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Abstract 

Hydrogen is considered one of the main actors in achieving the decarbonization of the energy 

sector by 2050. Whilst hydrogen production technologies are already available at an industrial scale, 

cost-effective solutions for large-scale hydrogen transmission remain limited. In this context, the 

SuperConducting Energy Pipeline (SCEP) is studied. This technology is capable of simultaneously 

transporting electricity and liquid hydrogen through a superconducting cable surrounded by an annular 

pipeline containing liquid hydrogen. Energy System Optimization Models (ESOMs) enable the creation 

of scenarios to assess the cost-competitiveness of emerging technologies thanks to their detailed techno-

economic characterization of energy technologies. This work aims to evaluate the cost-competitiveness 

of SCEP technology compared to conventional transmission options. The study involves the 

development of a model instance based on the TEMOA-Italy open-source modeling framework, able 

to identify the most cost-effective solutions for the investigated future scenarios. The model developed 

for this study focuses on the Italian power and hydrogen sectors and features regional resolution. Several 

scenarios concerning emission reduction targets, hydrogen generation from biomass, and involving 

different assumptions for the techno-economic performance of SCEP are investigated to identify the 

conditions determining the cost-effectiveness of the technology. The variation in the installed capacity 

of SCEP technology between adjacent regions is assessed by varying both its investment cost and the 

costs of traditional electricity transmission, simulating an increase in aluminium and copper cost. SCEP 

becomes a cost-effective solution when assuming 70% reduction in its future investment cost, and 40% 

if assuming a double cost for traditional lines with respect to the historical values. The installation of 

SCEP encourages hydrogen generation centralized in regions with higher renewable capacities. The 

model created is a useful tool to consider regional specificities while representing the Italian power 

system. SCEP technology appears as a potential solution that may contribute to Italy’s decarbonization 

objectives, although its deployment would depend on specific cost and policy conditions. 
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Chapter 1 

1 Introduction 

1.1 Evolution of transmission systems in the energy transition context 

The expansion and modernization of transmission grids is set to become essential for the energy 

transition [1]. As the energy system electrification is increasing to facilitate decarbonization, the 

importance of power transmission has grown [2]. An efficient transmission grid increases the cost 

effectiveness of renewable capacity installations for regions where the spatial distribution of renewable 

generation potentials does not match the demand distribution [3]. Transmission grids need to be 

modernized and expanded through a comprehensive approach considering both the economical and 

technical aspects of grid operation, and the policy framework the grid operates in [4]. 

The transmission of electric power via cables is the standard option to link electricity production 

and consumption. Due to its favourable mechanical properties and low costs, the most used conductor 

type is aluminium conductor steel reinforced, while aluminium alloys and copper are usually adopted 

where the mechanical stresses are lighter and the priority is on increasing the cable conductibility [5]. 

As transmission distances and the transmitted power increase, minimizing transmission losses becomes 

crucial. In this context, research has increasingly focused on superconductors, which allow electricity 

transmission with negligible power losses [6]. However, for superconductors 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 [7]. 

Within the European context, both the REPowerEU Strategy [8] and the European Strategy for 

Hydrogen [9] identify hydrogen as a vector to facilitate the decarbonization of hard-to-abate sectors – 

such as transport and industry – while enhancing energy security. Additionally, hydrogen is recognized 

as a potential electricity storage option, complementing batteries and fuel cells [9]. Increasing the 

energy system reliance on hydrogen will require to develop an efficient hydrogen transport network, 

both at European and national level [9]. Although technologies for hydrogen transport are available, 

their cost limits their application to point-to-point delivery, from the production site to the location 

where the demand occurs. However, growing the need for long-distance energy transmission, hydrogen 

could become the energy carrier employed as a viable alternative to conventional electricity 

transmission [10], [11]. 

 

1.2 Hybrid cables and the SuperConducting Energy Pipeline 

In this framework, the concept of hybrid cables is developed. Past studies [12], [13] have 

explored the use of cryogenic fuel, e.g. liquid hydrogen, as a cooling medium for superconducting 

cables [14], enabling the simultaneous transmission of electrical energy, chemical energy and cooling 

potential to improve the overall efficiency of energy transmission. Serving multiple functions at once 

could help overcome the high installation costs of the technology, making it more appealing despite its 

upfront economic challenges [15]. Recently, various studies investigated the use of hybrid cables as 

energy transmission means for transport applications (specifically for railway transportation [15]) to 

connect renewable energy sources – either onshore or from offshore installations – with ports, ground 

transport and industries in need of both electricity and hydrogen [16], [17]. 

In the context of hybrid cables, one of the technologies being studied is the SuperConducting 

Energy Pipeline (SCEP), enabling the simultaneous transfer of electricity and liquid hydrogen (LH2). 

The SCEP is composed of a superconducting cable in MgB2 (magnesium diboride) allowing the transfer 

of electric power, while liquid hydrogen is the cryogen that cools the cable and transfers chemical power 

[17]. The study of the design of such technology is not a novelty in literature [18]: various design 
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configurations have been studied, particularly concerning transmitted powers around 1 GWe or larger 

[16], [19]. In 2024, an innovative design for a SCEP configuration with a nominal power of 300 MWe 

has been proposed, while the design of the active auxiliaries, the thermo-mechanical evaluation and the 

analysis of the pipeline operation in fault conditions are currently being assessed [17]. As SCEP remains 

in the early stages of development, significant uncertainties remain regarding its techno-economic 

parameters, particularly with respect to 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. 

The study of SCEP technology is one of the Research Projects of Significant National Interest 

(RPNI) [17] in the framework of the Italian National Hydrogen Strategy [20]. The cited technical and 

economic feasibility study of SCEP aims to investigate the use of the technology to connect the offshore 

energy hub in the proximity of Ravenna port [21], part of the Adriatic Green Network of Energy Sources 

(AGNES) project [22]. The AGNES project energy hubs 1 and 2 are currently undergoing the 

authorization process as from [22] but the connection to the grid on the mainland has already received 

the approval from the Italian Transmission System Operator (TSO) Terna [23]. For this reason, SCEP 

is not proposed here as a connection alternative for AGNES energy hubs 1 and 2, but the purpose is to 

investigate whether the technology could be a possible solution for similar projects, comparing its 

performance and cost to the ones of traditional transmission technologies. 

In summary, although the concept and preliminary designs of the SuperConducting Energy 

Pipeline (SCEP) have been proposed, a significant research gap remains in the techno-economic 

literature assessing its competitiveness as a transmission option, particularly under different cost 

assumptions and deployment scenarios. 

 

1.3 Modeling tools for the energy transition 

Energy models are powerful tools as they represent complex system used to execute exhaustive 

scenario analyses. They aim to represent phenomena or conditions which cannot be described or 

captured through experiments, as impracticable or too costly [24]. Two different approaches can be 

employed when modeling transmission systems at multi-regional level: Energy System Optimization 

Models (ESOMs) or Power System Operational Models (PSOMs). Due to their different nature, the 

former provides a better description of capacity expansion with longer time scales, while the latter allow 

to observe the operation of the electric grid and to its interaction with power generation and 

consumption systems and storage [25]. 

ESOMs aim to find optimal solutions – often in terms of cost – for energy systems under defined 

constraints [26]. They are often used for short-term dispatch planning and to explore different scenarios 

to evaluate long-term investment planning [27]. Constraints in ESOMs usually aspire to represent 

technical and physical restrictions, or to model socioeconomic and environmental limitations, such as 

on greenhouse gas emissions [27]. 

Among ESOMs, different modeling frameworks have been developed. This includes the 

bottom-up tool TEMOA (Tools for Energy Modeling Optimization and Analysis), which presents: 

a. Technology-explicitness: each technology is characterized by its technical and 

economic parameters. 

b. Possibility to represent the energy system under investigation as a network of more 

spatial regions. 

c. Partial equilibrium in competitive markets with perfect foresight. 

The model operates with a linear programming algorithm, and its objective function is the 

minimization of the total cost of the energy system during the model time horizon [28]. 
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Despite the recognized crucial role of transmission systems in achieving decarbonization 

targets, a significant knowledge gap remains in this field. Tools capable of comprehensively 

representing the techno-economic competition between traditional and innovative transmission 

technologies (e.g., the SCEP) within the energy system are currently lacking. 

 

1.4 Aim of the thesis 

The aim of the thesis is to study the potential role of the SCEP in the Italian energy system. Due 

to the distribution of resources and energy demand, Italy provides an ideal case study for assessing the 

techno-economic viability of this technology. In fact, despite its relatively small extension, Italy is 

characterized by strong regional differences both regarding its socio-economical features [29] and 

resources distribution [29], [30]. These aspects affect the energy intensity of each region and the 

capacity factors of various generation technologies – defined as the ratio of the output of a generation 

plant over a period of time, to its potential nominal output if operating constantly at full nameplate 

capacity over the same period of time [31]. 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) [32], in accordance with Terna 

Scenario Description Document (SDD) of 2024 [33]. As the decarbonization of the power sector 

accelerates and the integration of variable renewable energy sources increases, an increased 

connectivity is essential for efficiently balancing supply and demand across the country [34], [35]. 

When focusing on transmission in energy systems, interconnection is a key aspect to be 

considered. Indeed, it is necessary to use instruments capable of characterizing the interaction between 

two or more regions able to exchange energy commodities. A mathematical model of the power sector 

of each Italian region overcomes the limitations of considering the country as a single node neglecting 

its intrinsic regional differences [36]. At the same time, the electricity transmission network can be 

modeled and compared to new alternatives for energy transmission technologies [37]. 

To carry out this analysis, a multi-regional model of the Italian power and hydrogen sectors is 

developed. The model is based on TEMOA-Italy, a model instance for the optimization of the Italian 

energy system developed by MATHEP Group at Politecnico di Torino within an extended version of 

the TEMOA modeling framework [28]. Using ESOMs – and in this case TEMOA model – allows the 

quantification of the cost thresholds for SCEP to play a meaningful role in the national energy system 

as a competitive alternative to conventional transmission technologies. To address the uncertainty 

inherent in SCEP’s cost estimates, a sensitivity analysis is performed. 

In Chapter 2 are presented the modeling framework, including the structure of the power and 

hydrogen sectors of the multi-regional model, the input data required for the characterization of the 

technologies and the main model constraints. Then, the explored scenarios are discussed along with the 

hypotheses introduced for their formulation. Lastly, the assumptions for the sensitivity analysis to verify 

SCEP cost efficiency are presented. Chapter 3 includes the discussion of the explored scenarios, 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. 
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Chapter 2 

2 Methodology 

2.1 Model structure 

As introduced in the previous Sections, a multi-regional model for the Italian power and 

hydrogen sector is developed. The model structure follows the TEMOA-Italy characterization of power 

sector and hydrogen sector, where both are part of the supply-side of the energy system [28].  

The model covers the period from 2022 to 2050. 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 [38] are 

analysed to define regional service demands and the technology mix required to meet them. Moreover, 

the techno-economic characteristics of each technology in the mix are known. 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 time resolution by dividing the year into four seasons, each 

representing one quarter of the year. Within each season, a representative day is modeled using 24 

hourly time slices, resulting in a total of 96 time slices per year. Even though the modeling framework 

chosen does not allow a close representation of the intermittency inherent in renewable electricity 

production [39], this time-resolution is selected to represent accurately the seasonal and daily 

fluctuations in the output of renewable technologies using average representative days. In fact, being 

the focus on the power sector dynamics, it is crucial to have an accurate time-resolution to represent 

both power and energy balances with better approximation. A distinctive feature of this model is its 

spatial granularity: the 20 Italian regions are described with their own characteristics and interact by 

exchanging energy commodities.  

 

Figure 1. Map of Italy with the regions names.  

For simplicity, in this thesis the Italian regions are identified by a three-letter code, consistent 

with the internal labelling of the model, as reported in Table 1. 
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Table 1. Name and related label for each Italian region. 

Region label Region name 

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 

 

The model includes two key components: the power sector and the upstream sector which can 

be divided in a fuel supply Section, and in the hydrogen supply chain. The power sector delivers 

centralized and distributed electricity, as well as heat. The upstream sector encompasses both the 

production of energy commodities and foreign trade through import and export activities. All sectors 

generate emission commodities such as CO₂, CH₄, and N₂O, with CO₂ also serving as a potential input 

for the production of synthetic fuels . 

The technologies in the model are described by the following techno-economical parameters: 

a. Input and output commodities. 

b. Input and output fuel shares. 

c. Efficiency. 

d. Existing capacity at the base year. 

e. Investment cost. 

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

g. Variable O&M cost. 

h. Capacity factor. 

i. Emission activity. 

j. Material intensity. 

