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H I G H L I G H T S

• Developed a dynamic open-source simulation tool for hybrid solar systems.
• Evaluated the optimal size of PV plant and electrical heater for retrofitting Parabolic Trough plants.
• Explored the incorporation of an electrical heater in Parabolic Trough TES systems.
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A B S T R A C T

This study addresses the optimization issues of a Parabolic Trough (PT) power plant by retrofitting it with a
photovoltaic (PV) plant to find the optimal configuration for already operational Concentrated Solar Power (CSP)
plants. A simulation tool based on Modelica and OpenModelica has been developed to analyze and optimize the
performance of CSP/PV hybrid plants under several grid limitation scenarios, one of which includes an electrical
heater to utilize the PV surplus, considering the impact of hybridization on their overall performance and
therefore also on their economic viability. The results obtained provide clear insights into how different con-
figurations of CSP and PV plants interact and how certain variables, such as the PV ratio and thermal storage size,
influence the overall performance of the hybrid plant.

1. Introduction

The transition of the energy system towards renewable energies is
essential if we are to effectively address climate change and consolidate
sustainable energy practices. According to the projections of the Inter-
national Energy Agency’s Net Zero Emissions by 2050 scenario, an
enormous increase in energy generation from renewable sources is ex-
pected globally, jumping from roughly 28% in 2021 to approximately
88% by 2050 [1]. According to the International Renewable Energy
Agency (IRENA) [2], solar power increased by 650% in ten years, and it
is expected to continue to develop at a rapid rate in the future.

CSP technology has proven its capacity to produce large-scale elec-
tricity, with 7 GW installed worldwide in 2021, and significant growth
forecasts projecting 437 GW to be installed in 2050 in the Net Zero
Emissions scenario. This forecast reflects the growing recognition of the
benefits and potential of CSP technology in the development of renew-
able energies. CSP technology can store and supply electricity even after
sunset and will play an essential role in the transition to more

sustainable and emission-free energy systems. Despite this, there is still a
way to go to achieve the success of PV plants, with 1046 GW installed
worldwide as of 2023 [2]. One challenge of CSP technology is to reduce
the high levelized cost of electricity (LCOE) compared to other forms of
power generation, such as PV. The global weighted average LCOE for
CSP stands at 0.118 USD/kWh, reflecting a reduction of 69% between
2010 and 2022. Meanwhile, the global weighted average LCOE for PV is
0.049 USD/kWh, indicating an 89% reduction over the same period [3].

The hybridization of CSP plants with PV presents itself as a solution
to address the challenges faced by CSP (high cost of electricity) and PV
(lack of economic and efficient solutions for large-scale electrical energy
storage [4]) by combining the thermal storage capacity of CSP plants
with the low-cost electricity production of PV plants. Hybridization al-
lows increasing the penetration of solar power, reducing the impact on
the power system. From the point of view of the CSP plants already in
operation, the proposed hybridization helps reduce the LCOE [5–7],
making these plants more attractive, competitive, and enhancing the
profitability, operation, and performance of the operating CSP plants
[8–11].
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Considering the remarkable benefits that hybridization brings, the
retrofitting of operational CSP plants with PV emerges as an exciting so-
lution. This approach offers accelerated implementation compared to the
building of a new CSP/PV hybrid plant, because it capitalizes on the
existing infrastructure of the CSP facility. By strategically integrating a PV
plant into a CSP facility, we ensure optimal utilization of the solar resource
available at the site, thus maximizing the electricity production potential.

The literature currently explores the retrofitting of CSP plants.
Oyekale et al. [12] aim to investigate the techno-economic benefits of
adapting biomass for existing CSP-ORC (Concentrated Solar Power -
Organic Rankine Cycle) plants with Thermal Energy Storage (TES). The
study is based on the existing CSP-ORC Fresnel plant in Ottana, Italy,
with a power of 630 KWe. The study proposes two biomass hybridization
approaches: fixed (A biomass furnace is used to provide a constant
supply of thermal energy to the ORC, ensuring a minimum electricity
production) and modular (The biomass furnace is regulated to supply
the thermal energy required to operate the ORC at its maximum capacity
continuously). In addition to the biomass retrofit case study, they
introduced a new integrated design case study, with modified solar field
and TES capacity. The study demonstrates that the retrofit increases the
annual net efficiency of the hybrid plant by 4–5 points compared to
standalone CSP-ORC plants. It also shows that it can lead to an increase
in full-load operating hours, where an implemented modular approach
allows following a scheduled power profile, thereby enhancing dis-
patchability. Otanicar et al. [13] propose a retrofitting approach for CSP

plants using a purely concentrator photovoltaic cell (CPV) design that
integrates with the existing CSP plant architecture. The completed work
represents a relatively simple way to preserve the existing infrastructure
in the solar field while creating a means to generate electricity at low
LCOE. This approach utilizes a Parabolic trough collector, a secondary
concentrator, and CPV to achieve significant improvements in the effi-
ciency and power of the CPV.

Goel et al. [14] study the hybridization of PTC plants with RP-3
mirrors without thermal energy storage by installing a dichroic mirror
in the flow line between the primary mirror and the heat collecting el-
ements (HCE), thereby reflecting part of the radiation spectrum to the
PV receiver while transmitting the rest to the original HCE element in
the existing PTC. Through this retrofitting of PTC plants, they achieve a
30% increase in annual production for plants with solar multiples (SM)
greater than 1.5. Felsberge et al. [15] propose a new design and adap-
tation approach for a thermal system based on a PTC, where the
absorber tube of a conventional PTC used in thermal systems is replaced
with a hybrid absorber equipped with multi-junction solar cells, allow-
ing for the retrofitting of existing CSP plants. In this study, the CSP plant
produces district heating, and with the retrofitting, the PV plant can
produce electricity complementarily. An electrical efficiency of 26.3%
and a thermal efficiency of 48.8% are simultaneously achieved. Orosz
et al. [16] study the hybridization of CSP plants using spectral radiation
filters, with the adaptation of photons to the appropriate converter
based on their wavelength. This system allows for the modernization of

