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Abstract. Parabolic trough power plants using thermal oil as heat transfer fluid are the most mature concentrating solar 
power technology and state of the art. To further increase their efficiency and lower costs, molten salts can be used as heat 
transfer fluid. This results in higher operating temperature differences for improved cycle efficiencies and enables direct 
thermal energy storage at lower costs due to omission of the oil-to-salt heat exchanger and the need for smaller storage 
sizes. As a variety of salts are available to choose from, this study uses a multi-objective optimization to identify the most 
suitable heat transfer fluid for three locations in South Africa, Spain and Chile. The lowest values for the levelized costs of 
electricity (LCOE) can be found in Chile using Solar Salt as heat transfer fluid (75.0 $/MWhe). Generally, Solar Salt offers 
the lowest LCOE values followed by thermal oil and Hitec. The results also suggest that the choice of the heat transfer 
fluid is dependent on the direct normal irradiance (DNI) at each location. Thermal oil is competitive with Solar Salt in 
small systems at locations with low DNI values, whereas Hitec can be cheaper than thermal oil in large systems at locations 
with high DNI. Furthermore, it is also investigated at which freeze alert temperature set point the activation of the freeze 
protection system is optimal. The results indicate that this temperature should be chosen close to the solar field inlet 
temperature for small systems, while it can be lowered significantly for large systems to reduce electricity consumption 
from the freeze protection system. 

INTRODUCTION 

Parabolic trough power plants are the most mature concentrated solar power (CSP) technology, accounting for 
more than 80% of the CSP installed capacity in operation as of 2017. As such, these plants are inherently perceived 
to be less risky and thus, more bankable for investors than other CSP technologies, e.g. solar tower plants. However, 
solar towers are increasingly becoming more attractive as they are proven successful at larger scales, even to the point 
in which current CSP project development is equally split between parabolic troughs and towers. One of the main 
reasons for this is the higher cycle efficiency and seamless storage integration in molten salt tower plants. In order for 
parabolic trough plants to retain its competitive edge against towers, one alternative is to further decrease its levelized 
cost of electricity (LCOE) by increasing the cycle efficiency. This can be achieved through a larger cycle temperature 
difference. Like with tower systems, an option to do so is to transition from oil to a molten salt based heat transfer 
fluid (HTF). Indeed, commercially available molten salts can enable a wider temperature range of operation for trough 
plants than thermal oils whilst simultaneously allowing the integration of direct storage systems, which reduces the 
need for additional heat exchangers. However, molten salts are associated with challenges that can be exacerbated in 
parabolic trough plants due to the required freeze protection system. Among these are keeping the salt mixtures above 
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their high freezing point and the higher heat losses in the solar field (i.e. compared to plants using thermal oils as HTF 
due to the temperature increase).  

To date, several salts are commercially available and could potentially be considered for use in parabolic trough 
plants. The most commonly used salt mixtures for CSP plant simulations in literature are a binary nitrate salt, Hitec™ 
Solar Salt (60 % NaNO3, 40 % KNO3), commonly known as Solar Salt, a ternary nitrite salt, Hitec™ Heat Transfer 
Salt (7 % NaO3, 53 % KNO3, 40 % NaNO2), commonly known as Hitec, and Hitec™ XL (7 % NaO3, 45 % KNO3, 
48 % Ca(NO3)2), a ternary calcium nitrate salt simply known as Hitec XL. Although Hitec and Hitec XL have lower 
freezing points, they do not offer the same high thermal stability as Solar Salt [1]. Hence, the choice of an optimal salt 
candidate is not obvious and depends on various boundary conditions, e.g. operating strategy, climate and plant size. 

Beyond the technical advantages of molten salts like high power cycle efficiencies and direct thermal energy 
storage (two-tank or thermocline), there are also economic aspects that have to be taken into account when utilizing 
molten salts instead of thermal oils. Most notably is their impact on the LCOE and the investment costs (CAPEX). 
Previous studies have found that LCOE reductions of up to 16.4 % can be expected when substituting thermal oil with 
molten salt as HTF [2],[3]. The researchers in Ref. [4] estimate that switching from thermal oil to molten salt results 
in an LCOE reduction of 20 %, whereas the LCOE reduction potential of the three examined salt mixtures differs only 
by 3 to 5 %. However, the studies mentioned above assume fixed power plant sizes and locations and do not deal with 
parameter variations or optimizations for specific operating strategies. Their results and conclusions are only valid for 
a predefined power plant configuration with set component sizes to demonstrate their viability and advantages over 
other concepts, in this case a parabolic trough plant with thermal oil as HTF. Therefore, the results do not necessarily 
apply to the same concept with slightly different power plant specifications and operational objectives or locations. In 
practice, however, the solar resource quality and financial framework conditions are location-dependent. Thus, the 
optimum size for key components like the solar field and thermal energy storage (TES) differs at various locations, 
which also affects the choice of HTF.  

