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Abstract

Italy’s abundant solar resources and its strategic Mediterranean location offer strong op-
portunities to accelerate the transition to a low-carbon energy system. This study presents
a comparative techno-economic assessment of concentrating solar power (CSP) plants
with 8 h of thermal energy storage (TES) and a 1 MW photovoltaic (PV) plant to evaluate
their roles in exploiting Italy’s solar potential. The analysis covers four representative
locations (Montalto, Val Basento, Ferrara, and Priolo) and examines solar availability, sea-
sonal performance, capacity factor, electricity generation, land use, and levelized cost of
electricity (LCOE). Both technologies show marked seasonal variability, with lower winter
performance and summer peaks. Southern sites outperform the northern ones, with Priolo
achieving the highest generation and Ferrara the lowest. CSP benefits from dispatchable
operation enabled by TES, providing nearly constant rated output and summer capacity
factors up to 78%, with annual production exceeding 4 GWh at the best site. In contrast, PV
operates non-dispatchably, with capacity factors below 31% and annual generation between
1.47 and 1.72 GWh. The North-South performance gradient is stronger for CSP due to its
dependence on direct normal irradiance. PV technology offers higher land use efficiency,
producing over twice the energy per unit area compared to CSP technology, while CSP
technology requires larger areas but ensures greater operational flexibility. Economically;,
PV technology achieves a lower LCOE, whereas CSP technology entails higher costs but
adds value through dispatchability and improved grid integration. Overall, combining
CSP and PV systems can enhance grid stability, reduce emissions, and strengthen Italy’s
energy security, highlighting the importance of coordinated planning and investment
in complementary solar technologies for decarbonization and for regions with similar
climatic conditions.

Keywords: solar resources; concentrated power energy; photovoltaic energy; energy
potential; clean energy transition

1. Introduction

The resources in renewables and their energy potential need to dominate the climate
solutions. Given its complexity and societal impact, climate change cannot be addressed
adequately by environmental science alone. Climate change is a multifaceted issue with pro-
found socioeconomic impacts that cannot be addressed by environmental science alone, re-
quiring coordinated action across scientific disciplines, industry, and policy frameworks [1].
Altogether, science and industry need action to reduce the impact of anthropogenic climate
change. In recent years, global renewable energy capacity has increased substantially,
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with total renewable capacity additions growing by nearly 50% in 2023 compared with
2022, driven notably by solar PV technology and wind deployment [2]. Energy needs
seem to be one of the main triggers in climatic indicators. The considerable growth in
generation of renewables in past decades demonstrates the potential to achieve the clean
energy goal set at COP28 to triple renewable energy capacity globally and reach 11,000 GW
by 2030 [3]. Among available clean energy technologies, solar energy stands out due to
its abundance and scalability. The two principal solar electricity technologies used to
convert solar energy into electricity are: concentrated solar power (CSP), which relies on
thermodynamic cycles and photovoltaic (PV) systems, which directly convert sunlight into
electrical energy, and each offers distinct advantages. While these two approaches differ
significantly in their mechanisms, both have proven to be efficient solutions for harnessing
solar technologies. The performance and environmental impact of those two different solar
technologies provide valuable insights into their advantages and limitations. PV systems
are widely recognized for their scalability and decreasing costs, while CSP provides the
added benefit of energy storage and dispatchability, which can enhance grid stability.

Concentrating solar power (CSP) technologies generate electricity through thermo-
dynamic cycles operating at elevated temperatures, typically in the range of 400-600 °C
or higher. These high thermal levels can be reached only when direct solar radiation is
concentrated on specialized receivers using reflective mirrors of various shapes. According
to their optical configuration, CSP plants are commonly classified as solar tower systems,
parabolic dish systems, parabolic trough collectors, and linear Fresnel reflectors. Despite
differences in reflector geometry and tracking mechanisms, all CSP concepts rely on the
same fundamental principle of concentrating direct normal irradiance (DNI) to produce
high-temperature heat that drives a conventional power block [4-6]. Thermal energy
storage can be integrated to enable dispatchable operation beyond daylight hours, and
hybridization with fossil fuels or other heat sources can further enhance reliability and
continuity of supply [4,5]. Depending on plant design and storage capacity, CSP facilities
can contribute to both peak and base-load generation and are generally deployed at utility
scale and connected to the electrical grid. Because these systems utilize only the direct
component of solar radiation, their performance strongly depends on regions with high
DNI, which limits their suitability for low-irradiance or small-scale applications [5-8].

Among concentrating solar power technologies, parabolic trough collectors (PTCs)
are the most widely deployed and have reached commercial maturity [4,6,7]. A typical
trough plant consists of two main subsystems: the solar field and the power generation
unit. The solar field comprises arrays of parabolic mirrors that concentrate direct sunlight
onto receiver tubes located along the focal line, producing high-temperature heat that
is transferred to a circulating heat transfer fluid [6,9]. The collected thermal energy is
conveyed to the power block, which includes a steam turbine, condenser, and pumping
system operating according to a conventional Rankine cycle. The thermal energy can be
used directly for electricity production or stored for later dispatch through thermal energy
storage systems [4,6]. Common working fluids include water/steam, synthetic thermal
oils, and molten salts. When oils or molten salts are employed, heat is transferred via a heat
exchanger to generate superheated steam that drives the turbine. An alternative approach
is direct steam generation, where water circulates through the receiver tubes and is directly
converted to steam without the need for an intermediary heat exchanger. The choice of
working fluid affects operating pressure, heat capacity, system efficiency, and the overall
plant size. The primary distinction between these approaches lies in the choice of heat
capacity and operating pressure levels of the working fluid, which influence the system’s
overall efficiency and plant size [6,7,9,10].
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Unlike CSP, PV technology directly converts sunlight into electricity through the
photoelectric effect, eliminating the need for working fluids, thermodynamic cycles, or
moving mechanical components [11,12]. PV systems utilize global irradiance, which
comprises direct, diffuse, and ground-reflected radiation, enabling effective operation under
a wide range of atmospheric conditions and making the technology suitable for applications
from small-scale installations to utility-scale power plants [7,13]. Commercial photovoltaic
modules are predominantly composed of semiconductor materials, with crystalline silicon
(monocrystalline and polycrystalline) technologies accounting for approximately 85-90%
of the global market share, reflecting their technological maturity and reliability [14,15].
PV systems can operate either grid-connected or in stand-alone configurations. Modules
may be installed at a fixed tilt oriented to maximize solar capture based on latitude (facing
south in the Northern Hemisphere and north in the Southern Hemisphere) or mounted
on solar tracking systems that follow the sun’s trajectory to increase incident irradiance
and energy yield. Tracking systems, classified as single-axis or dual-axis, can significantly
enhance energy production but require additional space, mechanical complexity, and
auxiliary power consumption [7,13]. Together with CSP technologies, PV systems represent
complementary approaches for harnessing solar energy, supporting both centralized and
distributed electricity generation.