Nomenclature

a Empirical coefficient that establishes the upper limit for
module temperature at low wind speeds and high solar
irradiance

Amod Module Area
At Total Annual Costs
b Empirical coefficient that establishes the rate at which

module temperature drops as wind speed increases
CF Capacity Factor
CostEH Total costs of the electrical heater updated to the reference

year using the real interest rate
CSP Concentrated Solar Power
CSP-ORC Concentrated Solar Power - Organic Rankine Cycle
CPV Concentrator Photovoltaic Cells
DC Direct current
DNI Direct Normal Irradiance
ECSPAUX CSP parasitic
EPV to CSP PV energy used to satisfy the CSP parasitic
ECSP Energy yield of the standalone CSP plant
EPV Energy yield of the standalone PV plant
Etotal Energy yield of the hybrid plant
fPV Derating Factor
GHI Global Horizontal Irradiance
GTI Global Tilted Irradiance
GTER Group of Thermodynamic and Renewable Energies -

University of Seville
HCE Heat Collecting Element
i Real Interest Rate
IO Investment Costs
Iref Reference solar irradiance on module
LCOE Levelized Cost of Electricity
LCOECSP LCOE of the standalone CSP plant
LCOEPV LCOE of the standalone PV plant
Mt,el Electricity production in the corresponding year
n Economic Lifespan of the Plant
nmod Number of Modules

O&M Operation and Maintenance
PCSP Nominal Power of the CSP Plant
PPV Nominal Power of the PV Plant
PPVTOTAL PV Power Plant
Pmod Module Power
PTC Parabolic Trough Technology
PV Photovoltaic
PV ratio Ratio between the PV plant capacity and the CSP plant

capacity
SAM System Advisor Model
SM Solar Multiple
SSR Self-Supply Ratio
t Corresponding Year. Year when the CSP plant is retrofitted

with the PV plant, counted from the startup date of the CSP
plant

Tamb Ambient Temperature
Tc Cell Temperature
Tc,ref PV cell temperature under standard test conditions (25 ◦C)
Tm Back-surface Module Temperature
TES Thermal Energy Storage
TMY Typical Meteorological Year
wsp Wind speed measured at standard 10-m height
y Year when the retrofitting takes place
β Tilt angle of the PV panel
γ Surface Azimuth Angle
δ Solar Declination
ΔT Temperature difference between the cell and the module

back surface at an irradiance level of 1000 W/m2

ηinv Inverter Efficiency
ηPV Module Efficiency
ηPV,nom Nominal Module Efficiency
θ Incidence Angle
ρ Albedo
τ Temperature coefficient
ϕ Latitude
ω Hour Angle
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standard commercial CSP plants, achieving production increases of
approximately 10.7%.

Carvajal et al. [17] present a preliminary technical and economic
analysis of integrating a PV plant into a PTC plant to reduce electricity
generation costs. An integrated CSP/PV model is used for simulations,
assessing different PV plant sizes and auxiliary consumption scenarios.
The results reveal that the optimal PV plant capacity depends on the
auxiliary consumption of the PTC plant and that PV integration im-
proves the LCOE in all cases. The importance of analyzing both plants in
an integrated manner is emphasized to achieve greater efficiency and
cost reduction. Similarly, Bode et al. [18] analyze the integration of CSP
plants with PV energy to enhance efficiency and profitability. Their
study emphasizes the retrofitting of existing CSP plants with PV to
reduce auxiliary load and increase electricity production. They present a
simulation model and a case study in South Africa, where they conclude
that CSP/PV retrofitting can significantly improve the profitability of
existing CSP plants, with an optimal PV installation size of approxi-
mately 7 MWAC for 50 MW CSP plants.

Riffelmann et al. [19] study various CSP/PV hybridization options,
including covering the self-consumption of the CSP plant directly with a
PV plant. To do this, they select the size of the PV plant based on the
maximum parasitic load of the CSP plant, obtaining promising results in
terms of LCOE reduction due to the lower price of PV electricity during
daylight hours.

This study addresses the optimization issues of a CSP plant through
retrofitting with a PV plant, aiming to find the optimal configuration for
an already constructed CSP plant. The focus lies in increasing the ca-
pacity of the PV plant to meet the self-consumption requirements of the
CSP plant and enhance the hybrid plant’s production in various sce-
narios, which will be described later. In addition, we present an eco-
nomic analysis to select the optimal plant size. To utilize surplus PV
energy that cannot be injected into the grid or allocated for the CSP
plant’s self-consumption, we implement an electrical heater in the
model in parallel to the CSP field. This enables the heating of molten
salts with the electricity generated by the PV field. The use of electric
heaters in hybrid plants is a concept currently under study. Gedle et al.
[20] study the diversion of surpluses from PV plants to electric heaters in
a hybrid plant to increase the temperature of salts and thus improving
the performance of the TES compared to co-located hybrid plants. The
results show LCOE reductions of up to 20% compared to co-located
plants. Pilotti et al. [21] state that the implementation of electric
heaters results in an LCOE reduction ranging from 3.6% to 10%,
depending on the plant’s operational strategy. Richter et al. [22]
demonstrate a predictive control strategy in hybrid plants with electric
heaters, showing that this strategy provides better results compared to a
heuristic approach. It improves performance and optimizes the plant
configuration.

