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Abstract

This paper investigates the impact of renewable energy source (RES) integration on the
Sicilian transmission network, considering the commissioning of new Mediterranean inter-
connections, namely the TUN-ITA and the Tyrrhenian Link. The expansion of transmission
infrastructures and the increasing penetration of RES require an assessment of the Sicilian
power system’s capability to accommodate high levels of power injection. This study was
carried out in collaboration with the Italian transmission system operator Terna S.p.A.
and the University of Palermo. It aims to evaluate the evolution of transmission line
loading under future RES integration scenarios consistent with grid connection requests
submitted to Terna and with national energy policy targets. The proposed methodology
integrates micro-zonal assessments of wind and solar potential, estimation of capacity
factors, development of RES capacity expansion scenarios, and steady-state power flow
simulations. The simulations were performed using WinCreso® software version 7.69 for
three time horizons: 2028, 2029, and 2035. The results show the most congested trans-
mission lines and the network areas most exposed to congestion. The analysis provides
operational insights for prioritizing grid reinforcement measures and proposes a replicable
methodological framework for other transmission system operators facing similar RES
integration challenges.

Keywords: renewable energy; transmission; power flow; congestion; line loading;
Tunisia; Sicily

1. Introduction
The European Union has set ambitious targets to tackle climate change, reduce reliance

on fossil fuels, and speed up the deployment of renewable energy sources. The European
Green Deal [1] aims to achieve climate neutrality by 2050 and to reduce greenhouse gas
emissions by 55% by 2030 compared with 1990 levels. In line with these targets, Italy has
adopted the Integrated National Energy and Climate Plan (PNIEC) [2], which aims to cover
more than 63% of national electricity demand through renewable energy sources by 2030.
Table 1 summarizes the national RES capacity targets to be achieved by 2030 [2].

Although renewable energy sources are now widely deployed, integrating them into
power systems poses several operational challenges [3]. These include the variability and
limited predictability of RES generation, which complicate dispatch operations and increase the
risk of overgeneration and network congestion during periods of high production [4]. In this
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context, Terna S.p.A., the Italian Transmission System Operator (TSO), plays a pivotal role in
facilitating the transition to a more complex electricity system. Through its 2025 Development
Plan (PDS) [5], the company has scheduled investments totaling over EUR 23 billion to
strengthen transmission infrastructure, with the aim of ensuring system security, adequacy,
efficiency, and flexibility. Within this framework, Sicily is expected to become a key energy
hub for both the national and European power systems owing to its strategic geographical
location and significant renewable potential (wind and solar) [6]. The Tyrrhenian Link [7] is the
most significant infrastructure project in Terna’s 2025 Development Plan. The project consists
of two High Voltage Direct Current (HVDC) branches (East and West), each with a capacity of
1000 MW. The total length is approximately 970 km, mostly consisting of submarine cables,
connecting Sicily with Campania and Sardinia. This interconnection will increase transfer
capacity between market zones, support the integration of renewable energy sources and
improve cross-zonal power exchanges [8]. Additional cross-border interconnections are also
planned, including the Italy–Tunisia interconnection, also known as the TUN-ITA link [9].
This strategic project is based on HVDC technology and will connect the Italian and Tunisian
power systems through a submarine cable link. It is expected to strengthen energy cooperation
between Europe and North Africa while supporting the integration of renewable energy
sources and improving overall system security [10]. Figure 1a illustrates the Sicilian high-
and extra-high-voltage transmission network configuration as of 2024, whereas Figure 1b
depicts the projected network configuration for 2030. The latter includes the two HVDC
interconnections between Sicily, Campania, and Sardinia (Tyrrhenian Link, East and West
branches), as well as the interconnection between Sicily and Tunisia, which are scheduled to be
commissioned by Terna in the coming years. The red, green, and purple lines represent the
380 kV lines, the 220 kV lines, and the HVDC interconnections, respectively.

Figure 1. Sicilian electricity transmission system: 380 kV network in red, 220 kV network in green, and
HVDC interconnections in purple. (a) Transmission network configuration as of 2024; (b) projected
2030 transmission network configuration based on Terna’s 2023 Development Plan, including the
TUN-ITA and Tyrrhenian Link HVDC interconnections [11].
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Table 1. Targeted Renewable Generation Capacity in Italy by 2030 under the PNIEC Framework [MW].

Source 2021 2022 2025 2030

Hydropower 19,172 19,265 19,410 19,410
Geothermal 817 817 954 1000
Wind 11,290 11,858 15,823 28,140
Bioenergy 4106 4050 4038 3240
Solar 22,594 25,064 44,173 79,253
Total 57,979 61,055 84,398 131,043

The new transmission infrastructure is based on HVDC technology [12]. It is widely
used for long-distance power transmission because it reduces transmission losses, allows
better control of power flows, and enables the interconnection of asynchronous power
systems [13]. Recent studies have also highlighted the increasing role of advanced power
conversion and control technologies in supporting renewable energy integration and
improving the operational flexibility of power systems [14].

Comprehensive analyses are required to evaluate the future operational and structural
impacts of transmission networks, identify critical areas, and support the planning of prior-
ity reinforcement measures. Many international studies have addressed these challenges
in recent years. Reference [15] suggests using a high-resolution methodology to assess
wind and photovoltaic potential of the smaller Sicilian islands on a microzonal scale. This
approach integrates meteorological and satellite data with land use constraints and local
regulatory frameworks. It provides a rigorous and replicable framework for the spatial
assessment of renewable resources. In [16], the authors emphasize the importance of spatial
disaggregation through microzonal subdivision. Their study shows that a higher geo-
graphical resolution, obtained by clustering European regions into homogeneous wind and
solar potential zones, allows a more accurate assessment of renewable generation potential
and transmission network congestion. This improved resolution enables more effective
transmission network planning. In [17], a microzonal approach is proposed that employs
empirical orthogonal function (EOF) analysis and Max-p regionalization to identify areas
characterized by similar temporal wind and solar resource profiles. It enables a more accu-
rate representation of renewable energy potential. In [18], photovoltaic generation potential
was evaluated by integrating official climate datasets with Capacity Factor (CF) analysis, in
line with long-term emission scenarios. However, forward-looking scenarios were not im-
plemented in power flow simulation environments. Reference [19] presents a methodology
for assessing the maximum RES hosting capacity of the Italian 150 kV sub-transmission
network, with particular focus on areas with a high concentration of connection requests
in Southern Italy and Sicily. The analysis is based on power flow simulations under N-1
contingency conditions and considering the most critical operating scenarios for 2030,
characterized by maximum RES generation and minimum demand. The study in [20]
introduces a pan-European modeling framework to quantify curtailment associated with
high levels of wind and photovoltaic generation under the European “Large-Scale RES”
2050 scenario (derived from the ENTSO-E TYNDP and e-Highway 2050 frameworks). The
results show that transmission congestion, particularly between Northern and Central
Europe, is the main limiting factor for large-scale RES integration. Reference [21], analyzes
the evolution of the Sicilian power system over the 2030–2040 horizon under scenarios
characterized by significant RES expansion. Dynamic simulations performed in NEPLAN
are used to evaluate the strategic role of the planned HVDC interconnections (Tyrrhenian
Link and TUN-ITA). It also evaluates the contribution of their advanced control function-
alities, including grid-forming capability and synthetic inertia, to frequency stability and
overall system robustness. Reference [11] presents a study that develops short-term RES
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capacity expansion scenarios based on actual connection requests submitted to the local
TSO for new wind and photovoltaic plants connected to the high-voltage (HV) network.
Power flow simulations, performed using dedicated software tools, are used to assess the
impact of increased renewable generation on short-term transmission network operation.
However, the proposed scenarios do not consider national RES development targets and
do not assess medium-term system evolution, including the commissioning of new inter-
connections. In [22], power flow analyses are performed in NEPLAN using a short-term
transmission network model that includes planned interconnections. The study evaluates
the effects of high-RES integration under the Fit-for-55 scenarios. However, these scenarios
do not consider current HV connection requests. In addition, the analysis focuses only on
extreme operating conditions (maximum generation, peak demand, and maximum im-
ports) to test system security and robustness, without examining representative or average
operating conditions.

