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Abstract 

As concentrated solar power (CSP) technology advances, the selection of effective heat transfer fluids (HTFs) remains crucial for 

optimizing thermal efficiency and energy storage capacity. This review provides a brief overview of the most commonly used HTFs 

in CSP applications—molten salts, synthetic oils, nanofluids, and gaseous fluids—highlighting their distinct thermophysical 

properties, applications, and performance characteristics. While molten salts and nanofluids show promise for high-temperature 

storage, challenges like high melting points, corrosion, and cost constraints persist. Addressing these limitations through innovative 

HTF formulations and enhanced material compatibility will be essential to maximize CSP efficiency and sustainability. Future 

research into advanced HTFs could lead to significant improvements in CSP performance, supporting a shift towards reliable, 

renewable energy solutions. 
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1.0. Introduction 

As global energy demands increase, there is a growing need to transition toward renewable energy 

sources that offer sustainable and environmentally friendly alternatives to fossil fuels. 

Concentrated Solar Power (CSP) has emerged as a promising technology in this context, 

converting solar energy into heat to drive power cycles and generate electricity. Unlike 

photovoltaic systems, which convert sunlight directly into electricity, CSP systems use mirrors or 

lenses to focus sunlight onto a receiver, where the energy is absorbed and transferred to a working 

fluid. This thermal energy is then stored or used to produce steam that drives a turbine, making 

CSP a viable solution for providing steady, on-demand power [1-5]. 

Central to the efficiency and reliability of CSP plants is the selection of heat transfer fluids (HTFs). 

HTFs are responsible for transporting the concentrated thermal energy from the solar receiver to 

the thermal storage unit or power cycle, enabling consistent energy generation even during low 

sunlight conditions or after sunset. In addition, HTFs are essential to thermal energy storage (TES) 

systems within CSP plants, which store excess heat generated during peak sunlight hours for later 

use. This capability enhances CSP’s grid stability and dispatchability, addressing one of the 

primary challenges in renewable energy systems: intermittency. 
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A wide range of HTFs have been investigated for CSP applications, each with unique properties 

suited to different temperature ranges and system requirements. These include molten salts, 

synthetic oils, nanofluids, and even gaseous fluids like air and carbon dioxide. Each HTF type has 

distinct thermophysical properties—such as specific heat capacity, thermal conductivity, density, 

viscosity, and thermal stability—that influence the CSP system’s overall efficiency and operational 

costs. For instance, molten salts are favored for their high thermal stability and specific heat 

capacity, making them well-suited for high-temperature TES. However, these fluids also present 

challenges, such as high melting points and potential corrosion, which can affect long-term system 

performance and maintenance costs [ 4- 6]. 

This paper aims to provide a brief review of the various heat transfer fluids used in solar thermal 

power plants, examining their properties, applications, and performance within CSP systems. By 

analyzing the advantages and limitations of each HTF type, this review seeks to identify areas for 

improvement and potential research directions that could optimize the performance and economic 

viability of CSP technology. Ultimately, advancements in HTF technology are key to enhancing 

the efficiency, cost-effectiveness, and sustainability of CSP systems, contributing to a cleaner and 

more reliable energy future. 

2.0. Types of Heat Transfer Fluids 

Selecting the appropriate heat transfer fluid (HTF) is essential for optimizing the efficiency and 

reliability of concentrated solar power (CSP) systems. Various types of HTFs are used across 

different CSP configurations, each offering unique benefits and limitations based on its 

thermophysical properties and temperature range. This section provides an overview of the most 

commonly used HTFs in CSP applications, including molten salts, synthetic oils, nanofluids, and 

gaseous fluids. 

