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ABSTRACT

Hydrogen is a key vector for energy-sector decarbonization by 2050, yet large-scale transmission options are
limited. This study evaluates the cost-competitiveness of a hybrid SuperConducting Energy Pipeline (SCEP)
simultaneously delivering electricity and liquid hydrogen, firstly introduced in a scenario-based capacity
expansion analysis within a multi-vector energy system model. A multi-region optimization model of the Italian
power and hydrogen sectors is developed using the open-source TEMOA-Italy framework. Multiple scenarios to
2050 explore emission targets, hydrogen generation options, and techno-economic parameters to assess SCEP
deployment relative to conventional transmission lines. Results show the specific SCEP configuration becomes
cost-effective below a capital cost around 610 M€/km/MW, or 1430 M€/km/MW if conventional line costs
double. When adopted, SCEP promotes centralized hydrogen generation in high-renewable regions, increasing
2050 electrolysis output in Sardegna by ~10 times. Findings highlight SCEP's potential role in the Italian energy
transition under specific economic and policy conditions.
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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

1. Introduction

The expansion and modernization of transmission grids is set to
become essential for the energy transition [1]. As energy system elec-
trification is increasing to facilitate decarbonization [2], the importance
of power transmission has grown [3]. An efficient transmission grid
increases the cost-effectiveness of renewable capacity installations for
regions where the spatial distribution of renewable generation poten-
tials does not match the demand distribution [4]. Transmission grids
need to be modernized and expanded through a comprehensive
approach considering both the economic and technical aspects of grid
operation, and the policy framework the grid operates in Ref. [5]. The
transmission of electric power via cables is the standard option to link
electricity production and consumption. Due to its favorable mechanical
properties and low costs, the most used conductor type is aluminum
conductor steel reinforced, while aluminum alloys and copper are usu-
ally adopted where the mechanical stresses are lighter and the priority is
on increasing the cable conductivity [6]. As transmission distances and
transmitted power increase, minimizing transmission losses becomes
crucial. Research has increasingly focused on superconductors (SC) as
electricity transmission options with negligible power losses [7]. How-
ever, for SC to become a practical substitute for part of the existing
transmission infrastructure, significant cost barriers must be addressed,
along with the integration of efficient cable cooling systems [8].

These technological challenges resonate with broader debates on
how to enable efficient, secure, and low-carbon energy carriers across
Europe. In this regard, both the REPowerEU Strategy [9] and the Eu-
ropean Strategy for Hydrogen [10] identify hydrogen as a vector to
facilitate the decarbonization of hard-to-abate sectors — such as trans-
port and industry — while enhancing energy security. Additionally,
hydrogen is recognized as a potential long-term storage option, with
characteristics complementary to batteries [10]. Increasing the energy
system reliance on hydrogen will require developing an efficient
hydrogen transmission network, both at European and national level
[10]. Although technologies for hydrogen transmission are available,
their cost limits their application to point-to-point delivery from the
production site to the location where the demand occurs. However, with
the growing need for long-distance energy transmission, the trans-
mission of the hydrogen energy carrier could become a viable alterna-
tive to conventional electricity transmission [11,12]. In this context,
liquid hydrogen emerges as a promising medium for future energy
networks, offering characteristics that complement and, in some cases,
enhance traditional transmission approaches. The use of
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liquid-hydrogen transfer lines is well established in industrial applica-
tions, largely due to developments within the NASA space program [13].
Commercial solutions are available from several suppliers [14,15]. Their
feasibility for energy-distribution purposes has already been demon-
strated on a small scale; for instance, the icefuel® project showed in
2010 that a mass flow rate of 10 MWt, a pipe diameter of approximately
20 mm, and a heat load below 1 W/m could enable transport distances of
up to 10 km without intermediate cooling stations [16]. Given the
hydrogen quantities required for climate-neutral energy systems,
significantly higher mass flow rates are needed today.

The concept of hybrid pipelines combining high-temperature su-
perconductors (HTS) with liquid hydrogen was first introduced as an
early proposal in the early 2000s [17], followed by initial schematic
designs [18]. Subsequent studies provided general technical background
[19] and assessed long-term, continental-scale potential [20,21]. The
simultaneous transmission of electrical power, chemical energy, and
cooling potential through the use of cryogenic fuel as a cooling medium
for SC cables [22] was found very promising to improve the overall ef-
ficiency of energy transmission [22]. Serving multiple functions at once
could help overcome the high installation costs of the technology,
making it more appealing despite its upfront economic challenges [23].
More detailed technical configurations were proposed, involving REBCO
conductors and liquid hydrogen, with liquefied natural gas used as a
refrigerant for an outer electrical-shielding layer [24,25]. A recent
design and techno-economic assessment of a hybrid pipeline using
REBCO and liquid hydrogen was presented in Ref. [26], where the
corresponding transmission configuration was intended for railway
systems rather than for a stationary transmission grid. The analysis in
Ref. [27] presents a case study and conceptual design of a gigawatt-class,
75-km hybrid pipeline operated without intermediate cooling stations,
combining a REBCO direct-current cable and a non-corrugated rigid
pipe for liquid hydrogen, for a representative case study connecting
between Brunsbiittel and Hamburg in Germany. The study is focused on
the component and does not present any attempt of investigating the
possible penetration of the technology in the German energy system.

REBCO offers higher current-carrying capability and a broader
operating-temperature margin, allowing either reduced material use or
enhanced safety margins, yet MgB, is more cost-competitive: in
Ref. [28], a SuperConducting Energy Pipeline (SCEP) is designed,
enabling the simultaneous transfer of electricity and liquid hydrogen
(LHg). The SCEP is composed of a superconducting cable in MgB,
allowing the transfer of electric power, while LH; is the cryogen that
cools the cable and transfers chemical power [29]. The study of the SCEP
became part of the Italian Research Projects of Significant National In-
terest (RPNI) in 2023, in the framework of the Italian National Hydrogen
Strategy [29]. In 2024, an innovative design for a SCEP configuration
with a nominal power of 300 MW, was proposed [28,30] to comply with
constraints similar to those from the Adriatic Green Network of Energy
Sources (AGNES) offshore renewable energy installation [31], while the
design of the active auxiliaries, and the analysis of the pipeline operation
in fault conditions are currently being assessed [32-34].

These studies on SCEP design and operation should be com-
plemented by assessments that define the cost threshold for technology
competitiveness. For now, the profitability of this specific configuration
has not been characterized yet due to its low Technology Readiness
Level. As SCEP remains in the pilot stages of development, significant
uncertainties remain about its techno-economic parameters, particularly
with respect to its large-scale deployment. For this reason, an economic
evaluation of SCEP technology should be coupled with a sensitivity
analysis to evaluate the maximum cost of the technology, making its
installation profitable. In summary, although the concept and pre-
liminary designs of the SCEP have been proposed, a significant gap re-
mains in the techno-economic literature assessing its competitiveness as
a transmission option, particularly under different cost assumptions and
deployment scenarios.