The Italy peninsula, owing to its favourable geographical position in the Mediter-
ranean region, exhibits high solar irradiation levels and is therefore well suited for the
deployment of both PV and CSP technologies [16,17]. The country’s energy strategy is
strongly aligned with the European Commission decarbonization framework, which targets
substantial greenhouse gas emission reductions and climate neutrality by mid-century [18].
Italy’s national energy and climate planning further emphasizes the expansion of renewable
energy sources as a cornerstone of the transition toward a low-carbon energy system [19].
In this context, reliable solar resource assessment based on satellite-derived databases and
national solar atlases is essential to support optimal technology deployment [16,17].

The objective of this study is to evaluate the solar energy potential of Italy and to
compare the technical performance of CSP and PV technologies under representative
geographical and climatic conditions. To this end, long-term solar radiation data derived
from the Meteosat Second Generation (MSG) satellite observations covering the period
2006-2022 are processed using a solar radiation model adopted and developed at ENEA to
estimate global horizontal irradiance (GHI) and direct normal irradiance (DNI) over the
Italian territory. These data are used to generate solar resource maps and to analyze the
spatial variability of solar availability across the country.

Based on this solar resource assessment, the performance of CSP and PV systems is
evaluated for four representative locations in Italy (Montalto, Val Basento, Ferrara, and
Priolo). Using hourly irradiance profiles, simulations are performed to estimate plant
productivity, capacity factor, electricity generation, and land use requirements for both
technologies. The comparative analysis provides insights into the strengths and limitations
of CSP and PV systems in different geographical contexts and highlights their potential
complementary role in supporting Italy’s energy transition and the integration of renewable
energy into the electricity system.

2. Materials and Methods
Model for Mapping Solar Radiation Potential

The collection, storage, and publication of solar radiation data from ground-based
measurements and satellite images at the ENEA Research Centre began in the 1990s and
continues up to now. The ground-based solar data are too sparse and are not always
continuous to be effective to elaborate solar potential over wide areas. Remote sensing
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of satellite-derived cloud cover enables the indirect estimation of solar resources over
large and sparsely monitored areas where ground measurements are unavailable, making
remote sensing analysis an effective method for deriving solar radiation data. Cloud cover
images for this propose are acquired by the European Organization for the Exploitation
of Meteorological Satellites (EUMETSAT) in the 500-900 nm range of the electromagnetic
spectrum, which falls almost entirely within the visible band. Exact imagery is acquired by
the High Rate SEVIRI Level 1.5 Image Data-MSG (Meteosat Second Generation)-0 degree
satellite with a spectral channel vis 0.6 Black-and-white images [20]. Since 2006 in ENEA,
images have been obtained at a frequency of one every 15 min, with a spatial resolution at
our latitudes of approximately 1 x 1.5 km? per pixel (HRV, high-resolution visible). The
ENEA, for its purposes, uses a cropped section of a clipped frame of Central Europe for
the Italian region. Black-and-white remote sensing images are expressed on a numerical
scale ranging from 0 to 255, representing the cloud cover data. The cropped image is then
georeferenced, so that every pixel now represents a value in terms of latitude and longitude.

Cloud cover images represent the Earth’s surface as observed by the satellite at the time
of acquisition and provide a measure of surface reflectance (albedo). The captured images
represent the real atmospheric situation containing a layer of clouds or the Earth’s surface
directly in clear-sky conditions. Under clear-sky conditions, the atmosphere’s behaviour in
attenuating solar radiation is well-characterized, accounting the relative daily and sessional
Sun-Earh position throughout the year. The variability of radiation reaching the ground
can be attributed primarily to the varying presence of clouds where sun rays could be
absorbed, reflected, or scattered due to current meteorological conditions. The model
based on appropriate atmospheric physical models allows the empirical estimation of solar
radiation data from a cloud cover index. This index is obtained by comparing the current
satellite with a reference image corresponding to clear-sky conditions. The calculated index
ranges from zero (clear-sky conditions) to one (completely overcast sky) [21]. The ENEA
model for the estimation of GHI and DNI from cloud cover is presented.

The global solar radiation incident on a horizontally oriented surface is the sum of its
direct and diffuse components:

I =1+ I = Ij,-cost; + I (1)

where [ is GHI, I; is diffuse horizontal irradiance (DiffHI), I, is direct horizontal irradiance
(DHI) while I, is DNI, and ¢, is the zenith angle, i.e., the angle between the incident solar
rays and the normal to a horizontal surface. The net effect of the atmosphere results in an
attenuation of the irradiance reaching the top of the atmosphere. This can be expressed as:

I =Kr:Iy (2)

where Ij is the extra-atmospheric irradiance on a horizontal plane (EHI), and K7 is the
global transmission coefficient of solar radiation through the atmosphere, also known
as the clearness index. In the modelling approach adopted by ENEA, this coefficient is
expressed as:

Kr = Kp.-K, = B-(cosz9z)0‘15-e*P"*Az2 3)

where K7, = B~(c05192)0‘15 is the clear-sky transmittance, representing the global trans-

A2 . .
Pi=4} is a factor accounting for

mission coefficient under clear-sky conditions, K, = e~
attenuation due to clouds derived from satellite images, also known as the clear-sky index.

