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A B S T R A C T

This study introduces two key methodological enhancements to an open-source multi-regional model of the 
Italian power sector, namely a detailed representation of the nuclear fuel cycle and a discrete capacity formu
lation to capture the indivisible nature of reactor units and their systemic interactions, and applies them to assess 
the techno-economic feasibility and policy conditions under which nuclear fission could re-emerge as a 
competitive player within an Italian decarbonized power system by 2050. Through a structured scenario anal
ysis, we examine both the combined influence of investment costs and hurdle rates on the competitiveness of 
nuclear power, comparing large light-water reactors and small modular reactors, and the potential implications 
of nuclear fission reintroduction for the Italian power system. A dedicated sensitivity analysis investigates the 
potential of Generation IV designs, such as lead-cooled fast reactors and high-temperature gas-cooled designs, 
under alternative cost assumptions. The results indicate that nuclear power would become economically viable in 
most scenarios with stable or moderately increasing capital costs, reaching up to the 8 GWe maximum constraint 
for the installed capacity by 2050 and reducing electricity imports by nearly 50%. Nuclear deployment would 
decrease the total system costs by up to €8 billion, while also reducing storage requirements (− 42%), curtailed 
generation (− 35%) and land use (− 25%) compared to a non-nuclear decarbonization pathway. Overall, the 
study highlights the decisive role of financing conditions and policy frameworks in determining the future 
competitiveness of nuclear energy in Italy, emphasizing its potential contribution to energy security, system 
reliability, and cost-efficient decarbonization.
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Nomenclature

Acronyms

C2N Coal-to-Nuclear

CC Carbon Capture

CNAI National Map of Suitable Areas

CNEN National Committee for Nuclear Energy

COP Conference of the Parties

DU Depleted Uranium

ENEA National Agency for New Technologies, Energy and Sustainable Economic Development

EPR European Pressurized Reactor

ESOM Energy System Optimization Model

FOAK First-of-a-Kind

GCR Gas-Cooled Reactor

IAEA International Atomic Energy Agency

IDC Interests During Construction

IEA International Energy Agency

L_LWR Large size Light Water Reactor

LFR Lead Cooled Fast Reactor

LWR Light Water Reactor

Micro-CHP Micro-Combined Heat and Power

MOX Mixed Oxide

NPV Net Present Value

OCC Overnight Construction Cost

O&M Operation and Maintenance

PWR Pressurized Water Reactor

S_GCR Small modular Gas-Cooled Reactor

S_LFR Small modular Lead cooled Fast Reactor

S_LWR Small modular Light Water Reactor

SMR Small Modular Reactor

TEMOA Tools for Energy Modeling Optimization and Analysis

TSO Transmission System Operator

UCO Uranium Carbide Oxide

UK United Kingdom

UOX Uranium Oxide

WACC Weighted Average Cost of Capital

Region Labels

ABR Abruzzo
BAS Basilicata
CAL Calabria
CAM Campania
EMR Emilia-Romagna
FVG Friuli-Venezia Giulia
LAZ Lazio
LIG Liguria
LOM Lombardia
MAR Marche
MOL Molise
PIE Piemonte
PUG Puglia
SAR Sardegna
SIC Sicilia
TOS Toscana
TAA Trentino-Alto Adige
UMB Umbria
VDA Valle d’Aosta
VEN Veneto
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1. Introduction

Nuclear energy is the world's second largest source of low-carbon 
electricity, accounting for approximately 9% of global production in 
2023 [1]. After strong expansion in the 1980s, driven mainly by energy 
security concerns following the oil crises – nuclear investment slowed 
significantly due to uncertainties related to high capital costs, long 
construction times, and increasingly stringent safety regulations, which 
intensified after the Chernobyl accident [2]. As a result, nuclear share of 
global electricity generation has gradually declined over the past 30–40 
years [3], falling from around 18% in the late 1990s to below 10% 
today. However, rising energy demand and the need for dispatchable 
low-carbon power are renewing interest in nuclear energy. Global in
vestments have more than doubled in the last 7 years [4]. At the Con
ference of the Parties (COP) 28 in 2023, more than 20 countries 
launched the Declaration to Triple Nuclear Energy, aiming to at least 
triple capacity by 2050 relative to 2020 levels [5]. In 2024, at COP 29, 
the US Government announced plans to at least triple domestic nuclear 
capacity by mid-century, while Google partnered with Kairos Power to 
deploy 500 MW of Small Modular Reactors (SMRs) capacity by 2035 [6]. 
In the same year, the European Commission established the European 
Industrial Alliance on Small Modular Reactors to support first de
ployments in the early 2030s [7]. According to the International Atomic 
Energy Agency (IAEA), the global nuclear capacity could increase by a 
factor of 2.5 by 2050 [8], reinforcing its potential role in decarbon
ization pathways [9].

Most operating nuclear power plants still belong to Generation II. 
Generation III/III + designs evolved from Generation II, by integrating 
passive safety systems, higher fuel burnup, and increased thermal effi
ciency [10]. In parallel, Generation IV concepts are under development 
[11]. These include both thermal and fast reactors, classified according 
to their neutron spectrum [12]. Thermal reactors, often operating at 
higher coolant temperatures, can achieve higher thermodynamic effi
ciency and supply heat for industrial uses [13]. Fast reactors enable fuel 
cycle closure through spent fuel recycling and the burning of long-lived 
actinides, significantly reducing the volume and long-term management 
challenges of high-level waste [14]. In parallel with large-scale systems, 
SMRs adopt a modular manufacturing approach, with factory-produced 
units transported and assembled on-site [15]. This can reduce capital 
costs, ease financing, shorten construction times, improve quality con
trol, and enable deployment in remote areas [16]. However, SMRs 
typically exhibit lower net conversion efficiencies than large reactors of 
the same type [17]. This is due to scale effects, such as auxiliary power 
requirements not decreasing linearly and thus consuming a larger share 

of the gross output.
Italy was an early adopter of civil nuclear power, beginning con

struction of its first reactor in 1958 [18]. Following the 1986 Chernobyl 
accident and a national referendum reflecting strong public opposition, 
the government shut down all operating plants and halted new nuclear 
programs [18]. Today, Italy faces structural challenges in its energy 
system, particularly a strong spatial mismatch between electricity de
mand and renewable resources. In 2023, only 2% of wind generation 
and 43% of solar generation occurred in Northern regions [18], where 
57% of electricity demand is concentrated, largely due to higher in
dustrial activity (65% of national industrial electricity consumption) 
[19]. This imbalance increases transmission needs and highlights the 
strategic value of dispatchable low-carbon baseload generation. More
over, Italy remains highly dependent on electricity imports: in 2023, it 
was the world's second largest net importer [18], covering 16.3% of 
domestic consumption [20]. In this context, new low-carbon power 
sources could support both decarbonization and energy security. Nu
clear energy, with a median life-cycle carbon intensity of 12 gCO2/kWh 
[21], could contribute to this objective. Institutional signals of renewed 
interest have emerged, including the entry of National Agency for New 
Technologies, Energy and Sustainable Economic Development (ENEA) 
into the European Industrial Alliance on Small Modular Reactors in 2024 
[22], and Italy's accession to the European Nuclear Alliance in 2025 
[23]. Public acceptance has also improved [24]. Nevertheless, major 
barriers remain, including delays in decommissioning legacy reactors 
[25] and long-standing political and regulatory uncertainty, which in
crease investment risk and the cost of capital.