The substantial innovation of this study lies in the exploration of the
optimal configuration (size and tilt) for PV plants in the retrofitting of
existing CSP facilities with the aim of reducing the self-consumption of
these plants and supplying that energy with PV, thereby producing
cheaper electricity and increasing the capacity of the CSP plant to feed
into the grid by reducing the amount of energy used to cover its self-
consumption. This is done by considering various realistic grid limita-
tion scenarios through a detailed sensitivity analysis of the critical pa-
rameters affecting these plants, as well as the use of Pareto frontiers with
the aim of establishing optimal configurations for scenarios requiring
multi-objective optimization. The study examines the energy and eco-
nomic impact by calculating the LCOE of the retrofitted plant, also
considering the timing of the retrofitting. To this end, an open-source
tool is introduced, enabling the smooth integration of both technolo-
gies. Specific parameters crucial for evaluating this adaptation are
explained, such as the Self-Supply Ratio (SSR), which quantifies the
percentage of self-consumption supported by PV energy. Additionally,
the study strategically addresses the potential incorporation of electric
heaters in the modernization of these plants, aiming to enhance their

competitiveness and economic efficiency by capitalizing on the sur-
pluses generated by PV energy. To determine the impact of the costs
associated with this type of plant in these studies, we will conduct an
economic analysis considering different future price scenarios. This
analysis will allow us to evaluate how energy generation costs vary
based on projected changes in the prices of the main components in the
retrofitting of these plants.

This paper is organized as follows: Section 2 presents the perfor-
mance tool to simulate hybrid PV/CSP plants. Section 3 outlines the
configurations and the indicators used to evaluate the performance of
the different CSP plants and scenarios. Results and discussions of the
simulation are provided in Section 4. Finally, Section 5 presents a
summary of this study and provides the main conclusions.

2. Performance tool

A detailed simulation of a hybrid power plant combining PV and CSP
technologies is necessary to understand its performance and evaluate its
sustainability in production. In this context, ASDELSOL, a simulation
tool developed in Modelica [23] using OpenModelica [24], facilitates
the analysis and optimization of PV-CSP generation systems.

We developed a Modelica library specifically designed to assess solar
resources and perform solar calculations. This library plays a funda-
mental role in determining the behavior of hybrid power plants.

2.1. Solar resource

The Solar Resource library takes a Typical Meteorological Year [25]
and the geographic coordinates of the selected location as input. Using
this information, the library allows for the determination of the sun’s
position at all times, as well as the Global Tilted Irradiance (GTI) [26],
which is an essential parameter for analyzing PV plants, using (1).

GTI = DNI⋅cos(θ) +DHI⋅
1 + cos(θ)

2
+GHI⋅ρ⋅

1 − cos(θ)
2

(1)

where DNI is the Direct Normal Irradiance, θ is the incidence angle [27],
DHI is the Diffuse Horizontal Irradiance, GHI is the Global Horizontal
Irradiance, and ρ is the albedo. To calculate θ, we use (2).

θ = acos[sin(δ)⋅sin(ϕ)*cos(β) − sin(δ)⋅cos(ϕ)*sin(β)⋅cos(γ)
+ cos(δ)⋅cos(ϕ)⋅cos(β)⋅cos(ω)+ cos(δ)⋅sin(ϕ)⋅sin(β)⋅cos(γ)⋅cos(ω)
+ cos(δ)⋅sin(β)⋅sin(γ)⋅sin(ω) ]

(2)

where δ is the solar declination, ϕ is the latitude, β is the tilt angle of the
PV panel, γ is the surface azimuth angle and ω is the hour angle.

2.2. CSP system

This simulation tool incorporates a specific library to simulate the
Parabolic Trough Technology (PTC), extending the existing capabilities
of the Solartherm library [28] which is focused on the central receiver
tower technology. The new CSP library is designed to provide accurate
models of PTC power plants. We have chosen this type of CSP plant
because, focusing on the modernization of CSP facilities, most opera-
tional plants in Spain use this technology (45 out of 49 plants in oper-
ation [29]). These collectors are modeled based on specific parameters
and characteristics obtained from the System Advisor Model (SAM)
database [30] or from manufacturers’ specifications. A crucial aspect in
accurately capturing the performance of the collectors is the calculation
of the collectors’ optical performance. To address this, the CSP library
incorporates an optical efficiency matrix that accounts for the solar
position of the detailed collectors [31]. This matrix illustrates the optical
performance of the PTC, representing the ratio between power in the
receiver and power in the aperture area for each sun position based on
azimuth and zenith angle. This matrix only captures optical losses; the
thermal losses from the field are modeled in ASDELSOL. The calculation
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of this optical efficiency matrix should be done using external software
tools, such as Tonatiuh [32] or SolTRACE [33]. In the study, we simulate
a loop of PTC EuroTrough [34] (Table 1) in Tonatiuh to calculate the
optical efficiency matrix, and we use the same PTC in the different
configurations of the hybrid plants.

2.3. PV system

PV model is a mathematical framework developed to provide a
realistic estimation of energy production in PV systems. Simulated PV
plants are considered to have fixed panel inclinations. To account for the
environmental factors associated with the specific location, the calcu-
lation of the cell temperature (Tc) [35] is performed as a primary step
combining (3) and (4). Subsequently, the module efficiency is deter-
mined, enabling the calculation of the power output [36] using (5) and
(6) respectively.

Tm = T2
amb +GTI⋅ea+b⋅wsp (3)

where Tm is the back-surface module temperature, a is the empirical
coefficient that establishes the upper limit for module temperature at
low wind speeds and high solar irradiance, b is the empirical coefficient
that establishes the rate at which module temperature drops as wind
speed increases, wsp is the wind speed measured at standard 10-m height
and Tamb is the ambient temperature.

Tc = Tm +
GTI
Iref

⋅ΔT (4)

where Tc is the cell temperature, Iref is the reference solar irradiance on
module and ΔT is the temperature difference between the cell and the
module back surface at an irradiance level of 1000 W/m2.

ηPV = ηPV,nom⋅
[
1+ τ⋅

(
Tc − Tc,ref

) ]
(5)

where ηPV is the module efficiency, ηPV,nom is the nominal module effi-
ciency, τ is the temperature coefficient and Tc,ref is the PV cell temper-
ature under standard test conditions (25 ◦C).

