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Abstract. The objective of this study is to present updated estimates of the cost of concen-
trated solar power (CSP) projects that are relevant for the current Italian market. To this end,
a comparative techno-economic analysis of different CSP plant types based on parabolic
trough (PT) collectors was conducted, considering various scenarios with respect to heat trans-
fer fluids, location and storage size. The scenarios were defined in accordance with a number
of requirements, including the utilization of technologies produced in Europe (in alignment with
the EU's Net-Zero Industry Act), the availability of performance and cost data from existing
literature, and/or the authors' own experience, as well as the eligibility for incentives according
to the initial drafts of the new support measure. The analysis employed two distinct modelling
tools, developed by ENEA and DLR, respectively. These offered varying levels of detail in the
description of the plant behavior. Thus, cross-checking of the results was enabled. Additionally,
insights were gained concerning the impact of the chosen modelling approach on performance
assessment.
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1. Introduction

With regard to the Italian market, CSP systems are best suited for medium/large scale plants
located in areas with high direct insolation and land availability that is not attractive for alterna-
tive uses. From the perspective of resource availability, suitable sites for the installation of
these thermoelectric plants are those where the average annual direct solar radiation is higher
than 1,800 kwWh/m? [1]. By limiting our analysis to sites with an annual direct normal irradiance
(DNI) of at least 2000 kWh/m?, we can identify a potential area of 210 km? in Italy that could
be allocated to CSP. However, geological, orographic, environmental and landscape con-
straints limit the effective extension of this area.

The Italian National Integrated Energy and Climate Plan (PNIEC) [2] identified molten salts
CSP as a technology with significant innovative potential. It is, however, still uneconomic in the
Italian context, and thus merits inclusion in incentive schemes based on certain considerations.
These include the level of technological development, the potential for cost reductions, exploit-
able resources, potential contribution to targets and compatibility with cost containment in bills.
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The same plan suggests that, for CSP technology to contribute effectively to the energy tran-
sition process, further research and development is necessary to reduce the cost of energy
generation and to develop technical solutions to enhance performance and reduce the lev-
elized cost of energy (LCOE). At the time of writing, a new ministerial decree is currently being
drafted with the intention of providing an incentive scheme for CSP systems for the period
between 2024-2028 [3]. Despite favorable conditions for the revival of the Italian CSP supply
chain, the inflationary process observed in the years following the pandemic and the lItalian
supply chain's (due to delays accumulated in previous years) lack of industrialization, which
hinders economies of scale, could impede the construction of CSP plants in Italy.

In this context, the scope of this study is to provide updated cost estimates for CSP rele-
vant to the current Italian market. To this end, a comparative techno-economic analysis of
different types of CSP plants based on parabolic trough (PT) collectors has been conducted,
with consideration given to a range of scenarios in terms of HTF, location, storage capacity
and storage size. The scenarios were defined in accordance with several requirements, in-
cluding the utilization of technology manufactured in Europe (in compliance with the EU's Net-
Zero Industry Act), the accessibility of performance and cost data from published sources
and/or the authors' own expertise, and eligibility for incentives according to the initial versions
of the new support scheme.

Two distinct modelling tools, developed by ENEA and DLR, respectively, were employed
in the analysis, differing in their degree of system behavior delineation. This enabled cross-
validation of outcomes and insight into the influence of the selected modelling approach on
performance evaluation. The principal differentiation amongst the plant varieties lies in the type
of HTF employed, namely: a conventional diphenyl oxide — biphenyl thermal oil (Therminol
VP1), a ternary molten salt mixture (NaKCa-NO;, YARA-MOST) and Solar Salt (KNOs-
NaNQ:s). For each plant type, an investigation was carried out for a variety of potential scenar-
ios. The locations of Gela, and Montalto di Castro were selected as reference plant locations
in the south and center of Italy, respectively. To analyze the impact of varying storage capaci-
ties, three different values for the thermal energy storage (TES) capacity were considered: 9,
12 and 15 full load hours.

2. Performance Model description

The simulations were conducted using a quasi-dynamic approach with a one-hour timestep,
employing the Greenius software (version 4.11) [4],[5], developed by DLR, and a MATLAB
(version 2023a) code developed by ENEA. Typical meteorological year (TMY) data for two
installation sites (Gela, Sicily, in the south of Italy, and Montalto di Castro, Lazio, in the center)
were generated by ENEA based on their own model for the radiation [6] and the values for
ambient temperature and wind speed have been re-analyzed from [7]. The main meteorologi-
cal data for the two sites are summarized in Table 1.