The proposed methodology in this study takes a multidisciplinary approach, inte-
grating climate resource assessment and renewable generation potential analysis with the
development of future RES capacity expansion scenarios and power flow simulations.

The main contribution of this work is the proposed methodology for estimating
monthly capacity factors at the micro-zonal scale under conditions of limited data avail-
ability. The study also develops RES capacity expansion scenarios based on both actual
connection requests submitted to the TSO and national energy targets. In addition, the
transmission grid loading is analyzed under intermediate operating conditions, which are
more representative of normal system operation than the extreme scenarios commonly
considered in the literature.

The results of the developed scenarios are implemented within dedicated simulation
software to perform steady-state power flow analyses under both normal (N) and N-1
contingency conditions.

These analyses identify the transmission lines and network areas most exposed to po-
tential overloading. The proposed approach provides an objective and replicable decision-
support tool for transmission planning and network reinforcement in systems with in-
creasing renewable penetration. The methodology is applied to a medium-term case study
(2028–2035) of the Sicilian transmission network, considering the commissioning of the
TUN-ITA and Tyrrhenian Link HVDC interconnections.

The remainder of the paper is organized as follows. Section 2 details the proposed
methodology, including renewable resource assessment, generation potential estimation,
and medium-term scenario development. Section 3 describes the Sicilian transmission
network case study. Section 4 presents and discusses the results of the steady-state power
flow analysis under normal and contingency conditions.

Finally, Section 5 summarizes the main findings and outlines solutions for future
developments.

2. Methodology
This section describes the methodology adopted to evaluate the impacts on the trans-

mission network, considering both the development of new transmission infrastructure and
the projected RES capacity expansion scenarios. Particular attention is given to transmission
line loading conditions. The methodological framework is structured into four main phases:
(i) assessment of wind and solar resource potential in the study areas; (ii) estimation of the
CF of renewable plants connected to the HV network; (iii) development of RES capacity
expansion scenarios; and (iv) steady-state power flow analysis of the transmission network
to identify the lines and network areas potentially subject to higher loading levels under
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future operating conditions. Figure 2 provides a schematic overview of the main stages of
the proposed methodology.

Figure 2. Schematic overview of the four phases of the proposed methodology.

2.1. Assessment of Wind and Solar Resource Potential

To perform a detailed assessment of renewable resource potential, plant productivity,
and RES capacity projections within the study area, a spatial discretization approach based
on the subdivision of the territory into geographical microzones was adopted. The study
area was partitioned into geographical microzones by dividing the overall latitude and
longitude ranges into uniform intervals. The intersection of these intervals generated a
regular grid of well-defined spatial cells.

The adopted spatial resolution was selected as a trade-off between accurately represent-
ing the main spatial variability of wind and solar resources and limiting the computational
burden of the subsequent capacity factor estimation and forecasting scenario generation
processes. In addition, the grid discretization was designed to represent the areas realisti-
cally suitable for wind and photovoltaic plant deployment, while avoiding an unnecessary
level of detail in morphologically unsuitable or technically infeasible microzones for RES
installations. Only those microzones deemed suitable for renewable energy exploitation,
considering both technological feasibility and economic viability, were retained for further
analysis. For each microzone, several cities were selected and evenly distributed across the
territory to ensure a representative sample of the microzone’s climatic conditions. Figure 3
illustrates an example of the spatial discretization into regular microzones and the selection
of representative sampling points within a microzone.

Figure 3. Example of territorial subdivision into microzones and selection of sample points within
one of them.
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A one-year period was adopted for the analysis, as it captures climatic conditions
over a longer time span. For each selected location, hourly time series data were obtained
for wind speed at 10 m above ground level and global horizontal irradiance (GHI) for a
Typical Meteorological Year (TMY). The TMY dataset [23] for each location is generated by
selecting the most statistically representative monthly data from a long-term database of
hourly observations (e.g., from the last 20 years). This process creates a synthetic year that
reflects the site’s typical climatic conditions. The meteorological data were retrieved from
the Photovoltaic Geographical Information System (PVGIS-ERA5) platform [24], developed
by the Joint Research Centre (JRC) of the European Commission, which provides hourly
meteorological variables at an international scale. In particular, the solar radiation data
are derived from the CM SAF (Satellite Application Facility on Climate Monitoring) [25],
based on satellite observations with a spatial resolution of approximately 4 km. The hourly
wind speed data at 10 m above ground level were primarily sourced from ground-based
meteorological stations available through the Integrated Surface Database (ISD), which
is maintained by the National Oceanic and Atmospheric Administration (NOAA) [26].
Where necessary, these datasets were complemented with measurements from the German
Meteorological Service (DWD—Deutscher Wetterdienst) [27]. Given the strong seasonal
variability of climatic conditions, a monthly based analysis was adopted to characterize
the average behavior of wind and solar resource potential. The mean hourly values of the
relevant meteorological variables, namely wind speed and global horizontal irradiance,
were computed for each month and for all representative locations within each microzone.
The average hourly wind speed and solar irradiance were calculated for each selected
location by considering all hourly observations within the corresponding month. Then,
the resulting monthly averages for each location were spatially aggregated to obtain a
representative value for the entire microzone. The average wind speed in the i-th microzone
during the m-th month was therefore calculated as follows:

Vi,m =

(
1

|Ci|

)
∑c∈Ci

((
1

|Hc,m|

)
∑h∈Hc,m

Vh,c,m

)
(1)

where V̄i,m denotes the average wind speed in the i-th microzone during the m-th month;
Ci represents the set of representative locations within the i-th microzone, with | Ci |
indicating the number of locations in the set; Hc,m denotes the set of hourly observations
in the m-th month for the c-th location, with | Hc,m | corresponding to the total number of
hours in that month; and Vh,c,m is the wind speed recorded at hour h for location c during
month m. An analogous formulation was adopted to estimate the average monthly solar
irradiance in each microzone by replacing the wind speed variable with the corresponding
solar radiation term. This procedure yielded 12 monthly average values (one for each
month), representative of the climatic conditions of each microzone throughout the year. To
identify microzones exhibiting similar wind and solar resource profiles across two distinct
territories, the Euclidean distance (ED) metric [28] was employed. This metric quantifies
the difference between the respective monthly average values by considering the entire
annual profile:

EDm,n =

√
∑12

i=1 (x (1)
m,i − x(2)n,i )

2
(2)

where EDm,n denotes the Euclidean distance between the average monthly climatic profile
of microzone m in the first territory and that of microzone n in the second territory, com-
puted over the 12 months of the year. The term x̄(1)m,i represents the average climatic variable
(i.e., average wind speed or solar irradiance) for the i-th month in the m-th microzone of
the first territory, while x̄(2)n,i represents the corresponding average climatic variable for the
i-th month in the n-th microzone of the second territory. The summation index i ranges
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over the 12 months of the year (from January to December). The subscript m identifies the
specific microzone in the first territory, whereas the subscript n identifies the microzone in
the second territory with which microzone m is being compared. The Euclidean distance
formulation is applied to all possible combinations to compare each microzone in the first
territory with every microzone in the second territory. The microzone in the second territory
with the minimum EDm,n value is identified as exhibiting the highest climatic similarity
to the reference microzone in the first territory. This procedure allows for a quantitative
assessment of climatic similarity between microzones as well as the identification of pairs
of microzones across distinct territories that have comparable annual climatic profiles.