Assessing the potential future role of nuclear energy in Italy therefore 
requires analytical tools capable of addressing long-term technological, 
economic, and policy trade-offs. Energy System Optimization Models 
(ESOMs) are mathematical frameworks designed for this purpose [26]. 
They identify cost-optimal energy system configurations – typically 
assuming partial equilibrium, competitive markets, and perfect foresight 
– while meeting demand, technical constraints, and environmental tar
gets [27]. Based on networks of technologies and energy carriers 

Fig. 1. Scheme of the multiregional power sector model instance highlighting (a) the main technology groups, input and output commodities, (b) representative 
nodes and transmission lines [55]. Acronyms are illustrated in the nomenclature alongside the extended names of regions.

Table 1 
Heat and electricity demand taken from the net-zero scenario presented in 
Ref. [63].

Demand 
(PJ)

2025 2030 2035 2040 2045 2050

Heat 203.89 214.08 224.79 236.03 247.83 260.22
Electricity 984.13 1085.99 1191.04 1295.30 1393.12 1432.38
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characterized by techno-economic parameters, ESOMs support policy 
analysis, climate target assessment, and technology planning [28].

Despite their established role, the deployment of new nuclear units 
faces high First-Of-A-Kind (FOAK) costs and significant financial risks 
[29], alongside regulatory and supply chain hurdles [30]. To mitigate 
these challenges, the Coal-to-Nuclear (C2N) pathway proposes repur
posing retiring coal-fired plants to leverage existing grid and cooling 
infrastructure [31], offering a strategic solution for system integration 
[32]. However, these complexities are often represented in a simplified 
manner within energy models. Key aspects such as the fuel cycle [33], 
material requirements [34], economic competitiveness thresholds [35], 
and risk-mitigation policies [36] are frequently overlooked. While 
acceptable for some applications, this simplification limits the ability to 
capture the diversity of reactor designs, costs, and operational charac
teristics. Moreover, few long-term planning studies systematically 
explore how nuclear competitiveness depends on macroeconomic pa
rameters such as investment costs and interest rates. Although many 
assessments examine nuclear under specific assumptions [37], only a 
limited number analyze the sensitivity of deployment pathways to 
financial conditions [38], despite their strong influence on 
capital-intensive technologies like nuclear power [39]. Understanding 
these dependencies is essential to assess under which economic and 
policy conditions nuclear energy can become competitive [40], and to 
quantify the resulting implications for technology mix [41], 
sector-couplings [42], system reliability, environmental impacts [43] 
and overall transition costs.

To address these issues, this work pursues two objectives. First, it 
evaluates the economic conditions under which a potential restart of 
nuclear fission in Italy could be economically viable and assesses its 
contribution to long-term emission reduction in the power sector. This 
includes analyzing the combined effects of investment costs and hurdle 
rates on the competitiveness of Generation III+ and Generation IV re
actors of different sizes relative to alternative technologies. Second, the 
study examines how siting policies and geographical constraints influ
ence the spatial distribution of nuclear deployment, and the resulting 
impacts on backup capacity, storage requirements, curtailments, and 
land use at the regional level and under a net-zero constraint. To achieve 
these objectives, we conduct a set of targeted scenario experiments using 
a multiregional version of the TEMOA-Italy model [44], specifically 
enhanced with a detailed representation of the nuclear supply chain and 
a discrete capacity formulation.

The paper is organized as follows. Section 2 presents the adopted 
multiregional model instance and the techno-economic modeling of 
nuclear technologies. Moreover, it describes the scenarios related to 
nuclear economic competitiveness (Section 2.3) and alternative siting 
assumptions (Section 2.4). Section 3 discusses the results, analyzing 
nuclear competitiveness, the role of Generation IV SMRs, and the effects 
of a nuclear restart on deployment and system outcomes at national and 
regional scales. Section 4 addresses limitations and future research 
perspectives, while Section 5 summarizes the main findings and outlines 
the main policy implications.

2. Methodology

The methodology developed in this study relies on two main com
ponents. First, the Italian power system is represented in a multiregional 
model instance to provide a suitable optimization framework for 
exploring the competition between nuclear technologies and other 
electricity production options (Section 2.1). Second, the techno- 
economic characterization adopted to represent the selected fuel sup
ply options, reactor types, temporary storage, reprocessing, and waste 
disposal facilities (Section 2.2).

2.1. Representation of the Italian power system

This section describes the Italian power sector model developed 
using the TEMOA (Tools for Energy Modeling Optimization and Anal
ysis) framework, building on a validated full-scale national energy sys
tem model [53]. TEMOA is an open-source, bottom-up modeling 
platform based on linear optimization that minimizes total system costs 
over a defined time horizon, subject to technical and policy constraints 
and energy service demands. System costs include investment, fixed 
operation and maintenance (O&M) and variable O&M components, with 
the latter linked to technology activity and the former to installed ca
pacity; all costs are discounted to the beginning of the time horizon. 
TEMOA's modular and transparent structure makes it well suited for 
academic and exploratory scenario analysis, including regional appli
cations such as [45] for Piedmont and [46] for Pantelleria. Among 
similar tools for multi-sector energy system planning, such as TIMES 
[47] and OSeMOSYS [48], and tools for CLEW analyses such as GCAM 
[49], TEMOA was selected because it provides several built-in meth
odologies for uncertainty analysis, including modeling to generate al
ternatives [50], stochastic optimization [51], and global sensitivity 
analysis [52], while also benefiting from an existing Italian modeling 
platform that has been successfully benchmarked [53] against the 
TIMES framework used to support the Italian National Energy and 
Climate Plan [54].

The multiregional model instance [56] used here is derived from the 
power sector of TEMOA-Italy [44], an open-source national model 
calibrated using International Energy Agency (IEA) energy statistics for 
the base year 2006 and Eurostat Energy Balances up to 2022 [44]. 
Focusing on the power sector allows the analysis of competition between 
nuclear and alternative technologies under fixed electricity demand, 
avoiding cross-sectoral interactions and electrification dynamics. The 
model disaggregates the Italian power system into 20 nodes corre
sponding to administrative regions to capture spatial heterogeneity in 
demand, resources, and policy constraints (Fig. 1b). The model time 
scale consists of a time horizon spanning up to 2050 and 96 time slices 
per milestone year, corresponding to combinations of seasons (i.e., 
winter, spring, summer and fall) and 24 times of day per season (i.e., 
hourly resolution).