Furtherly, technologies are classified as either existing or new. Existing technologies are those 

already present in the base year, with an existing capacity assigned in 2022 following energy balances 

by Terna [38]. Specific constraints are included in the model to prevent new capacity of existing 

technologies being deployed and to drive the represent their progressive end-of-life and 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. 
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2.1.1 Power generation and storage 

This Section presents the structure of the power sector in the multi-regional model and describes 

the techno-economic characterization of both existing and new technologies within this sector. Lastly 

the electricity demand profile is discussed. 

 

Figure 2. Simplified schema of the power sector structure [40]. 

Figure 2 illustrates a simplified version of the power sector structure of the model, based on 

TEMOA-Italy and reproduced in the multi-regional model [28]. There are three types of energy 

production facilities: power plants producing electricity only, combined heat and power plants (CHP 

plants) producing both electricity and heat, and heat production plants. Each plant produces one or more 

energy commodities and may also produce emission commodities. 

In addition to meeting final energy service demands, energy commodities are also useful to 

supply hydrogen production plants and to produce synthetic fuels through carbon capture and storage 

(CCS) technologies [41]. Although not shown in Figure 2 for clarity, electricity storage plays an 

essential role in the model’s representation of the power sector. 

2.1.1.1 Techno-economic characterization and constraints for the power sector 

As already mentioned in Section 2.1, the characterization of existing technologies is necessary 

for model construction. Their description is close to TEMOA-Italy one [42] and it is presented in Table 

5. Being 2022 the base year of the multi-regional model, the existing capacity of the technologies for 

each region is defined from Terna energy balances [38] and it is reported in Table 3. Another useful 

information is the regional activity of existing technologies in the base year, which is reported in Table 

4 [38]. 

A comprehensive techno-economic description of the new technologies – closely related to the 

one of TEMOA-Italy model for the power sector – is presented in Table 5. As previously mentioned, 

energy production technologies are grouped into three main categories: electricity-only generation 

plants, CHP and micro-CHP facilities (producing both electricity and heat), and heat-only generation 

units, all of which include a range of technological options. The power sector can utilize various energy 

inputs, such as fossil fuels (including synthetic fuel blends as discussed in [43], [44]), biofuels, 

renewable sources, and hydrogen. 

The data sources used are listed in Table 5. For CHP, micro-CHP, and heat-only plants, the primary data 

source is the original version of the TIMES-Italy model [42] except for CHP fuel cells, which follow 

the JRC-EU-TIMES Model [45].
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Table 2. Techno-economic characterization of existing technologies in the model power sector. 

  

Category Resource Technology 
Efficiency 

(%) 
Variable O&M Cost 

Capacity to 

Activity 

Capacity 

Factor (%) 

Capacity 

Credit (%) 
CHPR Source 

Power 

Plants 

Natural Gas 
Gas Cycle 42 0.58 M€2022/PJ 

31.536 

PJ/GW 

0.02 ÷ 0.8 

100  
[42] 

[46] 

Combined Cycle 50 0.47 M€2022/PJ 26 

Coal Steam Cycle 34 0.38 M€2022/PJ 76 

Oil Products Steam Cycle 27 0.56 M€2022/PJ 24 

Biofuels Biodiesel Plant 35 0.42 M€2022/PJ 28 

Hydroelectric 
Reservoir 

 0.09 
M€2022/PJ 

31.536 

PJ/GW 

 

≈ 23   
Run on River M€2022/PJ [42] 

Geothermal High Enthalpy Plant 10 4.04 M€2022/PJ 81   [42] 

Solar Photovoltaic  16.11 M€2022/PJ 
31.536 

PJ/GW 

≈ 14 20   

Wind Onshore    ≈ 17 25  
[42] 

[46] 

CHP Plants Natural Gas 

Gas Cycle 77 0.58 M€2022/PJ 

31.536 

PJ/GW 

39 ÷ 53 

 

≈ 1.3 

[42] 

Combined Cycle 71 0.92 M€2022/PJ 8.1 ≈ 0.6 

Cycle in Counter 

Pressure 
84 

1.61 M€2022/PJ 37 ÷ 43 

≈ 4.0 

Cycle with Steam 

Tapping 
80 ≈ 2.5 

Micro-CHP 

Plants 
Natural Gas 

Internal Combustion 

Engine (Commercial/ 

Industry) 

55 0.56 M€2022/PJ 
31.536 

PJ/GW 
35 ÷ 48 100 ≈ 1.1 [42] 

Storage Hydroelectric Hydro Pumped 80 0.59 M€2009/PJ 
31.536 

PJ/GW 
   [42] 



16 
 

Table 3. Existing capacity (GW) of existing technologies in 2022 in the different regions. 

Category Resource Technology ABR BAS CAL CAM EMR FVG LAZ LIG LOM MAR MOL PIE PUG SAR SIC TAA TOS UMB VDA VEN 

Power 

Plants 

Natural Gas 
Gas Cycle 0.02 0.01 0.23 0.00 0.00 0.00 1.05 0.00 0.01 0.00 0.25 0.00 0.11 0.18 0.55 0.00 0.11 0.00 0.00 0.01 

Combined Cycle 0.89 0.00 1.59 2.32 2.35 0.04 1.99 0.78 5.85 0.00 0.78 1.97 1.42 0.04 1.52 0.00 0.44 0.37 0.00 0.00 

Coal Steam Cycle 0.00 0.00 0.14 0.10 0.08 0.32 1.88 0.00 0.83 0.00 0.03 0.02 1.86 1.11 1.20 0.00 0.03 0.00 0.00 0.75 

Oil Products Steam Cycle 0.00 0.09 0.00 0.11 0.09 0.04 0.09 0.01 0.22 0.02 0.02 0.11 0.03 0.01 0.17 0.02 0.10 0.01 0.00 0.08 

Biofuels Biodiesel Plant 0.03 0.08 0.17 0.23 0.60 0.13 0.15 0.02 0.88 0.03 0.04 0.32 0.32 0.10 0.07 0.09 0.15 0.04 0.00 0.31 

Hydroelectric 
Reservoir 0.24 0.00 0.28 0.38 0.13 0.16 0.09 0.02 1.84 0.10 0.05 0.61 0.00 0.00 0.12 0.74 0.12 0.37 0.02 0.23 

Run on River 0.56 0.01 0.14 0.44 0.43 0.31 0.31 0.05 2.28 0.11 0.03 1.91 0.00 0.05 0.09 1.75 0.20 0.10 0.76 0.61 

Geothermal 
High Enthalpy 

Plant 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.77 0.00 0.00 0.00 

Solar Photovoltaic 0.84 0.41 0.62 1.01 2.51 0.66 1.72 0.15 3.15 1.23 0.19 2.00 3.05 1.14 1.76 0.54 1.02 0.56 0.03 2.49 

Wind Onshore 0.27 1.46 1.18 1.87 0.04 0.00 0.08 0.12 0.00 0.02 0.40 0.02 2.99 1.09 2.12 0.00 0.14 0.00 0.00 0.01 

CHP 

Plants 
Natural Gas 

Gas Cycle 0.37 0.03 1.61 0.10 2.66 1.10 0.11 0.00 3.18 0.41 0.00 2.04 2.17 0.59 1.44 0.08 0.72 0.09 0.00 1.67 

Combined Cycle 0.03 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.17 0.00 0.00 0.03 0.00 0.01 0.13 0.00 0.01 0.00 0.00 0.06 

Cycle in Counter 

Pressure 
0.03 0.00 0.02 0.00 0.31 0.03 0.01 0.00 0.19 0.00 0.00 0.10 0.52 0.22 0.02 0.03 0.07 0.00 0.00 0.07 

Cycle with Steam 

Tapping 
0.00 0.03 0.00 0.02 0.29 0.02 0.07 0.05 0.11 0.00 0.00 0.14 0.02 0.00 0.06 0.03 0.45 0.00 0.00 0.08 

Micro-

CHP 

Plants 

Natural Gas 

Internal 

Combustion 

Engine 

(Commercial/ 

Industry) 

0.12 0.03 0.04 0.12 0.57 0.16 0.24 0.05 1.01 0.06 0.02 0.49 0.07 0.01 0.04 0.13 0.23 0.06 0.01 0.48 

Storage Hydroelectric Hydro Pumped 0.25 0.12 0.36 0.51 0.09 0.05  0.03 1.99 0.03  1.31  0.41 0.51 0.88 0.05 0.05 0.24 0.33 

  



17 
 

Table 4. Activity (PJ) of existing technologies in 2022 in the different regions. 

Category Resource Technology ABR BAS CAL CAM EMR FVG LAZ LIG LOM MAR MOL PIE PUG SAR SIC TAA TOS UMB VDA VEN 

Power 

Plants 

Natural Gas 

Gas Cycle 0.05 0.19 0.06 0.00 0.00 0.00 0.15 0.00 0.17 0.00 0.06 0.00 0.31 0.42 0.70 0.00 0.41 0.00 0.00 0.00 

Combined 

Cycle 
7.30 0.00 11.85 16.45 26.19 1.00 9.75 10.15 63.36 0.00 3.82 21.55 15.58 0.88 6.03 0.00 5.20 2.19 0.00 0.00 

Coal Steam Cycle 0.00 0.00 4.05 2.39 1.82 2.58 22.54 0.00 4.32 0.00 0.53 0.36 28.16 16.37 16.34 0.00 0.27 0.00 0.00 11.79 

Oil Products Steam Cycle 0.00 0.65 0.00 2.03 1.20 0.36 0.56 0.05 2.44 0.23 0.26 1.83 0.49 0.24 0.87 0.05 0.56 0.08 0.00 0.94 

Biofuels 
Biodiesel 

Plant 
0.26 0.81 4.12 3.51 9.18 2.50 2.05 0.06 13.16 0.46 0.42 5.67 4.37 1.90 0.70 0.88 1.21 0.58 0.00 5.91 

Hydroelectric 
Reservoir 0.92 0.00 1.12 0.67 0.37 0.94 0.59 0.07 7.31 0.51 0.38 2.36 0.00 0.00 0.25 4.94 0.42 2.67 0.14 1.72 

Run on River 2.16 0.11 0.57 0.77 1.24 1.90 2.04 0.16 9.04 0.60 0.23 7.42 0.00 0.15 0.18 11.76 0.68 0.70 6.43 4.61 

Geothermal 
High Enthalpy 

Plant 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 19.62 0.00 0.00 0.00 

Solar Photovoltaic 3.49 1.88 2.64 3.86 9.28 2.43 7.34 0.50 10.61 5.08 0.83 7.46 14.79 4.78 7.69 1.90 3.79 2.14 0.11 9.02 

Wind Onshore 1.57 10.06 7.85 12.13 0.27 0.00 0.50 0.73 0.00 0.12 2.27 0.09 19.09 5.93 11.50 0.00 0.88 0.00 0.00 0.08 

CHP 

Plants 
Natural Gas 

Gas Cycle 1.13 0.75 25.53 0.12 37.91 20.24 3.30 0.00 63.60 1.18 0.00 51.18 42.84 19.54 40.49 3.43 16.62 0.03 0.00 16.78 

Combined 

Cycle 
0.90 0.00 0.00 0.00 1.03 0.00 0.00 0.00 7.33 0.00 0.00 0.75 0.00 1.42 0.00 0.00 0.09 0.00 0.00 2.68 

Cycle in 

Counter 

Pressure 

0.41 0.00 0.28 0.00 8.60 1.32 0.52 0.00 7.66 0.00 0.00 4.36 6.76 4.09 0.86 1.22 0.16 0.00 0.00 2.98 

Cycle with 

Steam 

Tapping 

0.00 0.82 0.00 0.98 11.53 0.87 2.47 1.48 3.58 0.00 0.00 6.95 1.21 0.00 5.62 1.86 16.50 0.00 0.00 3.66 

Micro-

CHP 

Plants 

Natural Gas 

Internal 

Combustion 

Engine 

(Commercial/ 

Industry) 

2.71 0.57 0.67 3.59 17.20 3.84 5.84 1.41 33.79 1.52 0.79 14.20 1.22 0.25 0.65 4.71 5.68 1.77 0.24 15.12 

Storage Hydroelectric 
Hydro 

Pumped 
0.96 0.93 1.41 0.89 0.25 0.32  0.09 7.91 0.19  5.09  1.35 1.03 5.89 0.18 0.35 2.04 2.53 
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Table 5. Techno-economic characterization of new technologies in the model power sector. 