Due to energy consumption and production patterns, Italy provides
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an ideal case study for assessing the techno-economic viability of this
technology. Indeed, despite its relatively small extension, Italy is char-
acterized by strong regional differences both regarding its socio-
economical features [35], and its demand and resources distribution
[36]. These aspects affect the energy intensity of each region and the
capacity factors of generation technologies [37]. As a result, a mismatch
between areas with high electricity demand and others with high
resource availability occurs, making interregional transmission a crucial
element of the Integrated National Energy and Climate Plan (INECP)
[38], in accordance with Terna's Scenario Description Document (SDD).
As the decarbonization of the power sector accelerates and the inte-
gration of variable renewable energy increases, an increased capillarity
of the transmission grid is expected to be essential for efficiently
balancing supply and demand across the country [39,40].

In this context, energy models are powerful tools as they enable the
representation of complex systems used to execute exhaustive scenario
analyses. They aim to represent phenomena or conditions which cannot
be described or captured through experiments [41]. Two different ap-
proaches can be employed when modeling transmission systems at
multi-regional level: focusing on capacity expansion on long time scales
or analyzing the operational dispatch and the flexibility provision by
storage facilities over shorter time scales [42]. Energy System Optimi-
zation Models (ESOMs) aim at finding cost optimal solutions for energy
systems capacity expansion under defined constraints [43]. They are
often used to explore and compare different scenarios to evaluate
long-term investment planning [44]. Although multi-sectoral ESOMs
can in principle describe multi-regional systems, most are designed to
analyze capacity expansion scenarios across end-use sectors within a
single or a few regions. As a result, transmission systems are rarely
represented in detail. Even when they are included, the emphasis is
typically on capacity expansion of traditional lines rather than on the
techno-economic competition between conventional and innovative
options. This leaves a clear gap in the literature regarding comparative
analyses of innovative transmission technologies (as the SCEP) with
conventional ones.

Among ESOMs, various modeling frameworks have been developed.
In particular, models like TIMES and OSeMOSYS are considered best
practice in long-term scenario analysis [45]. One of these is the
bottom-up tool TEMOA (Tools for Energy Modeling Optimization and
Analysis) [45] which presents technology-explicitness (each technology
being characterized by lumped technical and economic parameters),
possibility to represent the energy system under investigation as a
network of more spatial regions, partial equilibrium in competitive
markets with perfect foresight. Furthermore, a recent study compared
the TEMOA framework to three other open-source capacity expansion
models in a US case study, highlighting the intrinsic similarity in their
results when inputs are aligned [46]. In Ref. [47] TEMOA-Italy was
tested on its capability to model the technology mix from its base year
(2006) to the first year of the optimization (2022): the model results fit
historical data by the Eurostat Energy Balances for that period. Addi-
tionally, TEMOA endogenously includes techniques to handle un-
certainties like stochastic optimization [48], modeling to generate
alternatives [49], and multi-objective optimization [50]. Given such
features, the capability of representing multi-sectoral interactions
(crucial for hybrid technologies [51]) and the possibility of producing
capacity expansion scenarios not neglecting operational issues (e.g.,
matching load and production profiles, capacity factors, etc.), TEMOA
has been used for the analysis presented in this paper.

This paper aims at exploring the techno-economic conditions under
which the SCEP may be cost-effective compared to traditional energy
transmission systems in the Italian context, while also assessing its
system-wide implications on electricity and hydrogen production and
consumption patterns. The innovation of this work is twofold. First, it
contributes to the emerging research field on superconducting energy
pipelines by providing a transparent and model-based framework for
multi-scenario analysis, enabling the exploration of the techno-
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economic conditions under which SCEP could become competitive
with conventional transmission options. Specifically, it investigates the
effects of alternative emission reduction targets, maximum potentials for
renewable energy sources, and hydrogen production mode on the future
Italian electricity and hydrogen production and transmission system.
Second, it advances the field of temporally and spatially detailed energy
system modeling by integrating an innovative transmission technology —
characterized by hybrid electricity-hydrogen transport, cryogenic re-
quirements, and parameter uncertainty — into a multi-regional ESOM.
This allows the system evolution to be assessed under the potential
availability of such an option, capturing interactions between electricity
and hydrogen sectors, long-distance transmission needs, and regional
resource disparities.

Section 2 presents the modeling framework, the characterization of
transmission technologies, the main model constraints, and the explored
scenarios. Then, the assumptions for the sensitivity analysis to verify
SCEP competitiveness are discussed. A further description of the struc-
ture of the power and hydrogen sectors of the model and of the input
data required for the characterization of all technologies is reported in
the Supplementary Materials. Section 3 includes the discussion of the
results for the electricity and hydrogen sectors, and the investigation of
the cost barrier for SCEP to become a viable transmission option in the
Italian energy system. Finally, Section 4 concludes the work and pre-
sents its main limitations and potential future perspectives.

2. Methodology

This section presents the modeling environment developed to
explore the expected future evolution of the Italian electricity and
hydrogen systems and the cost-effectiveness of SCEP in such a context.
In this regard, a spatially detailed TEMOA model instance is used,
adopting the same structure of the TEMOA-Italy power [47] and
hydrogen sectors [52] concerning the considered technology options.
The system is described as a network of 20 regions and several lines
representing transmission lines between adjacent regions, as illustrated
in Fig. 1.

The model objective function is reported in Equation (1), where
Cap;p and Act;), represent the installed capacity and activity of tech-

nology t in period p, Ci’;’ denotes the annualized investment cost, Cﬁf

fixed O&M costs, and C{;r variable O&M costs.

minZﬁ <thp -Capep + > G- Capey + > Cr .Actt,p> 1
peP teT teT teT

The optimization is subject to technical and environmental con-
straints such as capacity limits, activity bounds (which account for ca-
pacity factors and efficiency coefficients), service demand balancing,
and emissions ceilings. Indeed, lumped techno-economic and environ-
mental parameters are used to represent the aggregated performance of
each technology, allowing complex physical and operational behaviors
to be simplified into values suitable for tractable long-term optimiza-
tion. In line with standard practice in the energy planning literature, the
technologies included in the model are characterized by the following
parameters (discussed for the TEMOA case in Ref. [52]):

- Input and output commodities.

- Input and output fuel shares.

- Efficiency, defining the conversion of input energy into useful out-
puts and capturing intrinsic technological performance.

- Existing capacity at the base year.

- Investment cost, representing capital expenditures annualized using
a global discount rate and technology-specific lifetimes.

- Fixed operation and maintenance (O&M) cost.

- Variable O&M cost.
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Fig. 1. Representation of spatial regions and transmission lines between adjacent regions as implemented in the model, where different colors represent bidding
zones of the Italian Transmission System Operator (Terna). Icons are from Ref. [53]. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

- Capacity factor, reflecting availability, maintenance needs, and un-
derlying resource variability.

- Emission factors determining direct GHG or pollutant emissions per
unit of output or input consumed.

- Material intensity.

In addition to such cost and performance parameters, the model in-
cludes several attributes used to represent reliability and environmental
impacts. Time slice-dependent capacity factors determine the maximum
achievable utilization of technologies throughout the year and are
defined on a seasonal and diurnal basis. Technology reliability is also

captured through constraints on maximum availability and derating
parameters, which limit operable capacity when needed. In this context,
technologies at earlier stages of maturity generally exhibit higher in-
vestment costs, lower efficiencies, and parameter uncertainty, which
collectively influence their deployment potential.