To determine the possible cost reductions of different molten salts compared to thermal oil, the objective of this 
study is to identify the most suitable molten salt as HTF and storage medium that can improve the performance of a 
parabolic trough power plant from a techno-economic standpoint at various locations. Since molten salts have high 
freezing temperatures, it is also analyzed to what effect the choice of different set points for the freeze protection 
system has on the operation of the power plant and which temperatures are preferable for each fluid. 

METHODS 

The study was carried out using DYESOPT, an in-house numerical tool developed at KTH Royal Institute of 
Technology in Sweden [5], which incorporates location-tailored techno-economic performance evaluations coupled 
to a multi-objective optimization. The tool allows a variety of power plants to be designed in accordance to specific 
plant design specifications set by the user and to implement different operating strategies and controls. This makes it 
a very flexible tool, which can be used for a variety of purposes like economic analyses, development of operating 
strategies and system optimizations. 

Nomenclature     

Abbreviations     
ACC air-cooled condenser  LCOE levelized cost of electricity 
CAPEX capital expenditure  LP low pressure 
CSP concentrated solar power  PT parabolic trough 
CT cold tank  RH reheater 
D deaerator  SF solar field 
DNI direct normal irradiance  SH superheater 
EC economizer  ST steam turbine 
EV evaporator  TES thermal energy storage 
HP high pressure    
HT hot tank  Subscripts  
HTF heat transfer fluid  e electric 
IHX indirect heat exchanger  th thermal 
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Multi-Objective Optimization 

The multi-objective optimization procedure uses a population-based evolutionary algorithm that allows the 
optimization of two objectives at once by varying several parameters throughout the simulation. The result is a Pareto-
optimal front, which represents a trade-off between the two objectives. Each point along this curve is considered 
optimal as there is no other design, which is simultaneously better in all objectives. This method also allows to identify 
the best values for the various input parameters, leading to an optimal design and making it possible to analyze the 
effect of these parameters on the plant performance and economics. The optimization was carried out by minimizing 
both LCOE and CAPEX, which can be conflicting objectives for investors and decision makers in CSP projects [5]. 
Key design parameters like storage full load hours, solar field size and the freeze protection set temperature were 
varied to derive optimal plant configurations in terms of component size. To analyze the effect of the ambient 
conditions on the choice of HTF, only the locations were varied while all other parameters were kept constant. The 
investigated locations include Upington (South Africa), Seville (Spain) and Calama (Chile). The analysis was carried 
out for both a thermal oil plant with indirect storage and a molten salt plant with direct storage integration to account 
for the operational and technological requirements imposed by the different heat transfer fluids. 

Modelling and Design of the Parabolic Trough Power Plants 

DYESOPT allows to first design the power plant at nominal conditions in steady state in Matlab. During this step, 
all the components are sized in respect to the input parameters and design conditions of the specific locations based 
on equations used in Ref. [6]. The results are then forwarded to the dynamic model in TRNSYS 17 Simulation 
Studio [7], where the annual performance simulation is carried out. The model presented and validated in Ref. [8] was 
modified to account for a new direct storage configuration as well as an adapted freeze protection system (electric 
heat tracing). The layouts of the analyzed power plants are shown in FIGURE 1. The collector field model is based 
on the STEC library [9] Type 396 and has been adapted for the use of the FLABEG Ultimate Trough™ collector in 
combination with Archimede Solar Energy’s HCEMS-11 receiver tubes for high temperature applications up to 
550 °C. The solar field (SF) performance and heat loss calculations were based on Ref. [10]–[12] with collector 
specifications from Ref. [11],[13] and receiver specifications from Ref. [14]. An air-cooled condenser (ACC) is used 
as heat rejection from the Rankine cycle due to water scarcity in typical locations of CSP plants. The different HTFs 
(Solar Salt, Hitec and Hitec XL) and their thermodynamic properties from Ref. [15] were introduced in the tool, 
allowing the yearly performance evaluation depending on the different operating temperatures of the salts. The results 
from the dynamic simulation are passed back to DYESOPT for post-processing where the plant performance and 
financial indicators of each simulation run are calculated.  

