MW 33.3% South Korea Conceptual
Newcleo LFR-TL-30 420°C 530°C 90 MW 30 MW 33.3% UK Conceptual
7 LeadCold SEALER-55 420°C 550°C 140 MW 55 MW 39.3% Sweden Conceptual
E ARC Clean Energy ARC-100 355°C 510°C 286 MW 100 MW 35.0% Canada Preliminary
= JSC AKME SVBR 340°C 485°C 280 MW 100 MW 35.7% Russia Detailed
Newcleo LFR-AS-200 420°C 530°C 480 MW 200 MW 41.7% Italy Conceptual
NIKIET BREST-OD-300 420°C 535°C 700 MW 300 MW 42.9% Russia Construction
Westinghouse LFR 390°C 650 °C 950 MW 450 MW 474 % UsS Conceptual
Toshiba MoveluX 450°C 680°C 10MW 4 MW 40.0% Japan Conceptual
Centrum Vyzkumu Energy Well 650°C 700°C 20 MW 8 MW 40.0 % Czech Republic Conceptual
Moltex Energy SSR-U 725°C 795°C 40 MW 16 MW 40.0% UK Basic
Seaborg CMSR 600°C 670°C 250 MW 100 MW 40.0% Denmark Conceptual
Thorizon TMSR 500°C 800°C 250 MW 100 MW 40.0% Netherlands Conceptual
UC Berkeley Mk1 PB-FHR 600°C 700°C 236 MW 100 MW 42.4% us Conceptual
% Kairos Power KP-FHR 550°C 650°C 320 MW 140 MW 43.8% us Conceptual
S CAS/SINAP smTMSR-400 650°C 700°C 400 MW 168 MW 42.0% China Conceptual
Terrestrial Energy IMSR400 620°C 700°C 440 MW 195 MW 44.3% Canada Detailed
ITMSF FUII 565°C 704°C 450 MW 200 MW 44.4% Japan Preliminary
Flibe Energy LFTR 500°C 650°C 600 MW 250 MW 41.7% us Conceptual
ThorCon Int. ThorCon 560°C 704°C 557 MW 250 MW 44.9% US/Indonesia Preliminary
Moltex Energy SSR-W 575°C 625°C 750 MW 300 MW 40.0 % Canada Conceptual
Elysium Industries MCSFR 650°C 750°C 1000 MW | 400 MW 40.0 % UsS Conceptual
5 Westinghouse eVinci n/a 800°C 13MW 5 MW 38.5% us Conceptual
< Star Energy STAR 270°C 300°C 30 MW 10MW 33.3% Switzerland Basic
o Candu Energy CANDU SMR n/a 310°C 960 MW 300 MW 31.3% Canada Conceptual




and MSR) have significantly higher reactor outlet temperatures
and electrical efficiencies than conventional Generation III+
technologies (i.e., BWR, PWR, and iPWR). While Table
shows some performance variations within each category, the
characteristics and performance of each SMR clearly show
that each technology is distinguishable from a technical point
of view. Within each category, it is also apparent that there are
some gains in electrical efficiency for larger SMR designs. The
only exception is for molten salt reactors (MSRs), where this
trend is not so evident in the reported design specifications.
Another non-consistent aspect is the difference between inlet
and outlet reactors temperatures among SMR designs, where
a smaller temperature gradient needs more mass flow through
the reactor to exchange the same thermal energy.

Among the 70 SMRs reported in Table [T} only three designs
are operational, and only three are currently under construction
for the first deployment. Most designs are either conceptual,
preliminary, basic, or detailed, while two SMR concepts have
been terminated. The number of SMR concepts and their wide
variation in size and technical solutions could enhance the
chance of at least some solutions to be successful. However, in
order to capitalize on learning effects, it is important that each
design is deployed in sufficient volumes. Currently, a wide
array of SMR designs exist, yet it can be expected that only
a subset will achieve commercial success. The analytics firm
Rystad Energy has argued that there should not be more than
10 SMRs in the final stage of the SMR race to ensure sufficient
learning of each technology [40]]. This challenge could be
argued through a thought experiment. 100 deployments of 10
designs with an average power output of 150 MW means a
global capacity of 150 GW or 1250 TWh in annual output.
Already, the SMR pipline is 22 GW [41]l, which would bring
183 TWh in new annual generation. In comparison, the global
nuclear fleet generated 2682 TWh of electricity in 2022 [42].