Category Resource Technology 
Efficiency 

(%) 
Lifetime Investment Cost Fixed O&M Cost Variable O&M Cost 

Discount 

Rate (%) 

Capacity to 

Activity 

Capacity 

Factor (%) 

Capacity 

Credit (%) 
CHPR Source 

Power 

Plants 

Natural Gas 

Gas Cycle 35 ÷ 49 30 703 ÷ 922 M$2020/GW 21 M$2020/GW 1.39 M$2020/PJ 

2.7 

31.536 

PJ/GW 

95 

100  

[42] 

[46] 

[47] 

Combined Cycle 54 ÷ 59 30 838 ÷ 1038 M$2020/GW 28 M$2020/GW 0.56 M$2020/PJ 90 

95% CCS 55 30 1330 M€2010/GW 38 M€2010/GW 0.34 M€2010/PJ 90 

Coal 
Steam Cycle 40 ÷ 44 30 2240 ÷ 3075 M$2020/GW 74 M$2020/GW 2.22 M$2020/PJ 

6.2 
76 

79 ÷ 84 % CCS 41 ÷ 48 15 ÷ 30 2757 ÷ 3758 M€2010/GW 69 ÷ 88 M€2010/GW 0.64 ÷ 1.62 M€2010/PJ 90 

Oil Products 
Steam Cycle 40 ÷ 44 30 2240 ÷ 3075 M$2020/GW 74 M$2020/GW 2.22 M$2020/PJ 6.2 85 

Biodiesel Plant 35 ÷ 39 15 3626 ÷ 4416 M$2020/GW 151 M$2020/GW 1.61 M$2020/PJ 

6.7 

70 

Biofuels 

Biomass Plant 25 ÷ 28 15 3626 ÷ 4416 M$2020/GW 151 M$2020/GW 1.61 M$2020/PJ 57 

Agriculture and Farming Biogas Plant 
32 ÷ 40 9 

2025 ÷ 3500 M€2009/GW    58 ÷ 65 100 
 [42] 

Landfill Biogas Plant 900 ÷ 1100 M€2009/GW 40 ÷ 75 M€2009/GW 1.61 M€2009/PJ 49 ÷ 60 100 

Hydroelectric 
Micro-hydroelectric 

 30 
4500 M€2009/GW 78 M€2009/GW 

 5.2 ≈ 23 50  [42] 
Mini-hydroelectric 2250 M€2009/GW 33 M€2009/GW 

Geothermal 
High Enthalpy Plant 

10 15 
3200 ÷ 4000 M€2009/GW 

60 ÷ 86 M€2009/GW  5.2 
86 100 

 [42] 
Low Enthalpy Plant 4480 ÷ 6000 M€2009/GW 88 ÷ 90 100 

Solar 

Ground Photovoltaic 

 30 

620 ÷ 6000 M$2020/GW 13 ÷ 43 M$2020/GW 

 5.7 ≈ 14 

20 

 

[42] 

[46] 

[47] 
Rooftop Photovoltaic 751 ÷ 8000 M$2020/GW 10 ÷ 48 M$2020/GW 15 

Wind 

Onshore 

 20 

765 ÷ 2532 M$2020/GW 33 ÷ 49 M$2020/GW 

 

7.6 

≈ 17 

25 

 

[42] 

[46] 

[47] 

Offshore (Fixed) 2343 ÷ 5000 M$2020/GW 70 ÷ 111 M$2020/GW 
8.6 

30 

Offshore (Floating) 3467 ÷ 4049 M$2020/GW 57 ÷ 69 M$2020/GW 35 

Hydrogen PEM Fuel Cell 45 ÷ 47 15 1000 ÷ 3000 M€2013/GW 56 ÷ 61 M€2013/GW 8.33 ÷ 29.17 M€2013/PJ 8.0 90 100  [45] 

Nuclear 
Light Water Reactor  60 5000 ÷ 5600 M$2020/GW 146.96 M$2020/GW 2.92 M$2020/PJ 

10.0 94 100  [46] 
Small Modular Reactor  60 5500 ÷ 6200 M$2020/GW 114.00 M$2020/GW 3.13 M$2020/PJ 

CHP Plants 
Natural Gas 

Gas Cycle 77 ÷ 86 25 960 M€2009/GW 

 

1.11 ÷ 1.67 M€2009/PJ 

2.7 31.536 

PJ/GW 

57 

70 

≈ 1.3 

[42] 

Combined Cycle 90 30 720 M€2009/GW 0.33 ÷ 0.50 M€2009/PJ 34 ≈ 0.6 

Cycle in Counter Pressure 84 35 
702 M€2009/GW 1.39 M€2009/PJ 74 

≈ 4.0 

Cycle with Steam Tapping 82 35 ≈ 2.5 

Municipal Waste Municipal Waste Cycle 38 20 2059 ÷ 4000 M€2009/GW 9.50 ÷ 12.50 M€2009/PJ 6.7 70 ÷ 80 ≈ 0.5 

Micro-CHP 

Plants 

Natural Gas 

Internal Combustion Engine (Commercial) 80 ÷ 88 15 900 ÷ 1100 M€2009/GW 

 

4.17 M€2009/PJ 

5.0 
31.536 

PJ/GW 

34 

20 

≈ 1.1 

[42] Microturbine (Commercial) 80 ÷ 88 12 ÷ 20 1000 ÷ 1500 M€2009/GW 2.78 M€2009/PJ 34 ≈ 0.4 

Combined Cycle (Commercial) 80 15 ÷ 20 1300 M€2009/GW 5.00 M€2009/PJ 34 ≈ 0.4 

Solid Oxide Fuel Cell (Commercial) 90 ÷ 96 20 2250 ÷ 10000 M€2020/GW 4.86 ÷ 30.56 M€2020/PJ 90 ≈ 0.4 [45] 

Biofuels Internal Combustion Engine (Commercial) 80 15 1350 ÷ 1870 M€2009/GW 4.17 M€2009/PJ 34 ≈ 0.4 [42] 

Hydrogen PEM Fuel Cell (Commercial) 94 ÷ 96 20 1050 ÷ 1500 M€2020/GW 6.94 ÷ 13.89 M€2020/PJ 90 ≈ 0.8 [45] 

Natural Gas 

Internal Combustion Engine (Residential) 80 ÷ 88 15 900 ÷ 1100 M€2009/GW 

 

2.78 ÷ 4.17 M€2009/PJ 34 

20 

≈ 1.1 

[42] 
Microturbine (Residential) 80 ÷ 92 12 ÷ 20 1000 ÷ 1500 M€2009/GW 1.67 ÷ 2.78 M€2009/PJ 34 ≈ 1.5 

Combined Cycle (Residential) 80 15 ÷ 20 1300 M€2009/GW 0.42 ÷ 0.50 M€2009/PJ 34 ≈ 0.4 

Stirling Engine (Residential) 80 ÷ 90 15 2100 ÷ 2180 M€2009/GW 2.78 ÷ 5.00 M€2009/PJ 34 ≈ 0.2 

Solid Oxide Fuel Cell (Residential) 90 20 3500 ÷ 10000 M€2020/GW 6.97 ÷ 27.78 M€2020/PJ 90 ≈ 0.5 
[45] 

Hydrogen PEM Fuel Cell (Residential) 92 ÷ 96 20 4000 ÷ 6000 M€2020/GW 6.94 ÷ 20.89 M€2020/PJ 90 ≈ 0.5 

Natural Gas 

Internal Combustion Engine (Industry) 80 ÷ 91 15 1030 ÷ 1100 M€2009/GW 

 

2.78 ÷ 4.17 M€2009/PJ 57 

100 

≈ 1.1 

[42] 
Gas Turbine (Industry) 74 ÷ 80 20 ÷ 25 800 M€2009/GW 1.39 ÷ 1.67 M€2009/PJ 74 ≈ 1.2 

Steam Turbine (Industry) 75 ÷ 79 30 1500 M€2009/GW   63 ≈ 0.3 

Biofuels Internal Combustion Engine (Industry) 85 ÷ 93 15 1800 ÷ 2100 M€2009/GW 2.50 ÷ 3.75 M€2009/PJ 57 ≈ 0.2 

Heat Plants 

Natural Gas Natural Gas Plant 

80 

60 

4 M€2009/PJ 2.4 M€2009/PJ 

  5.0 1.00 PJ/PJ 60 100  [42] 

Coal Coal Plant 6 M€2009/PJ 2.8 M€2009/PJ 

Oil Products Oil Products Plant 5 M€2009/PJ 2.5 M€2009/PJ 

Biofuels Biofuels Plant 6 M€2009/PJ 2.8 M€2009/PJ 

Geothermal 
High Enthalpy Plant 

10 
12 M€2009/PJ 2.5 M€2009/PJ 

Low Enthalpy Plant 12 M€2009/PJ 2.5 M€2009/PJ 

Storage 

Lithium-Ion 

Batteries 

Centralized 
85 15 

799 ÷ 2170 M$2020/GW 20.2 ÷ 54.6 M$2020/GW   

8.0 
31.536 

PJ/GW 
 70  

 

Distributed 882 ÷ 2525 M$2020/GW 22 ÷ 63.4 M$2020/GW    

Vanadium-

Redox-Flow 

Batteries 

Centralized 

65 12 

1257 ÷ 1960 M$2020/GW 3.78 ÷ 5.63 M$2020/GW    

Distributed 1354 ÷ 2093 M$2020/GW 3.96 ÷ 5.98 M$2020/GW    
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For power plants, data were gathered from multiple sources, while being discount rates and 

capacity credits highly context-dependent, values were adopted from the TEMOA-Italy model [42] to 

better represent Italian characteristics. Table 5 presents the average capacity factors (CFs) for hydro, 

solar, and wind technologies, but their values vary depending on both intra-annual time slices and 

regional conditions. Parameters for hydroelectric, geothermal, and biogas plants are drawn from 

TEMOA-Italy, while information regarding CCS-integrated power plants and hydrogen fuel cells comes 

from the JRC-EU-TIMES Model [45]. For fossil fuel, solid biomass, solar, and wind plants, data on 

cost and efficiency are sourced from NREL's 2022 Annual Technology Baseline [46], with plant 

lifespans based on [47]. Fossil-fuel plant efficiencies are assumed to improve by 10%, from 2025 to 

2050, reflecting the trends identified in TEMOA-Italy. Concerning storage systems, the storage duration 

is assumed of 10 h for hydroelectric pumped storage systems and of 6 h for Lithium Ion batteries and 

for Vanadium-Redox-Flow Batteries [48]. 

Potential new investments in electricity import and export capacity are included, with an 

assumed investment cost of 1000 M€/GW, based on recent projects [49]. By 2050, the capacity is 

projected to reach approximately 15 GW for imports and around 9 GW for exports, following the 

historical growth trend outlined in [50]. 

For capacity factor estimation, historical weather and generation data are needed. In the case of 

Italy, historical data for solar and wind CFs are taken from the EMHIRES dataset [51], developed by 

the European Commission’s Joint Research Centre (JRC). This dataset provides hourly CF data from 

January 1st, 1986, to December 31st, 2015, available at various spatial resolution. The data complies 

with the nomenclature of territorial units for statistics (NUTS) by Eurostat [52]: countries, NUTS1 

(macro-regions), and NUTS2 (administrative regions). For this analysis, NUTS2 regional data are used. 

Hydroelectric CFs are calculated using monthly electricity reports published by TERNA from 2006 to 

2022 [53]. 

In the multi-regional model developed for this thesis, CFs are also used for modeling the 

regional distribution of renewable resources along Italy. The average annual CF throughout the year for 

photovoltaic, wind and hydroelectric technologies is consistent with Terna energy balances [38]. 

Detailed seasonal hourly profiles for wind, solar and hydric resources are obtained combining the 

information on the average CF for each region from [38] and the seasonal hourly CF profiles from [51] 

and [53]. These data are displayed in Figure 3 for solar, Figure 4 for wind and Figure 5 for hydroelectric. 

 

Figure 3. Seasonal daily profiles for Italian CF (a) and average annual CFs for solar resource in the 

different regions (b).  
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Figure 4. Seasonal daily profiles for Italian CF (a) and average regional CFs for wind resource in the 

different regions (b). 

 

Figure 5. Seasonal daily profiles for Italian CF (a) and average regional CFs for hydroelectric resource 

in the different regions (b). 

On an annual average basis, CFs are approximately 14% for solar and 17% for wind, as also 

reported in Table 5. For hydroelectric generation, the annual average CF is around 23%, as shown in 

Table 5. Although the annual hydroelectric CFs from 2006 to 2022 has been showing a slight downward 

trend, likely due to recent water shortages (especially in 2022 [35]), the model assumes average CF 

values from 2006–2022 remain constant in the future, anticipating that advances in plant efficiency may 

offset declining water availability.  