In this study, no formal sensitivity analysis was performed to evaluate the impact
of spatial resolution on capacity factor estimation. However, the adopted discretization
scheme is considered adequate to capture the main climatic differences among the analyzed
microzones and to provide representative estimates of the monthly average capacity factor
values, consistent with the objectives of the study.

Nevertheless, a multi-resolution analysis aimed at systematically quantifying the
effect of grid size on capacity factor estimation could represent a valuable extension of the
proposed methodology in future work.

2.2. Estimation of the Capacity Factor of RES Plants

After analyzing the climate characteristics of the microzones within the study areas,
the CF of the renewable production units was estimated. The CF of wind and photovoltaic
plants was evaluated to estimate the expected energy production and the corresponding
power injection into the transmission network as a function of installed capacity. This
estimation was required as input data for the power flow simulation software. In its general
formulation, the CF is defined as the ratio between the actual electrical energy delivered
to the grid by the plants located in the j-th geographical area over a given time interval τ

and the theoretical energy that would be generated if the plants operated continuously at
nominal capacity throughout the same period [29].

CFj,τ =
Einj,j,τ

Pnom,j × Nh,τ
[-] (3)

Einj,j,τ

Nh,τ
= Pnom,j × CFj,τ [MW] (4)

Pinj,j = Pnom,j × CFj,τ [MW] (5)

where CFj,τ denotes the CF in the j-th area evaluated over the time interval τ; Einj,j,τ

represents the actual electrical energy injected into the grid by the plants located in the j-th
area during period τ; Pnom,j is the total nominal (installed) capacity of the plants in the j-th
area; and Nh,τ denotes the total number of hours in period τ; Pinj,j denotes the active power
injected into the grid by the generating plants located in the j-th considered area. The CF
is a widely used performance indicator that measures the utilization level of generation
assets, considering resource availability and plant operational characteristics. It can be
evaluated over different time horizons (annual, monthly, weekly, or daily) and at different
spatial scales, ranging from national or regional aggregates to individual generating units.

In this study, the CF of wind and photovoltaic plants was evaluated monthly for all
microzones within the study area. Accordingly, the following formulation was adopted:

CFi,m =
Einj,i,m

Pnom,i × Nh,m
[-] (6)
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where CFi,m denotes the CF evaluated in the i-th microzone over the monthly time interval;
Einj,i,m represents the actual electrical energy injected into the grid by the plants located in
the i-th microzone during month m; Pnom,i is the total nominal (installed) capacity of the
plants within the same microzone; and Nh,m denotes the total number of hours in month
m. This formulation was applied iteratively to all defined microzones (according to the
approach described in Section 2.1) and for each month of the year. Depending on data
availability in each territory the CF was estimated using two different methodologies. In
territories where sufficient historical data were available, the CF was directly computed
using its analytical definition. In territories lacking the necessary data, an analogy-based
approach was adopted. This approach assumes that micro-zones with similar wind and
solar resource potential produce comparable energy yields, due to the strong correlation
between CF values and the corresponding meteorological variables. The procedure for
each month consists of identifying the microzone in the first territory (for which the CF is
known) that is climatically most similar to a given microzone in the second territory (for
which the CF is unknown) based on wind speed or solar irradiance. Then, the CF of the
identified reference microzone is assigned to the corresponding microzone in the second
territory after applying an appropriate correction coefficient to account for residual climatic
differences between the two areas.

The correction coefficient was derived from a proportional relationship between the
CF and the corresponding climatic variables, based on the observed strong correlation
between these quantities. The proportionality expression used to estimate the wind CF
in microzones where the necessary data for direct computation through the analytical
formulation were unavailable is reported below:

CF(1) wind
i,j

CF(2),wind
m,n

=
v(1)i,j

v(2)m,n

(7)

CF(2) wind
m,n =

v(2)m,n

v(1)i,j

× CF(1) wind
i,j (8)

kwind
CF,i,j =

v(2)m,n

v(1)i,j

(9)

where CF(2) wind
m,n denotes the wind CF evaluated in month m for microzone n in Territory 2

(with unknown CF); CF(1) wind
i,j is the wind CF evaluated in month i for microzone j of

Territory 1 (with known CF), identified as the climatically most similar to the microzone
under consideration in Territory 2 (with unknown CF); v(2)m,n is the average wind speed in

month m for microzone n of Territory 2 (with unknown CF); v(1)i,j is the average wind speed
in month i for microzone j of Territory 1 (with known CF), identified as the climatically
most similar to the microzone under consideration in Territory 2 (with unknown CF); kwind

CF,i,j
is the correction coefficient applied to the CF of month i in microzone j of Territory 1 (with
known CF) in order to estimate the wind CF for month m in microzone n of Territory 2.
A similar expression was used to estimate the solar CF by replacing the monthly average
wind speed with the monthly average solar irradiance. To identify the pairs of microzones
with the highest climatic similarity, the absolute difference between the average monthly
climatic variable (i.e., average monthly wind speed or average monthly solar irradiance)
was calculated. This difference was evaluated between each microzone in Territory 2
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(where the CF is unknown) and the corresponding microzone in Territory 1 (where the CF
is known), evaluated for the same month, according to the following expressions:

Dwind
n,j,m =

∣∣∣v(2)n,m − v(1)j,m

∣∣∣ (10)

Dsolar
n,j,m =

∣∣∣I(2)n,m − I(1)j,m

∣∣∣ (11)

where Dwind
n,j,m is the absolute difference between the average monthly wind speed in the

n-th microzone of Territory 2 in month m and that in the j-th microzone of Territory 1 in the
same month; v(2)n,m is the average wind speed in the n-th microzone of Territory 2 in month

m; v(1)j,m is the average wind speed in the j-th microzone of Territory 1 in month m; Dsolar
n,j,m is

the absolute difference between the average monthly solar irradiance in the n-th microzone
of Territory 2 in month m and that in the j-th microzone of Territory 1 in the same month;

I(2)n,m is the average solar irradiance in the n-th microzone of Territory 2 in month m; and

I(1)j,m is the average solar irradiance in the j-th microzone of Territory 1 in month m. For each
microzone n of Territory 2 and for each month m, the absolute deviation was computed
with respect to all microzones j of Territory 1. In other words, for each pair (n, m), the
expression was evaluated for all microzones j in Territory 1. The j-th microzone of Territory
1, which corresponds to the minimum value of the absolute deviation Dn,j,m was identified
as the most climatically similar to microzone n of Territory 2 in terms of wind and solar
resources in the considered month.

This procedure was repeated for each month of the year to identify the pairs of micro-
zones with the highest climatic similarity between the two territories on a monthly basis.