A scheme of the TEMOA-Italy power sector is illustrated in Fig. 1a. 
The technology portfolio includes coal and natural gas power plants 
with Carbon Capture (CC) and Micro-Combined Heat and Power (Micro- 
CHP) for residential, industrial, and commercial applications. The 

Fig. 2. Simplified nuclear chain. Technologies are represented by squares and commodities by circles.
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considered utility-scale energy storage options are lithium-ion batteries 
and pumped hydroelectric plants, while lithium-ion batteries are 
considered as distributed facilities [55]. Emissions are modeled 
following the dynamic approaches in Refs. [57], [58] for considering 
blending of renewable fuels, critical raw materials requirements for new 
capacity of energy technologies follow [59], [60] and 
technology-specific hurdle rates are taken from Refs. [61], [62].

Upstream fuel supply chains for coal, oil, natural gas, and biofuels 
are represented by dedicated technologies with associated variable 
costs. Electricity imports and exports are modeled through technologies 
reflecting average capacities and prices, as described in Ref. [63]. 
Electricity distribution, including conversion from centralized to 
distributed supply, is modeled with an assumed efficiency of 95% to 
account for grid losses. National heat and electricity demands are 

derived from a decarbonization scenario produced with the full 
TEMOA-Italy model (Table 1). These demands are then disaggregated 
across the 20 regions based on 2022 electricity demand shares and 
regional Gross Domestic Product for hydrogen, as detailed in Refs. [56], 
[64].

2.2. Nuclear fission techno-economics

The nuclear fuel cycle structure implemented into the Italian model 
is inspired by the JRC-EU-TIMES model approach [65]. Nuclear 
front-end and back-end stages are disaggregated more explicitly. Fig. 2
represents the connection between the most relevant technologies and 
commodities divided into three main sections: front-end (e.g. supply 
chain and fuel), reactors (e.g. core and secondary sides, producing heat 

Table 2 
Reactor technologies techno-economic parameters.

Reactor Fuel Reprocessing Efficiency 
(%)

Discrete Capacity 
(GWe)

Lifetime Overnight Cost ($2022B/ 
GWe)

Fixed O&M Cost 
($2022M/GWe)

Capacity Factor 
(%)

L_LWR UOX LWR or MOX 
LWR

PUREX or 
UREX

33 1.6 60 4.0 154 94
S_LWR 0.4 4.8
S_LFR MOX LFR Pyro 42 0.2 -
S_GCR UCO GCR - 41 0.1 -

Fig. 3. Schematic representation of the nuclear technology chain represented in the model. The front-end section is represented with green blocks, cores and 
secondary circuits belonging to the reactor section are represented in red and yellow, respectively, while blue blocks represent temporary storage, pink reprocessing 
facilities and violet final disposal. Acronyms are illustrated in the nomenclature alongside the extended names of regions.

Fig. 4. Parameters combinations defining the investigated scenario tree in the present study. Scenarios presenting the same assumptions for hurdle rates and cost 
trend are highlighted in bold.
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and electricity respectively) and back-end (e.g. temporary storage, spent 
fuel reprocessing and final disposal of waste). The complete modelling of 
the front-end and back-end is illustrated in Ref. [66], while this section 
focuses on the reactor segment.

Since modelling relies on real reactor designs, an overview of current 
and future concepts is required. The selection of the reactor type is based 
on a comprehensive overview of the current state of the art. Water re
actors dominate nuclear power, accounting for over 95% of global net 
capacity, with Pressurized Water Reactors (PWRs) representing 78% in 
2023 [67]. In Europe, all operating reactors in the European Union and 
the United Kingdom (UK) are Generation II water reactors except for 
Olkiluoto-3 (located in Finland), which is a European Pressurized 
Reactor (EPR), the first Generation III + unit and the first new European 
reactor since 2007 [67]. In December 2024, another EPR (Flamanville 3) 
entered operation in France [68]. Except for UK Gas-Cooled Reactors 
(GCRs), all European reactors are water-cooled, and all units under 
construction are PWRs, including EPR-1750 in the UK and VVER V-213 
in Slovakia [67]. After prolonged stagnation, European new-build ac
tivity has thus converged on Generation III + PWRs. The EPR is therefore 
selected as the representative large reactor, given its maturity and reg
ulatory compatibility within the European – and potential Italian – 
context.

To examine competition across reactor scales, SMRs are also 
considered. Among advanced SMRs designs listed in Ref. [2] (including 
AP300 SMR of Westinghouse, Aurora of Oklo, BWRX-300 of GE Hitachi 
Nuclear, 200-400 MW SMR of NUWARD, etc.), the UK SMR is chosen 
due to its advanced development status (Rolls-Royce SMR has been 
selected as the preferred bidder to partner with Great British Energy – 
Nuclear to develop SMRs [69]), its European manufacturer, and its 
reliance on PWR technology. Hereafter, the traditional large-scale EPR 
and its SMR version are referred to as Large-size Light Water Reactor 
(L_LWR) and Small-modular Light Water Reactor (S_LWR). To explore 
the potential role of alternative reactor designs – introducing new 
life-cycle options with possible relevant effect on fuel import and spent 
fuel management – two additional Generation IV SMRs are considered: a 
Lead Cooled Fast Reactor (LFR) and a very high temperature reactor. 
The choice of a fast reactor and a high temperature one makes it possible 
to exploit the advantages of these technologies in terms of spent fuel 
recycling and potential availability of high temperature heat for indus
trial uses different from electricity production, respectively. The two 
models from IEA nuclear projection research [2] are LFR-AS-200 
(selected by the European Small Modular Reactor Industrial Alliance 
[70]), from this point onward referred to as Small modular Lead cooled 
Fast Reactor (S_LFR), and Xe-100 (X-Energy signed a joint development 
agreement for their deployment in the UK [71]), hereafter denoted as 
Small modular Gas-Cooled Reactor (S_GCR).

In terms of the economic characterization of reactors, the Overnight 
Construction Cost (OCC) includes pre-construction (owner's), construc
tion (engineering, procurement, and construction) and contingency 
costs. The investment costs – i.e. OCC with the addition of interests 
during construction (IDC) – are computed from the overnight costs as 
reported, with n representing the construction time in years, y the year 
from 1 to n and r the discount rate as described by Equation (1), 
assuming payments occur at the end of each construction year. 

CostInvest =
∑n

y=1

(
OvernightCost

n
⋅ (1 + r)y− 1

)

1 

The reference overnight costs assumed here are $4.0B/GWe for 
L_LWR, as per Table 3.4a from Ref. [72], which provides an overview of 
different LWR investment costs, and $4.8B/GWe for S_LWR [17]. Due to 
lack of available data, fixed O&M costs for S_LFR and S_GCR are assumed 
to be equal to those of S_LWR. This simplification balances potential 
operational advantages (e.g., online refueling) against the reduced 
economies of scale and higher technical complexity of non-water-cooled 
designs. Their investment costs – which are still highly uncertain [39] – 

will be subject to further analysis in the following sections. For these 
reasons, the two innovative SMRs are excluded from the core scenario 
framework and are available exclusively within the dedicated sensitivity 
analysis presented in Section 3.3.