Table 1. Meteorological data for the two installation sites.

Parameters Unit Gela, Sicily Montalto, Lazio
Latitude [°IN 37.042 42.365
Longitude [(1E 14.305 11.511
Altitude above sea level [m] 12 1
DNI (yearly) [KWh/m?] 1968 1832
Ambient temp. (mean/ min/ max) [°C] 18.2/6.8/35.4 17.2/8.6/31.7
Wind 10m (max) [m/s] 9.98 11.05

In this paper, we refer to PT systems with a direct TES (Figure 1a), where the heat transfer
fluid (HTF) and the heat storage media (HSM) are the same, that is YARA-MOST or Solar Salt,
and PT systems with an indirect TES (Figure 1b), using VP1 as HTF and Solar Salt as HSM.
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Every system can be described by separate and specific models for individual components:
solar field, TES and power block. These component models are connected via an operating
strategy defining primarily when the power block is operated and how the energy flow delivered
by the solar field is spread between thermal storage and power block.
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Figure 1. CSP plant with a) direct storage system and b) diathermic oil as heat transfer fluid.

For the solar field, the optical model simulates the solar concentrator for evaluating the
power concentrated on the receiver, and with the thermal model it is possible to simulate the
solar receiver to evaluate the thermal power produced by the solar field. Nominal optical effi-
ciency depends on the optical characteristics of the collector, such as transmittance, reflectiv-
ity, absorbance, intercept factor and tracking error. The incidence angle of the beam solar
radiation, 6, affects the optical parameters and the useful aperture area of the collector, Asr.
This effect is quantified by the incidence angle modifier, IAM(6), which includes all optical and
geometric losses in a PT collector due to an incidence angle. The effective optical efficiency is
given by (1):

noptical(e) = Noptical,0 1AM(6) (1)

Considering the shadowing, the end losses and cleanliness and indicating the DNI with
E,, the energy absorbed by the receiver tube is given by (2):

Qabs = noptical,o Nshadow Mendloss ncleanASF[AM(e)Eb (2)

For the thermal model, losses are due to radiative, convective, and conductive heat losses
from the receiver tube to the environment. The heat losses can be experimentally determined
by operating the collector under real conditions at several temperatures. These experimental
results can be formulated as in (3) and in (4) as a function of the temperature difference AT
between mean steel temperature and ambient temperature in [K]:

Qross = M AT + a,AT? + azAT3 + a,AT* (3)
Qloss,HCE = QrossAsk (4)

To evaluate the effective thermal power delivered to the TES, heat losses in piping are
also considered:

Qloss,pipe = hloss,pipe AgpAT (9)

Through the model for the thermal storage and the power block model, the actual thermal
power supplied to the power block and the electric power produced, respectively, can be esti-
mated. The power block has been modelled in EBSILON Professional (version 16.0, [8]) to
calculate its part load behavior, auxiliary consumption, and the impact of nominal live steam
temperature on design efficiency. The same relative part load curve was used for all power
blocks considered in this study, only the nominal gross efficiency of the power block was varied
as shown in Table 2. Part load behavior of the power block is of lower importance since the
operating scheme assumed requires full load operation for almost all time steps.
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The overall plant efficiency can be expressed by considering the efficiency of individual
components (6) or by the ratio between the electric power produced and the solar power (7):

nplant = 7’]optical Nthermal npiping nstorage npower block (6)
_ Pel

nplant ~p (7)
sun

An important aspect of the PT plants using molten salt as HTF is the amount of energy
needed for freeze protection. As shown in Table 2, the minimal accepted temperature for the
ternary salt mixture is 170 °C and for Solar Salt 270 °C. This is above theoretical freezing
temperatures but in an operating power plant a kind of safety margin is required to avoid freez-
ing in cold spots. Once the temperature in the solar field reaches this minimum temperature,
the models consider antifreeze operation mode, which means that heat must be introduced to
the system. This heat may be taken from thermal storage or supplied by an external heater
fired with natural gas or a green fuel.

