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Abstract: This study compares the levelized cost of energy (LCOE) of parabolic trough
solar power plants using thermal oil or two different molten salt mixtures located at
three different sites and with different thermal storage capacities. The necessity of using
appropriate model approaches for the temperatures along a loop of the solar field is
discussed, as well as the utilization of heat from thermal storage for freeze protection of
the molten salt plants. The ternary salt mixture with a lower temperature limit of 170 °C
and an upper temperature limit of 500 °C shows the lowest LCOE for all sites and almost
all investigated storage capacities. Molten salts as heat transfer fluids are particularly
favorable for sites with high irradiation and plants with large storage capacities of more
than six full load hours.

Keywords: parabolic trough; molten salt; levelized cost of energy; freeze protection

1. Introduction

Parabolic trough solar thermal power plants collect solar energy by using large collec-
tors which consist of parabolic-shaped mirrors concentrating the incoming direct irradiation
from the sun onto a linear receiver which is located in the focal line of the parabola. These
receivers convert the concentrated radiation into thermal energy. A heat transfer fluid (HTF)
is pumped through them to transport the heat from the solar field to the power block, where
it is used to generate electricity. Almost all existing commercial plants are using Rankine
cycle power blocks, with steam generators heated by the HTE. Most of today’s parabolic
trough power plants are using thermal oil as HTF, which limits the maximum operating
temperature to 400 °C due to the thermal stability of this oil. Many of these plants have a
two-tank molten salt storage to provide dispatchability, and the storage medium is typically
Solar Salt, a mixture of KNO3-NaNOj; (40-60 wt%). This storage fluid can be used up to
565° or even at higher temperatures. Kearney et al. [1] were some of the first to proposed
the use of Solar Salt also as a heat transfer medium in the solar field in order to make use of
the full temperature potential of the storage medium, omit oil/salt heat exchangers, and
use power blocks with higher live steam conditions and thus higher efficiencies.

In opposition to these clear advantages, molten salts show increased melting temper-
atures, which complicates the operation of large distributed piping networks like those
in parabolic trough solar fields, since solidification must be avoided under any circum-
stances and freeze protection becomes an important issue. The first demonstration and
pilot plants have been built, e.g., the Archimede plant [2] in Sicily and the Evora Molten Salt
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Platform [3,4] in Portugal. In China, a 50 MW commercial power plant has been operating
since 2020 [5].

Several studies have dealt with the advantage of parabolic trough plants using molten
salt as HTF and storage medium. Many of these studies consider Solar Salt, e.g., [1,6-8],
since this HTF has been used in solar tower plants and, therefore, the physical properties
are well investigated. Solar Salt freezes at about 220-240 °C and thus requires additional
effort for freeze protection.

Other salt mixtures show lower melting temperatures, but often their upper temper-
ature limit is also lower. Giaconia et al. [9] have considered different synthetic oils and
different molten salt mixtures, including the ternary salt (Ca(NO3);-KNO3-NaNOj3, 42-43—
15 wt.%, commercial names: Hitec XL or YaraMOST) and have found that this mixture
shows a lower levelized cost of energy (LCOE) compared to synthetic oil and Solar Salt.
Their study was made for a site in Italy, and the temperature range of the ternary salt was
limited to 250-425 °C. The lower limit was set by the authors due to increasing viscosity
for this HTF at lower temperatures, while the upper limit was set due to stability reasons.

Delise et al. [10] considered Hitec XL as HTF and storage medium in a study simulating
a 50 MW CST plant with 7.5 h of TES in Sicily. They showed that this HTF can provide
lower LCOE compared to plants using Solar Salt or thermal oil as HTF, although they have
limited the temperature range for Hitec XL to 250-450 °C. They did not consider different
storage capacities or different sites.

Starke et al. [11] compared several high-temperature molten salts, optimized the plant
configuration, and considered increased costs for corrosive salt mixtures for a site in Chile.
They reported an optimal field outlet temperature of about 520 °C for molten salt parabolic
trough plants.