Regarding construction time, the highest values included in the 90% 
probability interval of Monte Carlo simulation from Ref. [17] are 
conservatively selected, corresponding to 10 years for L_LWR and 6 
years for S_LWR. These values are also aligned with the conservative 
scenario discussed in Ref. [73] corresponding to 125 and 71 months, 
respectively. Decommissioning costs [74], [75] are not considered, as 
the long operational lifetime of nuclear plants makes their present value 
negligible when discounted at the installation year [72]. Fixed O&M 
costs for all the reactors is $154M/GWe, corresponding to the optimistic 
value for USA in Ref. [76].

Technical parameters listed in Table 2 are taken from Ref. [77]. EPR 
has a burnup (measured in gigawatt-days per ton (GWd/t), representing 
the total thermal energy extracted from a unit of fuel before its discharge 
from the reactor) of 60 GWd/t, leading to 5.18 PJ/ton for the L_LWR, 
while the UK SMR burnup is 55 GWd/t, corresponding to 4.75 PJ/ton for 
S_LWR. LFR-200-AS and Xe-100 have burnup of 100 GWd/t and 165 
GWd/t, respectively, corresponding to 8.64 PJ/ton for S_LFR and 14.26 
PJ/ton for S_GCR. The lifetime is assumed at 60 years, and the maximum 
capacity factor is set to 0.94 for all reactors, as confirmed in Ref. [78] for 
new plants, while the actual capacity factor is a result of the optimiza
tion process performed by the model. All nuclear technologies are 
assumed to be available no sooner than 2040, taking into account the 
necessary preparation of the regulatory framework, as well as the con
struction time of new facilities. While this timeline is ambitious when 
considering recent European construction experiences and delays, it 
represents a conservative assumption relative to the Italian govern
ment's current scenarios, which expect operational reactors as early as 
2035 [79]. The 2040 horizon serves not as a predictive forecast, but as 
an analytical baseline to examine the systemic implications of a nuclear 
restart by 2050. Previous sensitivity tests [66] indicate that shifting the 
startup date does not significantly alter fission's competitiveness by 
2050. A delay would primarily affect the transition path and the tem
porary mix required to meet emission targets, without altering the final 
optimal capacity.

The complete nuclear supply chain represented in TEMOA-Italy, 
including fuel supply, reactors, temporary storage, reprocessing facil
ities and final disposal of waste, is shown in Fig. 3. The L_LWR and 
S_LWR share the same supply chain, based on Uranium Oxide (UOX) and 
Mixed Oxide (MOX) fuels, with MOX accounting for up to 33% of the 
total input. UOX can be either imported or partially recovered – after 
temporary storage – from spent fuel though the UREX + reprocessing, 
which also separates transuranic elements. Alternatively, the PUREX 
reprocessing allows to recover plutonium from the spent fuel, to be 
blended with Depleted Uranium (DU) for new MOX fabrication. The 
same configuration is applied to the S_LFR, whose front-end is based on 
MOX fuel, either imported or produced with uranium and transuranic 
elements recovered through pyroprocessing or the abovementioned 
reprocessing paths for LWRs spent fuel. All reprocessing techniques 
separate high level waste, and each waste commodity has a dedicated 
final disposal technology. The S_GCR is the only reactor type with no 
reprocessing options and, consequently, it follows a one-through fuel 
cycle based on Uranium Carbide and Oxide (UCO). The techno- 
economic modelling of the nuclear chain is discussed in detail in 

Table 3 
Current investment costs in $2022B/GWe including IDC depending on Hurdle 
Rate.

Investment Cost ($2022B/GWe) Hurdle Rate

10% 9% 8% 7% 6% 5% 4%

L_LWR 6.4 ​ 5.8 ​ 5.3 ​ ​
S_LWR 6.2 6.1 5.9 5.8 5.6 5.5 5.4
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Ref. [66]. The detailed nuclear chain techno-economic characterization 
described in Fig. 3 is innovative compared to the traditional and 
simplified ESOMs’ approach for nuclear technologies, enabling analysis 
of fuel import dependence and waste reduction through reprocessing.

To better represent real-world constraints, the TEMOA formulation is 
extended with a new modeling feature that enables discrete capacity 
additions. Unlike standard energy planning tools that allow continuous 
capacity expansion, this approach constrains new installations to mul
tiples of a user-defined “DiscreteCapacity.” This is particularly relevant 
for technologies characterized by large, indivisible units, such as nuclear 
power plants, whereas continuous approximations are more suitable for 
modular renewables. The distinction is especially important in a 
multiregional setting, where regions may favor SMRs or large reactors 
depending on local demand. To avoid numerical issues, discrete values 
are rounded to realistic sizes, ensuring that the maximum capacity 
constraint defined in Section 2.3 is an exact multiple of these units. The 
adopted DiscreteCapacity values and the main techno-economic pa
rameters of the modeled reactors are reported in Table 2, focusing on 
their electricity generation performance.

2.3. Economics determining nuclear fission competitiveness

Regarding the first objective of the paper (assessing nuclear 
competitiveness under varying economic conditions), this section de
fines the scenarios aimed at investigating the implications of a nuclear 
fission restart in Italy and how variations in certain parameters, such as 
hurdle rates and investment cost trends, affect nuclear plants’ compet
itiveness. It begins with an overview of nuclear capacity expansion 
across the 27 scenarios (Fig. 4), all developed under the CNEN regional 
siting constraints (described in Section 2.4). Finally, the potential 
contribution of S_GCR and S_LFR is explored under alternative invest
ment cost assumptions, due to the lack of reliable data emerged for the 
capital costs of such innovative reactors [80].

The OCC typically accounts for roughly 55% of nuclear total lev
elized cost. In this regard, some approaches aimed at reducing upfront 
investment costs – such as C2N conversions, which involve reusing 
existing coal plant infrastructure for new nuclear installations – are 

receiving growing attention [81], although they are not considered in 
this study. Other life-cycle costs have lower contributions – approxi
mately 15% for IDC, 15% for O&M and decommissioning provision, and 
15% for fuel and provisions for spent fuel – and have shown minimal 
variation over time and across countries [82]. For this reason, the 
analysis focuses on two economic parameters that influence OCC 
reflecting different drivers: hurdle rates and future investment cost 
trends. Hurdle rates, mainly driven by government policy and regula
tion, are supposed to remain stable across the scenarios’ time periods. 
On the contrary, OCC varies across time periods reflecting different as
sumptions for future cost trends.