2.1 ENEA Performance Model specificities

In ENEA Performance Model, the sun position is calculated using the algorithm proposed by
Grena in [9]. Based on the model proposed by Forristal [10], operation maps for thermal effi-
ciency, mass flow rate, heat losses and HTF outlet temperature were generated as a function
of HTF inlet temperature, Aperture Normal Irradiance (ANI), ambient temperature and wind
speed. Figure 2 shows the overall solar field efficiency (a) and mass flow rate (b) as a function
of HTF inlet temperature and AN, in the case of Solar Salt. For the TES model, the mass and
energy balance equations of the two tanks were implemented for each step and the thermal
losses were evaluated as a function of actual fluid temperatures in the tanks. In ENEA Perfor-
mance Model, the heat for the freeze protection has been supplied by an external gas-fired
heater.
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Figure 2. Solar field operation maps showing a) overall efficiency and b) mass flow rate values in the
solar field as a function of HTF inlet temperature and ANI, in the case of Solar Salt.

2.2 Greenius specificities

In Greenius, the sun position is calculated using the SOLPOS algorithm of NREL [11]. The net
heat output delivered by the solar field is calculated from:

Qnet = Qabs - Qloss,HCE - Qloss,pipe - (mHTFCHTF + mpipecpipe)(Ti - Ti—l) (8)

The last term of equation (8) considers the thermal inertia of the solar field, which is used
to model the heat-up and cool down: this term is zero during steady-state operation of the solar
field. From this equation it is obvious that the solar field's net heat output can be negative when
the heat loss terms are higher than the absorbed heat. In these cases, Qe is set to zero and
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equation (8) is used to calculate the solar field temperature of the current time step (T;). All
temperature-dependent calculations in the solar field model are done using the arithmetic
mean temperature between solar field inlet and outlet temperature at each hour.

The two-tank molten salt thermal storage is modelled as an energy accumulator with a
constant heat loss, independent of the state-of-charge. In Greenius, freeze protection is done
primarily by using solar heat from the thermal storage, which is the most ecological and often
also the most economical solution. Due to this assumption, freeze protection reduces the elec-
tricity output of the plants but the utilization of natural gas or green fuels is minimized. Anyhow,
there are periods with low irradiation for several days when the solar field delivers hardly any
thermal net output and freeze protection from auxiliary heating is required.

3. Simulation

Itis assumed that all the plants are charging the storage tanks during daylight hours, electricity
is produced as soon as TES capacity allows power block operation. The operation strategy
foresees that with sunrise, the solar field is focused and started up, the energy will be conveyed
to the TES system and the power block is started-up when TES is sufficiently filled to do start-
up procedure. The power block runs until the TES is empty. The study was carried out by
analyzing the three different plant configurations, for the two different installation sites, Gela
and Montalto di Castro. For each scenario, three storage sizes (9,12 and 15 h) were consid-
ered. Validated solar collector systems were selected as references, including an ENEA-de-
veloped collector designed for Solar Salt and the HelioTrough system, which can use VP1 and
YARA-MOST. The main parameters of the plants used in the simulations are shown in Table
2. For the economic assessment, the LCOE is evaluated through the relationship (9):

Z1\] It+M¢+F¢
t=1"(141)t

N _Et (9)

t=1(141)t

LCOE =

where I; are the expenses for investment, M; the expenses for operation and maintenance,
F: the expenses for fuel, all referring to year t; E; is the electric energy generated at year ¢, r
the real discount rate at year t and N is the useful life of the plant. The costs used for the
evaluation of LCOE (retrieved from [12], [13] and [14]) are shown in Table 3.
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Table 2. Main parameters used in the simulations.