The model covers the 2022-2050 period. Specifically, 2022 serves as
the base year, representing the first time-period of the model in which
the energy system is fully characterized. The base year is the starting
point for building the model: national and regional energy balances [54]
are used to define regional service demands and the technology mix
required to meet them. Moreover, the techno-economic characteristics
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of each technology in the mix are known, as described in Ref. [47]. The
model is then optimized from 2025 on, with a time-step of five years,
specifically including 2025, 2030, 2035, 2040, 2045 and 2050. For each
milestone year, the optimal technology mix for each region is calculated
by minimizing the cost of the system while satisfying the electricity and
hydrogen demands.

The model adopts a simplified intra-annual time resolution by
dividing the year into four seasons, each representing one quarter of the
year, a customary practice for capacity expansion ESOMs [47]. Within
each season, a representative day is modeled using 24 hourly time slices,
resulting in 96 time slices per year. Even though the modeling frame-
work chosen does not allow a close representation of the intermittency
inherent in renewable electricity production [55], this time-resolution is
selected to catch the seasonal and daily fluctuations in the output of
renewable technologies. In fact, with the focus being on the power sector
dynamics, it is crucial to have an accurate time-resolution to represent
both power and energy balances with better approximation.

The power sector produces and delivers centralized and distributed
electricity, as well as heat. The upstream sector encompasses both the
production of primary and secondary energy carriers - including fuels
and hydrogen - and foreign trade through import and export activities.
All sectors generate emission commodities such as CO5, CH4, and N0,
with CO» also serving as a potential input for synthetic fuels production
[52].

Technologies are classified as either existing or new. Existing tech-
nologies are those already present in the base year, with an existing
capacity assigned in 2022 following energy balances by Ref. [54]. Spe-
cific constraints are included in the model to prevent new capacity of
existing technologies being deployed and to represent their progressive
end-of-life, allowing substitution by investment in new technologies.
Given that, no investment costs are provided for existing technologies.
The techno-economic parameters of new technologies, on the other
hand, are specified from the first year of availability on. The details of
the general model structure are described in the supplementary mate-
rial. This included techno-economic characterization of existing and
new power generation and storage options, hydrogen production and
storage options, electricity and hydrogen demand levels, and their
temporal distribution.

The characterization of the electricity and hydrogen transmission
system, including the SCEP's techno-economic characterization, is pre-
sented in Section 2.1. Section 2.2 discusses the investigated scenarios
aimed at exploring the system response under different assumptions
concerning emission reduction targets, maximum potentials for renew-
able energy sources, and biomass versus electrolysis hydrogen produc-
tion shares. Finally, Section 2.3 presents the methodology adopted for
the evaluation of SCEP cost-effectiveness.

2.1. Electricity and hydrogen transmission

The modeling of the transmission infrastructure is the key feature of
the multi-regional model, as it is essential to characterize the exchange
of energy commodities consisting of the way regions interact. This step
requires estimating representative transmission distances and existing
transmission capacities between different couples of regions. Moreover,
given the characteristics of the Italian territory, natural barriers some-
times prevent or discourage the installation of significant inter-regional
lines. For these reasons and consistently with the current absence of
significant transmission capacities, the deployment of new capacity is
not allowed between some specific couples of adjacent regions (e.g.,
between Marche (MAR) and Umbria (UMB), as shown in Fig. 1).

Concerning representative distances for electricity transmission
lines, in the context of this analysis they are estimated for each couple of
interconnected regions with three different distance levels, namely 100
km, 150 km and 200 km (selected as proper qualitative representation of
the average distance ranges between Italian regions). As shown in Fig. 1,
twenty-five representative transmission lines are identified. Most of
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them are overhead lines, except for those connecting Sardegna (SAR) to
Lazio (LAZ) and Toscana (TOS) and Calabria (CAL) to Sicilia (SIC),
which include submarine lines. These line types and distances are used
in the present study for the techno-economic characterization of both
electricity and hydrogen transmission technologies. In fact, most of the
parameters of these technologies are distance-dependent and therefore
scaled according to the assumed distances. Moreover, modeling the
electrical connections between adjacent regions with a single line is by
itself a simplification of reality induced by the model structure.
Although this modeling choice certainly introduces approximations in
the estimation of the investment costs for deploying new transmission
lines, this assumption is consistent for all the technological options
competing for the same transmission lines, thus expected to not signif-
icantly affect technology competition.

2.1.1. Electricity transmission characterization

The model includes both existing and new technologies for elec-
tricity transmission. The first group mimics the current grid configura-
tion: an existing capacity for each transmission line is assumed in the
base year, based on the regional energy import data in 2022 [56]. The
proposed disaggregation of existing capacities between macro-regions
into existing capacities between single regions is made based on the
historical electricity import/export value of each region [56], as re-
ported in Table 1.

As regards the distances between different regions and due to the
lack of available data for these specific model input, such existing ca-
pacities are characterized by significant uncertainties. Nevertheless, this
is expected to marginally affect the model results especially far from the
beginning of the time horizon, as any existing capacity constraints are
disposed within the technology lifetime span. In any case, the adopted
disaggregation method is supported by comparing the resulting trans-
mission capacities between different bidding zones to 2022 Terna data,
reported in Table 2.

The new conventional technology still describes the traditional
electricity transmission infrastructure, but it is available for capacity
additions according to specific future scenarios. Following common
practices in the ESOM field, existing capacities are progressively phased
out by applying decreasing constraints which start in this case with a cap
at 80 % of the 2022 capacity in 2025 and reach 0 in 2050. The new

Table 1
Assumed existing capacity for the existing electricity transmission between
couples of interconnected regions in 2022.

Interconnected Regions Existing Transmission Capacity (GW)

ABR LAZ 1.27
ABR MAR 0.78
ABR MOL 0.31
BAS CAL 1.10
BAS CAM 0.94
BAS PUG 1.92
CAL SIC 1.11
CAM LAZ 1.90
CAM MOL 0.94
CAM PUG 2.64
EMR LOM 0.59
EMR MAR 1.08
EMR TOS 1.02
EMR VEN 2.31
FVG VEN 2.43
LAZ SAR 1.42
LAZ TOS 1.59
LAZ UMB 1.39
LIG PIE 1.69
LOM PIE 1.63
LOM VEN 1.91
MOL PUG 1.92
PIE VDA 1.70
TAA VEN 1.93
TOS UMB 0.85
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Table 2
2022 transmission capacities between bidding zones from Terna [56].

Interconnected Bidding Zones Existing Transmission Capacity

(GW)
Northern Italy Central Northern 3.70
Italy
Central Northern Central Southern 2.85
Italy Italy
Central Northern Sardegna 1.17
Italy
Central Southern Southern Italy 3.70
Italy
Southern Italy Calabria 1.73
Calabria Sicilia 1.40

technology progressively substitutes the existing one, allowing the
model to develop a more flexible system, free from the hypotheses made
at the existing capacity of 2022.

The technical parameters of existing and new conventional elec-
tricity transmission technologies are identical, while investment costs
are defined only for new technologies. The efficiency for each line is
calculated by considering power losses of 7 %,/1000 km as in Ref. [57].
To assign the proper techno-economic parameters, each transmission
line is classified as either Alternating Current (AC) or Direct Current
(DC) based on the contribution of each line type along the distance
between the centers of adjacent regions. For example, the lines con-
necting SAR to LAZ and TOS are categorized as DC lines, as most of their
length is submarine. In contrast, the line between CAL and SIC is
considered an AC line since the submarine portion is negligible
compared to the overall distance between the centers of the two regions.
In accordance with [58], the investment cost for each overhead AC line
is set at 400 €/km/MW [59] and at 970 €/km/MW [60] for each DC
submarine line. For both the line types, the fixed operational and
maintenance cost is set to be 2 % of the investment cost, and a discount
rate of 5 % is applied. The Capacity to Activity ratio, representing a
conversion factor related to the energy that would be produced when
one unit of capacity is fully used in one year, equals 31.536 PJ/GW [61].