Pmod = Amod⋅ηPV ⋅ηinv⋅fPV⋅GTI (6)

where Pmod is the module power, Amod is the module area, ηinv is the
inverter efficiency and fPV is the derating factor, which accounts for the
soiling of the panel, loss in wirings, shading and other secondary losses.
The PV power plant production (PPVTOTAL ) can be calculated with (7),
where nmod is the number of modules.

PPVTOTAL = Pmod⋅nmod (7)

2.4. Validation

To validate ASDELSOL, results from CSP and PV plant simulations
are compared with SAM. For the CSP plant, the Andasol I [37] plant has

been modeled in both software with a TMY data from Sevilla. The
annual net production results obtained through SAM amounted to
130.35 GWh, whereas ASDELSOL yielded annual net production results
of 132.13 GWh. The difference between the two software tools is 1.36%.
We compare the productions of the TES 4 h and TES 15 h configurations
as well, obtaining differences of 2.11% and 1.79%, respectively.
Regarding the PV plant, a 60 MW direct current (DC) plant has been
modeled in ASDELSOL and SAM with a DC/AC ratio of 1.2, a ηPV,nom of
19%, a Amod of 1.63 m2, a inverter efficiency (ηinv) of 96% and a derating
factor (fPV) of 14%, and the production in annual net production in SAM
results in 92.72 GWh, while in ASDELSOL it is 92.50 GWh. The differ-
ence between SAM and ASDELSOL is 0.24%. Fig. 1 shows the power
output of the PV and CSP plants over three days in SAM and ASDELSOL.
The PV power output is nearly identical between both tools, while the
CSP power output shows more significant differences. This is because
ASDELSOL models the start-up cycle of the power cycle with a “start-up”
state where the turbine requires time to warm up before producing
power, ramping up in steps until reaching nominal power (resulting in
minor differences during start-up). Additionally, ASDELSOL controls the
TES discharge pump and the solar field pump to maintain the turbine’s
nominal power as constant as possible, leading to differences between
SAM and ASDELSOL during TES engagement. Consequently, the avail-
able energy in the TES in ASDELSOL is used to avoid the drop observed
in SAM, resulting in slightly less energy at the end of the day.

2.5. Economic assessment

The economic assessment plays a fundamental role in the feasibility
of solar power plants. In this study, our focus is on calculating the LCOE
for a CSP/PV hybrid plant, considering the impact of hybridization on its
overall performance and therefore also on its economic viability.

A critical aspect to consider during the retrofitting process of CSP
plants is determining the optimal timing for such action within the
plant’s lifespan.

The LCOE of the standalone CSP plant must be estimated first to
calculate the LCOE of the hybrid plant. We differentiate between two
types of auxiliary consumption in the CSP plant, online and offline [38].
Online auxiliary consumption refers to those that can be covered by the
plant itself, either by the turbine or by the PV plant when hybridization
exists, while offline auxiliary consumption refers to those that cannot be
covered by the plant and must be purchased from the grid, imposing a
purchase price for that energy (PPA) with a fixed value of 0.12 €/kWh.

For calculating the LCOE of CSP and PV plants independently, we use
(3) [39]:

LCOE =

IO +
∑n

t=1

At
(1+i)t +

∑n

t=1

Egrid ⋅PPA
(1+i)t

∑n

t=1

Mt,el
(1+i)t

(3)

where IO is the investment cost, At are total annual costs without taking
into account the costs of purchasing electricity from the grid to cover
offline auxiliary consumption, Egrid are the offline auxiliary consumption,
Mt,el is the electricity production in the analyzed year, i is the real interest
rate, n is the economic lifespan of the plant and t is the corresponding year.

To calculate the LCOE of the hybrid CSP/PV plant we use (4),
considering that for the PV plant and the electrical heater, it is computed
from the year of its installation until the end of the operational life of the
CSP plant:

Table 1
Main characteristics of EuroTrough PTC.

Parameter Value

Reflective aperture area (m2) 817.5
Aperture width total structure (m) 5.77
Length of collector assembly (m) 148.5
Number f modules per assembly 12
Focus Length (m) 1.71

LCOEHybrid =
y⋅(LCOECSP⋅ECSP) + (n − y)⋅(LCOEPV ⋅EPV + LCOECSP⋅ECSP + CostEH)

(n − y)⋅Etotal + y⋅ECSP
(4)
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where y denotes the year when the retrofitting takes place (In all the
cases studied, we consider that the retrofitting takes place at the
midpoint of the CSP plant’s lifespan), LCOECSP is the standalone CSP
plant’s cost of energy, ECSP denotes it’s production, LCOEPV is the
standalone PV plant’s cost of energy, EPV is the increase in production
brought on by the retrofitting relative to the standalone CSP plant,
CostEH are the total costs of the electrical heater, if it’s applicable,
updated to the reference year using the real interest rate and Etotal is the
hybrid plant’s production.

Table 2. Economic data.
The economic analysis of hybrid CSP/PV plants is crucial for evalu-

ating their performance and viability. The influence of costs is especially
relevant, so we have considered three future price scenarios for PV
technology (which has been used in the retrofitting of operational CSP
plants) according to the projections of the National Renewable Labo-
ratory Annual Technology Baseline (NREL ATB) [40]. The scenarios are
detailed in the Table 3.

3. Performance assessment

3.1. CSP plant configuration

In this section, we present the different configurations of CSP plants
subject to retrofitting. We choose the Andasol I plant configuration, with
a nominal capacity of 50 MW and a storage of 7.5 h, as the base case
[37]. Subsequently, the same plant configuration will be analyzed but
with different storage hours. This analysis will involve optimizing the
SM for each configuration and, consequently, adjusting the size of the
solar field to observe the effect of retrofitting in these new configura-
tions. We select Seville as the location for the plants, using a TMY
elaborated by GTER as the solar resource input. Due to the optimal
balance between the calculation time and the accuracy of the results

[43], the simulation is performed with a 5-min time resolution. Table 4
summarizes the main characteristics of the analyzed CSP plants.