The parameters B, P, and A introduced in Equation (3) are estimated through statistical
regression using ground-based measurements taken at geographically distributed loca-

tions. In particular, B is a statistical parameter that characterizes the sky under cloud-free
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conditions and thus depends only on the aerosol and water vapour load in the atmosphere.
In the ENEA model, B is implemented as a function of geographical location and season,
resulting in the creation of 12 monthly maps. These maps provide the corresponding values
for the relevant location and time of year, which are then used to estimate GHI [22].

The characterization of the radiative phenomenon at the ground level is completed
by estimating both direct and diffuse irradiances. Nevertheless, the models implemented
at ENEA allow for the independent estimation of both components. The DNI calculation
is calculated with the BSC model [23]. Once GHI and DNI are known, the DiffHI can be
obtained by subtraction:

I =1—1I,-cost, 4)

3. Results
3.1. Solar Potential of Italy

In this work, the EumetSat MSG satellite images of cloud cover with a time frame
of 20062022 are elaborated with the introduced model. The elaborated images are used
to extracted the GHI values from 8093 Italian municipalities and 455 points over the sea.
Those data are interpolated with the Kriging method [24] to create solar potential maps over
the Italian region. The solar potential of Italy (without San Marino) in terms of the global
horizontal (Figure 1) and direct normal irradiance (Figure 2) of daily annual mean values is
presented. The maps in this paper are projected onto the WGS84 (World Geodetic System)
geographic coordinate system, with the centre of the map at 12°51’6” E and 41°14/26” N,
using the ArcGIS Pro 3.5.3 software [25].

The spatial distribution of GHI over Italy exhibits a moderate variability, with most
values concentrated around approximately 1547 kWh-m~2 and a relatively narrow dis-
persion (with standard deviation of 138 kWh-m~2). The distribution of the entire spatial
domain is close to symmetric, where small differences between the mean and median val-
ues are indicated (with a median value of 1528 kWh-m~?2), suggesting the absence of strong
skewness in the dataset. The majority of the GHI values over the entire territory falls within
the 1400~1700 kWh-m~2 range, which corresponds to the dominant yellow—orange classes
visible in the map. Lower irradiance values (<1300 kWh-m~2) are limited to the restricted
areas, mainly associated with the alpine and northern regions, whereas the highest values
(>1700 kWh-m~?) are concentrated in southern Italy and the major islands. Overall, the
spatial distribution confirms a clear north-south gradient and highlights the predominance
of medium-to-high solar resource availability across the country.

The spatial distribution of the DNI presented in Figure 2 shows a clear latitudinal
gradient and a slightly higher variability compared to GHI, with values generally centered
around approximately 1580 kWh-m~2 and a standard deviation of about 152 kWh-m~2.
The distribution is nearly symmetric, as indicated by the close agreement between mean
(1581 kWh-m~2) and median values (1567 kWh-m~2), suggesting a balanced spread of
irradiance across the territory. Most areas fall within the 1450-1750 kWh-m~2 range,
corresponding to the dominant yellow—orange classes observed over central and southern
regions. Lower DNI values (<1300 kWh-m~?2) are mainly confined to northern and alpine
areas, where increased cloud cover and complex topography reduce direct solar availability.
In contrast, the highest values (>1750 kWh-m~2) are concentrated in southern Italy and
the major islands, particularly Sicily and Sardinia. Compared with GHI, DNI exhibits
a slightly broader spatial dispersion and a stronger sensitivity to regional atmospheric
and topographic conditions, reinforcing the complementary role of the two indicators in
assessing the solar resource potential.
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Figure 1. Map of annual mean values of global horizontal irradiance over Italy.

The predominant values of the annual mean DNI in Figure 2 represent the solar
potential becoming profitable for CSP technologies, starting from the latitude of 42° to the
south (North Hemisphere), where values higher than 1800 kWh-m~2 are needed. This
value is just a starting point for fast decision-making, where additional studies are needed
in CSP site selection in terms of annual distribution and typical meteorological year (TMY)
of DNI values. PV solar technologies have the important advantage in using all solar
components expressed in terms of GHI, where profitable applications could be found at any
latitude. The site selection of the solar power plant is crucial to the design, size, technology,
and estimate of power production.

Maps derived from satellite imagery and validated against ground measurements
show deviations of approximately 4-6% for monthly mean daily GHI values. Larger
discrepancies are observed at higher temporal resolutions, reaching up to 10% for daily
data and 20% for hourly data [26]. The average approximation error obtained in this study
is consistent with the performance of MSG/SEVIRI-based Heliosat products reported in
the literature. For example, Thomas et al. [27] reported relative biases within +5% and
mean relative root mean square error (RMSE) values of approximately 10% for daily GHI
when validated against baseline surface radiation network (BSRN) ground measurements.

https://doi.org/10.3390/en19061446


https://doi.org/10.3390/en19061446

Energies 2026, 19, 1446

7 of 24

These results confirm the reliability of the adopted methodology and support its suitability
for the automated estimation of solar radiation across Italy.
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Figure 2. Map of annual mean values of direct horizontal irradiance over Italy.

3.2. Solar Potential for the Locations of Interests

The spatial distributions shown in Figures 1 and 2 for both GHI and DNI indicate
favourable solar conditions across large portions of the Italian territory, highlighting the
significant potential for effective solar energy exploitation. In the following section, the solar
resource availability is analyzed for four representative Italian locations selected to capture
regional differences in geographical setting, surface area, orography, population density,
and industrial development. The selected case study sites are presented and summarized
in Figure 3. The selection of power plant locations was individuated in industrial land use
area slightly bigger than a football field of 400 x 300 m, with flat surfaces (needed especially
for CSP). Monthly mean values, annual totals, and irradiance duration curves for both
GHI and DNI were derived from an irradiance database developed through the processing
of the satellite observations acquired from the EUMETSAT and covering the period of
2006-2022. These data are subsequently used to evaluate and compare the performance
potential of both CSP and PV technologies at the selected locations.
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Emilia-Romagna

Location Latitude | Longitude
Ferrara 44°50"132" | 11°41°'2.4”

Montalto | 42°21°32.4" |11°31"15.6""

Val Basento | 40°28'37.2" |16°30°10.8"" .