2.1.2. Hydrogen transmission characterization

Hydrogen transmission is still an innovative technology; hence, its
techno-economic characterization carries significant uncertainties. Ac-
cording to the literature [62], gaseous hydrogen (GHy) transmission in
pipelines is considered the most cost-effective solution for hydrogen
mass flow rates exceeding 150 t/day. Alternative transmission means
consist of hydrogen transport via trucks or rail, both in compressed
gaseous and in liquefied form [62]. The transmission of LHj is
competitive by truck for low hydrogen mass flow rates on annual basis,
and by rail for long distances and low hydrogen mass flow rates, while
GH;, on-road transport is never competitive [63]. Given the transmission
distances and hydrogen demand adopted (as detailed in Section 2.3)
[63], dedicated pipelines for GH; are the most appropriate technology to
characterize hydrogen transmission in the analysis, thus they are the
only hydrogen transmission technology described in the model. The
possibility of transporting hydrogen via repurposed natural gas pipelines
is neglected for simplicity, being less of a cost-effective solution in
long-term scenarios [64].

Pipelines for hydrogen transmission are introduced in the model as a
new technology, available from 2025 as for all other hydrogen-related
ones (see the supplementary material). The technology represents a
single-line 70-bar pipeline (conservative assumption in line with [65]),
with nominal power in the range 250-500 MW (consistent with both
SCEP capacity and the modeled hydrogen demand as in Section 2.3). The
information describing this technology is included in a dataset for
transmission technologies from the Danish Energy Agency (DEA) [66]
for 2020, 2030 and 2050. Values for 2025 are obtained by interpolating
the data of 2020 and 2030. The techno-economic characterization of the

International Journal of Hydrogen Energy 210 (2026) 153627

hydrogen transmission pipeline as it is included in the model is reported
in Table 3.

The electricity needed to compress hydrogen is embedded in the
technology description and is considered as the sum of a fixed compo-
nent for hydrogen compression and a variable one, to cover pressure
losses depending on the length of the pipeline. For offshore pipelines,
the investment cost values in Table 3 are increased by 40 % as resulting
from Ref. [67].

2.1.3. SuperConducting energy pipeline characterization

The Superconducting Energy Pipeline (SCEP) is modeled as a dual-
purpose infrastructure capable of simultaneously transmitting elec-
tricity and hydrogen [28]. SCEP is included in the model as a new
technology, and it is implemented starting from 2025. The cable, with
the layout shown in Fig. 2a, was originally designed for submarine
installation over a length of several tens of kilometers without re-cooling
stations, and can potentially carry 10 kA with a LH, mass flow rate up to
1-2 kg/s.

The first step for the inclusion of SCEP in the reference energy system
consists of determining the electricity and hydrogen input and output
shares for the technology. As stated in Ref. [30], the nominal electric
power of SCEP is set at 300 MW. The cable is designed to operate at 20 K,
and the LH2 acts as the coolant for the SC line, removing the parasitic
heat load entering the cryostat with a typical lineic parasitic heat rate of
2 W/m. The mass flow rate can be tuned to guarantee the SC state
everywhere along the cable, which can have a maximum outlet tem-
perature T, < 29K, as highlighted in Fig. 2b. Fig. 2c reports the
layout of the hybrid pipeline, with evidence of the auxiliaries for the
supply and management of the LH2. The GH2 in input to the process is
assumed to be produced in a dedicated facility, while the LH2 in the
storage tank can be either extracted in liquid form or in gaseous form to
be then sent to downstream uses.

The presence of liquid hydrogen is necessary for SCEP operation and
considering the electricity input for such an energy-intensive process
becomes necessary. From the literature, current hydrogen liquefaction
processes present a specific electricity consumption between 11.9 and
15.0 kWh/kgryo [68]. By averaging these values and applying the
proper conversions, the electricity requirement for the liquefaction
process is 0.404 kWh/kWh; 5. The liquefaction process is included in
the model as part of SCEP technology, as shown in Fig. 3. These lique-
faction needs are considered embedded in each segment of the pipeline.

As from Fig. 2b, the hydrogen mass flow rate can vary between 0.6
kg/s and 3.5 kg/s with the respective operating conditions: Toyt = 29 K,
Apout = 0.8 MPa; Tyt = 23 K, Apoyt = 1.6 MPa. In the operating range of
the SCEP, five mass flow rate levels are selected and for each of them the
following parameters — serving as an input for the model — are calculated
and reported in Table 4:

a. the equivalent output power for hydrogen transmission Pg,, deter-
mined as reported in Equation (2), where LHVy, is the lower heating
value of hydrogen and m is the hydrogen mass flow rate in the
pipeline;

b. the overall electricity-to-electricity and Ha-to-Hp efficiencies repre-
senting both the losses of electricity and Hy across the pipeline

Table 3
Techno-economic characterization of hydrogen transmission pipelines from
Ref. [66].

Parameters 2025 2030 2050 Units
Electricity demand for 0.89 0.84 0.75 kWh/kWhyy
compression
Pressure losses 6.1 5.8 5.2 kWh,/kWhy2/1000
km
Investment costs 1.063 1.063 1.063  €/kW/km
Fixed O&M costs 0.404 0.266  0.199  €/km/MW/y
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Fig. 2. Tentative layout of the SCEP considered in the present analysis (as designed in Ref. [28]), with a sketch of the auxiliaries. (a) Cable cross section, highlighting
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the auxiliaries for the supply and management of the cryogen. These figures are modified from Ref. [59].
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Fig. 3. Conceptual structure for modeling SCEP technology with a transmitted
hydrogen mass flow rate of 2 kg/s.

Table 4
SCEP working parameters according to hydrogen mass flow rate in its operating
range.

H, Mass Flow Rate (kg/ 0.6 1.0 1.4 2.0 3.5

s)

Electricity Power 300 300 300 300 300
Output (MW)

H, Equivalent Power 72 120 168 240 420
Output (MW)

Electricity-to- 0.90 0.85 0.81 0.75 0.64
Electricity Efficiency

H,-to-H; Efficiency 0.99 0.99 0.99 0.99 0.99

Input Electricity Share 0.82 0.74 0.69 0.62 0.53

Input H, Share 0.18 0.26 0.31 0.38 0.47

Investment Cost 2960 2620 2350 2040 1530

(€/km/MW)

section (assumed equal to 1 %) and the electricity consumption for
the liquefaction section;

c. the shares of both electricity and hydrogen being input to SCEP are
calculated backwards considering the electricity needs for hydrogen
liquefaction as well as electricity and hydrogen losses across SCEP;

d. the specific cost of the technology calculated by scaling the SCEP
investment cost estimate — assumed of 1.1 M€/km for the super-
conducting cable [69] — according to the nominal power of the sys-
tem, including both the electric and hydrogen equivalent power
conveyed by the SCEP.