Hurdle rates are calculated using the WACC formula, as discussed by 
Ref. [61]. As shown by Ref. [2], hurdle rates for both L_LWR and S_LWR 
(the only reactors considered in this study) are generally between 6% 
and 8% depending on the role of nuclear energy production in company 
portfolios. Given the historical political instability of Italy and the ex
pected opposition from at least part of the population to the restart of the 
Italian nuclear sector, scenarios explored in this analysis implement 
three different hurdle rate levels for the L_LWR technology, ranging from 
an optimistic base of 6% to 8% and 10%, conservatively. Such as
sumptions are also aligned to those made by Ref. [83] for the 
Netherlands. Quantifying the benefit in the hurdle rate of SMRs 
compared to large reactors is not trivial, as it involves competing factors: 
while the FOAK status, regulatory uncertainty, and supply chain 
immaturity could increase risk, the lower capital requirements and 
modularity of SMRs might appeal to a broader range of investors. Since 
the goal is to identify the economic conditions under which SMRs could 
reach competitiveness, and considering their higher investment cost 
disadvantage, scenarios with SMR hurdle rates higher than those of 
L_LWR are not explored. As a result, alongside assuming the same hurdle 
rate of large reactors, we also consider hurdle rates levels 1% and 2% 
lower in specific scenarios for this technology. For other technologies, 
including intermittent renewables, the hurdle rate is assumed to remain 
unchanged across the scenarios. Indeed, their shorter operational life
times, lower capital intensity, and future projections for cost reductions 
reduce the relevance of the cost of capital in determining their 
competitiveness.

Coming to reactor cost variation, historical cost trends for nuclear 
investments in different countries have been taken from Ref. [82], where 
the first decade of nuclear installations emerges to be typically charac
terized by a decreasing annualized rate of change ranging from − 6%/yr 
to − 17%/yr. The subsequent decade generally shows the opposite 
pattern, with annual increases between +2% and +12%. Some consid
erations should be made about the data mentioned. Firstly, there are no 
recent data for the American and European regions, as the investigated 

Table 4 
Normalized reactors investment costs (€M/€M) future trends (for scenarios ++, 
+ and = ).

Scenario 2035 2040 2045 2050

þþ 1.00 1.61 1.96 1.96
þ 1.00 1.28 1.41 1.41
¼ 1.00 1.00 1.00 1.00

Fig. 5. Total installed nuclear reactors capacity in each scenario.
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period spans from 1954 to 1991. The most recent data concern Asia and 
shows stable costs between 1980 and 2008. South Korea is the only 
country to present stable costs throughout the entire period, suggesting 
that the political context can heavily determine these trends through 
different policies and regulatory frameworks. Given that, three different 
pathways are investigated for the scenarios: 

- stable investment costs for the entire time horizon (=);
- +5% annualized rate of change between 2035 and 2040 followed by 
+2%/yr up to 2045 and constant costs afterward (+);

- +10% annual increase from 2035 to 2040 followed by +4%/yr up to 
2045 (++). This choice is very conservative compared to the 

National Renewable Energy Laboratory conservative, moderate, and 
advanced scenarios for the USA, which consider only decreasing cost 
trends [73].

All the possible combinations of assumptions made for hurdle rates 
and cost trends result in 27 scenarios reported in the scenario tree shown 
in Fig. 4. For easier visualization, the name of each scenario is labelled in 
the format L.S, where L and S correspond to the hurdle rates for large 
reactors and SMRs, respectively, followed by the symbols = , +, or ++

depending on the assumed cost trend in each case (for example, scenario 
6.4 = assumes 6% hurdle rate for large reactors, 4% hurdle rate for 
SMRs, and a stable cost trend). The investment costs obtained with 

Fig. 6. S_GCR (a) and S_LFR (b) installed capacity depending on investment costs increase.

Table 5 
Nuclear installed capacity by region and type of reactor in each scenario.

Region Installed Capacity (GWe)

FREE CNEN CNAI CENT

L_LWR S_LWR L_LWR S_LWR L_LWR S_LWR L_LWR S_LWR

EMR ​ ​ ​ ​ - - 1.60 0.80
FVG ​ 0.80 ​ 0.80 - - - -
LAZ ​ ​ ​ ​ 1.60 1.20 1.60 0.80
LOM 4.80 ​ 4.80 0.80 - - - -
PIE ​ ​ ​ ​ 1.60 2.00 3.20 ​
TAA ​ 0.40 - - - - - -
TOS 1.60 0.40 1.60 ​ - - - -

Italy 6.40 1.60 6.40 1.60 3.20 3.20 6.40 1.60
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Equation (1) based on hurdle rates are reported in Table 3, illustrating 
the high sensitivity of total capital requirements to financing conditions 
and IDC. The impact of cost trends on these investment costs is shown in 
Table 4 represented by the resulting multiplication factors. Notably, 
these factors allow the model to test the robustness of nuclear compet
itiveness against potential cost escalation, considering scenarios where 
investment costs could nearly double by 2050 (e.g., reaching a 1.96 
factor in scenario ++).

Maximum potential nuclear capacity is fixed at 8 GWe in 2050, 
assuming the political target stated in Ref. [79] as the maximum 
achievable deployment of nuclear facilities in Italy. Additionally, we 
assume that no nuclear installations will occur before 2040, also based 
on [84]. As a result, the maximum installable nuclear capacity is 1.6 
GWe in 2040, 3.2 GWe in 2045 and 8.0 GWe in 2050.

The sensitivity analysis on economic inputs is carried out assuming 
all the regions, presenting at least one site identified as suitable for 
hosting nuclear power plants by Ref. [85], are available for new in
stallations. This assumption corresponds to scenario CNEN among those 
more extensively discussed in Section 2.4 and represented in Figure A1
(see the Appendix).

The sensitivity analysis on the investment cost of Generation IV re
actors (S_LFR and S_GCR) explores their economic competitiveness 
against other designs. From the 27 scenarios illustrated, the sensitivity 
analysis involves the 9 in which SMRs hurdle rate is 1% lower than 
L_LWR one, selected because they consider a potential financing facili
tation due to the smaller size of SMRs, while excluding the very ambi
tious scenarios assuming − 2% reduction. Starting at S_LWR costs level, 
S_GCR and S_LFR investment costs are progressively increased by 1% 
increments until they become fully uncompetitive (i.e., no capacity 
deployed) against the water-cooled SMRs. This approach does not imply 
cost parity between mature water-cooled designs and FOAK Generation 
IV concepts; rather, it serves as a reverse-benchmarking exercise to 
identify the maximum cost threshold at which these advanced reactors 
remain competitive.

2.4. Policies determining available sites for nuclear fission in Italy

This section addresses the second objective of the paper stated in 
Section 1, examining various combinations of potential sites available 
for nuclear plants in Italy, with the aim of analyzing the optimal 
configuration depending on alternative geographical constraints. This 
analysis is conducted with a net-zero emission constraint for the power 
system, following the emission reduction trajectory proposed in 

Ref. [56]. The reference economic conditions used in this part of the 
paper are those of scenario 6.5+, selected as the most probable among 
all of them: it assumes an hurdle rate for the L_LWR similar to the global 
average for nuclear investments; the 1% difference between large re
actors and SMRs considers the possibility of slightly favorable financing 
conditions for the latter, while increasing costs follow the historical 
growth rates for developed countries. Note that the following four sce
narios presented should not be intended as technically viable configu
rations, but rather as an analysis on the response of the model to a set of 
different geographical constraints.