Gallardo et al. [12] published a paper comparing Solar Salt and Hitec XL salt for a site
in Portugal and found an increased net electrical output of about 50% for Hitec XL. They
only considered a TES capacity of 7.5 h.

Fahir et al. [13] investigated nine different HTFs (only four of them with maximal
operating temperatures of 400 °C or above) in a 50 MW CST plant using Linear Fresnel
collectors for several sites, all of them in Pakistan.

Kannaiyan and Bokde [14] compared the performance of parabolic trough collector
fields using VP1, Solar Salt, and water as HTFs. Their focus was on operational control,
and they did not compute annual performance.

Many recent studies consider PV-CSP hybrid solar power plants, e.g., [15-17], which
promise lower LCOE compared to standalone concentrating solar thermal (CST) plants;
but for these hybrid plants, the LCOE is a kind of blended value. This paper is focused on
the CST plants. Some of the studies on hybrid plants consider supercritical CO, power
cycles instead of Rankine cycles [18-20], which may offer additional cost benefits, but they
are not state-of-the-art technology today.

The goal of this study is to investigate the impact of different storage capacities,
different solar resources, and different latitudes on LCOE of solar thermal power plants
using three different HTFs: thermal oil (commercial name: VP1), Solar Salt, and a ternary
salt (commercial name: YaraMOST). This study is based on annual performance calculations
of parabolic trough plants with a fixed power block size of 160 MW gross electrical output.
Thermal storage capacity varied from 6 to 18 full load hours, and the solar field sizes
offering the lowest LCOE for each site, TES sizes, and HTFs were retrieved. The overall
goal is to find out which of these HTFs would be most suitable for which site and TES
size. Furthermore, the importance of considering suitable modeling approaches for the
representative solar field temperature and freeze protection is discussed.
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2. Methodology
2.1. Software Tool

The software tool greenius has been used in this study for the techno-economic
evaluation of parabolic trough plants using VP1, Solar Salt, and YaraMOST at different
sites and with different storage capacities. This software tool is developed for several
years at DLR and it is available for free from [21]. On this website, detailed information is
given about the software. For the current study, greenius was modified in order to simulate
freeze protection using primarily heat from the thermal storage system and minimize freeze
protection from auxiliary heaters, which may be fired with natural gas or a green fuel. Using
storage heat should be the preferred freeze protection mode, since using natural gas would
considerably increase the CO, emissions of the CST plant and using a green fuel would
be more expensive. Freeze protection by electrical heating would also be more expensive
for most sites. This can be illustrated by a simple calculation, assuming a net efficiency of
38% for the conversion of heat to electricity and a LCOE of 0.12 EUR/kWh. With these
assumptions, the heat stored in the molten salt tanks would be worth 0.046 EUR/kWh,
which is considerably cheaper than electricity and also cheaper than green fuels.

The software tool greenius offers two different simulation approaches for parabolic
trough solar fields: a simple model using the arithmetic mean temperature between solar
field inlet and outlet temperatures for heat loss calculations, and an advanced model using a
spatial discretization of the representative loop with local temperatures and individual heat
loss calculation for each section. The advanced model was originally developed to simulate
direct steam generation in parabolic trough fields, but can also be used for single-phase
fluids. During our study, we found that the simple model, using just the arithmetic mean
temperature, would underestimate the thermal losses and thus overestimate the net heat
output of the solar field considerably for the molten salt configurations.

Figure 1 shows the extend of heat loss underestimation for the three HTFs considered
here. The heat losses in the absorber tubes (also called heat-collecting elements, HCE)
are highly nonlinear depending on the absorber temperature. Thus, higher temperatures
and larger temperature spreads between the inlet and outlet of the solar field amplify this
effect. The graph was generated using 12 elements along one loop, the same discretization
as used in greenius. Using 40 elements instead only changed the results by less than
0.4%; therefore, the annual yield simulations were performed with 12 elements in order to
limit the computation time. The highest deviation between the simple and the spatially
discretized model in heat loss calculation is observed for Solar Salt, while for VP1, the
error is much lower. For the design irradiation of 850 W/m?, the ratios are 1.18 (Solar Salt),
1.10 (YaraMOST), and 1.03 (VP1). Furthermore, the relative error increases with lower
irradiation (lower thermal input) for the molten salts, while it is almost independent from
the irradiation for VP1.