A.  Molten Salts 

Molten salts are among the most widely used HTFs in CSP systems, particularly in high-

temperature applications. A typical binary molten salt mixture, composed of sodium nitrate 

(NaNO₃) and potassium nitrate (KNO₃), is known as “Solar Salt.” This mixture offers favorable 

properties such as high specific heat capacity, thermal stability, and low vapor pressure, making it 

ideal for high-temperature storage and heat transfer applications. Molten salts are typically used 

in CSP plants operating above 250°C, as they remain stable up to approximately 600°C. 

However, molten salts also present challenges. One of the primary limitations is their high melting 

point, around 220°C for Solar Salt, which increases the risk of freezing within the system during 

startup or low-temperature conditions. This can cause blockages, requiring additional heating 

mechanisms and increasing maintenance costs. To address this issue, researchers are exploring 

ternary and quaternary molten salt mixtures with reduced melting points, as well as nanoparticle 

doping to improve thermal conductivity and efficiency [7-8]. 



Short communication:   
NIPES-Journal of Science and Technology Research 1(10) 2024 pp 12-22. ISSN-2682-5821 

 

14 
 

B.  Synthetic Oils 

Synthetic oils, such as biphenyl/diphenyl oxide mixtures, are commonly used in CSP systems 

operating at moderate temperatures, typically between 150°C and 400°C. These oils have the 

advantage of lower melting points compared to molten salts, making them suitable for parabolic 

trough CSP plants where moderate temperatures are required. Synthetic oils also offer relatively 

low viscosity, which reduces pumping costs and enhances system flow dynamics. 

However, the primary limitation of synthetic oils is their thermal stability ceiling. Most synthetic 

oils decompose at temperatures above 400°C, limiting their applicability in high-temperature CSP 

systems. Additionally, synthetic oils can be costly and present environmental risks due to their 

toxicity and potential for spillage. Despite these drawbacks, synthetic oils remain popular in CSP 

applications that do not require extreme temperatures [6-8]. 

C. Nanofluids 

Nanofluids are an emerging class of HTFs that incorporate nanoparticles, typically metal oxides 

like aluminum oxide (Al₂O₃) or copper oxide (CuO), into a base fluid, such as water, oil, or molten 

salt. The addition of nanoparticles enhances the thermal conductivity and heat capacity of the fluid, 

improving its overall heat transfer performance. Nanofluids offer potential benefits for CSP 

systems by providing higher efficiency in energy capture, storage, and transfer, especially when 

compared to traditional HTFs. 

One of the challenges with nanofluids is their stability, as nanoparticles may settle over time, 

reducing the consistency of thermophysical properties. Additionally, the inclusion of nanoparticles 

can increase the viscosity of the fluid, potentially requiring additional pumping power and 

increasing operational costs. Research is ongoing to develop stable, low-viscosity nanofluids that 

can withstand high temperatures while maintaining enhanced thermal conductivity. 

 D. Gaseous Fluids 

Gaseous HTFs, such as air and carbon dioxide, are also used in CSP systems, particularly in high-

temperature applications. Gases offer several advantages, including low cost, environmental 

safety, and compatibility with high operating temperatures. In systems using CO₂, for example, the 

fluid can be pressurized to operate in a supercritical phase, which improves its thermal efficiency 

and density. 

However, gaseous fluids typically have lower thermal conductivity and specific heat capacity than 

liquids, requiring high flow rates to achieve effective heat transfer. This results in increased 

pumping power and higher operational costs. Additionally, gases are not suitable for TES 

applications that require substantial energy storage capacity, as they have low density and are 

challenging to store in large quantities. Nonetheless, gaseous HTFs are well-suited for specific 

high-temperature CSP configurations, especially in hybrid systems that integrate various HTF 

types. 
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3.0. Thermophysical Properties of Heat Transfer Fluids 

The effectiveness of heat transfer fluids (HTFs) in concentrated solar power (CSP) systems is 

highly influenced by their thermophysical properties. Properties such as specific heat capacity, 

thermal conductivity, density, viscosity, and thermal stability dictate how well an HTF can store 

and transfer thermal energy within the system. A comprehensive understanding of these properties 

is essential for optimizing CSP performance and selecting the most appropriate HTF for a given 

application. 