III. POWER SYSTEM INTEGRATION

A major benefit of SMRs is their reduced size and division
into smaller power modules. As a result, more redundancy is
achieved, and a higher power output can be guaranteed, e.g.,
under maintenance periods. Fig. |3| schematically illustrates
the configuration of a multi-SMR power generation site.
Their maintenance and refueling schemes can be scheduled
at different intervals to maximize baseload supply provision.
Fig. @] shows how multiple units effectively improve the
baseload power duration curve. Three SMR modules will, as
an illustrative example, provide a minimum power output of
67 %. They will provide 100 % power output 85 % of the time
if each SMR module has an availability factor of 95 %.

In addition to baseload provision, SMRs are designed to
operate in load-following mode. Table || lists the availability
factor, dispatch range, and ramping capability of a selection
of SMRs under development. Conventional load-following is
based on curtailing the reactor output, which reduces SMR
productivity. Due to low variable operating costs, there is
limited economic value in holding back production. How-
ever, this flexibility can be delivered as a service into the
balancing power market to make sure curtailed production is
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TABLE III
FLEXIBILITY SERVICES OFFERED BY SMRS BASED ON
CONVENTIONAL NUCLEAR REACTOR TECHNOLOGIES [22]]

SMR concept sz;ilability Dispatch Ramp}l}g
actor range capability
GE-Hitachi BWRX-300 > 9% 50-100% | &£ 0.5%/min
NuScale VOYGR >95% 20-100% | =+ 0.8%/min
Candu Energy SMR >94% 60-100 % + 1%/min
Rolls-Royce SMR > 9% 50-100% | =+ 3-5%/min
EDF NUWARD >90% 20-100 % + 5% /min
KHNP/KAERI i-SMR >95% 20-100 % + 5% /min
Mitsubishi IMR >97% 0-100 % + 5%/min
Rosatom ABV-6E n/a 20-100 % =+ 6 %/min

compensated with sufficient revenues. Moreover, combining
SMRs with co-generation applications is another alternative
to improve the economics, e.g., hydrogen production [43]].
Another aspect of power system integration is the interfac-
ing with the power grid through a synchronous turbogener-
ator, which is commonly used for nuclear power generation.
Table highlights the performance characteristics of such



EXAMPLES OF AVAILABLE SYNCHRONOUS TURBOGENERATORS FROM TWO SUPPLIERS SUITABLE TO BE INTEGRATED INTO SMRS

TABLE IV

Generator Terminal Electrical Pole Mechanical Apparent Power Active Electrical Ref

type voltage frequency | number speed power factor power efficiency ’
SGen5-100A 6.3-15.75kV 50 Hz 2 3000 rpm 25-180 MVA 0.80 20-144 MW <985% | [44] |

«» | SGen6-100A 6.3-15.75kV 60 Hz 2 3600 rpm 25-180 MVA 0.85 21-153 MW <985% | [44]

8 | SGen5-1000A | 10.5-20.0kV 50 Hz 2 3000 rpm 180-370 MVA 0.80 144296 MW | < 98.9% | [44]

E) SGen6-1000A | 10.5-20.0kV 60 Hz 2 3600rpm | 180-370 MVA 0.85 153-315MW | <98.9% | [44]

“ | SGen5-2000P < 20.0kV 50 Hz 2 3000rpm | 370-545 MVA 0.80 296-436 MW | < 99.0% | [45]

SGen6-2000P < 20.0kV 60 Hz 2 3600rpm | 370-560 MVA 0.85 315-476 MW | < 99.0% | [45]
GEN-A-50 < 21.0kV 50Hz 2 3000 rpm < 408 MVA 0.80 < 326 MW <98.9% | [46] |

GEN-A-60 < 19.0kV 60 Hz 2 3600 rpm < 360 MVA 0.85 < 306 MW < 98.8% | [46]

m | GEN-H-50 < 23.0kV 50 Hz 2 3000 rpm < 755 MVA 0.80 < 604 MW <99.0% | [47)

O | GEN-H-60 < 26.0kV 60 Hz 2 3600 rpm < 712MVA 0.85 < 605 MW <99.0% | [47]

GEN-W-50 < 22.0kV 50Hz 2 3000 rpm < 1020 MVA 0.85 < 867 MW <99.1% | [48]