This effect can be explained by the increasing impact of the heat losses compared to
the incoming heat and the changing temperature profile along the loop for lower irradiance
(Figure 2). The higher the overall operating temperature (e.g., with Solar Salt), the more
pronounced this effect. The impact of these differences in heat loss calculation on the
annual yield and LCOE is discussed in Section 3.
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Figure 1. Relative heat losses of a single loop calculated using spatially discretized temperatures
divided by the heat loses calculated using the arithmetic mean temperature for different heat trans-
fer fluids.
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Figure 2. Calculated temperature profile along the loop for a plant using Solar Salt for different direct
normal irradiance (DNI) values, compared to a linear temperature profile.

2.2. Plant Design

For the different HTFs, the power plants’ principle layouts are different. While CST
plants using thermal oil as HTF need heat exchangers between the storage tanks and the
oil cycle, plants using molten salts are simpler and do not need this heat exchanger. During
their normal operation mode, HTF is drawn from the cold salt tank, pumped through
the solar field, heated up to the nominal outlet temperature, and stored in the hot tank.
The schematic drawings in Figure 3 are simplified in the sense that they do not show all
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interconnecting and bypass pipes necessary in the power plants for start-up and freeze
protection operation.
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Figure 3. (a) Scheme of the parabolic trough plant using thermal oil as HTF; (b) scheme of the plant
using molten salt as HTF. (red lines: VP1, green lines molten salt, blue lines: water/steam).

For all plants the same type of parabolic trough collector has been assumed: the
Heliotrough collector developed by TSK Flagsol [22]. This is a large aperture collector with
193m length and 6.77 m of aperture width. For the solar field layout, designers have several
degrees of freedom: the number of collectors forming a loop can be varied and the HCE or
absorber tube diameters can be adapted (see Section 2.3 for more details). Pressure loss
over each loop must also be considered in order to keep the required pumping power and
the maximum pressure in the solar field within a reasonable range. Preliminary design
calculations have been made and, as a result, the thermal oil plants are simulated assuming
89 mm HCEs and 4 collectors per loop, while the molten salt plants have 80 mm HCEs and
6 collectors per loop. More design details are given in Table 1.

It has been assumed that the plants are operating in solar driven mode, which means
that they start in the morning after sunrise. The solar field is heated up and the power
block starts as soon as the solar field delivers sufficient heat. When the power block runs
at full load, the excess heat produced by the solar field is stored in the molten salt tanks
and used to run the power block after sunset with full load. When the storage is empty,
the power block is shut down and the cycle starts again the next morning. After sunset,
the solar field is assumed to run in recirculation mode and cools down. The temperature
does not fall immediately, but, due to the large thermal inertia of the system, there is a
kind of exponential temperature decay. Once the calculated solar field temperature reaches
the freeze protection temperature, external heat is supplied to keep the system above this
temperature limit.

For the molten salt plants, a certain amount of heat is kept in the thermal storage to
facilitate freeze protection. The total amount of heat needed for the next night is calculated
in a preprocessing model run. This heat, required for freeze protection during the following
night, cannot be used for electricity production, but will be reserved for this purpose.

Extended forecasting might be used in order to increase freeze protection from storage
for longer periods with low irradiation, but this was not considered here. The expected
impact of this measure is small, since freeze protection using external heat is typically
required after days with poor irradiation. Freeze protection from external heat is modeled
by calculating the heat required to keep the solar field outlet temperature above the freeze
protection temperature. This amount of heat is used to calculate the natural gas demand
(using a heater efficiency 90%) and finally to calculate operating costs for the gas demand.
Additional electrical freeze protection was not considered in the model.



Energies 2025, 18, 326

60f 14

Table 1. Major design parameters of the three different parabolic trough plants (SF: solar field).