3.2. Grid limitation scenarios

After retrofitting, hybrid plants use a variety of operational scenarios
depending on their capacity to feed excess photovoltaic (PV) energy into
the grid. The primary goal of the PV plant in any scenario is to meet the
auxiliary consumption of the CSP plant (self-consumption). In the first
scenario (a), hybrid plants are allowed to inject any extra PV production
not used for the CSP plant’s self-consumption into the grid. In the second
scenario (b), the hybrid plant can supply a maximum power corre-
sponding to the nominal power of the CSP plant. Any additional surplus
energy from the PV plant beyond this capacity cannot be injected into
the grid. In the third scenario (c), only the CSP plant is allowed to supply
energy to the grid, and the PV plant can only be used to cover the hybrid
plant’s own consumption.

We consider a new scenario (d), which is similar to scenario (b), with
the only difference being that we introduce electrical heaters to harness
the surplus PV energy to heat molten salts. This increases the charging
capacity of the TES thanks to this extra energy. In all configurations, the
energy for the CSP plant’s self-consumption that cannot be covered by

Fig. 1. Comparison of PV and CSP Plants in ASDELSOL and SAM.

Table 2
includes the main proposals and economic data considered for the economic
analysis of the hybrid plant retrofitting process.

Parameter Value Unit

PV plant [40]
CAPEX 1.20 €/Wp

O&M 20.95 €/KWp-yr

CSP plant [41]
Solar field 132 €/m2

HTF system 52.80 €/m2

TES system 54.56 €/kWht

Power block 800.8 €/kW
Auxiliary system 79.20 €/kW
O&M 60.06 €/kW-yr

Electrical heater [42]
General cost 0.08 €/W

Table 3
Economic data for three different scenarios.

2021 2030 2050

Conservative CAPEX (€/Wp) 1.20 1.12 0.77
O&M (€/kWp) 20.95 18.54 14.68

Moderate CAPEX (€/Wp) 1.20 0.96 0.58
O&M (€/kWp) 20.95 16.72 12.55

Advanced CAPEX (€/Wp) 1.20 0.85 0.48
O&M (€/kWp) 20.95 15.32 10.85

Table 4
Main characteristics of the analyzed CSP plants.

Power
Plant

Nominal
Turbine
Capacity
(MW)

Storage
Capacity
(hours)

SM Annual
Production
(GWh)

LCOE
(€/kWh)

Andasol I 50 4 1.5 89.5 0.216
Andasol I 50 7.5 2.23 132.13 0.20
Andasol I 50 15 2.75 164.57 0.217

Table 5
Characteristics of the proposed scenarios for hybrid plants.

Scenario Feed to grid from PV PV Excess Electrical Heater

a Yes No No
b Yes (up to CSP power) Yes No
c No Yes No
d Yes (up to CSP power) Yes Yes
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either the PV plant or the CSP plant (Egrid) is supplied from the electric
grid, purchased at the PPA price. Table 5 shows the 4 proposed scenarios
and their respective characteristics, while Fig. 2 summarizes the meth-
odology to determine the analyzed scenario based on whether the PV
plant can feed energy into the grid or not, or if, in the case that it can feed
into the grid, there is a power limitation at the connection point (in
addition to whether we consider electrical heaters or not).

The configuration of the plants is the same in scenarios (a) and (b) as
we can see in Fig. 3, but they differ mainly in the capacity to feed energy

into the grid from the PV plant. The energy flows from the PV and CSP
plants are represented by arrows. Fig. 4 shows the configuration of
scenario (c), where the energy from the PV plant is only used to cover the
self-consumption of the CSP plant. Fig. 5 shows the plant configuration
for the scenario (d), which includes the integration of electric heaters
that use surplus PV energy that cannot be directly fed into the grid,
because plant capacity is exceeded.

3.3. Metrics

A set of indicators are defined to help in the assessment of the per-
formance, efficiency and viability of hybrid plants and the effect of
retrofitting.

The economic viability of CSP/PV hybrid plants is evaluated using
the LCOE, as described above. The LCOE provides a measure of the
average cost of electricity generated by the plant over its lifetime,
considering investment costs, operational costs, and the generated
energy.

To assess the performance of the hybrid plant, we use the Capacity
Factor (CF) and the SSR.

The CF is a measure of the energy production generated by a plant
relative to its maximum output (Operating at its nominal power for all
8760 h of the year). In the hybrid plant, we define the CF depending on
the maximum power that the plant can inject into the grid. In the case of
scenario (a), we use eq. (Eq. (10)), while for the rest of the scenarios,
where the maximum power that can be fed into the grid is limited by the
nominal power of the CSP plant, we use eq. (11).

CF =
Etotal

(PCSP + PPV)*8760 h/year
(10)

Fig. 2. Flowchart of the methodology.

Fig. 3. Hybrid CSP/PV plant layout for scenarios (a) and (b).

Fig. 4. Hybrid CSP/PV plant layout for scenarios (c).

Fig. 5. Hybrid CSP/PV plant layout for scenarios (d).
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CF =
Etotal

PCSP*8760 h/year
(11)

where Etotal is the production of the hybrid plant, PCSP is the gross
nominal power of the CSP plant and PPV is the DC power of the PV plant.

The SSR is an indicator that shows the proportion of energy demand
from the CSP plant that can be met with internally generated PV energy.
We calculate this parameter according to (12).

SSR =
EPV to CSP

ECSPAUX
(12)

where EPV to CSP is the PV energy used to satisfy the CSP auxiliary energy
and ECSPAUX is the CSP auxiliary energy (online and offline auxiliary
consumption).

The ASDELSOL tool provides comprehensive annual information for
hybrid plants, including both energy metrics (annual production, CF or
SSR, for example) and economic metrics (LCOE). For multi-objective
optimization processes, such as increasing CF while reducing LCOE,
the tool includes calculations of Pareto frontiers for various plant con-
figurations, when the users can pre-select the variables to be optimized.
Fig. 6 illustrates the simulation and optimization process using the
ASDELSOL tool.