GEN-W-60 < 25.0kV 60 Hz 2 3600 rpm < 875 MVA 0.85 < 744 MW <99.0% | [48]

apparatus suitable for different SMR power levels. The table
shows that the two-pole turbogenerator is most common
with a mechanical speed of either 3000 rpm or 3600 rpm
depending on whether the power grid is operating under
50Hz or 60 Hz electrical frequency. The active and reactive
power capacity is higher for 50-Hz turbogenerators, while the
terminal voltage is slightly lower. Depending on the power
level, typical turbogenerators have a relatively high efficiency
between 98.5 % and 99.1 %. The major inefficiency lies in the
steam turbine between the SMR reactor core and the front-end
turbogenerator. The terminal voltage levels can vary between
6kV and 25kV. As a result, a step-up transformer is required
to integrate SMRs into the transmission grid’s voltage levels,
depending on the point of connection.

IV. ENHANCED FLEXIBILITY WITH HEAT STORAGE

While conventionally configured reactors can provide essen-
tial power grid flexibility [49], the flexibility of future nuclear
power stations can be enhanced by thermal heat storage [S0]—
[52]. Fig. [§]illustrates the physical principle of nuclear energy
with thermal storage tanks. In this case, the SMR can add heat
to the thermal battery when the power grid has surplus energy
and the electricity prices are low.

A. Technical Performance

The turbine-generator is designed with a higher power
capacity to deliver more electricity during periods of energy
droughts and high prices to create higher value for the power
grid. However, the reactor can have a very high capacity factor
even though the SMR is not always generating electricity.
SMRs with heat storage can have different configurations.

Figs. [] and [6] show different configurations where one
topology installs a large steam turbine and turbogenerator
while the other topology has a baseload turbine-generator to
provide firm electricity and another peaker turbine-generator
to discharge the thermal battery during periods of extra power
demand. To highlight some potential designs, Table [V]lists the
maximum peaking capacity and duration for three different
SMR concepts with thermal storage. While Moltex SSR-W is
designed to provide 300 MW baseload power, it is designed
to provide a maximum power output of 900 MW for 8 hours.
However, the same concept is claimed to be able to provide
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600 MW for 12 hours [53|]. The overdimensioning of the
turbine-generator system will add extra cost, but it can be
compensated by increased generation in periods with higher
electricity prices. Such a system has already been shown to

successfully increase the value of concentrated solar energy
[54].

B. Economic Value

The economic value of flexible nuclear energy can be
evaluated using the value factor (v) or the capture rate of a
nuclear power plant. It is defined as the ratio of the captured
electricity price (p) to the base price (py), e.g., the average
price over a year, expressed in eq. ().

v=—
Po

(D



TABLE V
NEXT-GENERATION ADVANCED REACTOR DESIGNS WITH PEAKING
CAPACITY USING THERMAL ENERGY STORAGE

Moltex TerraPower Westinghouse

SSR-W Natrium ™ LFR
Baseload power 300 MW 345 MW 450 MW
Peaking power 900 MW 500 MW 600 MW
Relative boosting*) 3.00x 1.45x 1.33x
Peaking duration < 8.0h <5.5h n/a
Thermal storage 4800 MWh | 852.5 MWh n/a

(*) Ratio between peaking power and baseload power.

TABLE VI
THEORETICAL APPROXIMATION OF AN SMR’S VALUE FACTOR AS A
FUNCTION OF THE TURBINE-GENERATOR’S BASELOAD CAPACITY FACTOR

K v
95 % 1.05
90 % 1.11
8% | 1.18
80 % 1.25

Uses approximation, v ~ %, for eq. .

Ideally, the maintenance of nuclear power plants should be
planned for periods of the year when the electricity price
is expected to be low, e.g., summer time. Consider that
the downtime matches perfectly with periods of either low
prices, zero prices, or negative prices. Also, consider that other
periods of near-zero prices can be handled by internal thermal
storage to maximize the value and utilization of the reactor.
Thus, a theoretical (ideal) value factor for flexible nuclear
power can be estimated as v ~ %), which approximates eq.
(T). With thermal storage, the capacity factor of the nuclear
reactor itself can be kept equal to its availability, while the
capacity factor (K) of the turbine-generator — scaled by its
baseload power — will be lower due to its overcapacity.
Table [V]] estimates potential value factors based on the ideal
approximation, which assumes near-zero electricity price when
the reactor does not produce electricity. The net present value
(NPV) of the additional value factor needs to be equal to or
exceed the additional overnight cost of the thermal storage and
peaking system (Ac), as expressed in eq. (2).