Article 23 of Italian Law No. 393 of 2 August 1975 entrusted the 
National Committee for Nuclear Energy (CNEN) with the task of drafting 
a map of sites suitable for the construction of nuclear power plants [85]. 
The map, published in 1979, was made overlapping four other maps, 
each of them excluding areas that did not satisfy specific constraints: 
geology, demography, cooling water availability, land slope [86]. While 
the siting criteria have inevitably evolved over the decades, potentially 
rendering this map obsolete by modern standards, it remains the only 
official document produced for this specific purpose in Italy. This result 
is used as a constraint for regions in which the model is allowed to install 
nuclear plants in the first scenario, named CNEN.

The second configuration – CNAI – takes as reference the National 
Map of Suitable Areas (Carta Nazionale delle Aree Idonee, CNAI). Pub
lished in 2023 by the Ministry of Environment and Energy Security, this 
map lists all the suitable sites for the construction of the national 
radioactive waste repository [87]. This analysis is considerably more 
recent than the previous one. Although the siting requirements for a 
waste repository differ significantly from those of a power plant, the 
investigation of this scenario is done to explore how the model outcomes 
vary with different assumptions concerning available regions for nuclear 
deployment, which in any case involve a subset of regions with respect 
to the CNEN scenario.

Another scenario – CENT – restricts the installation of nuclear ca
pacity to the four regions which hosted a nuclear plant in the past [18]. 
In the context of a potential nuclear energy restart, these former sites 
may represent the most politically and socially feasible locations, as they 
are the only areas with prior experience, existing infrastructure legacies, 
or established institutional familiarity with nuclear activities. This sce
nario is designed to explore the implications of prioritizing such loca
tions. The last configuration – FREE – imposes no geographical 
constraints aiming to identify the purely cost-optimal regional alloca
tion, providing a benchmark for comparison with the other scenarios’ 
results. The regional constraints for the four scenarios are reported in 

Fig. 7. Total system savings (a) and nuclear cumulative costs (b) in each of the scenarios assuming different sites availability (FREE, CNEN, CNAI and CENT) 
compared to NONUC.
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Figure A1 (see the Appendix).

3. Results

This section presents and discusses the results of the modeling sim
ulations, identifying the key factors that influence the role of nuclear 
fission in the Italian energy transition. The findings are organized as 
follows. Section 3.1 evaluates the economic determinants of nuclear 
competitiveness, including the potential role of Generation IV SMRs 
under cost uncertainty. Section 3.2 examines the results of the siting 
analysis, focusing on the implications of a nuclear restart for the national 
and regional power systems in terms of backup requirements, land use, 
and hourly operational patterns.

3.1. Resulting key determinants of nuclear fission competitiveness

Installed capacities by reactor type are presented in Fig. 5. Scenarios 
are ordered by decreasing L_LWR hurdle rates, decreasing S_LWR hurdle 
rates, and cost trends from ++ to = . Nuclear technologies are deployed 
in 23 of the 27 scenarios. In stable cost scenarios (=), the 8 GWe nuclear 
capacity constraint is always saturated. Conversely, in scenarios with 
increasing costs (+), installed capacity decreases as hurdle rates rise, 
while four of the ++ scenarios show no nuclear deployment, high
lighting the strong influence of this parameter on nuclear 
competitiveness.

Because of their different construction times and (consequently) in
terests during construction, hurdle rates influence the economic 
competitiveness between L_LWR and S_LWR. Large units leverage 
economies of scale, but their higher IDC causes a sharp loss in compet
itiveness as hurdle rates increase; conversely, the shorter construction 
periods of SMRs mitigate their sensitivity to rising hurdle rates. Specif
ically, L_LWR emerges as the cost-optimal choice when the hurdle rate 

equals 8% for both L_LWR and S_LWR. At 6% L_LWR hurdle rate, these 
reactors are preferred unless significant facilitation for S_LWR financing 
(4% hurdle rate). Notably, scenario 6.5+ is the only configuration in 
which both L_LWR and S_LWR technologies are deployed 
simultaneously.

The introduction of nuclear power significantly affects the energy 
mix. As shown in Figure A2 (see the Appendix) and focusing on Lom
bardia (LOM in Figure A1, see the Appendix), the region with the highest 
electricity demand and the most consistent installation of nuclear ca
pacity, electricity imports drop from 41% of the regional supply to a 
negligible share with nuclear deployment.

Regarding the potential role of Generation IV SMRs, Fig. 6 shows that 
S_GCR is always preferred to S_LFR at equal investment cost. Moreover, 
when S_GCR investment cost equals that of S_LWR, it completely re
places any other reactor type and, in some cases, even increases the total 
installed nuclear capacity. In the most favorable economic scenario for 
SMRs (6.5 = ), 8 GWe of S_GCR are installed provided its investment cost 
stays within +10% compared to S_LWR. The only configuration with no 
deployment of this design is scenario 10.9++ (highest cost trend and 
assumed hurdle rate levels). Regarding deployment trends, the three 
constant-cost (=) scenarios and scenario 6.5+ maintain the maximum 
installed capacity before dropping to zero. In the remaining cases, ca
pacity varies more gradually as costs increase, highlighting different 
sensitivity to capital expenditure and financing assumptions. Fig. 6b 
represents the case in which S_GCR is excluded to explore the behavior 
of S_LFR. The resulting trends are very similar to the ones in Fig. 6a, with 
an average difference in the investment cost assumption of approxi
mately 1% between the two Generation IV reactor types to get similar 
results in terms of deployed capacity. Overall, results suggest that the 
typically higher efficiency of Generation IV SMRs may determine eco
nomic competitiveness against water-cooled SMRs if their construction 
costs don't exceed 10% higher with respect to the latter ones. This value 

Fig. 8. Regional 2050 electricity generation mix in NONUC and CNEN scenarios. Acronyms are illustrated in the nomenclature alongside the extended names 
of regions.
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is consistent with the 2040 cost uncertainty ranges projected in Ref. [2], 
falling between the Announced Pledges Scenario and Net Zero Emissions 
by 2050 Scenario. This alignment highlights the critical role of both 
technological learning and policy support in determining the future 
economic landscape of advanced reactor designs.