4. Results and discussion

To conduct the optimization of the hybrid plant, a sensitivity analysis
will be performed, considering parameters such as the size of the PV
plant with the PV ratio (ratio between the PV plant capacity and the CSP
plant capacity), the inclination of the PV panels, and, if applicable, the
electrical heater’s size (electrical heater size relative to PV field). The
variables for the parametric analysis are detailed in the Table 6.

4.1. No PV discharge limitation. Scenario (a)

In Fig. 7, Fig. 8 and Fig. 9, we can observe the CF, LCOE, and SSR for
the three analyzed CSP plant configurations with PV tilt 0◦, 25◦, and 35◦.
In a scenario where all excess PV energy can be fed into the grid, it is
evident that as the PV ratio increases, the CF decreases, regardless of the
storage capacity. This decline becomes more significant as storage ca-
pacity increases.

The influence of TES hours is related to the production capacity in
the three configurations. In the case of three plants with the same

nominal power, the plant with the largest storage capacity can generate
a larger amount of energy. Therefore, when hybridized with PV, plants
with higher storage capacity experience a more aggressive decline in
their CF, compared to plants with lower storage capacity, with respect to
their configuration as CSP-only plants.

The LCOE reduction achieved with the retrofitting is, in this case,
greater for the plants with smaller TES capacity. For example, the LCOE
for a plant with 4 h TES goes from 0.216 €/kWh for a CSP-only plant to
0.1323 €/kWh for a hybrid plant with a 200% PV ratio and a PV tilt of
25◦ (38.7% reduction), while for a 15 h TES plant, the reduction is only
from 0.217 €/kWh to 0.1537 €/kWh from the same configuration
(29.2% reduction).

If we observe the SSR, we can notice that in the three analyzed
configurations, there is a point of the PV ratio (approximately 50%) from
which the effect is very low, until it becomes practically constant.

It is also observed that as the TES capacity increases for the same PV
ratio, the SSR decreases. This is because with more hours of storage, the
CSP plant can operate for longer periods during the night. The night-
time consumptions cannot be covered with the PV production.

Fig. 10 shows the annual distribution of auxiliary consumption of the
CSP plant and the SSR for a specific case with a PV ratio of 100% and a
panel tilt angle of 25◦ (the optimum tilt in this case). This representative
example illustrates a trend observed in all configurations, as depicted in
Fig. 9. The auxiliary energy consumption of the CSP plant has been
normalized for each hour of the year, dividing the energy consumed in
each hour by the total annual consumption. This analysis provides a
picture of the temporal distribution of self-consumption in the CSP plant
for different TES capacities. During sunlight hours, between 8:00 and
16:00, the SSR reaches 100% in all three configurations, indicating
complete self-consumption during these periods. However, outside of
this interval, the SSR starts to decrease and is null during night hours.

The distribution of energy among the three configurations shows that
the plant with a 4 h TES system concentrates most self-consumption
during sunlight hours due to its limited storage capacity. As the TES
capacity increases, nightime consumption increases and the relative

Fig. 6. Flowchart of ASDELSOL tool.

Table 6
Variables in the sensitivity analysis.

Variable Range Step

PV ratio (%) [0− 200] 10
PV tilt (◦) [0–40] 5
Electrical heater size (%) [20− 100] 20
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weight of daytime consumption decreases. Combining both factors,
concentrating energy self-consumption during hours with higher SSR
increases the plant’s annual SSR, as observed in the 4-h TES configu-
ration. Conversely, if the CSP plant self-consumption is more evenly

spread in time, the annual SSR decreases.
To determine the optimal configuration for each plant, we are

calculating the Pareto frontiers between CF and LCOE (Fig. 11) and SSR
and LCOE (Fig. 12). The Pareto frontier, a concept originating from

Fig. 7. Capacity Factor for the different hybrid CSP/PV configurations in scenario (a).

Fig. 8. LCOE for the different hybrid CSP/PV configurations in scenario (a).

Fig. 9. Self-Supply Ratio for the different hybrid CSP/PV configurations in scenario (a).
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multi-objective optimization, represents the trade-offs between con-
flicting objectives, aiming to maximize one without sacrificing the other.
For the three plants under study, we find that the Pareto frontier be-
tween CF and LCOE is formed by points corresponding to a PV tilt of 25◦.
This specific tilt angle is identified as maximizing annual PV production.
Furthermore, given that all PV energy can be efficiently integrated into
the grid in this scenario, the optimal CF configuration is achieved at
these values. In terms of SSR, the optimal configuration for all plants is
attained with a PV ratio of 200% and a tilt ranging from 0◦ to 25◦. This
preference is attributed to the ability to satisfy higher levels of self-
consumption with increasing PV ratio. Additionally, since all surplus
PV energy can be seamlessly exported to the grid, enlarging the PV plant

size does not adversely affect the LCOE.
In the Fig. 11, it can be observed that for the same PV ratio level

(200%), the 15 h TES achieves a higher capacity factor (CF) due to
nighttime generation, compared to the 4 h and 7.5 h TES configurations.
However, this results in lower solar share ratio (SSR) for these config-
urations, as the nighttime generation cannot be covered by PV, as shown
in the Fig. 12.

4.2. PV discharge limited to CSP nominal power. Scenarios (b) and (d)

In scenario (b), it can be observed that in the 3 analyzed configura-
tions of Fig. 13, as the PV ratio increases the CF increases rapidly up to
PV ratios of 20%, and then continues to rise, albeit with a smoother
growth.

This is because the PV plant’s ability to inject a certain quantity of
electricity into the grid is constrained. A certain quantity of PV energy
cannot be used when we increase the PV ratio, which penalizes the CF.
Even if the PV plant’s size has grown, not all the energy generated can be
used to its full potential.