2.3. Development of Forecast Scenarios for RES Capacity

Once the CF estimates for renewable generation units in the study areas were obtained,
future RES capacity scenarios were developed. To assess the potential impacts on the
transmission network under plausible scenarios starting from the year when the new
electrical interconnections are expected to become operational, the RES capacity connected
to the HV network and the capacity connected to the medium- and low-voltage (MV–LV)
networks were estimated separately.

A separate estimation of the capacity connected exclusively to the MV–LV network
was required because the simulation software used for power flow analysis requires as
input the power injected into the HV network only. The generation connected to the MV–LV
network was represented in the model as a reduction in the aggregated HV load. The
forecast scenarios were developed through a microzonal analysis of current connection
requests extracted from the databases managed by the local TSO for the HV network and
integrated with the RES capacity targets established by national regulations. To estimate
the future capacity connected to the HV network, the time required for the commissioning
of the plants was analyzed based on their current authorization and development status.
This analysis defined a plausible annual commissioning rate according to the procedural
progress of the projects. The estimation of future capacity connected to the MV–LV network
required addressing the lack of publicly available data on connection requests managed
by distribution system operators. Therefore, for each scenario, the MV–LV share was
determined by difference, subtracting the projected HV capacity from the overall RES
capacity targets defined by national legislation across the three voltage levels, as expressed
in the following equation:

C(RES)
MV+LV,s = C(RES)

tot,s − C(RES)
HV,s (12)

https://doi.org/10.3390/electronics15102121

https://doi.org/10.3390/electronics15102121


Electronics 2026, 15, 2121 10 of 26

where C(RES)
MV+LV,s denotes the estimated RES capacity to be connected to the MV–LV

networks in scenario s; C(RES)
tot,s represents the total RES capacity target defined by national

regulations across the three voltage levels in scenario s; and C(RES)
HV,s is the projected

RES capacity to be connected to the HV network in the same scenario, based on the
analyses performed.

2.4. Power Flow Analysis of the Transmission Network

Once the forecast scenarios for future RES capacity had been defined, power flow
analyses were carried out on the transmission network. The simulations were performed
using advanced software specifically designed for HV grid modeling, considering both
normal operating conditions (N) and single-contingency conditions (N-1). The grid model,
developed by the local TSO, includes both renewable generation units expected to become
operational in the short term and major interconnections currently under construction that
will be commissioned within the study horizon. The simulation platform already incorpo-
rated the detailed topological representation and technical parameters of the transmission
network. The required input data for each analyzed scenario consisted of the expected
active power injection from each modeled wind and photovoltaic generation unit (GU),
the HV network load demand, and the scheduled power exchanges through the planned
interconnections. The selection of the scenarios was based on the CF analysis of renewable
generation, identifying the months characterized by the highest wind and solar energy
yield. First, the total power injection at the microzone level was determined to estimate
the average active power injected into the grid by each wind and photovoltaic generation
unit (GU) in the analyzed scenarios. This was computed by applying the average monthly
microzone CF (as described in Section 2.2) to the corresponding wind or solar installed
capacity projected for each microzone in a given year (according to the methodology out-
lined in Section 2.3). Under this approach, an intermediate renewable generation level
was implicitly assumed. Since the exact grid connection nodes of the future plants cannot
be predicted with certainty, the total power injection estimated for each microzone, and
energy source was uniformly allocated among the generation units belonging to the same
microzone. This allocation was performed by dividing the total microzone level power
injection by the number of generation units already represented in the software model
within that microzone:

P( f )
u =

P( f )
tot,m

N( f )
GU,m

with f ∈ {wind, solar} (13)

where P( f )
u denotes the active power injection assigned to each generation unit belonging

to source (f ); P( f )
tot,m represents the total power injection in microzone m from source (f );

and N( f )
GU,m is the number of generation units of source (f ) modeled in the software within

microzone m. To define the HV grid load for each future scenario, the Dynamic Security
Assessment (DSA) of the local TSO provided a representative intermediate weekday load
profile for the analyzed months in a reference year. These values were then reduced by an
amount equal to the additional RES generation connected to the MV–LV network in the
considered territory for the given year, relative to the reference load year:

LHV,s(t) = LHV,re f (t)−
(

PRES
MV+LV,s(t)− PRES

MV+LV,re f (t)
)

(14)

where LHV,s(t) denotes the load demand on the HV network in future scenario s at time
t; LHV,re f (t) represents the intermediate HV load demand at time t corresponding to a
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weekday in the reference year; P(RES)
MV+LV,s is the RES power injection into the MV–LV network

in scenario s; and P(RES)
MV+LV,re f is the RES power injection into the MV–LV network in the

reference year. The power exchanges through the new interconnections were defined based
on plausible operating conditions representative of ordinary system operation. Additional
assumptions were made regarding the dispatch of conventional generation units, the
activation of shunt reactors at selected substations, and the operation of pumped-storage
hydropower units in pumping mode. These assumptions were derived from scenarios
characterized by significant RES penetration.

2.5. Results Analysis

The final stage of the methodology concerns the analysis of the results obtained from
the power flow simulations, to evaluate the loading conditions of the transmission lines
under the different RES capacity development forecast scenarios. This analysis identified
the most critical areas of the transmission network and defined priority infrastructure
interventions. The adopted approach included post-processing of the simulation outputs,
the definition of specific performance indicators, and the development of graphical rep-
resentations to facilitate data interpretation. The simulation software generated results
that were exported and filtered to include only the transmission lines under investigation.
For each analyzed scenario, the nominal bus voltages, the current values on the lines, and
the line loading (LL) level were extracted. The software provides the loading index for
each i-th transmission line. It is expressed as a percentage ratio between the actual line
current Ii and the nominal current rating Ii,nom. This parameter quantifies the degree of
line utilization and allows the most heavily loaded sections of the network to be identified:

LLi =
Ii

Ii,nom
(15)

The analysis considered only transmission lines operating under high loading con-
ditions and close to congestion. Specifically, the lines were classified into two categories
according to their loading level: highly loaded lines (85% ≤ LL < 100%) and overloaded
lines (LL ≥ 100%). These thresholds do not correspond to the operational criteria adopted
by Terna, which are defined individually for each transmission line based on its technical
characteristics and operating conditions. In this study, the thresholds were used as analyti-
cal indicators for planning purposes to identify the lines with the highest loading levels.

The thermal limits of transmission lines are not determined solely by the nominal
voltage level (380 kV, 220 kV, and 150 kV). They also depend on the technical characteristics
of each line, including conductor type and cross-section, line configuration, number of
circuits, and environmental conditions such as ambient temperature, wind conditions, and
solar radiation. These parameters may vary seasonally according to the criteria defined in
the CEI 11-60 standard [30]. In this study, the line loading is expressed in normalized form
with respect to the rated current assigned to each network element in the adopted model.
Therefore, thermal limits and possible seasonal derating effects are implicitly included in
the adopted loading values. Under real operating conditions and during contingencies,
loading levels above the nominal limit (up to 120%) may be temporarily tolerated for short
periods, provided that appropriate corrective actions are implemented to restore the system
within safety margins, in accordance with the TSO operational and dispatching procedures.