Since a precise cost estimation is not yet available for SCEP specif-
ically, the aim of the activity is investigating at which cost-thresholds
SCEP would become competitive, which could be achieved either by
technology learning, or by subsidies to be introduced. The capital ex-
penditures associated with SCEP within this study only serve as a
reference cost value, necessary when analyses are made through least-
cost-based models. The sensitivity analysis in Section 2.3 presents the
methodology used for defining the cost thresholds for the SCEP tech-
nology to be tested in a selected scenario for the energy system.

Py, =LHVy, -m 2

The condition selected to test the cost-competitiveness of SCEP in the
Italian power sector is far from thermodynamic limits. It consists of a
mass flow rate of 2 kg/s with a Ty between 24 and 25 K and a Apgy; of
around 1.8 MPa [30]. In this case, an electric output power of 300 MW
corresponds to a hydrogen equivalent power of 240 MW, so the output
electricity share is 56 % and the hydrogen one is 44 %, as represented in
Fig. 3.
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The selected configuration is used to compare the investment costs
for traditional transmission (AC [59] and DC [60] electricity cables and
hydrogen transmission via pipelines [66]) with SCEP one. The com-
parison is based on the equivalent cost of technologies, calculated using
Equation (3) for both the onshore and offshore line configurations,
where Clg, Cl, and CIy, are the cost investments for the equivalent
conventional transmission configuration, traditional electricity trans-
mission, and hydrogen transmission, respectively. P.scgp and Py, are
the nominal electric and hydrogen equivalent power for SCEP and
Prgsp = Pegerp + Phiyge iS the nominal total power of the technology.

Cly = Clo-Pegcpp + Cly, -Prygy, 3

PnSCEP

As a result, the offshore configuration costs 1.7 times more than the
onshore one. SCEP costs 2.9 times the traditional onshore configuration,
and 1.7 times the traditional offshore configuration.

2.2. The investigated scenarios

In this section, the main assumptions used to build the scenario set
necessary to test SCEP cost-competitiveness are explained. The scenario
tree represented in Fig. 4 highlights the main variables changing from
one scenario to the other.

Five levels of assumptions (reported in the left part of Fig. 4) —
regarding demands projections, sectoral emission reduction targets,
maximum capacities for solar and wind, and sources for hydrogen pro-
duction - end up creating twelve scenarios for the Italian power and
hydrogen sector. Optimizing the twelve scenarios enables the selection
of the most relevant option for the subsequent analysis.

The first constraint regards the electricity and hydrogen demand
used as input for the model. The two resulting scenarios groups refer to
two different TEMOA-Italy scenarios: the first is a cost-optimal scenario
without constraints on emissions, while on the second one a linearly
decreasing CO5 emission limit is imposed from 194 Mt in 2030 to 29 Mt
in 2050. Specifically, the trajectory for the latter scenario is obtained
from a combination of the Fit for 55 package of the European Green Deal
[70] regarding the 2030 constraint and from the Italian Long-Term
Strategy for the Reduction of GHG Emissions for 2050 [71]. The de-
mand levels for BAU, Net-zero (NO) and Capture (C) scenarios are
extracted from the results of these two TEMOA-Italy scenarios [72] —
respectively the free one and the constrained one concerning emission
limits — and are reported in Table 5.
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The electricity demand in BAU scenario does not vary significantly
from 2025 to 2050. Regarding hydrogen, its demand for the BAU sce-
nario is imposed constant and equal to the 2025 hydrogen demand
resulting from the TEMOA-Italy scenario with constrained emissions.
Concerning NO and C scenarios, the demand level of electricity steadily
grows from 980 PJ in 2025 to 1430 PJ in 2050. Concurrently, hydrogen
demand grows more than 10 times in the interval between 2025 and
2050 since hydrogen is a cost-effective solution for the decarbonization
of hard-to-abate sectors like transport and industry [73].

To better contextualize and verify the assumptions made in Section
0, the hydrogen mass flow rates corresponding to the total hydrogen
demand in the two scenario groups are obtained. The yearly hydrogen
mass flow rate needed for the BAU group of scenarios is 69 kt/y from
2025 to 2050, while for NO and C scenarios it goes from 69 kt/y in 2025
to 1400 kt/y in 2050.

The demand for each scenario is linked to the second set of con-
straints, regarding CO, emissions. From these two levels of constraints,
three scenario branches are identified and are presented in Table 6. The
emission trajectory for scenarios NO and C is obtained from the previ-
ously cited scenario of TEMOA-Italy. The emitted tons of CO5 resulting
from TEMOA-Italy power sector serve as a constraint for the multi-
regional model power sector in both NO and C scenarios. Concerning
the upstream sector, the emission trajectory from TEMOA-Italy is
applied to C scenarios, whereas NO scenarios do not allow a negative
emissions cap: the minimum emission limit is set at zero.

The third set of constraints consists of imposing a limit on the
maximum power of certain categories of technologies that the model can
install. In this case, the two possible constraints imposed, divide sce-
narios between “constrained” scenarios, and “free” ones. “Constrained”
scenarios include the constraints reported in the supplementary material
for the maximum installable power for solar and wind sources, while for
“free” scenarios such constraints are doubled from 2030 on.

The fourth set of constraints impacts the hydrogen sector since it
considers a limit on the share of hydrogen that can be produced by
biomass. This constraint distinguishes “non-BIO” scenarios from “BIO”
scenarios. In fact, being biomass both the cheapest fuel for hydrogen
production processes and a low COy emitting one, other production
processes hardly enter the technology mix. Consequently, in the “BIO”
scenarios, hydrogen produced from biomass can account for at most 25
% of total hydrogen production.
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Fig. 4. Scenario tree for the multi-regional model to test SCEP cost-effectiveness in the Italian power sector.
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Table 5
Electricity (a) and hydrogen (b) demand levels (PJ) for Italy in BAU and in NO and C scenarios.
Scenario Electricity Hydrogen
2025 2030 2035 2040 2045 2050 2025 2030 2035 2040 2045 2050
Business As Usual (BAU) 969 984 979 1002 1017 1038 8 8 8 8 8 8
Net 0 (NO) 984 1086 1191 1295 1393 1432 8 72 106 124 144 164
Table 6
CO, emission limits (Mt) across the scenarios for power and upstream sectors of the multi-regional model.
Scenario Power sector Upstream sector
2035 2040 2045 2050 2035 2040 2045 2050
Business As Usual (BAU)
Net 0 (NO) 22.5 12.1 9.7 0.0 5.8 1.6 0.0 0.0
Capture (C) 22.5 12.1 9.7 0.0 5.8 1.6 —11.0 —28.1

2.3. Evaluation of SCEP cost-effictiveness

The scenario used to investigate the cost-competitiveness of SCEP
should be characterized by the following features: 1) presence of an
emission limit, making it compliant with emission reduction targets
from the European Union; 2) increasing transmission capacity from
2022 to 2050, to investigate the possible role of SCEP in substituting
capacity additions of traditional lines; 3) diversified hydrogen produc-
tion mix. Indeed, in the case of hydrogen fully produced by biomass,
there would be no significant advantage in a hydrogen transmission
system since all regions could easily sustain their own demand. The
scenario analysis results (see Section 3.1) are used to select one of the
twelve scenarios presented in Section 2.2, identifying the one that best
aligns with the characteristics outlined above.

A sensitivity analysis is then performed to determine the minimum
cost at which SCEP enters the technology mix. Such analysis varying cost
parameters is expected to primarily affect the relative competitiveness
of the hybrid cable compared with conventional transmission options,
with negligible implications for the broader system configuration [74].
Two parameters are considered:

a. SCEP investment and fixed O&M costs;
b. investment costs for conventional electricity transmission.