Figure 3b, Figure 4b and Figure 5b highlight the differences between resource availability 

across regions. Solar resource is relatively uniformly distributed throughout the Italian territory, with 

CF values increasing from north to south. Wind resource exhibit greater spatial variability: central 

regions are the ones with lowest CFs, while northern and southern ones are more resourceful. The hydric 

resource presents the highest variability, with zero potential in Puglia and the highest CFs in regions 

with large basins or rivers, such as Valle d’Aosta, Basilicata and Veneto. The higher the regional 

variability, the more simplified the resource representation is in a national lumped-parameter model. 

At the same time, it is important to account for other regional characteristics that CFs alone 

cannot capture. For example, although wind resources in the northern regions have higher CFs than 
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solar, wind still plays a limited role in their current electricity mix. Besides cost-related factors, land 

availability and social acceptance strongly influence the regional electricity mix [54]. Thus, a complete 

shift in a region’s electricity mix cannot be justified solely by small differences in CFs.  

To reflect this, a constraint regarding capacity expansion of renewables is introduced, 

specifically regarding the share between solar and wind in each region. Data from Terna for solar and 

wind generation in 2022 is used to calculate the regional energy shares from both sources. A minimum 

share constraint is then applied across all solar and wind technologies from 2025 to 2050, as reported 

in Equation 1, where 𝑥𝑟  is the share of solar activity in 2022 and 𝑦𝑟 = 1 − 𝑥𝑟 the share of wind activity 

in 2022 for each region 𝑟. 

𝑀𝑖𝑛𝑆ℎ𝑎𝑟𝑒(𝑥𝑟) = {
0.75 ⋅ 𝑥𝑟, 𝑥𝑟 < 0.9

0.9, 𝑥𝑟 ≥ 0.9
 

1 

𝑀𝑖𝑛𝑆ℎ𝑎𝑟𝑒(𝑦𝑟) = {
0.75 ⋅ 𝑦𝑟, 𝑥𝑟 < 0.9

0, 𝑥𝑟 ≥ 0.9
 

  

Table 6. Regional minimum shares for solar and wind activity from 2025 to 2050. 

Region label 𝒙𝒓 𝒚𝒓 𝑴𝒊𝒏𝑺𝒉𝒂𝒓𝒆(𝒙𝒓) 𝑴𝒊𝒏𝑺𝒉𝒂𝒓𝒆(𝒚𝒓) Bounded share of solar and wind 

ABR 0.69 0.31 0.52 0.23 0.75 

BAS 0.16 0.84 0.12 0.63 0.75 

CAL 0.25 0.75 0.19 0.56 0.75 

CAM 0.24 0.76 0.18 0.57 0.75 

EMR 0.97 0.03 0.90 0.00 0.90 

FVG 1.00 0.00 0.90 0.00 0.90 

LAZ 0.94 0.06 0.90 0.00 0.90 

LIG 0.41 0.59 0.31 0.44 0.75 

LOM 1.00 0.00 0.90 0.00 0.90 

MAR 0.98 0.02 0.90 0.00 0.90 

MOL 0.27 0.73 0.20 0.55 0.75 

PIE 0.99 0.01 0.90 0.00 0.90 

PUG 0.44 0.56 0.33 0.42 0.75 

SAR 0.45 0.55 0.33 0.42 0.75 

SIC 0.40 0.60 0.30 0.45 0.75 

TOS 1.00 0.00 0.90 0.00 0.90 

TAA 0.81 0.19 0.61 0.14 0.75 

UMB 1.00 0.00 0.90 0.00 0.90 

VDA 1.00 0.00 0.90 0.00 0.90 

VEN 0.99 0.01 0.90 0.00 0.90 

 

This assumption implies that respectively the 75% or the 90% of the electricity production from 

solar and wind must respect the minimum shares imposed. As resulting from Table 6, most regions in 

southern Italy allow a joint deployment of solar and wind, while northern regions primarily depend on 

solar energy. 

Along with technology description, defining a solid set of constraints is essential for model 

construction. Part of the constraints in TEMOA-Italy and in the multi-regional model are structural 

constraints. For instance, to define the lifetime of existing technologies, it is introduced a limit on their 

installed capacity from 2025 on with a decreasing linear trend, making them reach a null generation at 
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their end of life, with the assumption of constant substitution rate. Moreover, to avoid abrupt changes 

in the electricity mix from the base year, the activity of each technology in each region in 2025 is bound 

to be at least 50% of its 2022 level. 

INECP [32] is useful to shape policy-based constraints. For example, the capacity of large-scale 

hydroelectric plants is capped since new installations for these kinds of facilities are not expected [33]. 

However, the installation of mini and micro hydroelectric plants remains allowed. INECP trajectories 

[32] along with elaborations from the ENSPRESO database [55] contribute to make estimates 

concerning the future potential for renewables shaping the constraints on the maximum installable 

capacity for specific technologies, which is included in Table 7. Significant growth rates are allowed 

for solar and wind, biomass-fuelled plants and geothermal facilities. 

Table 7. Constraints on the maximum installable capacity (GW) of different technologies. 

Technology 2025 2030 2040 2050 

Biomass Plant 3.32 3.69 4.42 5.15 

CHP Municipal waste cycle 0.37 0.46 0.65 0.83 

Geothermal high enthalpy 0.25 0.26 0.28 0.30 

Geothermal low enthalpy 0.25 0.26 0.28 0.30 

Micro-hydroelectric 0.50 0.84 0.82 0.80 

Mini-hydroelectric 1.50 2.28 2.32 2.35 

Solar photovoltaic ground installation 16.87 33.88 67.90 101.92 

Solar photovoltaic rooftop installation 9.15 12.08 17.94 23.80 

Wind onshore 14.42 22.67 39.16 55.65 

Wind offshore 0.10 2.10 5.25 8.40 

Wind deep offshore 0.00 0.00 1.26 6.30 

 

Another policy embedded in the model is the mandated coal phase-out by 2030, as indicated in 

the Long-Term Strategy (LTS) for greenhouse gas emissions [56], and in the Fit for 55 legislative 

package [57]. 

The last set of constraints for power sector is proper of the granularity of the model and regards 

the regional self-consumption of electricity. The goal is to prevent such an overproduction in resource-

rich regions to make others entirely dependent on imports. Therefore, at least 50% of the electricity 

consumption of each region is bound to be internally produced for each of the milestone years 

considered. This value is aligned with historical data from Terna regarding electricity generation and 

consumption by region [38]. Similarly, an upper bound for regional generation from 2025 to 2050 is 

set. In this case the upper constraint linearly increases from 150% of the 2025 regional electricity 

consumption in 2030 – aligned with Terna historical data [38] – to 300% of the same value in 2050. 

This increase in the freedom of the model is consistent with the possibility of expanding the electricity 

transmission network, as outlined in Section 1.1. 

2.1.1.2 Electricity and heat demand distribution 

Electricity and heat final demands depend on the considered scenario and include both their 

final consumption for end-uses (exogenously determined as input data for the model) and possibly 

additional electricity consumption for hydrogen production (endogenously determined according to the 

investigated scenario). 

The electricity demand profile is characterized by a variable power requested at different times 

of the day and in different seasons. Since the model temporal resolution compels four typical days, one 

for each season, the demand curves are obtained averaging yearly data from Terna over the period 2019-

2023 about hourly electricity consumption for Italy [58]. In Figure 6 the four hourly demand curves – 
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one for each season – are represented, normalized to the annual peak load value (occurring at 20:00 of 

winter). The graph shows a flatter electricity load shape for summer and spring curves, while fall and 

winter exhibit higher variability between morning, afternoon and evening, with an increase in electricity 

demand from 17:00 to 20:00. The higher summer electricity demand is mainly due to the use of air 

conditioning [59]. 

 

Figure 6. Electricity load profiles in a typical day for each season normalized with respect to the load 

peak annual value [58]. 

The load shape for electricity is assumed to be the same across the 20 Italian regions for the 

four typical days. However, the annual demand level varies by region and its value is obtained from 

Terna data for 2022 [38]. The regional demand level for both electricity and hydrogen in 2022 is 

depicted in Figure 7. 

 

Figure 7. Electricity (a) and heat (b) demand in the Italian regions in 2022 according to Terna [38]. 

The electricity and heat demand distribution across the 20 regions – which can be observed in 

Figure 7 – is then used in the scenario definition (Section 2.2) to create shares to project the expected 

Italian national demand into regional demands. In fact, it is assumed that all Italian regions follow a 

cohesive trend over the time horizon analysed. 

To better frame this assumption, it is useful to compare the data concerning electricity demand 

shown in Figure 7a to the population density of each region in 2022 [60] and to the regional GDP in the 
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same year [61]. Specifically, Figure 8 shows the linear correlation of the regional share of electricity 

demand with both Italian population regional distribution and GDP one. 

 

Figure 8. Correlation between electricity demand regional distribution [38] and population [60] and 

GDP [61] regional distribution in the different regions. 

The comparison in Figure 8 highlights the strong linear correlation factor between electricity 

demand and GDP distribution. At the same time, the correlation between electricity demand and 

population distribution is still quite high, though a greater number of outliers is visible. Assuming 

constant regional shares of electricity demand until 2050 implies that the current inequality between 

northern and southern regions will persist. Bridging this gap will require strong policies and targeted 

interventions—a topic better addressed through dedicated scenario analyses. 

 

2.1.2 Hydrogen generation and storage 

This Section describes the structure of the hydrogen sector in the multi-regional model, 

classified as a part of the upstream sector and represented in a simplified form in Figure 9. Hydrogen is 

the commodity produced and used in this sector. Currently, the model considers only hydrogen in 

gaseous form, since recent scenario analyses performed with TEMOA-Italy (see [62]) do not project a 

significant liquid hydrogen demand in any sector and because Terna’s 2024 SDD mentions liquid 

hydrogen only as a potential storage solution [33]. 
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Figure 9. Simplified scheme of hydrogen sector in the model [63]. 

Figure 9 shows different hydrogen production facilities, classified based on their input sources 

and on the potential inclusion of carbon capture. The hydrogen colour-based classification is presented 

in Figure 10, even though it is important to note that each facility does not necessarily belong strictly 

to only one category. 

 

Figure 10. Colour-based classification of the hydrogen production technologies included in TEMOA-

Italy. Except for the pink hydrogen, the colours reflect European Union taxonomy [9].  

Hydrogen is then distributed and employed in industrial uses, in the transport sector and for 

electricity production in stationary fuel cells. It can also help decarbonizing natural gas when blended 

with fossil methane and other compounds directly in pipelines. 

2.1.2.1 Techno-economic characterization and constraints for the hydrogen sector 

The hydrogen sector is described from the first future year of the model, since there is no 

significant final consumption of hydrogen before 2025 according to Eurostat Energy Balances [64] and 

TEMOA-Italy results [41]. Furthermore, a comprehensive mapping of hydrogen consumption patterns 

and hydrogen production facilities across Italy is currently lacking [65]. For these reasons, existing 

technologies are not defined in the model, and it is up to the optimization process to select the 

technological configuration which meets the demand imposed from 2025 onwards. The techno-
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economic characterization of hydrogen production options used for the model developed in the context 

of this thesis is the same as TEMOA-Italy, as available at [66], described in [43] and presented in Table 

8. Technologies are grouped by input resource, with key technical and economical parameters specified. 

Table 8. Techno-economic characterization of new technologies for hydrogen production. 

Resource Technology 
Efficiency 

(%) 
Lifetime Investment Cost Fixed O&M Cost Variable O&M Cost 

Capacity 

Factor (%) 
Sources 

Natural gas 

Steam reforming 61 

20 

18.4 M€10/PJ 0.77 ÷ 0.81 M€10/PJ 0.57 M€10/PJ 

90 

[67] 

Steam reforming with 

CCUS 
63 23.5 M€10/PJ 1.33 M€10/PJ 0.24 M€10/PJ 

Oil 
Partial oxidation of 

heavy oils 
73 25 15.6 M€10/PJ 0.77 M€10/PJ 0.16 M€10/PJ 

Coal 

Gasification 68 

20 

16.7 ÷ 18.7 M€10/PJ 0.66 ÷ 0.69 M€10/PJ 0.19 ÷ 1.22 M€10/PJ 

Gasification with CCUS 60 18.5 M€10/PJ 0.91 M€10/PJ 0.22 M€10/PJ 

Biomass 

Steam reforming 71 

20 

 

18.8 M€10/PJ 0.75 M€10/PJ 0.20 M€10/PJ 

Gasification 32 79.3 M€10/PJ 2.63 M€10/PJ 1.30 M€10/PJ 

Gasification with CCUS 51 47.3 M€10/PJ 2.36 M€10/PJ 0.52 M€10/PJ 

Electricity 

Proton exchange 

membrane (PEM) 

electrolysis 

68 7 ÷ 14 23.6 ÷ 37.5 M€20/PJ 0.68 ÷ 1.47 M€20/PJ   

[68] 
Alkaline electrolysis 67 8 ÷ 14 22.5 ÷ 48.9 M€20/PJ 0.71 ÷ 1.13 M€20/PJ   

Solid oxide electrolysis  

(SOEC) cells 
94 3 ÷ 10 32.5 ÷ 47.1 M€20/PJ 0.98 ÷ 2.07 M€20/PJ   

Anion exchange 

membrane (AEM) 

electrolysis 

59 10 35.9 M€20/PJ 1.08 M€20/PJ   [69] 

 

When two values appear in a single cell, a linear cost projection from 2025 to 2050 is applied. 