3.2. Implications of nuclear fission restart under different sites availability

Table 5 summarizes the regional distribution of nuclear installations 
across all scenarios. The first observation is that CNAI is the only sce
nario which does not reach the maximum capacity constraint of 8 GWe, 

Fig. 9. Implication of nuclear deployment for backup thermoelectric generation capacity (national (a) and regional (b)), storage capacity (national (c) and regional 
(d)), curtailed electricity generation (national (e) and regional (f)) and land use for power plants (national (g) and regional (h)). Acronyms are illustrated in the 
nomenclature alongside the extended names of regions.
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and remains at 6.4 GWe. The cost-optimal configuration – FREE – has 
the highest nuclear deployment in LOM, the highest-demand region, 
with three L_LWR, while one L_LWR and one S_LWR are in TOS, and three 
additional S_LWR are distributed among other northern regions. CNEN 

results differ from FREE mainly by the siting of two SMR in LOM. In 
CNAI and CENT, where siting constraints do not allow for the con
struction of nuclear plants in LOM and TOS, the plant installation shifts 
to neighboring regions, such as PIE, EMR, and LAZ, enabling the 

Fig. 10. Hourly power generation by technology: at national level in NONUC (a) and CNEN (b), and in LOM in NONUC (c) and CNEN (d). Ticks of the horizontal axes 
represent the 24 times of day used to represent time-dependent input and decision variables in each season, corresponding to hourly resolution.
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possibility of transmitting electricity through the transmission grid.
Figure A3a (see the Appendix) compares national energy generation 

mix of scenarios allowing nuclear deployment, compared to NONUC. 
Meeting the emission constraint requires satisfying rising demand while 
almost eliminating all the thermoelectric capacity. In the NONUC sce
nario – with no nuclear deployment – this demand is primarily met by 
solar (+550 PJ) and wind (+280 PJ) generation, with the addition of a 
significant import (+130 PJ). The introduction of nuclear power reduces 
imported electricity by up to 22% compared to NONUC. Figure A3b (see 
the Appendix) illustrates the evolution of available capacity of the 
power sector. In this case, nuclear plants reduce the total installed ca
pacity due to their higher capacity factor with respect to renewable 
technologies. Specifically, solar available capacity (+110 GWe in 
NONUC in addition to 50 GWe of wind) is reduced by up to 20%.

The primary takeaway from Fig. 7 is that nuclear integration pro
vides substantial and robust net system savings across all scenarios, 
ranging from €6B to €8B across all scenarios. Fig. 7a presents the Net 
Present Value (NPV) of total system cost savings in each scenario rela
tive to the NONUC baseline. All costs are discounted to the 2022 
reference year using a 5% social discount rate, consistent with the 
model's objective function. They are very similar in terms of FREE and 
CNEN – almost €8B –, as expected, given the soft geographical limita
tions introduced in the second one. This value represents the net system 
cost reduction, accounting for all cost components in the optimization, 
including the savings resulting from reduced requirements for storage, 
backup capacity, and fuel use. CNAI savings decrease to about €6B, 
suggesting a direct correlation between nuclear deployment levels and 
total system costs reduction. Conversely, the intermediate value of less 
than €7B observed in CENT highlights the effect of stricter geographical 
constraints, making it approximately €1B more expensive than the 
optimal configuration.

Cumulative costs of the nuclear chain are illustrated in Fig. 7b. As 
expected, investment costs are the most impacting component (about 
65%), followed by O&M (25%) and fuel (10%), aligning with values 
reported in Ref. [82]. Comparing these two graphs, it results that the 
ratio between overall system savings and investments in nuclear gen
eration is about 0.5, underscoring the economic relevance of nuclear 
integration under favorable conditions. However, as the model's tem
poral horizon is limited to 2050, these results only capture the first 10 
years of operation for reactors commissioned in 2040. The remaining 50 
years of nuclear plants' lifetime and their consequent system benefits are 
not accounted for in this calculation. Conversely, the investment costs 
are entirely loaded at the time of installation. This temporal truncation 
leads to a significant underestimation of the long-term NPV of nuclear 
integration, as the reported 0.5 savings-to-investment ratio reflects only 
a fraction of the total life-cycle benefits against the full capital 
expenditure.

3.3. Regional and operational implications for the power system

Focusing now on NONUC and CNEN for a more comprehensive 
comparison of the nuclear deployment implications for the entire sys
tem, Fig. 8 shows the regional electricity generation mix in 2050 under 
such scenarios, highlighting that nuclear primarily acts as a regional 
substitute for northern solar capacity. The main effect of introducing 
nuclear capacity is the substitution of part of the solar generation in the 
northern regions with nuclear power. This shift is particularly relevant 
in areas where renewable technologies operate with lower capacity 
factors. Conversely, the southern regions – where most of the renewable 
capacity is concentrated – experience only marginal changes in their 
generation mix. From a geographical perspective, this configuration 
reflects the spatial distribution of both demand and renewable resources 
in Italy, with demand concentrated in the North and higher renewable 
potentials in the South. In principle, such a mismatch could lead to 
significant transmission requirements and associated costs, as electricity 
needs to be transported over long distances. However, the introduction 

of nuclear capacity in northern regions only partially alters these dy
namics. Given the relatively limited nuclear capacity allowed (up to 8 
GWe) and its preferential siting in high-demand areas, the resulting 
reduction in long-distance electricity flows is not sufficient to substan
tially modify the overall transmission expansion needs. As a result, the 
overall requirements for transmission capacity remain largely unaf
fected, even with the inclusion of northern nuclear facilities. This result 
is also confirmed in scenarios FREE, CNAI and CENT, regardless of the 
specific assumptions on regional availability. While nuclear deployment 
slightly reduces the need for northward electricity transfers from 
renewable-rich southern regions, the persistence of high shares of var
iable renewables and the existing geographical distribution of resources 
continue to drive similar transmission requirements across scenarios. 
Furthermore, since the model's 20-node resolution is significantly finer 
than the 7 official electricity market bidding zones currently used by 
Terna – the Italian Transmission System Operator (TSO) – [88], the 
approximations induced by the regional copper-plate assumption are 
likely to be contained within an acceptable range. Therefore, differences 
in grid-related costs associated with geographical factors remain limited 
in this modelling framework.

Fig. 9a illustrates the total thermoelectric backup capacity across all 
scenarios, showing a reduction up to 6 GWe (− 12%) in cases with nu
clear deployment. Fig. 9b highlights regional variations between 
NONUC and CNEN, with the most pronounced decreases observed in 
regions hosting nuclear plants – especially in LOM –, although similar 
trends are evident across almost all regions. Fig. 9c and d present 
analogous results for storage capacity. At national level, nuclear 
deployment strongly reduce storage requirements (up to 42%), with the 
CNEN scenario showing largest impacts in LOM, MAR, PIE, TOS, and 
VEN. Similar, the presence of nuclear baseload reduces the curtailed 
intermittent renewable generation approximately by 35% at national 
level in all scenarios with nuclear available compared to NONUC, as well 
as for regional curtailments both in regions with and without nuclear 
power plants in the CNEN scenario compared with NONUC (see Fig. 9f). 
Such benefits in terms of reduced investments in grid assets, similar to 
the findings of [9], are particularly relevant considering that recently 
the Italian TSO projected dramatically high marginal costs for the 
integration of renewable electricity production for near-100% renew
able targets for 2050 [89].