The results were then aggregated by microzone and voltage level (400 kV, 220 kV, and
150 kV). This enabled a systematic comparison of line loading across the different scenarios.
The scenario comparison was performed for each transmission line and for each voltage
level, considering only those lines exhibiting an LL greater than 85% in at least one scenario.
To facilitate interpretation, the results were presented using line charts. In these charts, the
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color of each profile reflects the loading level of the corresponding line, while the legend
reports the line name and its associated microzone. This representation allows a visual
assessment of the temporal evolution of line loading following the increase in renewable
generation and the commissioning of the new HVDC interconnections planned in the
coming years. At the same time, it enables the identification of microzones characterized
by a higher number of overloaded lines at a given voltage level. This methodological
framework provides a quantitative and reproducible assessment of the medium-term
impacts on the loading conditions of transmission lines within the network.

3. Case Study: Application to the Sicilian Power System
The methodology described in Section 2 is applied to the Sicilian electricity trans-

mission network. This case study was selected due to the strategic role of Sicily within
both the national and European power systems. This role is due to its high renewable
energy potential and its geographical position, which requires a detailed assessment of the
expected future impacts on the network. The analysis focuses on evaluating the loading
conditions of the transmission lines composing the Sicilian grid under future scenarios over
the time horizon 2028–2035. This period is characterized by the progressive integration
of RES and the commissioning of the new strategic HVDC interconnections included in
Terna’s Development Plan. These include the Tyrrhenian Link, connecting Sicily with
Campania and Sardinia, and the TUN-ITA interconnection, linking western Sicily with
northern Tunisia. Terna S.p.A provided the network model used for the simulations, which
represents the Sicilian HV transmission network (380 kV, 220 kV, and 150 kV). This model
is based on a reference configuration updated to July 2025 and includes the aforementioned
HVDC interconnection. The Tunisian power system was not modeled in detail; instead,
it was represented by an equivalent generator–load model connected to the TUN-ITA
Link. This allowed for the simulation of cross-border power exchanges with Sicily without
unnecessarily increasing the model’s complexity. The first three phases of the methodology
(renewable potential assessment, estimation of the CF of renewable plants, and construction
of RES capacity scenarios), applied to both Sicily and Tunisia, were aimed at defining the
input data required for the simulations, namely renewable power injections and adjusted
load profiles. The analysis aimed to evaluate how the combined effect of renewable gener-
ation growth and the additional power flows introduced by the HVDC interconnections
impacts the loading conditions of the transmission lines. This analysis allows the most
critical sections of the grid to be identified.

3.1. Micro-Zonal Approach and Renewable Potential in Sicily and Tunisia

The input data required for the power flow simulations, namely renewable power
injections and load demand, were derived from the first three phases of the methodology.
In this study, these phases involved analyzing two strategic regions: Sicily and Tunisia. The
methodology was applied by first dividing both territories into well-defined geographical
microzones, according to the approach described in Section 2.1. For Tunisia, the latitude
and longitude ranges were divided into three and two intervals, respectively, resulting in a
grid of six microzones (North-West, North-East, Central-West, Central-East, South-West,
and South-East). Similarly, Sicily was subdivided into six microzones (North-West, North-
Central, North-East, South-West, South-Central, and South-East), with the subdivision of
latitude and longitude ranges adapted to account for the different geographical extent of
the territory. Figure 4 illustrates the microzonal subdivision of Sicily and Tunisia.
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Figure 4. Geographical Microzone Division of Sicily and Tunisia.

Among the six identified microzones, only five were considered for each territory.
Specifically, southwestern Sicily corresponds to a marine area, while southwestern Tunisia
is predominantly desert and located far from major urban centers. These factors make both
areas unsuitable for renewable energy development from both technological and economic
perspectives. As a result, the renewable potential assessment was conducted over the
ten selected microzones across the two territories (Sicily and Tunisia). To characterize the
average monthly climatic conditions, a representative sample of nine cities was selected
within each microzone, ensuring an adequate spatial distribution across the territory. For
each location, hourly data on wind speed at 10 m above ground level and global horizontal
solar irradiance were obtained for a TMY, derived from a 20-year observation period. As
described in Section 2.1, the monthly average climatic variables (wind speed and solar
irradiance) were computed from the hourly time series, resulting in twelve monthly average
values for wind speed (Figure 5) and twelve monthly average values for solar irradiance
(Figure 6) for each of the ten analyzed microzones.
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Figure 5. Annual Profile of Average Monthly Wind Speeds in the Microzones of Sicily and Tunisia.
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Figure 6. Annual Profile of Average Monthly Solar Irradiation in the Microzones of Sicily and Tunisia.

These results made it possible to characterize the wind and solar potential of each
microzone in Sicily and Tunisia. They also allowed to compare the two territories using the
Euclidean distance Formula (2). This approach identified, for each microzone in Tunisia,
the corresponding microzone in Sicily that is most climatically similar in terms of annual
wind speed and solar irradiance profiles. The results show that, in terms of wind potential,
the North-Central, North-East, and South-East microzones of Sicily have profiles most
similar to those of North-West Tunisia. In contrast, the North-West and South-Central
microzones of Sicily are more like North-East Tunisia. The solar potential analysis shows
that all Sicilian microzones have climatic profiles similar to those of North-East Tunisia.
Table 2 summarizes the correspondences between the Sicilian and Tunisian microzones
that are most similar in terms of wind and solar potential. For each pair, it reports the
corresponding minimum Euclidean distance value.

Table 2. Homogeneity Analysis of Wind and Solar Potential between the Microzones of Sicily and
Tunisia Based on Euclidean Distance Minimization.

Sicilian Zone
Most Homogeneous

Tunisian Zone
(Solar)

Minimum E.D.
(Solar)

Most Homogeneous
Tunisian Zone

(Wind)

Minimum E.D.
(Wind)

North-Central N-E 83.9 N-W 0.69
North-East N-E 94.5 N-W 0.75
North-West N-E 112.32 N-E 1.28

South-Central N-E 57.85 N-E 2.04
South-East N-E 65.98 N-W 2.26

E.D.: Euclidean distance.

To obtain representative indicators of the monthly productivity of renewable energy
plants, the average monthly CFs were calculated at the microzone level for wind and
solar plants in Sicily and Tunisia. For Sicily, the CFs were calculated using the analytical
expression in Equation (6).This was made possible by the availability of actual operational
data from the Terna Bilan portal for the year 2024, including monthly energy injected
into the grid, the nominal power of each generation unit, and the exact location of the
plants. Tables 3 and 4 report the average monthly CF values calculated for each microzone
and for the entire Sicilian region. The values highlighted in italics indicate the periods of
highest productivity, characterized by CF values exceeding 20%. It should be noted that
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the solar CF (Table 4) was determined only for the North-West and South-East microzones
because the photovoltaic plants connected to the HV grid in 2024 were concentrated only
in these areas.

Table 3. Monthly Wind Capacity Factor Values for the Microzones of Sicily and for the Entire Region.

Zone Source Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

N-W Wind 29% 29% 32% 27% 17% 17% 18% 11% 22% 20% 18% 31%
N-C Wind 27% 26% 26% 25% 13% 11% 12% 8% 15% 12% 15% 26%
N-E Wind 24% 26% 24% 18% 14% 10% 8% 6% 15% 11% 16% 24%
S-C Wind 25% 23% 26% 29% 15% 11% 12% 9% 14% 12% 16% 25%
S-E Wind 22% 20% 23% 23% 11% 8% 7% 7% 14% 8% 14% 19%
Sicil Wind 26% 25% 27% 25% 14% 12% 12% 8% 17% 14% 16% 26%

Table 4. Monthly Solar Capacity Factor Values for the Microzones of Sicily and for the Entire Region.