The discount rate is set to 8% [41] for all technologies. The main data source for the characterization of 

hydrogen production technologies by fossil fuels and biomass is the JRC-EU-TIMES Hydrogen Module 

developed by the Joint Research Centre (JRC) [67]. To describe the specificities of different types of 

electrolysis facilities, data from IEA [68] and IRENA [69] have been employed. 

2.1.2.2 Hydrogen demand distribution 

Unlike for electricity demand, hydrogen regional demand distribution is not clearly known for 

the base year. The distribution of hydrogen demand is hypothesized to be dependent on the GDP 

regional distribution. According to the literature [70], [71], weighting methods using different indicators 

are the best solution to estimate hydrogen demand under spatial disaggregation. However, since 

disaggregate data for many of the indicators considered is unavailable, GDP is chosen as primary 

weighting indicator, being the one with the highest relevance [70]. The resulting demand distribution is 

presented in Figure 11, and it is based on the 2022 regional GDP distribution from Istat [61]. 

 

Figure 11. Hydrogen demand distribution for the different Italian regions. 
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The hydrogen demand distribution is broadly similar to electricity demand: the highest-

consuming regions are in the north, with high industrial activity and population density. In this case too, 

as discussed in Section 2.1.1.2, regional demand distribution is assumed constant over the entire 

optimization period. 

 

2.1.3 Primary commodities supply and CCUS options 

The upstream sector of the model includes both the description of fuel supply and of the CCUS 

module. The CCUS module – represented in Figure 12 – includes blue hydrogen production 

technologies, power plants with CCS, and synfuel production options, some of which also 

exploit hydrogen in the process. 

 

Figure 12. Simplified scheme of CCUS sector in the model [63]. 

Concerning the part of the model dedicated to fuel supply, a significant part of the upstream 

sector is dedicated to the biofuels, which includes solid biomass, biodiesel and biomethane [43]. 

Another important part of the upstream sector consists of the synthetic fuel production.  

Part of these fuels are used to decarbonize natural gas: they can be mixed with fossil methane 

in pipelines respecting the maximum shares shown in Table 9. These constraints are obtained from [72]. 

Table 9. Fraction of other compounds allowed in natural gas pipelines in the modeled period. 

Compound 2025 2030 2040 2050 

Synthetic natural gas 0% 5% 53% 100% 

Biomethane 1% 5% 53% 100% 

Hydrogen for blending 3% 6% 6% 6% 

 

The trade of refined fuels and electricity is modeled through simplified import and export 

processes characterized by specific trade prices. Import prices for major fossil fuels are shown in Figure 

13 and are derived from data reported in [73]. 
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Figure 13. Import prices of coal, oil, natural gas, and LNG modeled in TEMOA-Italy [74]. 

To each fuel is associated an emission factor, a representative value relating the quantity of a 

pollutant released to the atmosphere with an activity associated with the release of that pollutant [75]. 

In this model – as in TEMOA-Italy [28] – the pollutant considered are CO2, CH4 and N2O and the 

related emission factors are shown in Table 10. Moreover, specific negative emission activities are 

related to those technology which use implies a direct emission absorption or an indirect emission 

avoided [72]. 

Table 10. Emission factors for CO2, CH4 and N2O for the combustion of the fossil fuels considered. 

Emission commodity Coal Oil Natural gas 

CO2 (kt/PJ) 101.16 79.55 56.1 

CH4 (kt/PJ) 1.15 0.81 0.13 

N2O (kt/PJ) 1.91 3.18 0.54 

 

The European Emission Trading System (EU ETS) is implemented in the model according to 

the 2020 European Reference scenario in [76] by applying a carbon tax through an increment of the 

variable operational cost of fossil fuels import. The carbon tax considered is worth 0.065 M€/t of 

emitted CO2 in 2025 and it undergoes a linear growth up to 2050, when it reaches 0.15 M€/t of emitted 

CO2 [76]. The emission factor of each fuel is used to convert the carbon tax in a variable operational 

cost associated to the use of each fuel. 

 

2.1.4 Electricity and hydrogen transport 

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 in the way for regions 

to interact. 

2.1.4.1 Transmission distance estimation 

The first challenge lies in the definition of the main electricity transmission lines, which is 

complicated by limited data availability. In fact, Terna provides information only about internal 
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exchanges between the bidding zones of the electricity market (defined in Table 11), and not about the 

exchanged power between adjacent regions. The bidding zones are [77]: 

a. Northern Italy: Valle D’Aosta, Piemonte, Liguria, Lombardia, Trentino-Alto Adige, 

Veneto, Friuli-Venezia Giulia, Emilia-Romagna; 

b. Central Northern Italy: Toscana e Marche; 

c. Central Southern Italy: Lazio, Abruzzo, Umbria e Campania; 

d. Southern Italy: Molise, Puglia e Basilicata; 

e. Calabria; 

f. Sicilia; 

g. Sardegna. 

Table 11. Transmission capacity (GW) between bidding zones in 2022 from Terna [78]. 

Interconnected regions Transmission capacity  

Northern Italy Central Northern Italy 3.70 

Central Northern Italy Central Southern Italy 2.85 

Central Southern Italy Southern Italy 3.70 

Southern Italy Calabria 1.73 

Calabria Sicilia 1.40 

Central Northern Italy Sardegna 1.17 

 

Knowing the characteristics of the Italian territory, it would be unrealistic to assume a direct 

transmission line between each pair of adjacent regions. Natural barriers sometimes prevent or 

discourage the installation of significant inter-regional lines (e.g. between Marche and Umbria). For 

this reason, the transmission lines assumed in the model are the ones highlighted in Figure 14. 

 

Figure 14. Main electricity transmission lines between adjacent regions. 

Next, representative distances for electricity transmission lines between regions are estimated. 

For each couple of interconnected region, the distance between the centres of the two regions is roughly 

estimated and associated 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).  
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As shown in Figure 14, twenty-five transmission lines are identified. Most of them are overhead 

lines, except for those connecting Lazio to Sardegna and Calabria to Sicily, which are submarine. These 

line types and distances are used 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. 

Although this modeling choice certainly introduces approximations in the estimation of the 

investment costs for deploying new transmission lines, it should be noticed that this assumption is kept 

consistent for all the technology options competing for the same transmission lines. Thus, it is expected 

to not significantly affect the technology competition. Moreover, modeling the electrical connections 

between adjacent regions with a single line is by itself a simplification of reality induced by the model 

structure. For these reasons, methodologies to identify more precise expected lengths of transmission 

lines are out of the scope of this thesis and were not adopted. 

2.1.4.2 Electricity transmission characterization 

Both existing and new technologies are modeled for electricity transmission. The first 

represents the current grid configuration: an existing capacity for each transmission line is assumed in 

the base year, based on regional energy import data [78] and consistent with Terna values in Table 11. 

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 

and is reported in Table 12. As for the distances between different regions, such existing capacities are 

characterized by large uncertainties as well, but they are also expected to minorly affect the model 

results especially in future years far from the beginning of the time horizon, being existing capacity 

constraints to be disposed of within the technology lifetime span. 

Table 12. Assumed existing capacity (GW) for the existing electricity transmission between couples of 

interconnected regions in 2022. 

Interconnected regions Existing Capacity 

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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The new technology still describes the traditional electricity transmission infrastructure but it 

is available for capacity additions according to the specific future scenario. Existing capacity is 

progressively phased out, starting with a cap at 80% of the 2022 capacity in 2025 and reaching 0 by 

2050. The new technology progressively substitutes the existing one, allowing the model to develop a 

more flexible system, free from the hypotheses made on the existing capacity of 2022. 

The technical parameters of existing and new electricity 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 [79]. In accordance with [80], the investment cost for 

each overhead line is set at 400 €/km/MW [81] and at 970 €/km/MW [82] for each submarine line 

(between Sardegna and Lazio and between Sicily and Calabria). For both the line types, the fixed 

operational and maintenance cost is set to 2% of the specific investment cost and a discount rate of as 

5% is applied. The Capacity to Activity ratio – representing a conversion factor from capacity to activity 

unit of measurement – is of 31.536 PJ/GW. 

2.1.4.3 Hydrogen transport characterization 

Hydrogen transport is still an innovative technology, hence, its techno-economic 

characterization carries significant uncertainty. According to the literature [83], [84], gaseous hydrogen 

transport in pipelines is considered the most cost-effective solution for hydrogen mass flowrates 

exceeding 150 t/day. Thus, pipelines are the only hydrogen transport technology described in the model.  

Alternative transport means consist of hydrogen land transport via trucks or rail, both in 

compressed gaseous and in liquefied form [83]. The transport of liquid hydrogen is competitive by truck 

for very low hydrogen mass flowrates, and by rail for long distances and low hydrogen mass flowrates, 

while gaseous hydrogen one road transport is never competitive [83], [84]. Given the transmission 

distances and hydrogen demand (as detailed in Section 2.3), pipelines are the most appropriate choice 

for hydrogen transport in this model. 

Hydrogen transport is introduced in the model as a new technology, starting from 2023 like all 

other hydrogen-related ones. The technology selected for hydrogen transport is a single line 70 bar 

pipeline, 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) [85] for 2020, 2030 

and 2050. Values for 2025 are obtained by interpolating the data of 2020 and 2030. The techno-

economic characterization of the hydrogen transport pipeline as it is included in the model is reported 

in Table 13. 

Table 13. Techno-economic characterization of hydrogen transport pipeline from [85]. 

Parameters 2025 2030 2050 Units 

Electricity demand for compression 0.89 0.84 0.75 % 

Pressure losses 6.1 5.8 5.2 %/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 

 

The electricity needs to compress hydrogen are embedded in the technology description and 

consider a fixed electricity demand for hydrogen compression and a variable electricity demand to cover 

pressure losses depending on the length of the pipeline. For offshore pipelines, the investment cost 

values in Table 13 are increased by 40% as resulting from [86]. 
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2.1.4.4 SCEP characterization 

The Superconducting Energy Pipeline (SCEP) is modeled as a dual-purpose infrastructure 

capable of simultaneously transmitting electricity and hydrogen [17]. SCEP is included in the model as 

a new technology and it is implemented starting from 2025. 

The first step consists in determining the electricity and hydrogen shares within the technology. 

As from [21], the nominal electric power of SCEP is set at 300 MW. The hydrogen mass flowrate, on 

the other hand, depends on the operating conditions of the pipeline – especially temperature and 

pressure – as highlighted in Figure 15. 

 

Figure 15. Operation range for the LH2 pipeline in terms of outlet temperature and pressure drop along 

the duct. D2 is the corrugated pipe with Din = 126.2 mm, D1 the one with Din = 151.6 mm [21]. 

As from Figure 15, the hydrogen mass flowrate can vary between 0.6 kg/s and 3.5 kg/s with the 

respective operating conditions: Tout, Δpout of 29 K and 0.8 MPa and Tout, Δpout of 23 K and 1.6 MPa. 

From these mass flowrate values, an equivalent power for hydrogen transport 𝑃𝐻2 is determined as 

reported in Equation 2, where 𝐿𝐻𝑉𝐻2 is the lower heating value of hydrogen and 𝑚̇ is the hydrogen 

mass flowrate in the pipeline. Then, the power ratio between electricity and hydrogen transport is 

obtained, which data is included in Table 14. 

𝑃𝐻2 = 𝐿𝐻𝑉𝐻2 ∗ 𝑚̇ 2 

Table 14. Electricity to hydrogen power ratios in SCEP operating range. 

Parameters 
Tout = 29 K  

Δpout = 0.8 MPa 

Tout = 23 K  

Δpout = 1.6 MPa 
Units 

Electric power 300 300 MW 

LHV of H2 120 120 MJ/kg 

H2 mass flowrate 0.6 3.5 kg/s 

Equivalent H2 power 72 420 MW 

Electricity to Hydrogen power ratio 4.17 0.71 - 
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The condition selected to test the cost-competitiveness of SCEP in the Italian power sector is 

far from the thermodynamic limits. It consists of a mass flowrate of 2 kg/s with a Tout between 24 and 

25 K and a Δpout of  around 1.8 MPa [21]. In this case, an electric power of 300 MW corresponds to an 

hydrogen equivalent power of 240 MW. The nominal electricity to hydrogen power ratio is 1.25. 