The choice of the first parameter is consistent with the scope of the
article: to investigate cost thresholds allowing SCEP deployment as a
transmission option. The specific investment cost varies from 2040
€/km/MW of Tables 4-10 % of it, representing a sort of learning effect
for the SC lines. This cost decrease is made in ten steps, each repre-
senting a 10 % cost reduction with respect to the starting cost. The fixed
O&M costs are assumed 2 % of the investment cost, consistent with
typical values for power sector technologies [75] and conservative
compared to those reported for oil pipelines [76] and a lower bound is
imposed, limiting them to be at least equal to the fixed O&M cost of
electricity transmission.

The second parameter is used to highlight the possible effects of an
external factor on the possibility of installing SCEP. An increase in the
cost of metallic materials (mainly aluminum and copper) consequent to
an increase in their demand for clean energy technologies [77] is set to
cause an increase in the cost of traditional electricity transmission.
Specifically, a cost variation of 0 %, an increase of 50 %, and an increase
of 100 % are considered for traditional electricity transmission. The
labels used in the rest of the manuscript for the investigated sensitivity
scenarios are in the form SCEPXX TRYY, where XX corresponds to the
investment cost of SCEP as a percentage of the reference value, and YY
corresponds to the investment cost of conventional transmission lines as
a percentage of the reference value.

Subsequently, for a significant cost level, the sensitivity of SCEP

capacity installed by the model to the nominal hydrogen mass flow rate
in the pipeline is evaluated. To do so, the different hydrogen mass flow
rate levels presented in Table 4 are considered, and their parameters are
used to create five scenarios.

3. Results
3.1. Electricity generation, storage, and transmission

The first outcome of the model concerns the electricity generation
mix in each of the scenarios introduced in Section 2.2. The most relevant
results on this aspect are presented in Fig. 5 for 2025, 2030, 2040 and
2050.

In the BAU scenario, a change in the electricity mix from 2025 to
2050 is reported, driven both by the increase in the efficiency and the
decrease in the investment costs of renewable technologies, and by the
increase in the carbon pricing due to the ETS for fossil fuels (as in the
supplementary material). Specifically, 66 % of the electricity in 2050 is
expected to be produced from renewable sources, compared to 24 % in
2022 from Terna's data [54]. The results for the BAU-B scenario are not
presented, as the differences in the power sector compared to the BAU
scenario are negligible. In fact, the differences between these two sce-
narios lie in the constraints on Hy production from biomass, and CO is
not capped, so electrolysis is not chosen by the model (see Fig. 7). As a
result, there is no notable change in either the electric load or the ca-
pacity expansion of power generation between the two scenarios. The
results of BAU-f and BAU-fB scenarios are not commented on since they
obtain the same results respectively as BAU and BAU-B ones. In fact, in
BAU and BAU-B scenarios the constraints on the maximum capacity of
solar and wind are not reached, so the model configuration is not
affected by having these constraints loosened (as in BAU-f and BAU-fB).

In the NO scenario, the capacities of solar, wind, and thermoelectric
increase with respect to BAU ones, to sustain the increased electricity
demand. From 2030 to 2040, the electricity produced from thermo-
electric source decreases, as expected, to comply with the emission
constraints. However, the thermoelectric capacity remains constant to
ensure an adequate reserve margin capacity for renewables.

Compared to the NO scenario, the electricity mixes of both NO-f and
NO-fb in 2040 and 2050 present a noticeably higher share of wind
production. In NO-f the transition from 2030 to 2050 is smoother than
the one in NO-fB scenario. In fact, in the latter, the model is incentivized
to install more renewable capacity to decarbonize the power sector,
since it is harder to reduce the emission of the upstream sector in case of
limited access to biomass. The need for electricity to feed electrolysis
hydrogen production — necessary to decarbonize the upstream sector
under the constraints imposed - is also visible from the increase in the
total electricity demand from scenario NO-f to scenario NO-fB. As in the
case of BAU scenario, differences between the electricity mix of NO and
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Fig. 5. Evolution of electricity production by source (a) and of available capacity by source (b), respectively, in the BAU, NO, NO-f and NO-fB scenarios. Storage

capacity for electricity by technology kind in the scenarios (c).

NO-B scenarios are negligible, except for a slight increase in the total
electricity demand in 2040 and 2050 to permit hydrogen production
from electrolysis (see Fig. 7). For the C scenario, differences between its
electricity mix and the one of NO are negligible. The same happens be-
tween C-f and NO-f results. Apart from a negligible decrease in the
thermoelectric generation compensated by a small growth of solar
electricity and import, no significant difference is observed. Indeed, the
main differences between these two pairs of scenarios are in the up-
stream sector, as from Fig. 7.

Storage capacity throughout the analyzed period in the different
scenarios is presented in Fig. 5c. Two of the three groups of storage
technologies are installed from the model: hydroelectric pumped storage
and Lithium-Ion batteries. Vanadium-Redox-Flow batteries are not
considered optimal in any scenario. Indeed, despite their specific in-
vestment cost becoming lower than the one of Lithium-Ion batteries
from 2040, their lower efficiency and shorter life do not make them a
cost-effective option. Regarding Lithium-Ion batteries, the largest frac-
tion is made of centralized batteries, while distributed ones become cost-
effective only in 2050 in NO-f, NO-fB and C-f scenarios. Up to 2030, the
hydro pumped storage capacity is sufficient to sustain the needs of the
Italian energy system. From 2040 on, Li-Ion batteries are installed in all
scenarios. Concurrently, introducing an emission limit, the storage
needs of the system significantly increase due to a higher renewable
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penetration in the technology mix.

To observe the spatial granularity of the results proper of a multi-
regional model, photovoltaic, wind and storage capacities for the
different regions in BAU, NO and NO-fB scenarios are represented in
Fig. 6. These three scenarios are selected as the most representative,
since the others exhibit aggregated behaviors at national level that are
comparable to those shown in Fig. 5b. In the northern regions, the
installed capacities for these three categories do not vary significantly
across the scenarios, except in the case of EMR. This region has the
highest resource availability in Northern Italy due to the considered
capacity factors and is therefore selected as the optimal location for
renewable generation, particularly for solar, in the decarbonization
scenarios. In the southern regions, CAM, PUG, and SIC show the largest
increases in both renewable and storage capacities, with the largest
share of installation being in wind capacity.

Another relevant aspect of the scenario analysis results is hydrogen
production, with the evolution of its mix shown in Fig. 7. By observing
the results reported in Fig. 7 for the BAU, NO, NO-f, C and C-f scenarios,
biomass steam reforming is the cheapest hydrogen production process
from 2025 to 2050. However, from 2040 on a small share of electrolysis
enters the hydrogen production mix in some scenarios meaning that
increasing the cost of natural gas and decreasing the CO, emission limit
makes the two technologies compete. In C and C-f scenarios, to reach the
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negative emission limits discussed in Section 2.2, the model needs to
install biomass gasification plants with carbon capture for hydrogen
production, despite the high costs.