Zone Source Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

N-W Solar 10% 17% 22% 28% 33% 35% 35% 35% 27% 13% 14% 11%
S-E Solar 10% 14% 23% 28% 30% 29% 31% 27% 21% 19% 14% 12%
Sicil Solar 10% 15% 23% 28% 31% 31% 33% 30% 24% 16% 14% 12%

In Tunisia, since the local TSO does not provide the data required for a direct calcula-
tion, the analogy-based method described in Section 2 was adopted. For the application
of this method, the average monthly values of the climatic variables were essential to
determine the correction coefficients (Equation (9)) used to estimate the CF in the Tunisian
microzones. In the case of Tunisia, detailed public data on the historical generation of
renewable energy plants were not available. Therefore, the estimated capacity factors were
validated indirectly through comparison with available scientific studies and institutional
reports. The literature reports annual capacity factors ranging from 19% to 26% for pho-
tovoltaic plants and from 21% to 35% for wind farms [31]. The annual values obtained
in this study, calculated as the average of the estimated monthly values, are consistent
with these ranges. Figure 7 presents a comparison of the annual profiles of the average
monthly wind and solar CF for the entire territories of Sicily and Tunisia. These values
were obtained by calculating the arithmetic mean of the CFs of the individual microzones
within each territory.
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Figure 7. Comparison of the Average Seasonal Profiles of Wind and Solar Capacity Factor (CF)
for Sicily and Tunisia. Solid Lines Represent Sicily; Dashed Lines Represent Tunisia (Green: Solar;
Brown: Wind).
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Table 5 reports the monthly combined CF values for both Sicily and Tunisia, calculated
for each month as the sum of the wind and solar CFs. The values highlighted in italics
indicate the maximum values recorded over the annual cycle for each territory. These
peak combined productivity values (maximum combined CF) were used as the reference
criterion for selecting the months to be simulated in the power flow scenarios.

Table 5. Monthly Sum of Wind and Solar Capacity Factor in Sicily and Tunisia.

Area Source Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Sicil W + S 1 36% 40% 50% 53% 46% 43% 45% 38% 40% 29% 30% 37%
Tun W + S 41% 41% 58% 66% 53% 52% 58% 41% 47% 35% 33% 45%

W + S 1: combined wind and solar capacity factors.

3.2. RES Capacity Forecasts for Sicily to 2040

Once the plant productivity had been estimated, future RES capacity deployment
scenarios in Sicily were developed up to 2040. These scenarios consider the HV grid
connection requests recorded in Terna’s E-connection portal as of 31 March 2025, as well
as the overall RES capacity targets for Sicily across the three voltage levels defined by the
PNIEC. For the construction of scenarios up to 2030, reference was made to the Ministerial
Decree of 21 June 2024 [32], which established the additional RES capacity targets to be
achieved by 2030 compared with the values recorded in 2020. For 2035 and 2040 projections,
the GA-IT scenarios reported in Terna’s 2024 Scenario Description Document [33] were
considered, in line with the PNIEC targets.

The analysis of HV grid connection requests at the microzone level, together with
the assessment of the expected commissioning timelines of the plants based on the project
status (STMD/contracts, authorization granted, projects under evaluation, and STMG
accepted or pending acceptance), allowed plausible scenarios for RES capacity integration
into the HV network to be defined for the coming years. Figure 8 shows the connection
requests recorded by Terna as of 31 March 2025, aggregated by microzone and classified
according to the authorization process status.
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Figure 8. Distribution of renewable energy connection requests in the Sicilian transmission network
as of 31 March 2025, aggregated by microzone and authorization process status.

The graph highlights a high concentration of connection requests in the north-west and
south-east areas, with the former characterized by a more advanced authorization status.
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Although the north-east has recorded a lower overall volume of requests, it is expected to
experience the actual commissioning of new plants in the short term, together with the
north-west, as most authorization procedures have already reached advanced stages. This
increase in installed capacity will directly affect the analysis of transmission line loading
in these areas. Table 6 summarizes the expected commissioning timelines associated with
each application status (Detailed Minimum Technical Solution (STMD)/Contracts, Au-
thorization Granted, Under Evaluation, and General minimum technical solution (STMG)
Accepted or Pending Acceptance).

Table 6. Estimated connection timelines to the transmission network according to application status.

Application Status Estimated Timeframe (Months) Probability of Completion

STMD/Contracts 24–36 High
Authorization Granted 36–48 High
Under Evaluation ≥48 Low
Accepted/To Be Accepted STMG ≥54 Low

To estimate the evolution of installed capacity on the HV grid over the considered
time horizon (2028–2035), plausible project completion rates were defined based on the
current authorization status, considering both project attrition and completion probability.
The assumptions adopted for the three simulated years are summarized below.

In the 2028 scenario, it was assumed that 100% of the plants with STMD/Contract
status would become operational. This assumption is justified by their advanced procedural
status and the typical commissioning timeframe of 24–36 months. In the 2029 scenario,
the installed capacity includes 100% of the plants with STMD/Contract status and an
additional 12% of those with Authorization Granted status, which are highly likely to
become operational. The long-term 2035 scenario assumes the full commissioning of plants
with a high probability of completion, together with a portion of projects with a lower
likelihood of implementation. Specifically, it was assumed that 100% of the STMD/Contract
plants will become operational, along with 35% of those with Authorization Granted status
(assuming a 65% project attrition rate), and 11% of projects currently under evaluation (with
accepted STMG). Figure 9 illustrates the projected evolution of RES capacity connected to
the HV grid based on the defined assumptions. The results indicate that the total installed
capacity is expected to reach approximately 6 GW by 2028, increase to 7.3 GW by 2029, and
reach 11.8 GW by the 2035 forecast horizon.
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Figure 9. Forecast of RES capacity in Sicily on the HV network up to 2040.

Figure 10 illustrates the projected evolution of RES capacity connected to the MV–LV
networks up to 2040. This capacity, estimated by subtracting the expected HV share for
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each year from the PNIEC targets, amounts to approximately 4 GW by 2028, increases to
4.5 GW by 2029, and reaches 5.5 GW by 2035.
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Figure 10. Forecast of RES capacity in Sicily on the MV–LV network up to 2040.

Based on these assumptions, the total installed RES capacity across the three voltage
levels (HV, MV, and LV) is expected to reach 10 GW in 2028, 11.8 GW in 2029, and 17.3 GW
by 2035. To improve the spatial resolution of the forecast, the expected HV capacity for the
entire region was proportionally allocated to individual microzones based on the recorded
connection requests in each area, assuming the same project completion rates associated
with each authorization status as those used for the regional estimates. This allocation was
enabled by the availability of detailed information on the authorization status of connection
requests at the microzonal level. This approach allows the expected power injections to be
geographically localized in the areas where plant installation is effectively planned. Table 7
presents the forecast RES capacity in each microzone, disaggregated by generation source.

Table 7. Forecast RES capacity in 2028, 2029, and 2035 on the HV network, broken down by microzone
and energy source.