Priolo 37°7'58.8" |15°12'57.6”

Figure 3. Map of locations of industrial areas of selected regions.

In Figure 4, the chart of monthly and annual GHI values for Montalto, Priolo, Val
Basento, and Ferrara for the period of 2006-2022 is shown. All locations follow a similar sea-
sonal trend, with lower irradiation in winter (January—February and November—-December)
and a steady increase toward summer, peaking between June and July. Priolo and Montalto
generally record the highest GHI values throughout the year, indicating stronger solar
potential, while Ferrara consistently shows the lowest values, especially in the winter
months. Overall, the data highlight a strong summer solar resource and noticeable regional
differences in annual solar availability.

Figure 5 presents the duration curves of GHI for four selected locations, obtained by
sorting hourly GHI values in a descending order over the year. Priolo consistently exhibits
the highest irradiance levels across most of the distribution, followed by Montalto and Val
Basento, while Ferrara shows systematically lower values, particularly at high and medium
irradiance ranges. The smooth and nearly parallel decay of the curves indicates similar
temporal variability among the sites, whereas the vertical separation reflects persistent
regional differences in solar resource availability. At low irradiance levels (right tail of the
curves), all locations converge toward near-zero values, corresponding to nighttime and
low-sun conditions.

The combined analyses of monthly GHI distributions, annual totals, and duration
curves provide a consistent assessment of the solar resource across the four locations. All
sites exhibit a pronounced seasonal pattern, with maximum irradiation occurring in late
spring and summer and minimum values occurring in winter, reflecting the expected
annual solar cycle. The duration curves further indicate similar variability and temporal
structure among the sites while maintaining a clear ranking in irradiance magnitude. Priolo
systematically shows the highest GHI levels across most operating hours, followed by Mon-
talto and Val Basento, whereas Ferrara presents the lowest irradiance values, particularly
at high and medium GHI ranges. This ranking is confirmed by the annual cumulative
GHI, with yearly totals of approximately 1807.5 kWh-m~2 for Priolo, 1679.4 kWh-m~? for
Montalto, 1657.3 kWh-m~2 for Val Basento, and 1488.1 kWh-m~2 for Ferrara. Overall,
the agreement among the three representations highlights the robustness of the spatial
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differences in solar availability and supports the suitability of Priolo and Montalto as the
most favourable sites for solar energy exploitation.
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Figure 4. Monthly and annual GHI of four Italian regions of interest.
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Figure 5. Annual cumulative hourly GHI for selected locations.

The monthly and annual DNI (Figure 6) values exhibit a clear seasonal cycle and pro-
nounced spatial variability across the four investigated Italian locations (Montalto di Castro,
Priolo Gargallo, Val Basento, and Ferrara). At all sites, DNI increases steadily from winter
to summer, with maxima occurring between June and July and minima during November—
January, reflecting the combined influence of solar elevation and seasonal cloudiness. The
southern locations, particularly Priolo and Montalto, consistently record higher monthly
values throughout the year, with summer peaks exceeding 240-250 kWh-m~2, whereas Fer-
rara exhibits lower values, especially during winter months, indicating greater atmospheric
attenuation and cloud cover typical of northern Italy. Val Basento shows intermediate be-
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haviour between these extremes. The annual totals reinforce this gradient, with Priolo pre-
senting the highest DNI (221947 kWh-m~2), followed by Montalto (21895 kWh-m~2) and
Val Basento (~1836 kWh-m~2), while Ferrara records the lowest value (~1618 kWh-m~2).
Overall, the results confirm a distinct north-south increase in DNI solar resource availabil-
ity, highlighting the superior suitability of southern sites for CSP technologies while still
indicating appreciable potential across all regions.
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Figure 6. Monthly and annual DNI of four Italian regions of interests.

Figure 7 presents the annual cumulative hourly DNI for selected locations, illustrating
both the magnitude and persistence of direct solar resource availability throughout the
year. The curves are monotonically decreasing, with the highest irradiance levels occurring
for a limited number of hours and progressively lower values dominating the remainder of
the year. Priolo and Montalto consistently lie above the others across most of the duration,
indicating higher DNI intensities sustained for longer periods, whereas Ferrara shows the
lowest profile, reflecting more frequent cloud cover and atmospheric attenuation typical of
northern regions, while Val Basento exhibits intermediate behaviour. The steeper decline
observed for Ferrara suggests fewer high-irradiance hours and shorter periods suitable for
operational CSP plants, while the flatter curves for southern locations denote more stable
and persistent DNI conditions. Overall, Figure 7 confirms a clear north-south gradient in
DNI availability and highlights the superior suitability of southern Italy for concentrating
solar technologies that depend on sustained direct irradiance.

Additional meteorological variables, particularly ambient air temperature (T,) used
for PV energy yield calculations, were extracted from the ERA5 climatological reanalysis
dataset provided by the Copernicus Climate Change Service [28].
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Figure 7. Annual cumulative hourly DNI for selected locations.

3.3. Real Case Simulation of CSP and PV Plants

The objective of this study is to perform a comparative assessment of CSP and PV
technologies based on real case scenarios and consistent design assumptions. Both plants
are sized to deliver the same nominal electrical peak capacity of 1 MW, allowing a fair and
unbiased comparison in terms of energy production, operational performance, and system
behaviour under realistic operating conditions. This approach enables the evaluation
of the strengths and limitations of each technology with respect to resource utilization,
dispatchability, and potential integration within the power grid. This additional analysis
provides insight into the impact of land use constraints on energy yield and highlights the
trade-offs between power density, spatial requirements, and overall system performance.