SCEP requires the presence of liquid hydrogen for its operation. Since hydrogen liquefaction is 

an energy-intensive process, it is necessary to consider the electricity input to this process. From 

literature, current hydrogen liquefaction processes present a specific electricity consumption between 

11.9 and 15 kWh/kgLH2 [87]. Averaging these values and applying the proper conversions, the 

electricity requirement for the liquefaction process is of 0.404 kWh/kWhLH2. 

 The liquefaction process is included in the model as part of SCEP technology, as shown in 

Figure 16. This liquefaction needs are considered embedded in each segment of the pipeline, 

considering  

 

Figure 16. Conceptual structure for modeling SCEP technology with a transmitted hydrogen mass 

flowrate of 2 kg/s. 

From the model perspective – illustrated in Figure 16 – SCEP technology receives electricity 

and gaseous hydrogen as inputs. The electricity input is divided in two parts: the electricity to be 

transmitted and the electricity required for hydrogen liquefaction. The electricity used for hydrogen 

liquefaction is considered as an internal electricity loss in SCEP, and represents the 24% of SCEP 

electricity input. Being SCEP a closed system, the efficiency of hydrogen transport is assumed to be 

99%. 

Regarding SCEP cost estimate, an investment cost of 1.1 M€/km is assumed. The cost is scaled 

on the nominal power of the system – calculated as the sum of the transmitted electric power and of the 

equivalent hydrogen power – to be correctly included in the model. Consequently, the specific 

investment costs for traditional electricity transmission [81], [82] and hydrogen transport via pipelines 

[85], [86], and SCEP one can be compared.  

𝐶𝐼𝑒𝑞 = 𝐶𝐼𝑒 ∗
𝑃𝑒𝑆𝐶𝐸𝑃
𝑃𝑛𝑆𝐶𝐸𝑃

+ 𝐶𝐼𝐻2 ∗
𝑃𝐻2𝑆𝐶𝐸𝑃
𝑃𝑛𝑆𝐶𝐸𝑃

 3 

The comparison is based on the equivalent cost of technologies, calculated using Equation 3 for 

both the onshore and offshore line configurations, where 𝐶𝐼𝑒𝑞;𝑒;𝐻2 are, respectively, the cost investments 

for the equivalent conventional transmission configuration, traditional electricity transmission and 

hydrogen transport. 𝑃𝑒𝑆𝐶𝐸𝑃 and 𝑃𝐻2𝑆𝐶𝐸𝑃are the nominal electric and hydrogen equivalent power for 

SCEP and 𝑃𝑛𝑆𝐶𝐸𝑃 = 𝑃𝑒𝑆𝐶𝐸𝑃 + 𝑃𝐻2𝑆𝐶𝐸𝑃  is the nominal total power of the technology. The outcomes of the 

cost investment comparison are presented in Figure 17. 
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Figure 17. Comparison of specific transmission cost for conventional electricity and hydrogen 

transmission and SCEP considering a 56% share of electricity and a 44% of hydrogen. 

Figure 17 shows the difference between the equivalent specific costs in the different 

configurations. 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 are explained the main assumptions used to build the scenario set necessary to 

test SCEP cost competitiveness. The scenario tree represented in Figure 18 highlights the main variables 

changing from one scenario to the other. 

 

Figure 18. Scenario tree for the multi-regional model to test SCEP cost-effectiveness in the Italian power 

sector. 

As from Figure 18, four levels of assumptions end up creating twelve scenarios for the Italian 

power and hydrogen sector. According to the results of the optimization, one scenario will be selected 

to evaluate the cost reduction necessary to have SCEP in the technology mix.  
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The first set of constraints regards the electricity and hydrogen demand used as an 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 is imposed a linearly 

decreasing CO2 emission limit from 194 Mt in 2030 to 29 Mt in 2050. Specifically, the trajectory for 

the latter scenario is obtained from a combination of the Fitfor55 package of the European Green Deal 

[88] regarding the 2030 constraint and from the Italian Long-Term Strategy for the Reduction of 

Greenhouse Gases Emissions for 2050 [89]. 

The demand levels for BAU and N0 and C scenarios are extracted from the results of these two 

TEMOA-Italy scenarios – respectively the free one and the constrained one concerning emission limits 

– and are represented in Figure 19. 

 

Figure 19. Electricity (a) and hydrogen (b) demand levels for Italy in BAU and in N0 and C scenarios. 

The electricity demand in BAU scenario is not varying significantly from 2025 to 2050. 

Regarding hydrogen, its demand for the BAU scenario is imposed constant and equal to the 2025 

hydrogen demand resulting from the TEMOA-Italy scenario with constrained emissions. Concerning 

N0 and C scenarios, the demand level of electricity steadily grows from 984 PJ in 2025 to 1432 PJ in 

2050. Concurrently, the 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 [41]. 

To better contextualize and verify the assumptions made in Section 2.1.4.3, the hydrogen mass 

flowrates corresponding to the total hydrogen demand in the two scenario groups are obtained. The 

daily hydrogen mass flowrate needed for the BAU group of scenarios is of 188 t/day from 2025 to 2050, 

while for N0 and C scenarios is between 188 t/day in 2025 and 3747 t/day in 2050. 

The demand of each scenario is closely linked to the second constraints group regarding CO2 

emissions. From these two set of constraints, three scenario branches are identified and are presented 

in Table 15. 

Table 15. CO2 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 (N0) 22.5 12.1 9.7 0 5.8 1.6 0 0 

Capture (C) 22.5 12.1 9.7 0 5.8 1.6 -11 -28.1 
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The emission trajectory for scenarios N0 and C is obtained from the previously cited scenario 

of TEMOA-Italy. For the power sector, from the emissions resulting from TEMOA-Italy power sector 

is shaped a constraint applied on the CO2 emissions of the multi-regional model power sector in both 

N0 and C scenarios. Concerning the upstream sector, the emission trajectory from TEMOA-Italy is 

applied to C scenarios, while N0 scenarios do not consider the possibility of having a negative cap for 

emissions: the minimum emission limit is set at zero. 

The third set of constraints consists of imposing a limit in the maximum power of certain 

categories of technologies that the model can install. In this case the two possible constraints imposed 

divide scenarios between “constrained” scenarios, and “free” ones. “Constrained” scenarios include the 

constraints reported in Table 7 for the maximum installable power for solar and wind sources, while for 

“free” scenarios the constraints of Table 7 are doubled from 2030 on. 

The fourth set of constraints impacts on the hydrogen sector since considers a limit in the 

maximum share of hydrogen that can be produced by biomass. This constraint allow to distinguish 

“non-BIO” scenarios from “BIO” scenarios. In fact, being biomass both the cheapest fuel for hydrogen 

producing processes and a low CO2 emitting one, other production processes hardly enter the 

technology mix. Consequently, in “BIO” scenarios the hydrogen produced from biomass is bound to be 

maximum the 25% of the total hydrogen produced. 

2.3 Evaluation of SCEP cost-efficiency 

To evaluate SCEP cost-efficiency, a scenario is chosen. A sensitivity analysis is performed to 

determine the minimum cost at which SCEP enters the technology mix. Two parameters are considered: 

a. SCEP investment and fixed costs; 

b. investment and fixed costs for conventional electricity transmission. 

The choice of the first parameter is useful to directly investigate possible effects of the cost 

reduction of SCEP technology. Investment costs – and consequently fixed costs – vary from the total 

cost of SCEP to being the 10% of it. This cost decrease is made in ten steps, each representing a 10% 

of cost reduction with respect to the starting cost estimated. 

The second parameter is used to highlight the possible effects of an external factor onto the 

possibility of installing SCEP. An increase in the cost of metallic materials – mainly aluminium and 

copper – consequent to an increase in their demand for clean energy technologies [90] causes 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. 

Table 16 collects the names for the sensitivity scenarios as well as and the ratio between SCEP 

cost and the traditional equivalent alternative, for both onshore and offshore lines. This ratio is 

calculated as follows: 

𝑆𝐶𝐸𝑃

𝑇𝑅𝑒𝑞
=

𝐶𝐼𝑆𝐶𝐸𝑃 ∗ ∆𝐶𝐼𝑆𝐶𝐸𝑃

𝐶𝐼𝑒 ∗ ∆𝐶𝐼𝑒 ∗
𝑃𝑒𝑆𝐶𝐸𝑃
𝑃𝑛𝑆𝐶𝐸𝑃

+ 𝐶𝐼𝐻2 ∗
𝑃𝐻2𝑆𝐶𝐸𝑃
𝑃𝑛𝑆𝐶𝐸𝑃

 
4 

where 𝐶𝐼𝑒𝑞;𝑒;𝐻2 are respectively the cost investments for the equivalent conventional transmission 

configuration, the cost investment of traditional electricity transmission and the one for hydrogen 

transport. ∆𝐶𝐼𝑆𝐶𝐸𝑃;𝑒 are respectively the cost decrease in SCEP as in Table 16 and the cost decrease for 

traditional electricity transmission. 𝑃𝑒𝑆𝐶𝐸𝑃 and 𝑃𝐻2𝑆𝐶𝐸𝑃are the nominal electric and hydrogen equivalent 

power for SCEP and 𝑃𝑛𝑆𝐶𝐸𝑃 = 𝑃𝑒𝑆𝐶𝐸𝑃 + 𝑃𝐻2𝑆𝐶𝐸𝑃  is the nominal total power of the technology. 



37 

 

Table 16. Names for the sensitivity scenarios for different cost levels of SCEP and of traditional 

electricity transmission. 

  Investment cost of Traditional Electricity Transmission 

  100% 150% 200% 

Investment cost of 

SCEP 

100% SCEP100_TR100 SCEP100_TR150 SCEP100_TR200 

90% SCEP90_TR100 SCEP90_TR150 SCEP90_TR200 

80% SCEP80_TR100 SCEP80_TR150 SCEP80_TR200 

70% SCEP70_TR100 SCEP70_TR150 SCEP70_TR200 

60% SCEP60_TR100 SCEP60_TR150 SCEP60_TR200 

50% SCEP50_TR100 SCEP50_TR150 SCEP50_TR200 

40% SCEP40_TR100 SCEP40_TR150 SCEP40_TR200 

30% SCEP30_TR100 SCEP30_TR150 SCEP30_TR200 

20% SCEP20_TR100 SCEP20_TR150 SCEP20_TR200 

10% SCEP10_TR100 SCEP10_TR150 SCEP10_TR200 
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Chapter 3 

3 Results 

3.1 Electricity generation, storage and transmission 

This Section presents the results of the scenarios of the model introduced in Section 2.2. The 

first outcome of the model concerns the electricity generation mix in each scenario. The most relevant 

results on this aspect are presented in Figure 20 and Figure 21 for 2025, 2030, 2040 and 2050. 

 

Figure 20. Activity of the electricity mix in some significant scenarios. 

 

Figure 21. Capacity of the electricity mix in some significant scenarios. 

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 (as 

in Table 5), and by the increase in the carbon pricing due to the ETS for fossil fuels (as in Section 2.1.3). 

Specifically, 66% of the electricity in 2050 is expected to be produced from renewable sources, 

compared to the 24 % in 2022 (from Terna’s data [38]). The BAU-B scenario results are not shown 

since the differences concerning the power sector with respect to those for BAU are negligible, while 

the main differences lie on hydrogen. The results of BAU-f and BAU-fB scenarios are not commented 

since they obtain the same results respectively as BAU and BAU-B ones. In fact, in scenarios BAU and 
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BAU-B the constraints on maximum capacity of solar and wind are not reached, so the model 

configuration does not benefit from having these constraints loosened. 

In the N0 scenario, the capacities of solar, wind and thermoelectric increase with respect to the 

BAU ones, to sustain the increased electricity demand. From 2030 to 2040, the electricity produced 

from thermoelectric source decreases to comply with the emission constraints. However, the 

thermoelectric capacity remains constant to ensure an adequate reserve margin capacity for renewables. 

Compared to N0 scenario, both the electricity mixes of N0-f and N0-fb in 2040 and 2050 present 

a noticeably higher share in wind production. In N0-f the transition from 2030 to 2050 is smoother than 

the one in N0-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 of electricity to feed electrolysis hydrogen production is 

also visible from the increase in the total electricity demand from scenario N0-f to scenario N0-fB. 

As in the case of BAU scenario, differences between the electricity mix of N0 and N0-B 

scenarios are negligible, except for a slight increase in the total electricity demand in 2040 and 2050 to 

permit hydrogen production from electrolysis. 