3.1. Specific Heat Capacity 

Specific heat capacity (cₚ) is a measure of the amount of heat required to raise the temperature of 

a unit mass of a fluid by one degree Celsius. A high specific heat capacity is desirable for HTFs in 

CSP systems because it allows the fluid to store large amounts of thermal energy, which can then 

be transferred to the power cycle or thermal storage system. Molten salts, particularly ternary and 

quaternary mixtures, typically exhibit high specific heat capacities, making them effective for 

thermal energy storage. 

Synthetic oils and nanofluids also offer moderate to high specific heat capacities, although the 

values can vary depending on the base fluid and, in the case of nanofluids, the type and 

concentration of nanoparticles. Gaseous HTFs, on the other hand, generally have lower specific 

heat capacities, which limits their energy storage capacity and makes them less suitable for 

standalone thermal storage applications [8-9]. 

3.2. Thermal Conductivity 

Thermal conductivity (k) represents a fluid’s ability to conduct heat and is a crucial property for 

efficient heat transfer. Higher thermal conductivity enables faster energy transfer within the HTF, 

reducing temperature gradients and improving CSP efficiency. Molten salts generally have 

moderate thermal conductivity, which can be enhanced through nanoparticle doping to create 

nanofluids with higher conductivities. Nanofluids, especially those doped with metal oxide 

nanoparticles, exhibit significantly enhanced thermal conductivities, making them attractive for 

high-performance CSP applications. 

Synthetic oils and gaseous HTFs tend to have lower thermal conductivities than molten salts, 

which can reduce their efficiency in high-temperature CSP systems. In cases where thermal 

conductivity is a limiting factor, advanced nanofluid formulations or hybrid HTF systems may be 

employed to achieve the desired performance. 

3.3. Density 

Density (ρ) impacts the volumetric energy storage capacity of an HTF, with higher density 

allowing for more thermal energy to be stored in a given volume. This is particularly advantageous 

in CSP systems with limited space for TES tanks, where maximizing energy density is a priority. 
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Molten salts generally have a high density compared to synthetic oils and gases, which enhances 

their energy storage potential. 

Gaseous HTFs have much lower densities, which reduces their suitability for energy storage 

applications. However, high-density fluids may also increase the pumping power requirements due 

to the additional mass, which must be considered in system design. Optimal density balances are 

essential to achieve high energy storage while maintaining manageable pumping costs. 

3.4. Viscosity 

Viscosity (μ) determines the flow characteristics of an HTF and affects the energy required to 

pump the fluid through the system. Lower viscosity is desirable as it reduces the pumping power 

needed to maintain fluid circulation, improving the overall energy efficiency of the CSP system. 

Synthetic oils generally exhibit low viscosity, which makes them easy to pump and suitable for 

systems requiring moderate temperatures. 

In contrast, molten salts can have relatively high viscosity, particularly at lower temperatures, 

which may necessitate additional heating to maintain fluid flow. Nanofluids, while offering 

benefits in thermal conductivity, can sometimes exhibit increased viscosity due to the presence of 

nanoparticles. This necessitates careful selection of nanoparticle type and concentration to 

optimize the balance between thermal conductivity and viscosity [8-10]. 

3.5. Thermal Stability 

Thermal stability refers to an HTF’s ability to maintain its properties under high temperatures 

without decomposition. This property is particularly important for HTFs in CSP systems, which 

often operate at elevated temperatures. Molten salts, especially ternary and quaternary mixtures, 

are highly thermally stable, typically up to 600°C, making them ideal for high-temperature CSP 

applications. 

Synthetic oils are less thermally stable, generally decomposing at temperatures above 400°C, 

limiting their use in systems that require higher operating temperatures. Nanofluids also face 

challenges in terms of stability, as nanoparticles can agglomerate or degrade at high temperatures. 