Parameter VP1 Plant YaraMOST Plant Solar Salt Plant Unit
Collector net aperture area 1283 m?
Collector aperture width 6.77 m
Collector length 193 m
HCE diameter (outer) 89 80 80 mm
No. of collectors per loop 4 6 6 -
Mean cleanliness 97 Y%
Row distance 21 m
Optical peak efficiency 81.6 81.2 81.2 Y%
Nom. SF inlet temperature 298 300 300 °C
Nom. SF outlet temperature 393 500 565 °C
Nom. Field pressure drop 12 14 18 bar
Spec. heat losses of field piping 0.0163 0.0165 0.0167 (n\glé)
Minimum temperature 60 170 270 °C
Availability 99 %
Power block gross output 160 MW
Nominal power block efficiency 39.0 44.0 46.5 %
Condenser type ACC
Storage medium Solar Salt YaraMOST Solar Salt
Storage heat losses 1.0 1.3 1.5 %/day

Molten salt physical properties and temperature limits have been taken from Bonk [23].
Solar field size, determined by the number of parallel loops, has been optimized for each
site, storage capacity, and HTF by searching for the configuration which gives the lowest
LCOE in each individual case. This was performed using a systematic parameter variation.

2.3. Absorber Diameter and Heat Losses

Absorber heat losses are the most important loss mechanism for these plants, and
design measures can be taken to minimize these heat losses. Higher concentration ratios
can be used to minimize HCE heat losses, and they may be reached by using smaller HCE
diameters for a collector with given aperture width. Riffelmann [24] published a study
considering different HCE diameters for the Ultimate Trough collector, and he showed
that the smaller HCE might offer advantages for molten salt trough fields. There is a
trade-off between maximizing the intercept factor and minimizing thermal losses. A larger
HCE diameter would increase the intercept factor (which has an impact on optical design
efficiency), but would also increase heat losses of the HCE, while a smaller diameter
decreases both parameters.

Heat loss measurements or publications from manufacturers of HCEs with different
diameters and for the required temperature ranges are rarely available. NREL [25] has
published measurements for Schott PTR70 Receivers, and the authors of this study have
undisclosed measurements and approximations for 2 other HCEs with 70 mm outer diame-
ter. Heat losses are proportional to the absorber surface; thus, they can approximately be
scaled using the ratio of absorber tube diameters. NREL has measured PTR70 heat losses
up to 509 °C, although this specific receiver was not made for long term utilization at such
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high temperatures. The other HCEs shown in Figure 4 are explicitly designed for molten
salt plants. In this study, the heat loss correlation for the receiver called “Molten salt HCE
2” was used. It shows the highest heat losses of the three HCE types in Figure 4, but gives
reasonable values for temperatures below 250°, in contrast to “Molten salt HCE 1”.

—+—PTR 70 scaled

—e—Molten salt HCE 1

Molten salt HCE 2

100 200 300 400 500 600
HCE temperature [°C]

Figure 4. HCE heat losses from different sources scaled to a 80 mm diameter receiver. For molten
salt, HCE 2 is used in this study due to conservative assumptions and consistent heat losses at
lower temperatures.

Calculations have shown that 80 mm HCEs offer reduced heat losses compared to
89 mm HCEs by approximately 10% for Solar Salt, while the optical efficiency is only
reduced by less than 1%. This leads to an overall efficiency increase of about 1.6 percent
points for the Solar Salt system with 80 mm HCEs, while the overall efficiency of the
VP1 system is almost unaffected. Therefore, the simulations were performed assuming
Heliotrough collectors with 89 mm HCEs for the VP1 systems and with 80 mm HCE:s for
the molten salt systems.

2.4. Characterization of the Different Sites

It is well known that solar resource (DNI) and site latitude have a considerable impact
on design, annual yield, and LCOE of CST power plants. Therefore, 3 different sites have
been considered in this study: Ouarzazate (Morocco), representing a north African site
with good solar conditions; Saih Al-Dahal (Dubai), representing a site with lower solar
resource, but closer to the equator; and Murcia (Spain), with almost the same solar resource
as Saih Al-Dahal, but located in southern Europe. The first two locations are known as sites
hosting large CST plants, and the third site was chosen to investigate the impact of latitude.