Year Zone Wind [MW] Solar [MW] RES [MW]

2028 N-W 870.4 1238.5 2108.9
N-C 348.0 350.0 698.0
N-E 397.3 1186.4 1583.6
S-C 456.8 191.7 648.5
S-E 416.6 510.8 927.3

SICILY 2489.0 3477.3 5966.4

2029 N-W 1062.4 1580.5 2642.9
N-C 390.0 398.0 788.0
N-E 397.3 1521.2 1918.4
S-C 512.0 260.1 772.1
S-E 425.0 776.0 1200.9

SICILY 2786.6 4535.7 7322.4

2035 N-W 1852.8 2447.2 4300.0
N-C 523.3 619.8 1143.1
N-E 455.6 2462.1 2917.6
S-C 746.5 439.6 1186.1
S-E 691.9 1515.3 2207.1

SICILY 4270.0 7483.9 11,754.0
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The micro-zonal distribution of the projected capacity shows a significant increase
in installed capacity, mainly concentrated in the North-West, North-East, and South-East
regions of Sicily. In all considered scenarios, solar capacity clearly exceeds wind capacity.

Given the long-term horizon of the analyzed scenarios, the proposed RES trajectories
should be interpreted as plausible and conservative scenarios rather than deterministic fore-
casts. The adopted approach is based on conservative implementation rates differentiated
according to the procedural maturity of the projects.

The RES capacities resulting from the developed scenarios remain consistent with the
growth path defined by national energy policies. In addition, a comparison with the official
data reported in the GSE statistical reports [34] for the 2020–2024 period shows that the
growth of installed RES capacity in Sicily, relative to the 2020 baseline, has remained broadly
consistent with the incremental targets defined by the Ministerial Decree of 21 June 2024 [32].
This agreement between the observed historical trends and the assumed development
trajectories supports the plausibility of the assumptions adopted in the forecast scenarios.

3.3. Power Flow Analysis: Scenarios, Inputs, and Operational Assumptions

Once the forecast scenarios for future RES capacity had been defined, power flow
analyses were carried out on the Sicilian transmission network. Steady-state simulations
were performed using WinCreso® version 7.69, a software tool developed by CESI in
collaboration with Terna and compliant with the ENTSO-E Common Grid Model Exchange
Standard (CGMES) requirements.

The network model for Sicily, provided by Terna S.p.A., represents the transmission
network configuration expected for July 2025 under normal operating conditions. The
model includes RES plants expected to be commissioned in the short term, as well as two
major HVDC interconnections currently under construction, scheduled for completion by
2028: the TUN-ITA interconnection and the eastern branch of the Tyrrhenian Link. Two
representative days in April and July were selected for simulation among the possible
operating conditions,. This choice was based on the CF analysis, which showed that April
corresponds to the month with the highest combined wind and solar generation in both
Sicily and Tunisia (Table 5), while July is characterized by the highest solar generation in
both regions (Table 4). These representative months were simulated for the years 2028, 2029,
and 2035. The input data required by the software for each analyzed scenario included
not only the network topology and technical parameters, but also the power injected by
each wind and solar generation unit, the load of the Sicilian HV transmission network, and
the power exchanged through the TUN-ITA interconnection and the Tyrrhenian Link. The
power injected by renewable plants was estimated by multiplying the expected installed
wind and solar capacity in each microzone by the corresponding monthly zonal CF, as de-
fined in Equation (6). Since the exact connection nodes of future plants cannot be predicted
with certainty, the total power injected within each microzone was equally distributed
among the generation units modeled in the software, according to Equation (13). The
TUN-ITA interconnection was assumed to operate in import mode, transferring 600 MW
to Sicily, while the Tyrrhenian Link was assumed to export 450 MW from Sicily to Cam-
pania. The objective of the simulations was to represent normal operating conditions
realistically. Therefore, the reference loads for the analyzed months were defined using
intermediate demand levels representative of typical weekdays in April (1840 MW) and
July (2165 MW) of the reference year 2025. These levels are based on data provided by
Terna’s Central-Southern Dynamic Security Assessment.

To define the load in future scenarios, these reference values were reduced by the
expected RES power injected into the MV–LV networks. This value was calculated by
applying the corresponding monthly CF (wind or solar) to the forecast MV–LV installed
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capacity for each considered year. As a result, the HV network load progressively decreases
over time due to the increasing contribution of distributed renewable generation. Table 8
summarizes the load values assumed for each analyzed scenario.

Table 8. Evolution of regional net load in the simulation scenarios (April and July) for the 2028, 2029,
and 2035 horizons.

Year Month HV Load [MW]

2025
2025

April
July

1840
2165

2028
2028

April
July

1320.3
1563.4

2029
2029

April
July

1203.6
1438.3

2035
2035

April
July

934.3
1116.5

Based on these assumptions, steady-state power flow analyses were carried out using
WinCreso® version 7.69 under both normal operating conditions (N) and contingency
conditions (N-1). The simulations were performed to identify the grid sections most prone
to overload under the considered scenarios and network configuration. For this reason,
no corrective actions for congestion mitigation were implemented, such as generation
redispatch or adjustment of HVDC interconnector setpoints. This methodological choice
enables a conservative assessment of the intrinsic robustness of the grid.

The only control actions considered involved the modulation of two shunt reactors
located in the northwestern area for voltage regulation purposes. However, voltage control
analysis is outside the scope of this study.

4. Results
This section presents the results of steady-state power flow simulations performed

under normal operating conditions (N) and N-1 security conditions for the RES capacity
forecast scenarios over the period 2028–2035. The results identify the transmission lines
and microzones of the Sicilian network that are expected to experience the highest loading
levels due to the projected increase in RES capacity and the commissioning of new HVDC
interconnections.

4.1. Results Under Normal Operating Conditions (N Configuration)

Figures 11 and 12 illustrate the temporal evolution of the line loading indices for the
220 kV and 150 kV transmission lines, respectively, under normal operating conditions (N)
across the analyzed scenarios. The legend also indicates the geographical areas to which
each line belongs: N-W (North-West) and S-C (South-Central). Figures 11 and 12 show that
July is the month with the most critical operating conditions for both the 220 kV and 150 kV
networks under normal conditions. This behavior is mainly due to the higher contribution
of solar generation, which reaches its peak production during this period, resulting in
higher line loading levels compared to the April scenario for the same installed capacity.

The results indicate that the 220 kV network operates within secure limits until April
2029, with line loading levels remaining below the thermal capacity limit (densely dashed
red line). The first critical conditions emerge in the July 2029 and April 2035 scenarios,
where Line 1, located in the North-West microzone, slightly exceeds its nominal capacity,
reaching a loading level of 101%. In the July 2035 scenario, two lines experience overload
conditions: Line 1, reaching a loading level of 116%, and Line 2, reaching 106%. Although
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these values exceed the nominal capacity limit, they remain below the maximum allowable
threshold of 120%.
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Figure 11. Evolution of the load status of 220 kV transmission lines in the analyzed scenarios under
normal (N) operating conditions.
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Figure 12. Evolution of the load status of 150 kV transmission lines in the analyzed scenarios under
normal (N) operating conditions.

The 150 kV network does not show critical conditions up to the April 2029 scenario.
From July 2029, both the number of overloaded lines and the magnitude of the loading
indices become higher than those observed in the 220 kV network. This behavior is mainly
due to the higher concentration of new RES plants expected to be connected to the 150 kV
network, which has a wider geographical coverage across Sicily. In the July 2029 and April
2035 scenarios, critical conditions affect three transmission lines: Line 6 in the North-West
microzone, with a loading level of 105%, and Lines 7 and 8 in the North-East microzone,
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reaching loading levels of 112%, while still remaining below the maximum allowable
limit of 120%. The July 2035 scenario represents the most critical condition, with four
transmission lines experiencing overloads exceeding the maximum allowable limit of 120%.
In particular, the loading levels of the previously mentioned lines further increase, and an
additional overload is observed on Line 12, located in the North-West microzone.