For C scenario, differences between its electricity mix and the one of N0 are negligible. The 

same happens between C-f and N0-f results. Apart from a negligible decrease in the thermoelectric 

generation compensated by a small growth of solar electricity and of import, no significant difference 

is observed. Indeed, the main differences between these two pair of scenarios are in the upstream sector 

and will be tackled in Section 3.2. 

 

Figure 22. Storage capacity by technology kind in the different scenarios. 

Storage capacity throughout the analysed period in the different scenarios is presented in Figure 

22. 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 investment cost becomes 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 fraction is made of centralized batteries, while distributed 

ones become cost-effective only in 2050 in N0-f, N0-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 penetration in the technology mix. 
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The regional distribution of solar and wind capacity deployed is reported in Table 17 and Table 

18, respectively. Table 17 shows that the solar source is distributed throughout Italy. In most regions, 

from 2025 to 2050 the installed capacity grows. However, the largest shares of the capacity in 2050 are 

concentrated in high demand regions like Emilia Romagna and Lombardia and in resourceful ones like 

Puglia and Sicilia. 

By observing the wind capacity in Table 18, the asymmetry of wind resource and of its 

distribution throughout Italy is highlighted. In fact, southern regions like Campania, Puglia, Sardegna 

and Sicilia present significantly high wind installed capacities in all the decarbonization scenarios, while 

most other regions show installed capacities lower than 1 GW. Moreover, it is interesting to observe the 

regional differences between solar and wind installed capacity between scenarios presenting negligible 

differences regarding their energy mix. The equilibrium point of the model regarding the share of the 

electricity generated by variable renewable resources at Italian level appears to be quite stable, while 

regional differences appear to be driven by the cost-optimization function. 

For BAU, N0 and N0-f scenarios, the photovoltaic, wind and storage capacity across the regions 

are represented in Figure 23. In the northern regions, the installed capacities for these three categories 

do not vary significantly across the scenarios, except in the case of Emilia-Romagna. This region has 

the highest resource availability in the North due to the assumed capacity factors and is therefore 

selected as the optimal location for renewable generation – particularly solar – in the decarbonization 

scenarios. In the southern regions, Campania, Puglia, and Sicily show the largest increases in both 

renewable and storage capacities, with the largest share of installation being in wind capacity. 
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Table 17. Regional solar capacity (GW) in 2025 and 2050 in the different scenarios. 

 BAU BAU-B N0 N0-B N0-f N0-fB C C-f 
 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050 

ABR 1.87 2.39 1.87 2.47 1.88 0.72 1.85 0.74 1.87 0.85 1.87 0.88 1.88 0.71 1.87 0.76 

BAS 0.42 0.35 0.42 0.35 0.43 0.98 0.43 0.98 0.43 0.99 0.43 0.98 0.43 0.98 0.43 0.98 

CAL 0.69 0.96 0.69 0.96 0.73 0.71 0.74 0.61 0.71 0.45 0.71 0.73 0.73 0.71 0.71 0.61 

CAM 2.50 2.99 2.50 2.99 2.50 2.44 2.50 2.90 2.50 8.51 2.50 8.51 2.50 2.50 2.50 8.49 

EMR 3.88 20.02 3.83 19.81 2.98 32.45 2.87 37.17 2.63 7.18 2.63 12.08 3.02 32.32 2.63 7.32 

FVG 0.42 1.21 0.44 1.20 0.26 2.09 0.26 2.01 0.26 2.68 0.26 2.54 0.26 2.07 0.26 2.68 

LAZ 2.26 4.49 2.26 4.51 2.12 7.17 2.18 7.35 2.26 7.53 2.26 7.56 2.11 7.11 2.26 7.51 

LIG 0.68 1.24 0.68 1.24 0.67 1.88 0.67 1.82 0.67 2.41 0.67 2.44 0.67 1.88 0.67 2.41 

LOM 3.10 9.28 3.09 9.29 3.64 12.91 3.64 12.74 3.60 16.32 3.57 16.28 3.63 12.91 3.61 16.23 

MAR 1.40 0.53 1.40 0.53 1.42 1.48 1.42 1.48 1.43 1.09 1.43 1.13 1.42 1.49 1.43 1.06 

MOL 0.20 0.23 0.20 0.23 0.21 0.14 0.21 0.15 0.21 0.11 0.21 0.09 0.21 0.14 0.21 0.18 

PIE 2.42 7.55 2.41 7.67 3.99 8.87 3.95 8.74 4.00 3.96 3.99 5.76 3.96 9.51 4.08 4.33 

PUG 4.41 4.86 4.41 4.86 4.49 13.94 4.49 13.96 4.49 14.12 4.49 14.07 4.49 13.94 4.49 14.09 

SAR 2.29 2.25 2.29 2.26 2.32 6.50 2.31 6.53 2.32 6.66 2.33 6.64 2.32 6.49 2.33 6.65 

SIC 4.62 4.09 4.63 4.10 4.61 6.92 4.61 9.29 4.68 11.56 4.68 12.43 4.61 6.93 4.63 11.97 

TAA 0.21 1.47 0.21 1.47 0.21 1.64 0.21 2.82 0.21 0.80 0.21 1.14 0.21 1.73 0.21 0.87 

TOS 2.71 2.43 2.71 2.43 2.68 2.45 2.59 2.19 2.81 3.02 2.83 3.02 2.66 2.39 2.78 3.02 

UMB 0.22 0.38 0.22 0.39 0.22 1.04 0.22 1.00 0.22 1.01 0.22 0.84 0.22 1.03 0.22 1.19 

VDA 0.01 0.00 0.01 0.00 0.01 0.03 0.01 0.05 0.01 0.00 0.01 0.01 0.01 0.03 0.01 0.00 

VEN 1.97 3.68 1.96 3.68 2.68 3.84 2.91 3.74 2.89 3.41 2.87 3.60 2.69 4.22 2.77 3.25 

Total 10.4 48.1 10.4 48.2 10.8 56.3 10.8 60.7 10.7 111.9 10.7 111.9 10.8 56.3 11.12 111.9 

 

Table 18. Regional wind capacity (GW) in 2025 and 2050 in the different scenarios. 

 BAU BAU-B N0 N0-B N0-f N0-fB C C-f 
 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050 2025 2050 

ABR 0.27 2.58 0.27 2.66 0.27 0.24 0.27 0.24 0.27 0.89 0.27 0.76 0.27 0.23 0.27 0.79 

BAS 0.70 1.93 0.70 1.93 0.70 5.29 0.71 5.26 0.71 5.41 0.71 5.36 0.70 5.30 0.71 5.38 

CAL 0.78 4.50 0.78 4.50 0.85 0.95 0.85 0.83 0.81 1.60 0.81 1.27 0.85 0.95 0.79 1.16 

CAM 1.87 11.76 1.87 11.75 1.87 5.32 1.87 7.93 1.87 33.48 1.87 33.17 1.87 5.23 1.87 33.36 

EMR 0.07 0.60 0.07 0.60 0.05 0.66 0.05 0.75 0.05 0.60 0.05 0.60 0.05 0.66 0.05 0.60 

FVG 0.00 0.11 0.00 0.11 0.00 0.18 0.02 0.17 0.00 0.24 0.00 0.22 0.00 0.18 0.00 0.24 

LAZ 0.08 0.63 0.08 0.63 0.08 0.00 0.08 0.00 0.08 1.05 0.08 1.01 0.08 0.00 0.08 1.04 

LIG 0.05 0.12 0.05 0.12 0.05 0.17 0.05 0.17 0.05 0.22 0.05 0.23 0.05 0.17 0.05 0.22 

LOM 0.00 0.83 0.00 0.84 0.00 1.15 0.00 1.13 0.00 1.48 0.00 1.44 0.00 1.15 0.31 1.47 

MAR 0.02 0.08 0.02 0.07 0.02 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.02 0.00 0.02 0.00 

MOL 0.40 0.90 0.40 0.90 0.40 0.17 0.40 0.17 0.40 0.43 0.40 0.30 0.40 0.17 0.40 0.71 

PIE 0.02 0.68 0.02 0.69 0.27 0.79 0.13 0.79 0.06 0.36 0.11 0.51 0.27 0.85 0.28 0.40 

PUG 2.81 8.74 2.81 8.73 2.85 23.35 2.90 23.34 2.91 25.36 2.90 24.72 2.85 23.34 2.79 25.04 

SAR 1.09 4.09 1.09 4.10 1.09 11.57 1.09 11.61 1.09 12.46 1.09 12.18 1.09 11.56 1.09 12.29 

SIC 2.12 9.45 2.12 9.48 2.12 5.33 2.12 7.16 2.12 27.11 2.12 28.89 2.12 5.35 2.12 28.01 

TAA 0.00 0.13 0.00 0.13 0.00 0.14 0.02 0.24 0.02 0.07 0.00 0.09 0.00 0.14 0.02 0.07 

TOS 0.14 0.64 0.14 0.64 0.14 0.65 0.14 0.58 0.14 0.79 0.14 0.79 0.14 0.63 0.14 0.79 

UMB 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

VDA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

VEN 0.01 0.35 0.01 0.35 0.02 0.35 0.06 0.34 0.10 0.33 0.05 0.34 0.02 0.38 0.15 0.31 

Total 36.3 70.4 36.3 70.4 38.1 108.2 38.1 116.3 38.2 92.6 38.2 100.8 38.1 109.1 38.1 93.6 
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Figure 23. Regional distribution of photovoltaic, wind and storage capacity in 2050 in scenarios BAU (a), N0 (b) and N0-fB (c). 
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To analyse the scenario results it is also useful to observe the electricity generation profiles for 

some scenarios. Comparing Figure 24b and Figure 25 the first difference consists of the load profiles: 

in N0 and N0-fB the electricity load is increased by around 10 GW due to a larger electrification in the 

technologies of transport and residential sectors. Regarding load, the slight increase between 11:00 and 

13:00 for scenario N0-fB is due to hydrogen production from electrolysis and is consequently absent in 

N0 scenario (see Section 3.2). This also causes the difference between the two storage charging shapes. 

Moreover, from N0 to N0-fB a part of thermoelectric generation and solar generation is substituted by 

wind generation. Import as well decreases from N0 to N0-fB scenario. The electricity generation profile 

significantly changes even in BAU scenario: the thermoelectric input is halved and substituted by 

storage systems – charged by an increased solar generation – and by import. 

 

Figure 24. Italian electricity load and generation profile in 2025 (a) and 2050 (b) for BAU scenario. 

 

Figure 25. Italian electricity load and generation profile in 2050 for N0 (a) and N0-fB (b) scenarios. 

About electricity transmission, Figure 26 shows the results of scenarios BAU, N0, N0-f and 

N0-fB. The transmission capacity resulting from the model scenarios from 2025 to 2050 is compared 

to the existing transmission capacities in 2022 (taken from Terna statistics [78]). As for the electricity 

mix, the results regarding transmission capacity for BAU scenario is the same of BAU-B one. The same 

happens for N0, N0-B and C and for N0-f and C-f. 

Lacking emission reduction targets, transmission capacity reaches values close to Terna ones, 

as results of BAU scenario show. The comparison between BAU and N0 scenario shows that when 

emission reduction targets are introduced, transmission capacity from Central-Southern Italy towards 

Central-Northern Italy, the South and Sardegna increases. In N0-f and N0-fB scenarios the transmission 

capacity strongly increases in 2040 and 2050. Northern and Southern Italy become more interconnected 

and exploit the higher renewable resource of the South to cover the higher demand of Northern Italy. 
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Specifically, in N0-fB scenario the transmission capacity increase is the most gradual, despite reaching 

transmission values similar to the N0 ones in 2050. The transmission distance of N0-fB is slightly lower 

in some lines compared to the one of N0, since part of the electricity is used locally for hydrogen 

production via electrolysis. 

 

Figure 26. Electric transmission capacity between bidding zones for BAU (a), N0 (b), N0-f (c) and N0-

fB scenarios from 2025 to 2050 compared to Terna’s values for 2022 [78]. 

 

3.2 Hydrogen production and consumption 

Another relevant aspect in the scenario analysis results is hydrogen production. The evolution 

of the hydrogen production mix is shown in Figure 27. As is highlighted in Figure 27, the hydrogen 

sector is hard to decarbonize. By observing the results for BAU, N0, N0-F, C and C-F scenarios, biomass 

steam reforming appears to be 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 CO2 emission limit makes the two 

technologies compete. In C and C-f scenarios, to reach the negative emission limits discussed in Section 

2.2, the model needs to install biomass gasification plants with carbon capture for hydrogen production. 

The most interesting scenarios to observe are N0-B and N0-fB. 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 
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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. For simplicity, in 

Figure 28 only scenarios N0-f, N0-fB and C-f are compared. 

 

Figure 27. Hydrogen production processes in the different scenarios in the modeled period. 