Regarding the LCOE, as shown in Fig. 14, the three configurations
show that a minimum is reached for a specified PV ratio (130% for 4 h
TES with tilt 25◦, 80% for 7.5 h TES with tilt 25◦ and 90% for 15 h TES
with tilt 25◦). From these points, growing the PV plant’s size starts to
have less effect on the hybrid plant’s overall output. With a limitation on
grid injection for the hybrid plant, where the limitation lies in the PV
plant, it makes sense that as the impact of As the PV on the total energy
injected into the grid increases, the optimal size of the PV plant is found
in larger plants. This occurs with low storage sizes, which inject less
energy into the grid than plants with large storage capacities, allowing
more room for injection by the PV plants. Therefore, as the size of the
TES increases, the optimum is reached at lower PV ratios. The change in
trend in the TES 15 h configuration is because, with large storage ca-
pacities, offline auxiliary consumption decrease as the plant operates
more hours throughout the year. This reduces the need to purchase
energy from the grid, impacting the LCOE by reducing expenses.
Consequently, it becomes possible to increase the size of the PV plant
without such a drastic impact on the LCOE, while also increasing the
injection of PV energy into the grid.

The SSR maintains the same behavior as in scenario (a), reaching a
constant value again from a PV ratio around 50%, as can be observed in
Fig. 15.

Once the configurations for scenario (b) have been examined, we
analyze the possibility of utilizing the unused PV energy to produce heat
by introducing an electrical heater (scenario (d)). In this scenario, we
have a new variable to analyze besides the PV ratio and tilt: the electrical

Fig. 10. Annual Distribution of auxiliary consumption from CSP and SSR for a hybrid plant with PV ratio = 100%.

Fig. 11. Pareto Frontiers CF-LCOE scenario (a).

Fig. 12. Pareto Frontiers SSR-LCOE scenario (a).
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heater’s size. To achieve a more comprehensive understanding of the
influence of various parameters on plant behavior and outcomes, heat-
maps illustrating the correlation between electrical heater size and the

PV ratio, along with the optimal tilt inclination of the PV panel in this
scenario, are presented in Fig. 16, Fig. 17 and Fig. 18. In Fig. 16, we can
observe the evolution of the CF in this scenario, which follows the same

Fig. 13. Capacity Factor for the different hybrid CSP/PV configurations in scenario (b).

Fig. 14. LCOE for the different hybrid CSP/PV configurations in scenario (b).

Fig. 15. Self-Supply Ratio for the different hybrid CSP/PV configurations in scenario (b).
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trend as in scenario (b) with slightly higher values than the latter due to
the effect of the use of an electrical heater.

The inclusion of an electrical heater in the system alters the optimal
configuration that minimizes the LCOE for the three analyzed plants, as
we can see in Fig. 17. Table 7 presents the optimal configurations for
LCOE for the three plant configurations analyzed.

The addition of an electrical heater of the same power (80% of the PV
field) results in a small reduction of the LCOE for all the TES capacities

analyzed with respect to scenario (b) and an increase of the optimal PV
ratio, except for TES 4 h. The optimal PV ratio increases more in plants
with larger TES sizes (0% to TES 4 h, 25% to TES 7.5 h and 66.6% to TES
15 h). This is because the PV field’s excess energy can be efficiently used
by the electrical heater in this design because it has a bigger thermal
storage capacity, enabling larger PV plant sizes. When we calculate the
ratio between the surplus PV energy from the field and the energy
consumed by the electrical heaters, the configuration with a 4-h storage

Fig. 16. Capacity Factor for the different hybrid CSP/PV configurations in scenario (d).

Fig. 17. LCOE for the different hybrid CSP/PV configurations in scenario (d).

Fig. 18. Self-Supply Ratio for the different hybrid CSP/PV configurations in scenario (d).
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capacity has a value of 82%, the 7.5-h TES configuration has a value of
84%, and the 15-h TES configuration has a value of 93%. This proves
how larger TES size combinations make better use of excess PV energy.

With respect to SSR in this scenario, the behavior differs, as we can
see in Fig. 18. It is observed that as the size of the electrical heater in-
creases, increasing the PV ratio reduces the SSR. This is because the use
of the electrical heater increases the thermal energy stored in the tanks,
thereby increasing the CSP plant’s production and consequently, its
level of parasitic consumption, with the most significant increase
occurring in nighttime self-consumption that the PV plant cannot cover.

4.3. PV only for CSP self-consumption. Scenario (c)

For this scenario (c), Fig. 19 shows that in the three analyzed con-
figurations, the CF does not increase for PV ratio greater than 20%. This
is attributed to the inability to inject PV-generated energy into the grid
in this scenario. Consequently, increasing the size of the PV field does
not lead to an increase in electricity production beyond the savings
achieved by the CSP plant due to reduced parasitic.

Regarding the LCOE, as shown in the Fig. 20, a minimum value has
been reached for a PV ratio of 20% and a tilt of 15◦ in all the cases
analyzed, followed by a sharp increase. This is because with low in-
clinations of PV panels, we obtain more production in the summer
months and less in the winter months compared to the inclination of the
panels that maximizes annual PV production, which in the case of Seville
is 25◦. In this scenario, where PV energy cannot be used to inject into the
grid but only to cover self-consumption, the optimal configuration is the
one that maximizes the utilization of energy to cover the plant’s CSP
self-consumption throughout the year. This optimal configuration is
found at tilts lower than the one that maximizes annual PV production.
To better understand this concept, we simulate a single day in the
summer period and a single day in the winter period for TES 7.5 h, PV
ratio 20% and tilt 15◦ and 25◦.

Annually, the PV plant with a tilt of 25◦ produces 20.36 GWh, of
which 13.64 GWh are used to satisfy CSP self-consumption, while the
plant with a tilt of 15◦ produces 20.07 GWh and utilizes 13.69 GWh. In

Fig. 21, which represents the power of CSP self-consumption, PV pro-
duction for both tilts, and the PV power used to cover CSP self-
consumption for both tilts, it is observed that for a summer day, a tilt
of 15◦ is capable of covering a higher percentage of self-consumption,
whereas on a winter day, the effect is the opposite, as seen in Fig. 22.
Annually, this difference leans towards a lower tilt than the optimum, as
already discussed with the annual data of the plant.