The most interesting scenarios to observe are the NO-B and NO-fB
ones. Due to the constraints imposed on hydrogen production from
biomass and the high cost of electrolysis, up to 2030 the main hydrogen
production method is steam reforming of natural gas. In 2040, emission
limits become stronger and hydrogen demand grows, so new hydrogen
production installations mainly consist of natural gas steam reforming
facilities with CCS and of electrolysis ones. Finally, in 2050 hydrogen
production from natural gas steam reforming without CCS is completely
substituted by electrolysis.

The difference between the hydrogen production level in the
different scenarios depends on hydrogen cost, which influences the cost-
effectiveness of different hydrogen uses. From Table 5 it is evident that
the exogenous hydrogen demand level for end uses is equal for the three
scenarios in the same year. However, the total demand varies, mostly
due to the quantity of hydrogen blended in natural gas pipelines. When
hydrogen is produced by biomass gasification, blending with methane is
a cost-effective solution to decrease the carbon content of natural gas.
The production of synthetic fuels is not selected from the model except
for a small fraction in scenario C-f in 2050 because of its high cost.
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3.2. Investigation of the cost conditions for SCEP competitiveness

One of the scenarios presented in Section 2.2 is selected to perform
the sensitivity analysis introduced in Section 2.3 to assess the possible
penetration of the SCEP technology. Based on the results of the scenario
analysis in Section 3.1, the NO-fB (Net O free BIO) scenario is chosen for
evaluating the SCEP potential role in the Italian energy system.

The main electricity transmission lines resulting in the NO-fB sce-
nario for 2050 are reported in Fig. 8a, where connections with the
highest installed power in 2050 are those enabling electricity trans-
mission from Southern Italy towards EMR and LOM. The installation of
SCEP may be expected on the major power lines, favoring a more effi-
cient electricity transmission.

In Fig. 8b is reported the transmission capacity resulting from sce-
narios BAU, NO and NO-fB from 2025 to 2050 is compared to the existing
transmission capacities in 2022 (taken from Terna statistics [56]). These
three scenarios are selected because, as for the electricity mix, the results
regarding transmission capacity for the BAU scenario are the same as
BAU-B ones. The same happens for NO, NO-B and C and for NO-f and C-f.

As results of the BAU scenario show, lacking emission reduction
targets the transmission capacity reaches values close to Terna ones. The
comparison between the BAU and the NO scenario shows that when
emission reduction targets are introduced, the transmission capacity
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scenarios from 2030 to 2050 compared to Terna's values for 2022 [56] (b). Icons are from Ref. [53].

from Central-Southern Italy towards Central-Northern Italy increases as
well as that from the Central-Northern Italy to SAR. The NO-f scenario is
not represented since it presents a similar behavior to NO-fB: the
transmission capacity strongly increases in 2040 and 2050. In fact,
Northern and Southern Italy become more interconnected and exploit
the higher renewable resource of the South to cover the higher demand
of Northern Italy. Specifically, in NO-fB scenario the transmission ca-
pacity increase is the most gradual of the two since part of the electricity
is used locally for hydrogen production via electrolysis (as from Fig. 7).

The first result of the evaluation of SCEP cost-effectiveness
throughout the sensitivity analysis scenarios is presented in Fig. 9. The
graph shows the installed power (Fig. 9a) and the investment cost of
transmission (Fig. 9b) by technology kind in the scenarios presented in
Section 2.3 in 2050. The year 2050 is chosen to evaluate the results of
this analysis since it allows observing cumulative capacity data in the
period investigated. However, in the scenario analyzed, the model
optimization installs SCEP starting from 2040 since it is the first year in
which its cost and efficiency make it a cost-effective solution compared
to conventional alternatives. One of the reasons behind this is the need
for a high installed capacity, useful to feed the electricity needs for
hydrogen liquefaction embedded in the SCEP.

As from Fig. 9a, traditional electricity transmission is the preferred
energy transmission path after the optimization. Both hydrogen trans-
mission and SCEP cost-effectiveness increase with the cost of electricity
transmission. The transmission capacity is expressed in GWekm,
including both the available transmission power — in GW — and the
distances assumed for the different lines — in km. As the investment cost
of SCEP decreases, its distance-weighted installed capacity increases
sharply, particularly when the cost of traditional electricity transmission
is high. Both the assumed investment cost for SCEP and that of tradi-
tional lines are identified as important parameters determining the SCEP
competitiveness. This finding highlights the importance of the cost of
conventional electricity transmission infrastructure, mainly driven by
the one of metallic materials, as a key driver for the adoption of SCEP.
Fig. 9b highlights the decrease in the total investment cost for trans-
mission system intrinsic to the introduction of SCEP. This trend occurs
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despite the increase in total installed capacity, as the assumed specific
investment cost of transmission technologies decreases progressively
across the analyzed scenarios.

Specifically, Fig. 10 compares the installed power and the direction
of electricity and hydrogen flows for the different transmission lines
where SCEP cost varies between 30 % and 10 % of the initial cost esti-
mate. The cost decrease of SCEP strongly influences the national
installed power and the spatial diffusion of the technology. Indeed, the
cost decrease favors the partial substitution of traditional lines with
SCEP over two parallel transmission backbones transmitting electricity
and hydrogen from SIC and from PUG towards EMR, where the com-
modities are split among the Northern regions.

Despite what emerges from the previous analyses, the cost-
competitiveness of SCEP does not necessarily imply widespread
deployment across Italy. This technology could prove competitive even
if installed on a single transmission line, provided the electric power
exceeds 300 MW and considered the electricity and hydrogen trans-
mission shares described in Section 2.1.3.

The level of detail of the model allows looking at the capacity of each
transmission line, enabling the identification of cost thresholds at which
SCEP becomes a viable option. The overall results of the sensitivity
analysis concerning the SCEP installed capacity for each line are sum-
marized in Table 7. SCEP is considered a feasible cost-effective alter-
native to traditional energy transmission on lines when its total
transmitted power exceeds 540 MW - considering 300 MW of electric
power and 240 MW of equivalent hydrogen power, as discussed in
Section 2.1.3. Based on these findings, SCEP becomes cost-effective
when its investment cost is reduced to 30 % of the baseline under cur-
rent electricity transmission costs. This equals to a specific cost for the
SCEP of around 610 M€/km/MW. If electricity transmission costs in-
crease by 50 % and 100 %, SCEP becomes competitive when its cost is
reduced to respectively 50 % and 70 % of the baseline, corresponding to
a specific investment cost of around 1020 M€/km/MW and 1430 M€/
km/MW.