Operating Strategy and Controls 

The power plants were assumed to operate as baseload plants to exclude the implications of location-dependent 
feed in tariffs on the plant operation and economics. As long as there is thermal energy available from the solar field 
and/or the TES, the power block is in operation. The storage tanks for the molten salt power plants were oversized by 

 
  

(a) (b) 

FIGURE 1. Layouts of the modelled parabolic trough power plants with wet cooled condenser for (a) thermal oil with indirect 
storage and (b) molten salt with direct storage 
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one hour of capacity to always ensure that there is sufficient fluid available in the cold tank to be pumped through the 
solar field. At the same time, the larger storage also acts as an expansion vessel for the HTF. 

To keep all the components warm at night, the HTF has to continuously be pumped through the solar field, which 
imposes high heat losses along the receiver tubes. To avoid the HTF to reach its freezing temperature, a freeze 
protection system keeps the fluid outlet temperature above a certain set point. In systems with molten salts as HTF, 
the main freeze protection measure is the recirculation of the salt from the cold storage tank at 290 °C. After passing 
through the solar field, the fluid is pumped back into the cold tank at a lower temperature. If the outlet temperature 
falls below a predefined value (freeze alert temperature), an additional electric freeze protection system is activated 
to maintain a certain outlet temperature. Because this can result in a high electricity consumption, the freeze alert 
temperature was chosen as a variegating parameter during the optimization to address the biggest drawback of molten 
salts, i.e. their high freezing temperature. Allowing lower set points for the activation of the freeze protection system 
can save electricity but will at the same time significantly decrease the TES temperature overnight. However, some 
of the energy lost overnight can be regained in the early morning hours when the solar field is warming up as the fluid 
is pumped back into the cold storage tank until it reaches the desired outlet temperature. Power plants with thermal 
oil as HTF usually use gas fired oil heaters to maintain a certain outlet temperature of the fluid. However, electric 
trace heating was chosen as the main freeze protection system because of the low allowable temperatures of thermal 
oil described below. These make the freeze protection system only necessary a few times in the year and thus, do not 
justify the extra investment for a gas fired heater. 

During the optimization, the freeze alert temperature has been varied between the minimum allowable operating 
temperature and the design solar field inlet temperature to find the optimal set point for each configuration. TABLE 1 
lists the investigated freeze alert temperature ranges for each HTF that were chosen by adding a safety margin to their 
freezing temperature. A low freeze alert temperature of e.g. 150 °C would impose a challenge on the preheating of the 
solar field in the morning. This process has to be carried out very slowly to avoid thermal stresses in the absorber 
tubes. For that reason, most receiver manufacturers do not allow the operator to let the temperature fall below a certain 
temperature to avoid warranty issues. However, these low temperatures were nonetheless included in the analyses to 
explore the limits of how far the freeze alert temperature could theoretically be lowered to reduce electricity 
consumption while at the same time ensure a high power plant performance. As a result of the variation of the freeze 
alert temperature, a temperature difference is obtained, which indicates by how many degrees the freeze alert 
temperature can be reduced from the design solar field inlet temperature. It is thus defined in Eq. (1) as 

  (1) 

where TSF is the solar field inlet temperature, which is fixed at 290 °C for all cases, and TFA is the freeze alert 
temperature varied for each fluid. 

General Design Parameters and Assumptions 

The general input design parameters for each case were the same for all power plant configurations and are shown 
in TABLE 1. The only parameters that were changed are fluid-specific temperature ranges and the ambient conditions 

TABLE 1. Power plant design parameters for different HTFs 

Parameter Dowtherm A Solar Salt Hitec Hitec XL Unit 
TES capacity [3, 15] hrs 
Solar multiple [1.5, 3] - 
SF inlet temperature at design 290 °C 
SF maximum outlet temperature 393 550 450 450 °C 
Freezing temperature of HTF 12 220 142 120 °C 
Freeze alert temperature [50, 290] [260, 290] [170, 290] [150, 290] °C 
SF night time minimum flow rate per loop 2 kg/s 
Solar field optical efficiency at design 74.06 % 
Gross turbine capacity 115 MWe 
HP turbine inlet temperature 378 535 435 435 °C 
HP/LP turbine inlet pressure 100/16.5 bar 
Dry air temperature at design 35 °C 
Operating strategy Baseload - 
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set by the different locations as well as the freeze alert temperature described above, the storage capacity and solar 
multiple (SM). The latter three were varied for the purpose of the optimization to account for different system sizes. 
The turbine gross capacity, however, was kept at a constant 115 MWe, which roughly translates to approximately 
100 MWe net capacity due to parasitic consumption depending on the design conditions at the investigated locations. 