Among CSP configurations, parabolic trough collectors (PCSs) are the most mature
and widely deployed technology. In PCSs, solar radiation is concentrated onto a linear
receiver tube, where a heat transfer fluid absorbs the thermal energy and transports it to a
power block for electricity generation via a conventional thermodynamic cycle. The use of
molten salts as a heat transfer and thermal storage medium has gained increasing attention
due to their high thermal stability, favourable heat capacity, and capability to enable efficient
thermal energy storage at elevated temperatures, thereby improving dispatchability and
overall plant flexibility.

In contrast to CSP, crystalline silicon PV technology directly converts solar radiation
into electricity through the photovoltaic effect and currently dominates the global PV
market owing to its high conversion efficiency, technological maturity, modularity, and
rapidly decreasing costs. PV systems exhibit fast deployment, low operational complexity,
and scalability from residential to utility-scale installations. However, their power output is
inherently intermittent and strongly dependent on instantaneous solar irradiance, typically
requiring external energy storage or grid support to ensure supply reliability.

3.3.1. CSP Plant

The CSP technology considered in this study is a PCS system developed by the ENEA,
which employs a molten salt mixture as both the heat transfer fluid and the thermal energy
storage medium. The adopted molten salt, commonly referred to as solar salt, consists of a
binary mixture of sodium nitrate and potassium nitrate (NaNO3-KNOj3, 60/40 wt%). The
system operates at a maximum working temperature of approximately 550 °C, enabling
high thermal efficiency and enhanced thermal storage capability.

The scheme in Figure 8 presents the energy flow diagram of the CSP plant. The plant
configuration includes a solar field of PTCs, a two-tank molten salt thermal energy storage
(TES) system with a nominal storage capacity of 8 h at rated power, and a conventional
power block based on a steam Rankine cycle. The hot and cold storage tank operating
temperatures are approximately 550 °C and 290 °C, respectively. During operation, the
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molten salt heated in the solar field is directed to the hot storage tank (H.T. TES). Hot
molten salt is continuously extracted from the hot tank and supplied to the power block for
steam generation; after releasing its thermal energy, the cooled salt is returned to the cold
storage tank (C.T.). From the cold tank, the molten salt is then pumped back to the solar
field, closing the thermal loop and enabling continuous operation.

Dumped
energy

Stored e Available
energy energy
.

L 4

Collected  Storable
Solar energy energy

Energy l
Network
losses

Nightly
losses

Figure 8. Energy flow diagram of the CSP solar power plant with high-temperature thermal en-
ergy storage (HT-TES), highlighting the operating temperatures of the power block and the main
thermal losses.

CSP systems exploit only the DNI component of solar radiation, as optical concentra-
tion requires collimated sunlight to achieve effective focusing onto the receiver. However,
not all the available DNI is effectively intercepted and converted by the collector. The useful
radiation is commonly expressed as the aperture normal irradiance (ANI), which represents
the fraction of DNI projected onto the collector aperture and effectively contributing to
thermal energy generation. ANI depends on several factors, including the solar incidence
angle and collector orientation, shading, and end losses [29]. Once the annual hourly
profile of ANI is determined, it is used as the primary input for the simulation of the plant
productivity and energy yield. The main assumptions adopted for the linear parabolic
trough the CSP plant are summarized in Table 1 below.

Table 1. Linear parabolic through CSP plant characteristics.

Pgr. Nominal Electrical Power 1 MWe
N Rankine cycle 0.38
Py, nominal thermal power to power block 2.65 MWth
Thermal fluid Solar salts (290-550 °C)
Nopt optical efficiency [29] 0.758
N thermal efficiency [29] 0.8827 (for ANI of 800 W-m~2)
SM solar multiple 2.5
Type of collector and receiver tube [29] ENEA
ANI ref design 800 W-m~2

The active aperture area of the solar field is calculated assuming a collector loop length
of 600 m, a parabolic trough aperture width of 5.9 m, and a row spacing (pitch) of 15 m.
The annual ANI for the locations selected in this study is shown in Figure 9. The ANI was
calculated assuming a north—south orientation of the solar field with east-west tracking.
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Figure 9. Yearly ANI of four locations of interests.

The active reflective surface area of a single loop of the ENEA solar collector is
3398.4 m?. Under these assumptions, the required number of loops is calculated from
the following energy balance:

Pioop = Atoop  ANLye 1y Topt = 3398.4-800-0.8827-0.758 = 1.82 MWy,

Nigop = PI:;];SM = %2.5 = 3.65

After rounding up to the nearest integer, the system requires four loops, corresponding
to a total active area of 13,363 m?. When accounting for the inter-row spacing and auxiliary
areas, the corresponding total land occupation is estimated to be approximately 50,000 m?.

For the CSP plant simulations, the DNI values are first converted into ANI. The
resulting ANI time series is then used as input for the CSP performance model described
in [29,30], which calculates the thermal power collected by the solar field, the charging and
discharging behaviour of the TES, and the electrical power produced by the Rankine cycle
power block.

A constant electrical efficiency of 0.38 was assumed for the power block. The thermal
energy delivered from the solar field and TES to the power block (2.65 MWy,) is converted
into electrical output using this efficiency. By integrating the hourly electrical power
production over the year, the annual electricity generation is obtained. The capacity factor
(CF) is then calculated as the ratio between the actual annual electrical energy produced and
the energy that would be generated if the plant operated continuously at its nominal power.

The simulations were performed considering storage capacities of 0, 2, 4, 6, 8, 10, and
12 h. Figure 10 reports the annual CF as a function of TES hours for the four investigated
locations: Ferrara, Val Basento, Montalto, and Priolo. For all sites, the CF increases mono-
tonically with increasing TES capacity, confirming the beneficial role of thermal storage in
enhancing plant utilization and dispatchability. Locations characterized by higher solar
availability, such as Priolo and Montalto, systematically exhibit higher CF values compared
with Val Basento and Ferrara. At zero storage, the CF ranges from approximately 23.4%
in Ferrara to 27.8% in Priolo, while for 12 h of TES, it increases up to about 42.3-51.6%,
depending on the site. This trend indicates that larger storage capacities reduce energy cur-
tailment and enable a more effective exploitation of the available solar resource, resulting
in improved annual performance.
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Figure 10. Annual CF versus TES hours for the selected locations, calculated with respect to a nominal
thermal power of 2.65 MWth at the power block.