Ac< KT - A 2
c< Y Z L 2)
1=0

For illustrative purposes, consider the case that the old value
factor was 1.1 (without thermal storage), and the new one
becomes 1.4. Then, the improvement in the value factor (Awv)
is 0.3 of the base price. With a base price of $60/MWh, or
6 ¢/kWh, a thermal storage economic lifespan of 40 years, and
an interest rate of 5%, the cost of the thermal and peaking
system should then not exceed $2700/kW, according to eq. ().
The added overnight cost is scaled by the baseload capacity
of the reactor and the reactor availability is assumed 95 %.

V. TECHNO-ECONOMIC EVALUATION

This section will provide some evaluations of the techno-
economic competitiveness of SMRs.

TABLE VII
SCALING COEFFICIENT USED TO PREDICT ECONOMIES OF SCALE
OF A COMPLETE NUCLEAR POWER PLANT

k
NEA/OECD (2000) [57] | 0.40-0.70
Carelli et al. (2010) [58] | 0.50-0.70
Moore (2016) [59] 0.55
Rasmussen et al. (1996) [56] 0.60
Black et al. (2019) [37] 1.00
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Fig. 7. Lack of economics of scale effect by reducing the power rating based
on eq. @ using different scaling factors in Table [VII}

A. Economics of Scale

The most common economics of scale relationship for
nuclear reactors has been described by Roulstone et al. (2020)
according to eq. (3), where the cost of the reactor (C) is a
function of its installed capacity (P), a scaling coefficient (k)
and a reference reactor with cost (C*) and rating (P*) [55].

P\
c=cC" 3
(+) ®
Eq. (@) is a modified version obtained by normalizing the cost
in eq. by the ratings, where ¢ = C'/P and ¢* = C*/P*.

k—1
c=c" (;) ()

The value of the scaling coefficient (k) can be between zero
and unity, where the unity scaling (k = 1) factor implies that
there is no economics of scale effects. On the contrary, a low
value means that there is a large scaling effect. In the extreme
case, zero scaling (kK = 0) implies that the cost per unit is
size-independent, where a large unit costs the same as a small
one. The "rule of thumb" coefficient value is 0.6 [56]. Different
reported values are listed and referenced in Table [VII|and used
to estimate the lack of economics of scale effect in Fig. [7]

B. Economics of Mass Production

Wright’s law is an applicable model that aims to estimate
the learning effects described by eq. (3). It can apply to critical
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Fig. 8. Comparison of the learning effect predicted by eq. @) against what the
experienced cost reductions of non-series-produced, 202 MW, small nuclear
reactors in India after year 2000. The overnight cost of each unit is provided
in 2020 dollars and reported by Lovering et al. (2016) [[60].

TABLE VIII
EXPECTED SMALL MODULAR REACTOR LEARNING RATES
TO PREDICT ECONOMIES OF MASS PRODUCTION

T
Abou Jaoude ef al. (2023) [61] | 0.05-0.15
Roulstone et al. (2020) [62] | 0.02-0.15
Lewis et al. (2016) [63] | 0.05-0.10
Carelli et al. (2008) [64] 0.08

cost factors such as improved labor efficiency, standardization,
modularization, and lessons learned, which are essential in the
nuclear sector and the energy sector in general. The learning
rate () in eq. (3 describes the reduction in cost per cumulative
doubling of the number of units constructed. Wright’s law is
applied to the overnight construction cost of a collection of
small nuclear reactors in India, where it does not fully describe
the real data, as seen in Fig. [8] but can simply explain on-
average cost reductions. Le., experienced on-average learning
in India for 202 MW nuclear reactors over the last decades
is 7.2% when matching the last unit and normalizing all
costs in 2020 dollars. Nevertheless, we see that the learning
curve does not fully match the actual costs of each reactor,
where there are some over- and undershoots. These units were
not series-produced, and the average construction time was
8.67yr, which might not be beneficial if the objective is to
maximize learning effects.