 

Figure 28. Hydrogen consumption by use in N0-f, N0-fB and C-f scenarios. 

From Figure 28 is evident that the 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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3.3 Investigation of the cost conditions for the SCEP competitiveness 

In this Section of the work one of the scenarios presented in Section 2.2 is selected to perform 

the sensitivity analysis introduced in Section 2.3. The scenario choice is made by considering the results 

of the scenario analysis in Section 3.1. The scenario used to investigate the cost-competitiveness of 

SCEP should be characterized by: 

a. the presence of an emission limit, making it compliant with emission reduction targets 

from the European Union; 

b. an increasing transmission capacity from 2022 to 2050, to investigate the possible 

role of SCEP in substituting capacity additions of traditional lines; 

c. diversified hydrogen production mix: 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. 

For these reasons, scenario N0-fB is chosen for evaluating the SCEP potential role in the Italian 

energy system. 

In Figure 29 the 2050 electricity transmission capacity previously resulting by the N0-fB 

scenario is reported. 

 

Figure 29. Regional electricity transmission lines in 2050 for the N0-fB scenario. 

By observing Figure 29, the connections with the highest installed power in 2050 are the ones 

favouring electricity transmission from Southern Italy towards Emilia Romagna and Lombardia. The 

installation of SCEP is expected on the highest power lines, favouring it a more efficient electricity 

transmission. 

The first result of the evaluation of SCEP cost-effectiveness throughout the sensitivity analysis 

scenarios is presented in Figure 30. The graph shows the transmission capacity of SCEP as a function 

of its investment cost, expressed as a percentage of the baseline, for the three groups of scenarios 

regarding the cost of conventional transmission. The transmission capacity is expressed in GW*km to 

include the transmission distance of the lines in the results presented losing their dependence on the 
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starting assumption of transmission distances. As the investment cost of SCEP decreases, the specific 

installed capacity increases sharply, particularly when the cost of traditional electricity transmission is 

high. As the cost of traditional electricity transmission increases, the curve shifts upward and to the 

right. The cost of metallic materials composing the traditional lines is identified as an important 

parameter influencing SCEP diffusion. Therefore, SCEP would be an interesting solution for energy 

transmission in scenarios considering geopolitical risks as a factor influencing the cost of primary 

commodities. 

This trend highlights the importance of the cost of conventional electricity transmission 

infrastructure – and especially of metallic materials – as a key driver for the adoption of SCEP. 

Therefore, SCEP emerges as a promising solution for energy transmission in scenarios where 

geopolitical risks lead to increased prices of primary materials. 

To better understand the relation between SCEP and conventional transmission, Figure 31 and 

Figure 32 portray respectively the installed power and the investment cost of transmission by 

technology kind in the sensitivity scenarios.  

 

Figure 30. SCEP installed power in 2050 in the three cost scenarios for electricity transmission. 

 

Figure 31. Specific transmission capacity in the sensitivity scenarios in 2050 by technology kind. 
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Figure 32. Discounted investment cost for transmission in the modeled period by technology kind across 

the sensitivity scenarios. 

As Figure 31 and Figure 32 highlight, traditional electricity transmission is the preferred 

transmission path for the model. Both hydrogen transport and SCEP cost effectiveness increases with 

the cost of electricity transmission. Concurrently, with the introduction of SCEP the investment cost for 

transmission slightly decreases. 

The effect of the two cost variations on the installed capacity of the technology is investigated 

in Figure 33 and Figure 34 observing the diffusion of the technology in the different transmission lines. 

The SCEP installed power in the different lines and the direction of electricity and hydrogen flows for 

different sensitivity scenarios are compared. Specifically, Figure 33 highlights the differences between 

three scenarios with unchanged cost of electricity transmission but where SCEP cost varies between the 

30% and the 10% of the initial cost estimate. 

 

Figure 33. Direction of electricity and hydrogen flows through SCEP in 2050 for scenarios 

SCEP30_TR100 (a), SCEP20_TR100 (b) and SCEP10_TR100 (c). 
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two parallel transmission backbones transporting electricity and hydrogen from Sicilia and from Puglia 

towards Emilia Romagna, where the commodities are split among the Northern regions. 

Concurrently Figure 34 shows the influence of the cost of traditional electricity transmission on 

SCEP installed lines across Italy. Here are compared three scenarios with the same cost reduction for 

SCEP – with the final cost being 20% of the initial estimate – and with the three considered cases 

concerning the cost increase of traditional electricity transmission (unvaried, +50% and +100%). 

 

Figure 34. Direction of electricity and hydrogen flows through SCEP in 2050 for scenarios 

SCEP20_TR100 (a), SCEP20_TR150 (b) and SCEP20_TR200 (c). 

By observing Figure 34, the influence of the electricity transmission cost on SCEP diffusion is 

still high. However, it appears that this cost variation has a stronger impact on the installed power for 

each line than on the diffusion of the technology per se. 

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 transport shares described in Section 2.1.4.4. 

The level of detail of the model allows to look 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 summarised in Table 19. 

SCEP is considered a cost-effective alternative to traditional energy transmission on lines where its total 

transmitted power exceeds 540 MW– considering 300 MW of electric power and 240 MW of equivalent 

hydrogen power as from Section 2.1.4.4. 

Based on these findings, SCEP becomes cost-effective when its investment cost is reduced to 

30% of the baseline under current electricity transmission costs. If electricity transmission costs increase 

by 50% and 100%, SCEP becomes competitive when its cost is reduced to 40% and 60% of the baseline, 

respectively. The first line where SCEP is installed in all three scenarios of increased electricity 

transmission costs is the connection between Sardegna and Lazio. 
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Table 19. Installed SCEP power (GW) in the different lines in the sensitivity scenarios. In boulder are 

highlighted the lines with a capacity larger than 540 MW. 

Interconnected regions 
TR100 TR150 TR200 

30 20 10 50 40 30 20 10 60 50 40 30 20 10 

ABR LAZ              0.1 

ABR MAR   0.9     2.0     0.8 5.3 

ABR MOL   1.1    0.1 2.2     1.0 6.3 

BAS CAL   5.5     5.9     5.5 7.7 

BAS CAM   5.7     6.8     6.3 9.1 

BAS PUG              0.2 

CAL SIC   5.6    0.2 6.1     6.3 8.4 

CAM LAZ   4.9     6.0     5.4 17.6 

CAM MOL              0.2 

CAM PUG              0.1 

EMR LOM   3.4    1.2 4.5     3.3 11.0 

EMR MAR   0.7     1.7     0.5 4.4 

EMR TOS   5.6    1.4 6.4     6.1 14.8 

EMR VEN   1.5    0.2 2.2     1.8 6.2 

FVG VEN   0.1    0.1      0.2 1.1 

LAZ SAR 1.6 1.9 3.5 0.3 2.3 3.2 3.3 4.3 2.1 3.2 3.2 3.3 4.2 3.9 

LAZ TOS  0.1 6.7    1.6 7.4     7.1 17.5 

LAZ UMB  0.1 0.1    0.1 0.2     0.2 0.9 

LIG PIE   0.2    0.2 0.4     0.1 0.8 

LOM PIE   0.4    0.4 0.9     0.4 2.3 

MOL PUG   1.0     2.2     0.9 6.4 

PIE VDA        0.1      0.5 

TAA VEN   0.1    0.1 0.5     0.1 1.4 

TOS UMB              0.1 

 

From the assessment made, the connection between Sardegna and Lazio is the line where the 

most significant changes occur regarding SCEP installation. For this reason, the yearly electricity 

generation profile of Sardegna is obtained both for the SCEP100_TR100 and SCEP20_TR100 

scenarios. The introduction of SCEP on the line connecting Sardegna and Lazio does not impact on the 

generation mix of the region, as is observed in the positive quadrant of Figure 35a1 and Figure 35b1. 

However, observing the negative quadrant of the same figures, there is a small variation in the stored 

and exported power while introducing SCEP, since the electricity load in Figure 35b1 increases with 

respect to Figure 35a1. The largest difference between the electricity load in the two scenarios is 

furtherly highlighted in Figure 35a2 and Figure 35b2 and consists of the strong increase in the electricity 

needed for hydrogen production from electrolysis. 
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Figure 35. Electricity generation profiles (1) and load composition (2) for Sardegna in 2050 for 

scenarios SCEP100_TR100 (a) and SCEP20_TR100 (b). 

Concurrently, the hydrogen production mix for these two scenarios is analysed for regions 

which are impacted from SCEP installation. Specifically, it is analysed the behaviour of the regions 

which interconnection results significant both from the electric power perspective (see Figure 29) and 

from SCEP capacity one (see Figure 30 and Figure 31) in scenario SCEP20_TR100: Sardegna, Lazio, 

Toscana and Emilia Romagna. In the SCEP100_TR100 scenario where SCEP capacity is null – as from 

Figure 36a – all region are self sufficient regarding hydrogen production. The electricity mix of each of 

them is mainly based on biomass steam reforming and on hydrogen electrolysis. Nevertheless, in 

scenario SCEP100_TR100 (Figure 36b) the installed capacity of electrolysis plants to produce hydrogen 

in Sardegna increases: most of the hydrogen produced in the region is exported in Lazio through SCEP. 

The installation of SCEP favours the centralization of the hydrogen production increasing the 

production efficiency and favouring the installation of plants in zones with higher renewable 

production. 
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Figure 36. Hydrogen demand and production mix in 2050 in Sardegna for SCEP100_TR100 (a) and 

SCEP20_TR100 (b) scenarios. The data is expressed in equivalent hydrogen power. 
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Chapter 4 

4 Conclusions, limitations and perspectives 

This thesis assessed the potential role of SCEP technology as an alternative to conventional 

transmission technologies in the Italian energy system. A multi-regional model instance of the Italian 

power and hydrogen sectors was developed to analyse the techno-economic viability of SCEP and to 

identify cost thresholds under which its installation is expected to be cost-effective. 

The main methodological innovation of this work lies in the spatial resolution of the model. 

Indeed, a multi-regional representation of the Italian energy system becomes essential when the focus 

is on transmission technologies. The implemented model was used to formulate scenarios concerning 

transmission capacity expansion, the evolution of electricity and hydrogen production mixes and 

storage requirements. The spatial disaggregation of the model allowed results to be analysed both at 

national and regional levels, enabling a more accurate characterization of resource availability and 

demand in each region. 

The results of the analysis indicate that, while SCEP is not universally competitive under current 

cost assumptions, it becomes a cost-effective solution under specific conditions – specifically in 

emission reduction scenarios where an increase in cross-regional transmission capacity is needed – for 

decreased investment costs of SCEP. In the scenario analysed, and assuming current cost conditions for 

conventional electricity transmission, SCEP must reach 30% of its baseline cost to be installed by the 

system. The identified cost-reduction necessary for SCEP to become viable reduces when costs for 

metallic materials used in conventional electricity transmission technologies rise. Specifically, if the 

cost of conventional electricity transmission increases by 50%, SCEP becomes viable at 40% of its 

baseline cost. If conventional transmission costs double (i.e., increase by 100%), SCEP becomes viable 

at 60% of its baseline cost. Another aspect verified by the model is that the first lines where SCEP 

installation is becomes cost-effective are submarine lines, making it compliant with the initial purpose 

of the project: to use it to connect offshore plants with the mainland. SCEP installation favours the 

centralization of hydrogen production plants – mainly of electrolysis ones – in regions of high resource 

availability of renewables.  

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 are not always complete or available, especially at regional level, requiring 

the introduction of assumptions in the model development. From a spatial and temporal perspective, 

the regional disaggregation of the model and the time step used represents an improvement over the 

original TEMOA-Italy structure. However, achieving greater spatial and temporal resolution comes at 

the expense of the integrated nature of the TEMOA-Italy model, as it was necessary to limit complexity 

to avoid excessively high computational costs. Another model simplification resides in the 

representation of renewable resources, a typical feature of fully-integrated multi-sectorial ESOMs: 

average capacity factors trends cannot capture their inherent intermittency. An increase in the number 

of time-steps or typical days considered improves the description of resource variability, while actual 

intermittency can only be captured by PSOMs. 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, being the techno-economic 

characterization of SCEP still in an early research phase, its techno-economic parameters remain 

uncertain and may evolve as the technology matures. SCEP model characterization is 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 for that it is an intrinsic limitation of the model. 
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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. Regarding SCEP economic feasibility study, future work could include 

a parametric analysis to evaluate how hydrogen mass flowrate in the pipeline could influence the cost-

effectiveness of the technology. 

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 alignment 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. In particular, it 

highlights how solutions like SCEP could be relevant in countries like Italy, where regional 

heterogeneity and need of reliable interconnection systems are fundamental elements for energy system 

planning. 
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