Figure 11 shows the annual thermal energy lost due to solar field defocusing, caused
by an overfilled TES system, for the investigated locations: Ferrara, Val Basento, Montalto,
and Priolo. When the storage capacity is insufficient to accommodate the collected thermal
energy, part of the solar field is defocused to avoid exceeding TES and power block limits,
resulting in energy curtailment. For all sites, the lost energy decreases monotonically with
increasing TES capacity, indicating that larger storage sizes effectively mitigate defocus-
ing events and associated thermal energy losses. At zero storage, the annual curtailed
energy reaches its maximum, ranging approximately from 4933 MWy, in Ferrara to about
6500 MWy, in Priolo, reflecting the different solar resource availability among the locations.
As the TES capacity increases up to 12 h, the lost energy is significantly reduced for all sites,
falling below approximately 400-850 MWy,. Locations with higher solar resource, such as
Priolo and Montalto, exhibit systematically higher defocused energy, consistent with their
higher potential energy yield.

Lost Energy (defocus)
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Figure 11. Annual thermal energy curtailed due to solar field defocusing caused by an overfilled TES
system for selected locations.

https:/ /doi.org/10.3390/en19061446


https://doi.org/10.3390/en19061446

Energies 2026, 19, 1446

15 of 24

Figure 12 presents the annual electrical energy production as a function of TES hours
for the four investigated locations. For all sites, the electrical output increases monotonically
with increasing TES capacity, highlighting the positive impact of thermal storage on the
exploitation of the available solar resource and on the reduction in energy curtailment. Sites
characterized by higher solar irradiance, such as Priolo and Montalto, consistently exhibit
higher electricity production compared with Val Basento and Ferrara across the entire
range of TES capacities. At zero storage, the annual electrical energy ranges approximately
from 2 GWh in Ferrara to about 2.4 GWh in Priolo, while at 12 h of TES, it increases up
to approximately 3.7—4.5 GWh, depending on the location. The progressive flattening of
the curves at higher TES values suggests diminishing marginal gains in electrical output
as storage capacity increases, indicating a trade-off between storage size and achievable
energy benefits.

Electrical Energy
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Figure 12. Annual electrical energy generated versus thermal energy storage (TES) capacity for
selected locations.

For the subsequent analyses, the results corresponding to a TES capacity of 8 h are
adopted as the reference case. Figures 13 and 14 present, respectively, the monthly CF
and the monthly and annual electricity generation of the CSP plants equipped with 8 h
of TES for the four investigated locations (Montalto, Val Basento, Ferrara, and Priolo). A
clear seasonal trend is observed at all sites, with minimum values occurring during the
winter months (January-February and November-December) and maximum values in the
summer (June-August), reflecting the strong dependence on direct normal irradiance and
daylight availability. This seasonal behaviour is consistently reflected in both the CF and
the electricity generation profiles. Among the analyzed locations, Priolo systematically
exhibits the best performance throughout the year, reaching peak capacity factors close to
77-78% during the summer months and maintaining relatively high values also during the
shoulder seasons. Accordingly, it shows the highest monthly electricity production, with
peak values of about 570-530 MWh in July—August, and the largest annual generation of ap-
proximately 4076 MWh. Montalto and Val Basento display similar trends and intermediate
performance, with summer peak CF in the range of about 70-76% and maximum monthly
generation between approximately 520 and 565 MWh. On an annual basis, Montalto pro-
duces about 3907 MWh, while Val Basento reaches around 3717 MWh. Ferrara consistently
records the lowest performance, particularly during the winter months, both in terms of the
capacity factor and electricity generation, with a total annual production of approximately
3372 MWh, due to less favourable solar resource conditions. Overall, the comparison
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confirms that the site location plays a key role in determining plant performance: despite
identical plant configurations, differences in solar resource availability translate into signifi-
cant variations in both the capacity factor and electricity output. The presence of an 8 h
thermal energy storage system helps mitigate seasonal variability and enables relatively
high utilization during periods of moderate irradiance; however, winter months remain
the main limiting factor for achieving high CF values and energy production.
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Figure 13. Monthly and annual CF of CSP plants with 8 h TES for the four investigated locations.
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Figure 14. Monthly and annual electrical energy production with 8 h TES for the four investigated locations.
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3.3.2. PV Plant

PV technology investigated in this study is based on a monocrystalline silicon module,
model HiKu6 Mono Passivated Emitter and Rear Cell (PERC) CS6W-550MS manufactured
by Canadian Solar (Kitchener, ON, Canada), with a rated peak power of 550 W under
standard test conditions (STC irradiance of 1000 W-m 2, spectrum AM 1.5, and cell tem-
perature of 25 °C). The module employs the PERC technology, which improves carrier
collection and enhances conversion efficiency. The electrical, mechanical, and temperature
characteristics of the selected PV module are reported in Table 2 [31].

Table 2. Photovoltaic plant characteristics [31].