In(n)

c=c"(1—z)=® 3

Different reported learning rates are listed and referenced in
Table [VIII to be relevant for SMRs. Idaho National Laboratory
predicts a 5% low case (x = 0.05), a 10% mid case (z =
0.10), and a 15 % high case (z = 0.15) for the learning [61].

An important measure of the economics of mass production
is how many units are needed to compensate for the lack of
economies of scale. It implies that the contributions from egs.
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Fig. 9. The required learning rate needed for the 10th of a kind unit (n = 10)
to cancel out the added cost from the lack of economics of scale using eq.
(7 with different scaling factors according to Table [VI]

(@) and () cancel each other to unity, as shown in eq. (6).

k—1
P In(n)
(P*) (1—2)=@ =1 (6)

Eq. (7) is the solution of eq. () with respect to the learning
rate needed for the cost reductions to even out the lack of
economies of scale. Similarly, eq. (8) expresses the number of
units needed to be constructed to reach the same objective.

p\ A0S
r=1- <P*> (7)

(1—k) In(2) ln( = )

R ETCED R (8)

n—=e

Using eq. (7), Fig. 0] plots the learning rate needed to ensure
that the 10th unit will compensate for the lack of economies
of scale. It can be seen that a "0.6" standard scaling coefficient
implies a learning rate of 13 % if the specific power rating is
30 % of the large-scale plant.

By applying eq. (8), Fig. [T0] describes the number of
constructed units needed to cancel the lack of economies of
scale for four different PWR-type SMR sizes. A larger-size
SMR like Rolls-Royce SMR needs a lower number of units
constructed to become competitive.

The next step is to establish the number of units needed to
reach a specific target cost. Eq. (9) expresses that the learning
needed meets desired cost reductions and, at the same time,
compensates for the lack of economies of scale. Similarly, eq.
(TO) expresses the same objective in terms of the number of
units needed to be constructed.

c P 1-k
(?*) (P*) =
= R [0 )+ (-0 ()]

In(n)

— )R ©)

(10)

Similarly to Fig. [I0] Fig. [T1] presents the number of units
needed to reach the SMR supplier’s target overnight cost using
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Fig. 10. Number of units needed to cancel the lack of economics of scale as a
function of the learning rate with different SMRs. Calculations are made using
eq. @) with a standard scaling factor, k = 0.6, and a reference PWR power
rating of 1117 MW (i.e., AP1000). Shaded areas represents the sensitivity of
the scale factor in the range between k = 0.5 to k = 0.7.

eq. (I0). Small SMR designs like NuScale VOYGR are seen
to be very sensitive to the learning rate and the estimated
economies of scale. This is as one can expect from economic
theory: smaller SMR concepts need a higher learning rate
to compete against larger units. This might also suggest
that SMRs and large reactors are likely to cater to distinct
market segments. Le., high power demand for large reactors
and low-to-medium power demand for SMRs. Nevertheless,
smaller SMRs could have properties that make higher learning
rates achievable. This is because the degree of modularization
(DoM) is a key ingredient of the potential learning. Fig. [12]
shows that the maximum achievable DoM increases for lower
power ratings, which could benefit the expected learning.
The DoM also describes the transportable weight fraction of
modules, indicating that larger SMR designs like Rolls-Royce
SMR with 470 MW power rating could be more difficult to
transport and modularise.

Table [IX] presents worked examples for five different SMR
concepts applying a moderate learning rate of 10% which
implicitly favors larger SMR designs. Their levelized cost of
electricity (LCOE) is estimated according to eq. (TI).

~ye
LCOE = —F— %7,

i=0 (1+r)?

+ OPEX (11)

Based on our assumptions, we see that Westinghouse AP300
and Rolls-Royce SMR are the most competitive concepts. The
example shows that A300 has a first-of-a-kind (FOAK) LCOE
of $87/MWh, and after 366 constructed units, the Nth-of-a-
kind (NOAK) LCOE is reached with $50/MWh in LCOE.
Similarly, Rolls-Royce SMR needs only 8 units to reach their
announced cost levels, where FOAK is expected at $77/MWh,
and the NOAK unit is expected to reach $63/MWh. For
simplification, all SMRs have an assumed OPEX of $25/MWh,
implying that their long-term LCOE will be $25/MWh when
the CAPEX is paid off. This is according to the Idaho National

A
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Fig. 11. Number of units needed to reach different SMR suppliers Nth-of-
a-kind construction cost as a function of the learning rate. Calculations are
made using eq. with a standard scaling factor, £ = 0.6, and a reference
PWR power rating of 1117 MW (i.e., AP1000). Shaded areas represents the
sensitivity of the scale factor in the range between k = 0.5 to k = 0.7.
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maximum overall degree of modularisation (DoM) sensitivity to variation in
scaling exponent (k) by one standard deviation.