Unit VP1 YARA-MOST Solar Salt
Collector
Collector type/name HelioTrough HelioTrough ENEA
Aperture area [m?] 1263 1263 566.4
Aperture width (gross) [m] 6.77 6.77 5.9
Collector length (gross) [m] 193 193 100
Mean cleanliness of collectors [%] 97 97 97
HCE diameter (inner/ outer) [mm] 84.6 / 89 75.6 / 80 64 /70
Nominal optical efficiency [%] 81.6 [1] 81.2 79.7
Solar Field
Nominal outlet temperature [°C] 393 500 550
Nominal inlet temperature [°C] 298 290 290
Collectors per loop [-] 4 6 6
Minimum tem_perature in plant [°C] 60 170 270
(Antifreeze)
Nominal operation SF parasitics [V\2/e|/ ~6.3 ~29 14
for pumping MZap)
Nominal operation SF parasitics | [We/ 10 10 18
. 2 ) . :
for control and tracking mM?ap]
Storage System
Storage type 2 Tank 2 Tank 2 Tank
(indirect) (direct) (direct)
Storage medium Solar Salt YARA-MOST Solar Salt
Nominal load operation hours 9,12, 15 9,12, 15 9,12, 15
Nominal HTF temperature [Cl | 393/379 500 / 500 550 / 550
charge / discharge
Nominal Te_mperature of storage | [°C] 386 / 285 500 / 290 550 /290
medium (Thot/ Tcold)
Power Block
Nominal gross electrical Power | [MWal] 50 50 50
Nominal live steam temperature | [°C] 386 490 540
Nominal PB gross efficiency [%] ~39.0 ~42.0 ~43.5

Table 3. Cost assumptions for the evaluation of the LCOE ([12], [13] and [14]).

Unit VP1 YARA-MOST Solar Salt

Specific price of solar field [€/m240] 260 280 280
Specific price of TES [€/KWhin] 55 30 25

Cost of natural gas [€/kWh] 0.11 0.11 0.11
Specific land price [€/m?] 2 2 2
Surcharge for EPC, etc. [%] 20 20 20
Interest rate [%] 8 8 8
Lifetime [a] 25 25 25

Annual insurance costs [%] 0.7 0.7 0.7
Annual HTF replacement [%/a] 1 0 0
Annual O&M costs [%] 2 2 2
Electricity [€/MWh] 88 88 88

4. Results and conclusions

A comparison of the results obtained from the two performance models in terms of electricity
generation and LCOE was carried out, taking as reference the values resulting from Greenius
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(Figure 3). Overall, the difference in electricity generated ranges from -7.7% to +3.2%: this gap
is rather small in the case of Solar Salt (from -0.6 to +3.2%), while it is more pronounced in the
case of VP1 (from -5.2 to -1.9%) and YARA-MOST (from -7.7 to -5.5%). This discrepancy is
primarily attributable to the varied approach in modeling the solar field and the different meth-
ods of antifreeze protection implementation. This is reflected in the calculation of the LCOE,
which is inversely proportional to electricity production. Figure 4 shows the values of LCOE
and Capacity Factor (CF) in lines and bars, respectively. For both performance models, higher
LCOE values are calculated for plants located in Montalto, as its annual DNI is lower than that
of Gela. In addition, the plants with YARA-MOST show the lowest values: these results are
interesting and promising even if there is fewer operating experience with the use of ternary
salt compared to Solar Salt and VP1. Although the results of both models are very much
aligned in the case of the Solar Salt, the conclusions that can be drawn are different for the
VP1 systems. Indeed, according to the Greenius results, the LCOE values for VP1 plants are
the highest ones, except for small TES sizes, where they are cheaper than Solar Salt. In con-
trast, from the ENEA results, the LCOE values for Solar Salt plants are the highest ones, ex-
cept for large TES capacities, where they are cheaper than VP1. This discrepancy could be
mainly due to heat accounting for the freeze protection: indeed, while the plants using VP1 or
YARA-MOST need almost no external freeze protection, while Solar Salt plants do. Obviously,
the solar field using Solar Salt needs the highest amount of freeze protection due to its high
mean temperature and the elevated minimum temperature. In the explored set of conditions,
the LCOE values are in the range 192-257 €/ MWh, which is considerably higher than the prices
announced for new CSP projects in the last years [15]. The analysis presented here uses
conservative assumptions, considers the high energy costs in Italy and a lack of economy of
scale in the supply chain, and already accounts for the inflation waves experienced after 2020.
In addition, the selected sites are in the low range of annual DNI considered to be profitable
[1]. If we use the specific costs (for collector, HTF, TES and land) for VP1 and Solar Salt
systems presented in a pre-2019 paper [15], we obtain LCOE values in the range from 145 to
194 €/ MWh.
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-#-Montalto VP1 = Montalto YARA-MOST = Montalto Solar Salt
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Figure 3. Comparison between the two Performance Models in terms of a) produced electric energy
and b) LCOE, both expressed as a percentage.
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Figure 4. L COE and CF obtained with a) ENEA and b) Greenius simulations for all scenarios.
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