Electrical Data (STC)
Nominal max. power (Pmax) 550 W
Module efficiency 21.5%
Open-circuit voltage (Voc) 496V
Short-circuit current (Isc) 14.00 A
Mechanical Data
Cell type Mono-crystalline
Dimensions 2261 x 1134 x 30 mm
Temperature Characteristics
Temperature coefficient (Pmax) —0.34%/°C
Temperature coefficient (Voc) —0.26%/°C
Temperature coefficient (Isc) 0.05%/°C
Nominal module operating temperature 41 £3°C

Figure 15 presents the conceptual scheme of the PV system, showing the conversion
of solar irradiance into electrical energy (E.E.) and the associated network losses during
transmission. Accordingly, the electrical energy conversion is governed by the plane-of-
array (POA) irradiance, also referred to as the global irradiance incident on the module
surface (GI), rather than by the direct normal irradiance alone. The POA irradiance is
obtained by transposing GHI into the tilted plane of the PV module using the established
transposition models [32], which account for the geometric relationship between the sun
position and the module orientation. The total incident irradiance is calculated as the sum
of the DHI, DiffHI, and ground-reflected components, with the latter depending on the
surface albedo. Additional optical effects, including the angle-of-incidence modifier (IAM)
and shading losses, are considered to evaluate the fraction of radiation effectively absorbed
by the module. The annual GI on the PV module plane for the selected locations is shown in
Figure 16. The GI was calculated assuming a single-axis tracking system with a north-south
axis orientation and east-west rotation, analogous to the tracking configuration adopted for
the CSP layout. A backtracking strategy was implemented to mitigate row-to-row shading
losses during low solar elevation angles, in accordance with the methodology proposed by
the National Renewable Energy Laboratory (NREL) [33,34]. Backtracking slightly reduces
the instantaneous tracking angle with respect to the ideal sun-pointing position in order
to prevent mutual shading between adjacent tracker rows, thereby improving the overall
energy yield.
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Figure 15. Schematic diagram of solar energy conversion into electrical energy (E.E.) through a PV

system, including network losses.
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Figure 16. Annual GI incident on the PV module plane for the four investigated locations.

For the estimation of the PV E.E. production, an assumption in design was that the
installed PV peak power was set equal to the nominal electrical capacity assumed for the
CSP plant. This scenario allows a consistent comparison of energy yield under equivalent
power-based and area-based constraints. A ground coverage ratio (GCR) of 0.47 was
assumed. The GCR is defined as the ratio between the total active PV module area and
the total land area occupied by the PV plant, and it directly affects row spacing, shading
losses, and land use efficiency. In addition, a constant performance ratio (PR) of 0.82 was
considered. The PR represents the overall system efficiency by accounting for all non-ideal
losses between the incident solar irradiance and the delivered E.E., including temperature
effects, inverter losses, soiling, wiring, mismatch, and availability losses.

Assuming a PV field peak capacity of 1 MW, a total of 1818 modules are required,
resulting in an overall active module area of 4654 m?, considering an active area of 2.56 m?
per module. By adopting a GCR of 0.47, the corresponding land area required for the PV
plant is estimated to be 9902.3 m?. The electrical output of the PV system is estimated
using the PV performance model described in [35]. In this model, the electrical power
production depends primarily on the hourly profile of the GI and the hourly profile of
the ambient temperature (T,). The GI determines the amount of solar energy available for
conversion, while the ambient temperature affects the operating temperature of the PV
cells and therefore the module efficiency. By integrating the hourly electrical power over
the year, the monthly and annual electricity production and the corresponding capacity
factor are obtained.

Figures 17 and 18 provide a consistent comparison between the monthly and annual
CF and the corresponding E.E. production of a 1 MW PV plant for the four investigated
locations (Montalto, Val Basento, Ferrara, and Priolo). In all cases, the two indicators
exhibit the same seasonal behaviour, with a progressive increase from winter to summer,
peak values in June-July, and a decline during autumn and winter. This confirms the
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strong dependence of PV performance on solar irradiance availability and daily sunlight
duration. Priolo systematically shows the highest performance among the analyzed sites,
achieving the largest monthly CF (exceeding 31% in July) and the highest monthly E.E. gen-
eration (about 230-235 MWh), which results in the maximum annual E.E. of approximately
1721 MWh. Montalto and Val Basento present intermediate and comparable performance
levels. Montalto slightly outperforms Val Basento in terms of peak CF and annual E.E.
(about 1642 MWh versus 1602 MWh), while Val Basento shows marginally higher values
during some winter and transitional shoulder months. Ferrara consistently records the
lowest CF throughout the year, particularly in winter, leading to reduced monthly E.E.
production and the lowest annual energy yield (about 1473 MWh). The close agreement
between the CF profiles and E.E. trends indicates that energy production scales almost
linearly with plant utilization for a fixed installed capacity. Minor deviations between the
two metrics can be attributed to differences in month length and operational conditions.
Overall, the comparison highlights the significant impact of geographical location on PV
plant performance and confirms that southern sites, such as Priolo, benefit from higher
and more stable solar resources, whereas northern sites, such as Ferrara, experience lower
utilization rates and reduced annual energy output.
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Figure 17. Monthly and annual CF of PV plant (1 MW) for the four investigated locations.
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Figure 18. Monthly and annual E.E. production of PV plant (1 MW) for the four investigated locations.

4. Discussion

This work compares the technical and economic performance of CSP plants equipped
with 8 h of TES and a 1 MW PV plant across four representative Italian locations—Montalto,
Val Basento, Ferrara, and Priolo. For both technologies, the results highlight a pronounced
seasonal behaviour, with reduced CF and E.E. generation during winter months and peak
values in summer, reflecting the strong dependence on solar resource availability and
daylight duration. In all cases, the relative ranking of site performance remains consistent,
with Priolo exhibiting the highest utilization and energy yield and Ferrara the lowest.

Despite this common trend, significant differences emerge between the two technolo-
gies. The CSP plant benefits from dispatchable operation enabled by the TES, delivering
an almost constant electrical power output equal to its nominal capacity of 1 MWe during
operating periods. This characteristic allows CSP to partially decouple electricity gener-
ation from instantaneous solar availability. In contrast, the PV plant operates in a fully
non-dispatchable manner, with power output directly linked to real-time GI. As a result,
PV generation is inherently variable, with maximum instantaneous power values of ap-
proximately 0.89 MW in Priolo and 0.85 MW in Ferrara, and zero production under low
irradiance conditions.