Table 2 shows those parameters which are of importance for the annual performance
of CST plants. Global horizontal irradiance (GHI) is also shown, although CST plants can
only use DNIL
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Table 2. Parameters characterizing the 3 sites considered in this study.

Site Ouarzazate Saih Al-Dahal Murcia Unit
Parameter Morocco Dubai Spain
Latitude 30.9 24.8 38.0 °N
Annual DNI 2518 2026 2020 kWh/m?
Mean temperature 18.8 28.4 18.8 °C
Min/max temperature —0.3/38.9 9.6/47.3 0.5/40.7 °C

2.5. System Costs

For the economic comparison of different plants and sites, component costs and other
financial conditions must be known in order to calculate LCOE according to the following

formula:
tges Annual Running Costs,

t=1 (1+1)!
Ztges Annual Electrical Yield; x (1—d)"™!
t=1 (147)

Total Investment Costs+)_

LCOE = , (1)

where 7 is the interest rate, t is the year within the period of use (1, 2, ... tgs), tees is the
system life time in years, and d is the yearly degradation rate.

Cost assumptions (see Table 3) have been taken from the internal cost database at
the DLR Institute of Solar Research. This database uses publicly available information
as well as non-disclosed information from industry partners to come to reasonable cost
assumptions. Specific costs for thermal storage systems have been calculated based on
detailed information gained from [26]. Specific solar field costs of the molten salt plants are
assumed to be 10% above the cost for the VP1 solar field. They need no heat exchangers
between the oil and molten salt cycles and no HTF ullage system, but the higher outlet
temperatures require higher grade steel specimens for the piping, which are more expensive.
Similar considerations were made for power block costs.

Table 3. Cost assumptions and financial parameters (operation and maintenance: O&M; erection,
procurement, commissioning: EPC).

Component Unit VP1Plant YaraMost Plant Solar Salt Plant
Solar field cost €/m? 205 225 225
Power block cost €/kW, 1000 1100 1100
TES cost €/kWhy, 47 24 19
Land cost €/m? 1.0
Surcharge for EPC, etc. % 20
Interest rate %/a 6.0
Lifetime a 25
Annual degradation Yo 0.4
Annual O&M costs % 2
Fuel costs €/kWhy, 0.06
Annual insurance costs Y% 0.7

It should be mentioned that these cost assumptions are based on pre-COVID-19 data,
and costs have considerably increased since then. On the other hand, almost no new
projects have been published and available data are rare. The goal of this study was rather a
comparison between different HTFs, and therefore the cost assumptions were not changed.
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Multiplying all component costs with the same inflation factor would increase LCOE, but
would not change the overall outcome of the study.

3. Results

Figure 5 shows the results of the simulation study for all sites, HTFs, and storage
capacities. The lowest LCOE values are reached for the site in Morocco, which offers
the highest solar resource. This is an expected result, since DNI is known as the most
important parameter for LCOE of CST systems. This figure also shows the considerable
impact of latitude, since the LCOE for Dubai are lower than those for Spain, although
both sites have almost the same annual sum of DNI. This can be explained by the lower
seasonality effects of sites closer to the equator. The installed equipment is utilized better
throughout the year. Plants using YaraMOST show the lowest LCOE for all sites and almost
all considered storage capacities. Only for 6 h of TES capacity at the sites in Spain and
Dubai, VP1 reach the same LCOE, and, for 18 h, TES capacity in Morocco Solar Salt is
equivalent to YaraMOST.
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Figure 5. Results showing the least LCOE configurations for each site, HTF, and storage capacity.

Molten salt plants tend to have lower LCOE compared to thermal oil plants, particu-
larly for large storage capacities and high annual DNI. For small storage capacities of about
6 h, the thermal oil plants can reach the same or even lower LCOE as molten salt plants.
For the Dubai site, the break-even point between VP1 and Solar Salt is at about 12 h of
storage capacity, for Morocco at about 7 h, and for Dubai, about 14 h. The LCOE advantage
of YaraMOST over Solar Salt is more pronounced for sites with lower annual DNI.