The solar field outlet temperatures were limited by the thermal stability limits of the fluids and were chosen to 
guarantee plant operation without comprising the lifetime of the salts. Although Hitec can be used at temperatures up 
to 538 °C, the manufacturer states that the salt undergoes a slow thermal breakdown in closed systems above 454 °C, 
which leads to a rise of the freezing point [16]. Thus, the outlet temperature of Hitec was limited to 450 °C. The same 
applies to Hitec XL, which can be used until up to 500 °C. However, decomposition of the salt due to NOx off-gassing 
at temperatures above 450 °C has been observed [17] so that the upper temperature limit has also been set to 450 °C. 
In the case of Solar Salt, no such behavior is applicable until up to 600 °C. Nevertheless, the solar field outlet 
temperature for this salt has been limited to 550 °C simply due to the limitation of the selective coating of the receiver 
tube. Although the coating has been successfully tested by the manufacturer at temperatures of up to 600 °C, the lower 
temperature limit has been chosen to comply with warranty conditions.  

Economic Performance Calculations 

Values for the specific investment costs are shown in TABLE 2 and were adapted for the specific needs of this 
study. This includes the additional costs for the high temperature receiver tubes, the HTF system and the TES. The 
costs for the HTF and storage media were calculated separately to account for differences in fluid prices. The economic 
parameters are location-dependent and were chosen according to reported average values. The calculations of direct 
and indirect investment costs, operating costs and LCOE are implemented in DYESOPT and are based on cost 
functions from Ref. [5].  

RESULTS AND DISCUSSION 

FIGURE 2 presents the results of the multi-objective optimization for the investigated heat transfer fluids at three 
different locations. The LCOE is plotted against the CAPEX of the simulated plants, which are conflicting objectives. 
The simulation results form a Pareto-optimal front for each fluid, which represents the optimal trade-off between 

                                                 
1 The value from Ref. [19] has been adapted to account for additional expenses for the ASE receiver tubes as per Ref. [12]. 
2 Solar Salt is used as storage medium in the thermal oil system. 
3 The costs for the thermal energy storage were split into tank costs and costs for the salt. 

TABLE 2. Financial parameters for CAPEX and LCOE calculations [18]–[20] 
Parameter Specific capital expenditure costs Unit 

Heat transfer fluid Dowtherm A Solar Salt Hitec Hitec XL - 
Site improvements 30 $/m² 
Solar field 1781 $/m² 
HTF and storage medium 2.2/0.52 0.5 0.93 1.1 $/kg 
HTF heat exchanger 100 - - - $/kWe,gross 
HTF system 40 $/kWe,gross 
Power block (incl. ACC) 1 150 $/kWe,gross 
Balance of plant (incl. steam generator) 120 $/kWe,gross 
TES (tanks, insulation and foundation) 14.83 $/kWhth 

 Location-dependent parameters  
Location South Africa Spain Chile - 
DNI 2717.5 2012.0 2883.9 kWh/m²a 
Real debt interest rate 7 2 3 % 
Inflation rate 6 1 3 % 
Plant decommissioning rate 5 % 
Annual insurance rate 0.5 % 
Plant lifetime 30 years 
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LCOE and CAPEX. At each location, Solar Salt offers the lowest LCOE with a minimum of 75.0 $/MWhe in Chile, 
followed by thermal oil and Hitec, while Hitec XL represents the most expensive fluid in terms of the LCOE in all 
three cases. However, larger systems with Hitec as HTF reach lower values than thermal oil in locations with high 
DNI like South Africa and Chile. In contrast to that, small systems with thermal oil are competitive with Solar Salt in 
Spain due to the low DNI. The reason for this behavior is that the power plants with molten salts as HTF have a direct 
storage integration. The temperature of the fluid in the cold tank is gradually reduced overnight due to the recirculation 
through the solar field, leading to a lower inlet temperature during normal operation. Due to the lower DNI in Spain 
compared to South Africa and Chile, it takes longer to reach the desired operating temperature for the startup of the 
power block and thus less electricity is generated. Furthermore, the freeze protection system is active for longer periods 
of time with molten salts due to the higher freezing temperature, which further reduces the net electricity generation. 
However, since the maximum operating temperature of Solar Salt has been limited to 550 °C, there is still a significant 
potential for reduction of the LCOE due to the increased cycle efficiency at 600 °C. 