Regarding the SSR, a behavior analogous to previous cases is
observed in Fig. 23, with higher values being evident for low in-
clinations of PV panels.

4.4. Economic sensitivity analysis

To evaluate how these cost changes affect the economic viability of
the hybrid plant, we have focused on one of the possible operational
scenarios, scenario (c). This analysis allows us to extrapolate the trend of
the results to other operational scenarios based on the size of the PV
plant introduced, thereby influencing the reduction of LCOE. By
focusing on scenario (c), we can evaluate how different price scenarios
affect the hybrid plant’s ability to reduce costs and improve efficiency
without relying on the ability to inject energy into the grid, using it
solely to cover the self-consumption of the CSP plant. Fig. 24, Fig. 25 and
Fig. 26 show the evolution of LCOE for different scenarios varying the
PV ratio for a PV panel tilt of 25◦.

All scenarios show improvements in LCOE for all configurations
analyzed, with these improvements being more pronounced in the
Advanced scenario where PV costs are lower. It can be observed that for
the lowest cost scenario (Advanced 2050), as we increase the TES
(thermal energy storage), increasing the PV ratio from the optimum
reached in the original scenario (20%), the increase in LCOE becomes
less pronounced, shifting the optimum to 15 h TES, changing from 20%
to 30%. This is due to the low costs and the fact that the level of self-
consumption is higher in the plant with larger TES capacity, thereby
increasing the PV energy allocated to this purpose.

Table 7
LCOE optimal configurations for three hybrid CSP/PV plants analyzed in scenario (d).

CSP plant Scenario (b) Scenario (d)

PV Ratio (%) Tilt (◦) LCOE (€/kWh) CF (%) PV Ratio (%) Tilt (◦) LCOE (€/kWh) CF (%) Electrical Heater Size (%)

TES 4 h 130 25 0.1910 35.77 130 25 0.1866 38.44 80
TES 7.5 h 80 25 0.1874 39.77 100 25 0.1873 43.33 80
TES 15 h 90 25 0.2038 47.73 150 25 0.1997 56.13 80

Fig. 19. Capacity Factor for the different hybrid CSP/PV configurations in scenario (c).
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5. Summary and conclusions

This study presents the development of a simulation tool using
Modelica and OpenModelica to analyze and optimize the performance of
CSP/PV hybrid plants and its application to the analysis of retrofitting
CSP plants with a PV field for different cases and scenarios. The results
offer valuable insights into the interplay between different configura-
tions of CSP and PV plants and the influence of key variables, such as PV
ratio and TES size, on the hybrid plant’s overall performance.

In scenario (a), increasing the PV ratio leads to reductions in both CF
and LCOE due to the ability to export energy from the PV field, which
has a lower cost compared to CSP. Regarding the SSR, the presence of
smaller TES allows for higher SSR values due to the reduced nighttime
production from the CSP field, concentrating production during daylight
hours when the PV field can meet the self-consumption needs of the CSP
field. For PV ratio values greater than 50%, the SSR tends to stabilize.

In scenario (b), the LCOE reaches its minimum at a specific PV ratio
(130% for 4 h TES and PV tilt 25◦, 80% for 7.5 h TES and PV tilt 25◦ and
90% for 15 h TES and PV tilt 25◦). This is because, as we increase the
TES, the CSP plant’s ability to export to the grid becomes greater,

reducing the PV plant’s export capacity, thus reaching optimum con-
figurations at smaller sizes. The introduction of an electrical heater re-
duces the LCOE by increasing the TES capacity through the utilization of
PV energy that could not be exported to the grid, thereby increasing the
CF. The impact of the electrical heater becomes more significant as the
TES size increases, allowing a greater amount of energy to be directed
from the PV field to the electrical heater. For a TES 4 h, the optimal PV
ratio does not change; for a TES 7.5 h, it increases by 25%; and for a TES
15 h, it increases by 66.66%.

In scenario (c), we observe that the LCOE reaches its minimum value
for a PV ratio of 20% and a PV tilt 20◦. The reduction in the tilt of the PV
panels in this configuration compared to the one that maximizes annual
production, where only PV energy is used to meet CSP self-consumption,
is because during summer days, a lower tilt than the one maximizing
annual production can satisfy higher CSP self-consumption, with the
opposite occurring on winter days. By computing annually, more CSP
self-consumption can be satisfied with a lower tilt than the optimal for
annual production. The cost sensitivity analysis reveals that a reduction
in PV plant costs can yield more favorable techno-economic outcomes,
potentially altering the optimal economic configurations. This

Fig. 20. LCOE for the different hybrid CSP/PV configurations in scenario (c).

Fig. 21. CSP auxiliary consumption from a summer day to TES 7.5 h and PV ratio 20%.
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Fig. 22. CSP auxiliary consumption from a winter day to TES 7.5 h and PV ratio 20%.

Fig. 23. SelfSupply Ratio for the different hybrid CSP/PV configurations in scenario (c).

Fig. 24. Economic scenarios for 4 h TES.
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underscores the significant sensitivity of these studies to equipment
costs.

In conclusion, retrofitting CSP plants with photovoltaic systems to
cover self-consumption is a feasible and effective approach to reduce the
LCOE compared to standalone CSP plants, provided a proper balance
between the size of the photovoltaic plant and the thermal storage ca-
pacity is achieved. This enhances the competitiveness of such plants.
Hybridizing CSP/PV has the advantage of utilizing the same resource for
both plants, making the results obtained from retrofitting CSP plants
with PV in this location applicable to other sites with existing CSP plants
and high solar resources. The use of simulation tools, such as the one
developed in this study, allows for the exploration of different config-
urations and scenarios to optimize the performance and economic
viability of hybrid CSP/PV plants based on the specific conditions of
each location.
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