In Figure 6, LCOE is plotted versus capacity factor for each system, site, and thermal
storage (TES) capacity. Each marker on the lines represents a certain storage capacity, from
left to right: 6, 8, 10, 12, 15, and 18 h. From this plot, it becomes obvious that the molten salt
plants need larger storage capacities to reach the same annual net electrical output for the
same site. The results for Dubai show that a capacity factor (CF) of 0.7 (since the nominal
power block size is identical for all plants, the same CF means also identical annual net
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output) will be reached for the VP 1 system with 12 h TES capacity, while the Solar Salt
systems need approximately 16 h and the YaraMOST plant needs about 13.5 h. In general,
Figure 6 shows that the storage capacity should be about 1.5 to 3 h larger for molten salt
systems to reach the same CF as VP1 systems at the same site. Our first hypothesis was
that this is due to the additional heat required for freeze protection, which must be stored
in the tanks and cannot be used for electricity production. But deeper analysis showed that
freeze protection heat drawn from TES for one night for the molten salt systems is small
compared to the thermal energy needed for 3 h of nominal power block (PB) operation
(about 280 MWh for one night of freeze protection compared to 1033 MWh for 3 h of
nominal PB operation). Therefore, this is only one part of the explanation. The plants using
VP1 show larger solar fields compared to the plants using molten salts at the same site,
and therefore they reach higher annual heat output, leading to higher annual electricity
production. Due to higher TES costs, for VP1 plants, the optimal solar field size shifted
toward larger fields.
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Figure 6. Results showing the LCOE versus the capacity factor for the lowest cost configurations.

From Figures 5 and 6, it is also obvious that increasing the storage capacity beyond
15 h will not lead to lower LCOE, since the additional capacity will not be used often during
the typical operating year. The only exception is the plant using Solar Salt at Dubai, which
shows the lowest LCOE for a TES capacity of 18 h.

Table 4 shows important results for all plants with 12 h of storage capacity. The plants
at the Spanish site show about 30% larger solar fields compared to the plants located in
Morocco, which is due to the lower annual DNI resource. The plants located in Dubai
have about 50% larger solar fields compared to their pendants in Morocco. Due to the
lower seasonal variability in Dubai, this additional mirror area pays off and leads to very
high capacity factors. This larger solar field size for the plats at Dubai is also expressed
by larger solar multiples, although all plants shown in Table 4 have the same power block
size and the same TES capacity (equivalent to 12 full load hours). Table 4 shows that freeze
protection is zero for the VP1 plants and very low for YaraMOST plants, while for Solar
Salt plants, it is equivalent to about 5-8% of the annual heat produced by the solar field. A
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considerable fraction (37-72%) of this freeze protection must be performed with external
heat from natural gas or other energy carriers. Including a forecast for this freeze protection
heat for several days could reduce this fraction of auxiliary heat.

Table 4. Detailed result comparison for the least LCOE plants with 12 h storage capacity (freeze
protection: FP).

HTF VP1 YaraMOST Solar Salt Unit

Site Morocco Dubai  Spain  Morocco Dubai  Spain  Morocco Dubai  Spain
Annual DNI 2518 2026 2020 2518 2026 2020 2518 2026 2020 kWh/m?
Aperture area 1.768 2.678 2.273 1.515 2.273 1.970 1.439 2.273 1.970 km?
Solar multiple 2.74 4.15 3.52 2.57 3.86 3.34 2.52 3.98 3.45 -
Annual heat production 2221 2708 2042 1798 2148 1616 1620 1964 1462 GWh
FP heat from TES 0 0 0 0 0 0.1 514 28.8 67.7 GWh
FP heat from aux. firing 0 0 0 1.1 0 22 30.1 74.1 53.7 GWh