4.2. Results Under N-1 Contingency Conditions

Figure 13 illustrates the temporal evolution of the loading indices of the 220 kV and
400 kV transmission lines up to 2035, following the most severe N-1 contingency identified
for each scenario. All the lines shown operate at 220 kV, except Line 8, which operates
at 400 kV. Furthermore, the N-1 analysis indicates that no overload conditions occur in
the 150 kV network. The legend specifies the geographical areas associated with each line:
N-W (North-West), N-E (North-East), S-E (South-East), and S-C (South-Central).
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Figure 13. Evolution of the load status of 220 kV and 400 kV transmission lines in the analyzed
scenarios under N–1 contingency condition.

Under normal operating conditions (N), the most severe overloads occur in July for
each analyzed year. This is mainly due to the predominance of installed solar capacity over
wind capacity and the higher solar productivity during this period. Conversely, under N-1
contingency conditions, the severity of network loading does not depend only on the total
generation level. It is also strongly influenced by the connection location of generation units
and the redistribution of power flows following the contingency event. For this reason,
April represents the most critical operating condition under N-1 security criteria for each
analyzed year.

The results highlight significant critical conditions throughout the entire time horizon,
with operating limits already exceeded in the April 2028 scenario. In this scenario, Lines 1,
2, 3, and 4 located in the northwestern area show substantial overloads. Specifically, Lines
1 (148%), 2 (139%), and 3 (143%) significantly exceed the maximum allowable limit of 120%
(indicated in the graph by the widely dashed red line), while Line 4 reaches an LL of 119%,
remaining slightly below this threshold.
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From the July 2029 scenario, the loading levels of the four previously mentioned lines
increase progressively. Additional overloads also appear on Lines 5 and 6 in the North-West
area, with a LL of 112%. Although their loading levels initially remain below the maximum
allowable limit (120%), they show an increasing trend in subsequent scenarios.

The April 2035 scenario represents the most critical condition, with the number of
overloaded lines increasing to 15. Among these, ten lines (including Lines 1, 2, 3, 4, 5, 6, 7,
8, 11, and 13) exceed the 120% threshold, with the 400 kV Line 8 exhibiting the highest LL
value (231%). The remaining five lines (9, 10, 12, 14, and 15) operate above the saturation
limit (100%) but remain below the maximum allowable limit. In the July 2035 scenario,
the severity of overloads slightly decreases compared with April, although several lines
continue to operate significantly above the safety threshold.

The analysis indicates that the North-West microzone will be the most vulnerable
part of the network in the short term (2028–2029). The other microzones (South-Central,
South-East, North-East, and North-Central) will only show significant saturation in the
2035 scenario, which will affect a smaller number of overloaded lines.

The measured overload values represent stress-test scenarios intended to identify the
most vulnerable sections of the grid and support the definition of preventive mitigation
measures, rather than realistically sustainable operating conditions.

Under real operating conditions, these situations would be mitigated through the
action of protection systems, generation redispatch, and corrective operational measures,
such as operating specific transmission lines in radial configuration.

Therefore, the critical sections identified by the analysis represent priority areas for
targeted interventions, including the reconductoring of existing lines, the adoption of
Dynamic Thermal Rating (DTR) systems, the integration of storage systems, and the
construction of new transmission infrastructure.

The simulations were performed using the software adopted by Terna for the analysis
and operation of the national power system, based on a real configuration of the Sicilian
grid that includes the transmission network topology and the main technical operating
parameters. Although this study is not intended to compare different simulation tools, the
main critical issues identified by the simulations, such as the progressive increase in con-
gestion in northwestern Sicily, are consistent with both the geographic distribution of RES
connection requests and the critical issues of the Sicilian HV grid identified in the Sicilian
Region Environmental Energy Plan [35]. They are also consistent with the reinforcement
measures included in Terna’s Development Plans [36], such as the Tyrrhenian Link and
the 380 kV Caracoli–Ciminna line. Nevertheless, future work based on comparisons with
alternative models or simulation tools could provide additional validation and further
strengthen the robustness of the analyzed scenarios.

5. Conclusions
The study analyzed the future impacts on the Sicilian transmission grid resulting from

the progressive integration of RES and the commissioning of new HVDC interconnections.
Particular attention is given to the Italy–Tunisia (TUN-ITA) interconnection and the eastern
branch of the Tyrrhenian Link, considering plausible RES capacity scenarios up to 2035.
The adopted approach integrates microzonal analyses of wind and solar potential in Sicily
and Tunisia, the estimation of monthly CF at the microzonal level, and the development
of RES capacity scenarios based on actual connection requests and national regulatory
targets. This framework enables the definition of realistic scenarios consistent with the
expected medium-term evolution of the electricity system. The renewable potential analysis
highlighted a strong similarity between the annual profiles of wind and solar resources in
Sicily and Tunisia, with Tunisia showing a higher average potential. April was identified as
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the month with the highest simultaneous wind and solar producibility in both territories.
The analysis of connection requests and the development of RES capacity scenarios indicate
significant short-term growth, particularly in the north-western and north-eastern areas of
Sicily, with solar generation prevailing over wind generation.

Steady-state power flow simulations under normal operating conditions showed the
220 kV network operated stably across all analyzed scenarios. However, the 150 kV network
exhibited more significant overload conditions, especially in north-western and north-
eastern areas in the 2035 scenarios. In the absence of targeted infrastructure reinforcements,
these conditions may require the implementation of operational mitigation measures, such
as renewable generation curtailment, to ensure system security, with potential negative
economic implications.

The analyses conducted under N-1 contingency conditions revealed progressively
increasing congestion as early as April 2028, particularly in north-western Sicily. The
south-central and north-eastern areas are affected by fewer overloaded lines and only
in the long-term scenarios. These critical conditions arise from different factors. In the
north-west area, the network is significantly affected by power injections from the TUN-ITA
interconnection and by high wind generation levels. In the north-east area, the current
limited presence of large RES plants means that the existing grid infrastructure cannot fully
accommodate the expected future capacity growth.

Overall, the study identified the transmission lines and network sections most exposed
to congestion risks, providing useful guidance for planning priority infrastructure inter-
ventions. Key mitigation measures include reconductoring existing lines, implementing
DTR systems on the most stressed corridors, and integrating energy storage systems to
manage generation peaks and fast transients associated with non-dispatchable renewable
generation. These measures should be complemented by the planning and construction of
new transmission lines to relieve overloaded corridors and ensure the long-term security,
reliability, and flexibility of the electricity system.
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Abbreviations
The following abbreviations are used in this manuscript:

RES Renewable Energy Sources
PNIEC Integrated National Energy and Climate Plan
TSO Transmission System Operator
PDS Piano di Sviluppo
HVDC High Voltage Direct Current
CF Capacity Factor
HV High Voltage
TMY Typical Meteorological Year
ED Euclidean Distance
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GU Generation Unit
MV Medium Voltage
LV Low Voltage
STMD Detailed Minimum Technical Solution
STMG General Minimum Technical Solution
DSA Dynamic Security Assessment
LL Line Loading
DTR Dynamic Thermal Rating
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