Lab moderate cost case [61]. However, the cost of future
lifetime extensions will slightly increase the long-term LCOE
to approximately $35/MWh, depending on interest rate [65].

Lastly, there are more investment risks associated with
large power plants. If an AP1000, due to a relatively large
investment, has a weighted average cost of capital (WACC) of
7.5% and an 8 yr construction time, event the FOAK LCOE
of AP300 SMR will be lower considering a 5% WACC and
a 8yr construction time. It emphasizes that there is a lot of
learning potential already on the financial side that could be
assessed from the first unit of deployment. Nevertheless, this
is also sensitive to the investment models chosen for SMRs.



TABLE IX
COST ESTIMATIONS OF FOUR DIFFERENT PWR-BASED SMRS APPLYING SCALING LAWS AND LEARNING RATES
Symbol NuScale Holtec Westinghouse | Rolls-Royce
VOYGR | SMR-160 AP300 SMR
Reference reactor electrical power rating (AP1000) pP* 1117 1117 1117 1117 MW
SMR electrical power rating per module P 77 160 300 470 MW
SMR specific electrical power rating P/P* 0.069 0.143 0.269 0.421 —
SMR specific normalized overnight cost c/c* 2.915 2.176 1.692 1.414 -
Reference reactor normalized overnight cost [42] c* 5000 5000 5000 5000 $/kW
Estimated SMR norm. overnight cost (FOAK) c 14575 10878 8459 7069 $/kW
Announced SMR norm. overnight cost (NOAK) [40] c 2900 3750 3450 5250 $/kW
Estimated SMR overnight cost (FOAK) C 1.122 1.740 2.538 3.322 B$
Announced SMR overnight cost (NOAK) C 0.223 0.600 1.035 2.468 B$
Nth of a kind to cancel lack of economies of scale n* 1140 167 32 10 -
Nth of a kind to reach announced cost (NOAK) n 41025 1104 366 8 —
Capacity expansion to cancel lack of economies of scale | n*P 87.78 26.72 9.60 4.70 GW
Capacity expansion to reach announced cost (NOAK) nP 3158.92 176.64 109.80 3.76 GW
Estimated levelized cost of electricity (FOAK) LCOE 131 104 87 s $/MWh
Estimated levelized cost of electricity (NOAK) LCOE 46 52 50 63 $/MWh

Assume $25 MWh~! in OPEX [61], a capacity factor (K) of 95 %, a scaling coefficient (k) of 0.6, a learning rate (z) of 10 %, an interest rate () of 5%,
a total construction time of 4 years, and a design lifetime (/V) of 60 years. Nth-of-a-kind (NOAK) announced overnight costs are taken from a recent report
on nuclear energy by Rystad Energy [40] with exchange rate 1.08 $/€. The reference reactor is AP1000 and based on 2022 overnight cost in the US [42].

VI. CONCLUSION AND OUTLOOK

This paper has presented an overview of small modular
and advanced nuclear reactors and provided some insights
into their potential role in the energy transition from both
a technical and economic perspective. We have investigated
70 different SMR concepts intended for power generation
purposes and divided them into six categories, where three
belong to conventional Generation III+ light-water reactor
technologies while the three others are considered Generation
IV next-generation nuclear reactor technologies. SMRs have
benefits as a complementary source in a deeply decarbonized
power and energy system. Their ability to secure firm baseload
power is especially to be important in the future electrifi-
cation of heavy, non-flexible power consumers. Moreover,
conventional SMRs can provide load-following services to the
power grid. Integrated with thermal storage, the flexibility of
SMRs can be enhanced and the value could be even higher.
Nevertheless, there are some economic uncertainties regarding
SMRs from an economic point of view where the achieved
learning rate will be essential to ensure SMR’s competitiveness
as a key player in the energy transition. Nonetheless, the
features of SMRs could make them a wildcard to penetrate
new markets often neglected by large reactors, including the
utilization of heat and remote off-grid applications.
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