The presence of the TES significantly enhances CSP performance by mitigating short-
term and seasonal variability and enabling relatively high utilization during transitional
months in shoulder periods. This leads to peak summer CF approaching 78% and annual
E.E. production exceeding 4 GWh at the best-performing site. Nevertheless, winter months
remain the primary limiting factor for CSP, as reduced DNI limits both solar field efficiency
and storage charging. PV systems exhibit stronger temporal variability, with peak CF below
approximately 31% and annual electricity generation ranging between about 1.47 and
1.72 GWh, depending on the location.

A notable outcome of the analysis is that the north-south geographical location gra-
dient in energy production is more pronounced for CSP than for PV. When comparing
Priolo (southern site) and Ferrara (northern site), CSP annual E.E. generation decreases by
approximately 17.3%, whereas the corresponding reduction for PV is about 14.4%. This
difference is primarily attributed to the stronger dependence of CSP on DNI, which exhibits
higher sensitivity to latitude, atmospheric conditions, and cloud cover. PV systems, by
contrast, can exploit both global solar radiations, resulting in a comparatively attenuated
geographical performance gap.

Land use further differentiates the two technologies. The CSP plant, including the solar
field and TES, requires approximately 50,000 m?, while the PV plant with the same nominal
electrical capacity occupies about 10,000 m?. When normalized by occupied surface, the
specific energy density ranges from about 67.5 to 81.5 kWh-m~2-year~! for CSP and from
approximately 147.3 to 172 kWh-m™~2-year~! for PV systems, indicating that PV systems
achieve more than twice the annual energy production per unit area. This higher land use
efficiency makes PV systems particularly attractive in contexts where land availability is
limited, whereas CSP requires careful spatial planning.
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From an economic perspective, the levelized cost of electricity (LCOE) analysis con-
firms that, under typical Europe/Mediterranean cost assumptions [36], PV achieves sub-
stantially lower LCOE values than CSP with 8 h TES, mainly due to its significantly lower
capital and operating costs. However, the LCOE alone does not fully capture the system
value of CSP, which provides dispatchability, operational flexibility, and improved grid
compatibility. The site dependence observed in E.E. production is also reflected in economic
performance: moving from Priolo to Ferrara increases LCOE by approximately 17% for PV
and about 20% for CSP, further highlighting the stronger sensitivity of CSP economics to
solar resource quality.

5. Conclusions

This study provided a comprehensive comparison of CSP plants with 8 h of TES
and PV plants of equal nominal capacity across different geographical locations. The
results demonstrate that both technologies are strongly influenced by site-specific solar
resources, with southern locations consistently outperforming the northern ones in terms
of the capacity factor, electricity generation, and economic indicators.

CSP technology with TES achieves higher utilization rates and nearly constant rated
power output during operation, offering dispatchable electricity and enhanced grid in-
tegration capabilities. These advantages come at the expense of higher land occupation
and significantly higher LCOE values compared with PV. Moreover, CSP performance
exhibits a stronger sensitivity to geographical location due to its reliance on DNI only,
resulting in a more pronounced North-South performance gradient. In addition to E.E.
power generation, CSP technology is also particularly promising for the supply of medium-
to high-temperature heat processes in industrial sites, further broadening its potential role
in the decarbonization of hard-to-abate sectors.

PV systems, on the other hand, provide lower-cost electricity and superior land use
efficiency, producing more than twice the annual energy per unit area compared with
CSP. However, their operation remains intrinsically intermittent and fully dependent on
instantaneous solar irradiance, limiting their ability to provide firm and dispatchable power
without additional storage or grid support. In addition, the modularity and scalability of PV
technology make it particularly suitable for distributed generation and small-scale residen-
tial or commercial applications, enabling widespread deployment, simplified installation,
and reduced operational complexity.

Conversely, CSP plants are generally more appropriate for large utility-scale installa-
tions, where economies of scale can partially offset higher investment costs. Their operation
typically requires dedicated infrastructure, centralized layouts, and specialized technical
personnel for plant management, maintenance, and control, making them less suited to
decentralized or small-scale applications.

Overall, the findings indicate that no single technology is universally optimal. While
PV is well suited for cost-effective, space-efficient, and distributed electricity generation,
CSP with TES represents a valuable option where dispatchability, system flexibility, higher
utilization, and industrial heat supply are required. These results provide useful insights
for technology selection, integrated energy planning, and sustainable deployment of solar
power systems in Europe and similar regions. In this perspective, hybrid integration of
PV and CSP technologies with TES emerges as a particularly promising pathway, as it
combines PV technology’s low-cost and land-efficient energy production with CSP’s inher-
ent dispatchability and storage capabilities, thereby enhancing overall system reliability,
smoothing power output, reducing curtailment, and improving both the economic and
operational performance of future solar-dominated energy systems.
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Abbreviations

The following abbreviations are used in this manuscript:

Italian National Agency for New Technologies, Energy and Sustainable

ENEA .
Economic Development

CSP concentrated solar power

PV photovoltaic

PTC parabolic trough collectors

LCOE levelized cost of electricity

MSG Meteosat Second Generation Satellite

GHI global horizontal irradiance (I)

DiffHI diffuse horizontal irradiance (I3)

DHI direct horizontal irradiance (I},)

DNI direct normal irradiance (I,p)

EHI extra-atmospheric irradiance on a horizontal plane (Iy)

0 zenith angle

Kr global transmission coefficient of solar radiation through the atmosphere,
the clearness index

g global transmission coefficient under clear-sky conditions, the
clear-sky transmittance

K. clear-sky index

B,P, A statistical regression parameters

k fraction of diffuse radiation on a horizontal plane

WGS World Geodetic System

™Y typical meteorological year

RMSE root mean square error

BSRN baseline surface radiation network

Ta ambient temperature

PTC parabolic trough concentrated plant

TES thermal energy storage

H.T. hot storage tank

C.T. cold storage tank

ANI aperture normal irradiance

CF capacity factor

PERC passivated emitter and rear cell

STC standard test conditions
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AM air mass

E.E. electrical energy

POA plane-of-array

GI global irradiance incident on the module surface
IAM the angle-of-incidence modifier

GCR ground coverage ratio

PR performance ratio
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