The first line where SCEP is installed in all three scenarios of
increased electricity transmission costs is the connection between SAR
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Fig. 9. Transmission capacities by technology in 2050 (a) and cumulative discounted investment cost for the transmission system along the model time horizon (b)
across the sensitivity scenarios.
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Fig. 10. Installed SCEP capacity and directions of energy flows through SCEP in 2050 for scenarios SCEP30_TR100 (a), SCEP20_TR100 (b) and SCEP10_TR100 (c).
Icons are from Ref. [53].

and TOS. To understand the implications of the SCEP activity on the regional electricity and hydrogen sectors, the yearly electricity
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° generation profile of SAR is investigated both for the SCEP100_TR100
E ERR9883383I2033297438¢9 and SCEP20_TR100 scenarios and reported in Fig. 11a and b. The
Geowrowesalwadonoooncno introduction of SCEP on the line connecting SAR and LAZ does not have
a significant impact on the generation mix of the region. However,
Sl imoamwo o © 0O > oo observing the negative quadrant of the same figures, there is a minor
AMlo-®mmin < 5] NOY—~—MmOc <~ fati : : : :
HSSedde o = i = B variation in the stored and exported power while introducing SCEP,
i since the electricity load in Fig. 11b increases with respect to Fig. 11a.
o The largest difference between the electricity load in the two scenarios is
2 IS furtherly highlighted in Fig. 11c and d and consists of the strong increase
§ « S in the electricity needed for hydrogen production from electrolysis.
Indeed, in the SCEP100_TR100 scenario where SCEP capacity is null, all
2 . regions are self-sufficient regarding hydrogen production and with a
% b production mix mainly based on biomass gasification and hydrogen
i electrolysis. On the contrary, in SCEP20_TR100 the available hydrogen
production capacity from electrolysis in SAR increases up to approxi-
ﬁ = mately 0.8 GW from roughly 0.1 GW of equivalent power in
§ o SCEP100_TR100. Most of the hydrogen produced in the region is
exported to TOS through SCEP. In other words, the availability of SCEP
g o deployment at lower investment costs may favor the centralization of
% 2 hydrogen production, improve the overall production efficiency, and
@ favor the installation of plants in zones with higher renewable
production.
g’ S E 5 Finally, the investigation of results dependency on the assumption
] g § o made for the hydrogen mass flow rate of SCEP did not reveal a clear
;5 dependency of the analysis findings on such an input, with the minimum
% S o m o nT o mTT e oo <o o deployed capacity ranging from the minimum of 930 GWekm when
80 e RDQRAOIT TR TOAOT T assuming 1.4 kg/s to the maximum of 1280 GWekm, corresponding to
=) g oemereyevanasdesencne 0.6 kg/s in scenario SCEP20_TR100. Compared to 1140 GWekm asso-
- ciated with the reference assumption for the hydrogen mass flow rate
§ § a =z o © 9 g o (2.0 kg/s), this range translates into an uncertainty for the overall
s § S - S o S o ® S deployed capacity in the order of 30 %.
(=}
B
= o 4. Conclusions, limitations, and perspectives
£ |5 ]
;1?0 3 ” This paper assessed the potential role of SCEP technology as an
5 alternative to conventional transmission technologies in the Italian en-
%‘ § 5 ergy system. A multi-regional model instance of the Italian power and
% § o hydrogen sectors was developed to analyze the techno-economic
< viability of SCEP and to identify cost thresholds under which its instal-
5 ° lation is expected to be cost-effective.
= a 8§ The main methodological innovation of this work lies in the spatial
% @ - resolution of the model being used to investigate innovative and hybrid
= transmission options within a capacity expansion modeling approach.
~§ = § 0 Indeed, a multi-regional representation of the Italian energy system
§ E § S becomes essential when the focus is on transmission technologies. The
o implemented model was used to formulate scenarios concerning trans-
:‘g - mission capacity expansion, the evolution of electricity and hydrogen
‘2 A5233848 §3538F 258 €8 production mixes, and storage requirements. The spatial disaggregation
& gleerena een=es cee @2 of the model allowed results to be analyzed both at national and regional
£ levels, enabling a more accurate characterization of resource availability
E § a " 2 5 2 and demand in each region.
2 § = = = & S The results of the analysis indicate that, while the considered SCEP is
:: not universally competitive under current cost assumptions, it becomes
& ° a cost-effective solution under specific conditions — specifically when an
f‘ﬂé E > emission limit is present, when significant increases in cross-regional
E 3 © transmission capacity are needed, and in the case of a diversified
= hydrogen production mix with a specific reference to biomass-related
é ol 2 o constraints. In particular, in the scenario analyzed and assuming cur-
<) E % P rent cost conditions for conventional electricity transmission, the SCEP
i must reach a specific investment cost of 610 M€/km/MW to be selected
§ as cost-optimal by the model. The identified cost reduction necessary for
&3 £832ov988583 E é 28 upy ‘é 87 SCEP to become viable reduces when costs for metallic materials used in
Qe ZEO0BA=S=F e e conventional electricity transmission technologies rise. Specifically, if
) E ;3 é o Mo s s the cost of conventional electricity transmission increases by 50 %, SCEP
% S g E’ gd<<g % % ES25¢ E E g S g g< E becomes viable at a specific investment cost around 1020 M€/km/MW;
= 8 if conventional transmission costs double, viability is reached at around

14



M. Cais et al.

(a)

International Journal of Hydrogen Energy 210 (2026) 153627

(b)

Nuclear
Hydroelectric
Biofuels
Geothermal
Thermoelectric
Oil

Wind

Solar

Power (GW)

Hydrogen
Storage
Import
Export
Load

12 18 24 0

2.5

18 24

(d)

2.5

Power (GW)

12
Hour of Day

Emm End Uses
[ H2 Electrolysis
-=-- Load

12
Hour of Day

Fig. 11. Electricity generation profile by sources in SCEP100_TR100 (a) and SCEP20_TR100 (b). Electricity load profile by use in SCEP100_TR100 (c) and

SCEP20_TR100 (d).

1430 M€/km/MW. Moreover, SCEP installation favors the centralization
of hydrogen production plants, mainly for the electrolysis-based ones in
regions with high resource availability of renewables like SAR.

Several limitations in the proposed study should be acknowledged.
First, the implementation of bottom-up energy models requires reliable
data both for technology description and for demand and resource input.
Such data is not always complete or available, especially at the regional
level, requiring the introduction of assumptions in model development.
Despite the regional disaggregation of the model being an improvement
over the original TEMOA-Italy structure, achieving greater spatial res-
olution comes at the expense of the integrated nature of the TEMOA-
Italy model, as limiting complexity was necessary to avoid excessively
high computational costs.

Another simplification of this model lies in the representation of
generation. Regarding renewable resources, average representative days
cannot fully capture their inherent intermittency. An increase in the
number of time-steps or typical days considered improves the descrip-
tion of resource variability, while intermittency can only be captured by
PSOMs based on time series. Moreover, the absence of nuclear power
plants limits the possibility of studying alternative pathways for the
decarbonization of the Italian power sector. Integrating the possibility
for the model of deploying new nuclear fission plants may highlight
possible synergies between nuclear and renewable resources at power
system level, directly impacting the requirements for transmission lines
and storage facilities. For these reasons, the results of this work are not
intended to serve as a reference for detailed grid or storage sizing, but
rather as a benchmark to evaluate the effects of different constraints on
the transmission system.

Lastly, as the techno-economic characterization of SCEP is still in an
early research phase, its techno-economic parameters remain uncertain
and may evolve as technology matures. SCEP model characterization is

15

based on current literature and preliminary design studies, which may
not capture the full range of technical challenges and costs inherent in its
operation, and therefore constitutes an intrinsic limitation of the model.

Further methodological research is needed to assess whether the
advantages of a multi-regional model are limited to the representation of
transmission capacity expansion or if other significant benefits can be
identified and quantified.

To conclude, although SCEP is still far from being a mature or widely
deployable technology, it shows the potential to play a role in an
expanding and increasingly diversified transmission system, in align-
ment with the energy transition goals. This work contributes to the
discussion around hybrid infrastructures and their role in enabling the
transition to a low-carbon energy system. It highlights how solutions like
SCEP could be relevant in countries like Italy, where regional hetero-
geneity and need for reliable interconnection systems are fundamental
elements for energy system planning.
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