Net electricity production

767.6 929.3 702.7 707.3 837.5 631.9 651.9 797.1 575.2 GWh

LCOE

0.124 0.128 0.155 0.111 0.120 0.145 0.115 0.128 0.160 €/kWh

Capacity factor 58.4 70.7 53.5 53.8 63.7 48.1 49.6 60.7 43.8 -
Solar field efficiency 49.9 49.9 445 47.1 46.6 40.6 44.7 42.6 36.7 %
Net electricity /annual heat production 34.6 34.3 34.4 39.3 39.0 39.1 40.2 40.6 39.3 %

As mentioned in Section 2.1, using the arithmetic mean temperature between the inlet
and outlet for the solar field simulation would lead to an underestimation of heat losses.
The least LCOE plant configurations shown in Table 3 have been used to calculate the
annual net electrical output of these plants using the simple solar field model in greenius
with the arithmetic mean temperature approach. The result was that this leads to an
overestimation of net electrical yield of about 1-3% for VP1, 6-10% for YaraMOST, and
11-16% for Solar Salt. Since all other parameters are kept the same for each site and HTF,
the LCOE will be underestimated by the same ratio. The highest deviations were observed
for the Spanish plants, which are operated more often in lower part load operation hours,
which is expressed by their low capacity factors.

In Figure 7, the simulation results for 2 days in April for the plants using Solar Salt,
12 h of TES, and located in Morocco are plotted. The purple line represents the direct
irradiation on the collectors, and the green line represents the usable heat delivered by
the solar field. The offset in the morning between both lines is due to solar field heat-up,
and the step in the green line in late afternoon hours represents the instant of time when
the storage is fully charged and parts of the solar field must be defocused. The yellow
line represents the calculated solar field outlet temperature with a heat-up period in the
morning and cool-down after sunset. The blue line shows the required freeze protection,
which can be conducted using warm salt from TES for these 2 days. The heat capacity of
the solar field is sufficient to keep the outlet temperature above 270 °C from sunset until
2:00 in the morning. After this time, additional heat from the TES must be used to keep the
temperature above this value and prevent the HTF from freezing.
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Figure 7. Simulation results for the Solar Salt plant at the Morocco site.

4. Conclusions

This study shows that parabolic trough plants using molten salt as heat transfer fluid
and storage mediums have the potential to reach lower levelized cost of energy (LCOE)
compared to plants using thermal oil as heat transfer fluid, particularly for plants with large
storage capacities. For this analysis, typical plant setups leading to capacity factors from
0.3 to 0.8 were investigated. The ternary salt (Ca(NOj3),-KNO3-NaNOs, 42—43-15 wt.%,
commercial names: Hitec XL or YaraMOST) leads to lower LCOE than Solar Salt due to the
lower freezing temperature and the lower maximal solar field temperature. For the high
DNI site in Morocco, both salt configurations clearly outperform the VP1 configuration
with a benefit for the ternary salt compared to Solar Salt. The results indicate that Solar Salt
can outperform the ternary salt for very large storage capacities beyond 18 h. For the sites
in Dubai and Spain, the ternary salt yields lower LCOE than VP1, with increasing benefits
as storage size becomes larger. LCOE for plants using Solar Salt at these two sites becomes
lower than for plants using VP1 for storage capacities of more than 12 h. However, the
ternary salt is still better than Solar Salt.

Due to the high operating temperature in molten salt solar fields, it is important to
consider the real temperature profile along the parabolic trough loops in the performance
model. Using just the mean arithmetic temperature between solar field inlet and outlet for
heat loss calculations may lead to the underestimation of heat losses and the overestimation
of annual electrical yield of up to 16%, depending on heat transfer fluid, site, and solar
field size.

Freeze protection of the molten salt plants should be conducted primarily with heat
from the thermal storage. The ternary salt YaraMOST needs only a small amount of freeze
protection, while the plants using Solar Salt may need up to 8% of the annual heat collected
by the solar field for freeze protection.
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Abbreviations

CAPEX Capital expenditure

CF Capacity factor

CST Concentrated solar thermal

DNI Direct normal irradiance

EPC Engineering, procurement, and construction
FP Freeze protection

HTF Heat transfer fluid
LCOE Levelized cost of electricity

O&M Operations and maintenance
PB Power block
TES Thermal energy storage
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