Differences in the land use between scenarios, obtained considering 
direct soil occupation for wind and PV and also fuel processing spacing 
for nuclear (no upstream manufacturing of materials [90], are mainly 
driven by variations in solar capacity, with reductions of approximately 
25% in those with nuclear deployment (see Fig. 9g). Notably, regions 
where nuclear power plants are deployed in CNEN are not the only ones 
with significant changes, as represented in Fig. 9h.

Fig. 10a and b compare total hourly power generation at the national 
level in the NONUC and CNEN scenarios, respectively. The baseload 
contribution of nuclear power is evident, reducing both the need for 
storage during solar peak hours and electricity imports by other coun
tries. This effect is much more evident in LOM, where the relevant de
mand fraction covered by the constant nuclear generation in CNEN 
(Fig. 10d) allows to strongly decrease both import and the storage of 
solar production observed in NONUC (Fig. 10b).

4. Limitations and perspectives

This study has several limitations. The analysis focuses exclusively 
on the Italian power sector, neglecting interactions with heating, in
dustry, and transport. Regional siting assumptions were defined in the 
absence of an official siting document, introducing uncertainty 
regarding the feasibility and location of new plants. The electricity grid 
is represented in a simplified manner, adopting a copper-plate 
assumption at the regional level, which may affect estimates of inter
regional power flows and makes the model overlook local grid effects 
[91]. In addition, the analysis addresses primarily techno-economic 
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aspects and does not explicitly capture political, regulatory, or social 
factors – such as licensing delays or public acceptance – that could 
significantly affect deployment timelines and costs. Furthermore, the 
assumption of perfect foresight may favor capital-intensive technologies 
with long lead times by mitigating risks associated with future market 
and policy uncertainties.

Cost assumptions are based on literature and remain uncertain, 
particularly with respect to learning effects and financing conditions 
[52]. Sensitivity analyses focus on nuclear investment costs and hurdle 
rates, while financing conditions for other technologies are kept con
stant. The uniform O&M cost assumption is a limitation, as it does not 
capture the specific trade-offs between the technical innovations and the 
reduced economies of scale of SMR and Generation IV reactors. The 
representation of nuclear technologies is limited to a small set of reactor 
designs, and the model horizon extends only to 2050, excluding 
longer-term effects related to reactor lifetimes, decommissioning, and 
waste management.

Future research could extend the framework to a multi-sectoral 
setting, capturing interactions between electricity, hydrogen, and 
other end-use sectors, and the broader role of nuclear in decarbonization 
pathways [92]. Additional scenario dimensions could include nuclear 
supply-chain constraints, fuel recycling strategies, or policy responses to 
crises and geopolitical disruptions. A more detailed representation of 
transmission networks and cross-border electricity exchanges would 
further improve spatial accuracy. Methodological improvements could 
also involve stochastic programming to better represent investment 
decision-making under deep uncertainty. The binary geographical con
straints for the siting used in this study could be overcome by incorpo
rating probabilistic social acceptance mapping, complemented by 
analyses aimed at quantifying the risks of project delays and the cost 
premiums triggered by social barriers.

The analysis also covers a limited subset of nuclear technologies. 
Future work could include additional fission concepts – such as fast 
breeder, molten salt, or high-temperature gas-cooled reactors – which 
may offer improved fuel utilization, operational flexibility, or reduced 
waste volumes [93], [94]. Extending the time horizon beyond 2050 
would allow assessment of long-term impacts related to decom
missioning, reinvestment, and system evolution.

Finally, the methodological framework can be applied to other re
gions, such as the European Union or the United States, enabling 
comparative assessments of nuclear competitiveness across different 
policy and market contexts.

5. Conclusions and policy implications

This study assesses the potential role of nuclear fission in decar
bonizing the Italian power sector under alternative assumptions on 
technology costs, financing conditions, and siting constraints. Both large 
light water reactors and small modular reactors of Generation III+ and 
IV are considered, allowing for a comprehensive evaluation of their 
economic and system-level impacts.

The results show that nuclear competitiveness in Italy is primarily 
driven by capital costs and financing conditions. Nuclear is competitive 
in most scenarios, but not when high investment costs coincide with 
hurdle rates of 8% or above. When financing conditions are favorable 
(hurdle rates below 8%), the maximum capacity constraint of 8 GWe is 
reached even under increasing cost trends, highlighting the central role 
of the cost of capital. Large reactors remain the least-cost option under 
similar financing conditions, while SMRs become relatively more 
competitive at high hurdle rates due to shorter construction times and 
lower exposure to investment risk. These findings indicate that access to 
low-cost capital can be as decisive as technological learning in enabling 
nuclear deployment.

At the system level, deploying up to 8 GWe of nuclear capacity could 
substantially reduce electricity imports (by up to about 50%), lower 
exposure to external market volatility, and reduce the need for renew
able capacity, land use, storage, and backup generation. These effects 
are strongest in northern regions, where nuclear substitutes imports and 
part of solar deployment, while impacts in the south are more limited. 
Transmission requirements remain largely unchanged. Overall, 
combining nuclear with renewables leads to a more compact, reliable, 
and cost-efficient power system, underscoring the importance of stable 
regulatory frameworks, predictable licensing, and transparent siting 
processes to reduce financing risk. In the Italian context, recognizing 
nuclear projects as essential public utility infrastructures could foster 
better coordination between central and local authorities, providing a 
clearer framework to manage siting and enhance community 
engagement.

In conclusion, the analysis shows that nuclear power – if supported 
by favorable financing conditions and coherent policy frameworks – can 
meaningfully contribute to Italy's decarbonization objectives while 
alleviating some technical and spatial challenges of a renewable- 
dominated system. Policies that reduce capital barriers, integrate nu
clear within clean energy support mechanisms, and foster social 
acceptance through inclusive processes could enable nuclear to play a 
complementary role in Italy's energy transition.
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Appendix 

The appendix provides supplementary material to support the interpretation of scenario results. Figure A1 illustrates the regional availability 
assumptions for nuclear power plant installation across the considered scenarios, highlighting the regions where deployment is permitted. Figure A2
reports the electricity supply mix for Lombardy in 2050, with scenarios ordered according to the increasing contribution of nuclear fission to total 
generation. Finally, Figure A3 presents the resulting electricity production and installed capacity by technology under the alternative site-availability 
assumptions, providing further insight into how regional siting constraints influence the evolution of the power system.

Fig. A1. Regions where nuclear plant installation is allowed in each scenario (blue stands for available regions, white for unavailable). Acronyms are illustrated in 
the nomenclature alongside the extended names of regions.
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Fig. A2. Electricity supply to LOM in 2050 by source, with scenarios sorted by increasing generation shares by nuclear fission.

Fig. A3. Electricity production (a) and available capacity (b) by technology in each of the scenarios assuming different site availability.

Data availability

The TEMOA model version used for the analysis presented in this 
paper is available at [95], while the TEMOA-Italy model instance 
version adopted is available at [44]
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