Despite Spain having the lowest solar resource among the three investigated locations, the LCOE for each fluid is 
considerably lower in Spain than in South Africa. This can be attributed to Spain’s low financing costs (i.e. interest 
rate and inflation rate). In contrast, the combination of both high DNI and low financing costs lead to the lowest 
achievable LCOE values in Chile. 

 
The results for the variation of the freeze alert temperature shown in FIGURE 3 indicate that in the case of thermal 

oil, the freeze alert temperature can be reduced by up to 180 °C from its desired inlet temperature (290 °C). However, 
for smaller solar fields and storage sizes (towards the left of the graph), the temperature can only be reduced by 10 to 
80 °C. This can be attributed to the way of how the thermal oil system is operated. Because of the indirect storage 
system, once the fluid reaches the outlet of the solar field, it is pumped back into the solar field inlet. Even though the 
thermal inertia of the steel mass is significant, the fluid temperature will decrease steadily until it reaches the freeze 
alert temperature and the heat tracing system is activated. This electric freeze protection system increases the parasitic 
consumption significantly. Smaller systems with only a few hours of TES will stop their daily electricity production 
much earlier than systems with large storages and have to cover the heat tracing consumption during nighttime mostly 
from the grid, which reduces the plant’s profitability. 

The same principle applies to the systems with molten salts as HTF. Their direct storage system, however, provides 
them with a slight advantage: the fluid entering the solar field is always pumped out of the cold tank that is at a constant 
290 °C. Thus, the fluid inlet temperature is the same as the cold tank temperature, ensuring that the outlet temperature 
is at a higher level than in the case with thermal oil. This process, however, will slightly decrease the cold storage 
temperature overnight, which limits the freeze alert temperature to high values for small systems in which the storage 
tank is cooled down faster. However, this effect reduces the trace heating electricity consumption but at the same time 
reduces the annual electricity production significantly. Although the thermal energy stored in the cold tank is wasted 
to the environment, part of this lost energy can be restored during the startup of the solar field whilst the fluid is 
directed back into the cold tank while the outlet temperature is slowly increasing until it reaches the desired operating 
temperature. As not all the energy can be restored this way, there is less thermal energy available for power production. 

(a) (b) (c) 

FIGURE 2. Pareto-optimal fronts of investigated HTFs for (a) South Africa, (b) Spain and (c) Chile 
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Due to the thermal properties of the salts, their lowest freeze alert temperature is limited by their high freezing 
temperature. This is especially the case for Solar Salt where the achievable temperature difference between design 
inlet temperature and freeze protection temperature can only be lowered by up to 30 °C. Optimal values for this case 
are between 25 and 30 °C, corresponding to a freeze alert temperature of 260 to 265 °C.  

CONCLUSIONS 

A detailed methodology has been presented to show the impact of different heat transfer fluids on the economics 
of parabolic trough power plants. A multi-objective optimization has been carried out to identify the best HTF for 
specific locations considering a variety of system sizes. The results suggest that Solar Salt offers the lowest LCOE in 
all cases, followed by thermal oil and Hitec. At locations with low DNI, small systems with thermal oil can offer a 
similar LCOE to Solar Salt, whereas large systems with Hitec can achieve a lower LCOE than thermal oil in locations 

(a) (b)  

(c) (d)  

FIGURE 3. Pareto-optimal fronts for temperature difference of freeze alert temperature to solar field inlet temperature in South 
Africa for (a) thermal oil, (b) Solar Salt, (c) Hitec and (d) Hitec XL 
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with high DNI. The lowest value for the LCOE was achieved by Solar Salt in Chile (75.0 $/MWhe). An analysis of 
the optimal freeze alert temperature indicates that the set point should be close to the solar field inlet temperature for 
small systems but can be lowered significantly for large systems. In the case of thermal oil as HTF, a lower freeze 
alert temperature results in a high electricity consumption due to trace heating. In contrast to that, the direct storage 
integration in systems with molten salts allows to reduce the freeze alert temperature without significantly increasing 
the electricity consumption of the freeze protection system. Further cost reductions can be achieved by improving the 
temperature limit of the receiver tube material and thus, allowing the operating temperature of Solar Salt to be raised 
to its thermal stability limit of 600 °C. 
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