Research into thermally stable nanofluids with enhanced stability coatings is ongoing to address 

this issue. Gaseous HTFs, such as CO₂, are inherently stable across a wide temperature range, 

although their low density and heat capacity limit their application in TES. 

 

4.0. Applications and Performance of Heat Transfer Fluids in CSP 

The role of heat transfer fluids (HTFs) in concentrated solar power (CSP) systems is integral to 

both heat collection and storage, as they transport and retain the thermal energy generated by 

concentrated sunlight. CSP applications require HTFs that can handle high temperatures, facilitate 

efficient heat transfer, and operate with stability over time. This section discusses how HTFs are 
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applied in CSP systems, their performance in direct and indirect configurations, and recent 

advancements aimed at improving the efficiency and reliability of CSP technology. 

4.1. Direct and Indirect Systems 

In CSP, HTFs are used in two primary configurations: direct systems and indirect systems. 

• Direct Systems: In direct systems, the HTF serves both as the primary heat transfer fluid 

and the thermal energy storage (TES) medium. These systems are simpler and more cost-

effective because they eliminate the need for a secondary heat transfer loop, making them 

efficient for CSP applications that operate at consistent temperatures. Molten salts are 

commonly used as HTFs in direct systems because of their high specific heat capacity and 

thermal stability, which enable efficient energy storage and retrieval. Direct systems are 

particularly suited to solar tower CSP plants, where high temperatures (up to 565°C) are 

required to achieve optimal thermal efficiency. 

• Indirect Systems: Indirect systems employ a secondary fluid in the TES system, creating 

an intermediate heat transfer loop. In this configuration, the primary HTF transfers heat to 

a secondary storage fluid, which stores and releases energy as needed. Indirect systems 

allow for greater flexibility in fluid selection, as they can use synthetic oils as the primary 

HTF and molten salts or other materials as the storage medium. This configuration is 

commonly used in parabolic trough CSP plants, where synthetic oils operate effectively 

within the moderate temperature range (150–400°C) but require a secondary TES medium 

due to their thermal stability limitations [9-10]. 

The choice between direct and indirect systems depends on various factors, including the required 

operating temperature, budget constraints, and the specific CSP configuration. Direct systems 

generally achieve higher efficiencies due to reduced heat loss, while indirect systems provide 

greater flexibility in HTF selection and are suitable for a broader range of CSP plant designs. 

4.2. Performance in TES Systems 

The performance of HTFs in thermal energy storage (TES) systems is crucial to CSP plants, 

enabling them to store thermal energy during peak sunlight hours and release it during periods of 

low solar irradiance or after sunset. The efficiency of TES is largely influenced by the HTF’s 

thermophysical properties, including its specific heat capacity, density, and thermal conductivity. 

• Molten Salts in TES: Molten salts, especially ternary and quaternary mixtures, are widely 

used in TES due to their high specific heat capacity and thermal stability. Their high 

melting points allow them to operate efficiently at elevated temperatures, which is critical 

for maximizing the thermal efficiency of CSP plants. The ability of molten salts to retain 

heat over extended periods makes them well-suited for TES, enabling CSP plants to 

provide a steady power supply even during nighttime or cloudy days. 
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• Synthetic Oils in TES: Although synthetic oils are not typically used for high-temperature 

TES due to their limited thermal stability, they are effective in CSP plants operating at 

moderate temperatures. In indirect systems, synthetic oils serve as the primary HTF in the 

collector loop, transferring heat to molten salts or other TES media. This setup allows CSP 

plants to leverage the efficiency of synthetic oils at moderate temperatures while relying 

on molten salts for long-duration storage. 

• Nanofluids in TES: Nanofluids represent an emerging approach to TES, where 

nanoparticles are added to a base fluid to enhance its thermal conductivity and specific heat 

capacity. Recent research indicates that nanofluids can improve heat transfer rates and 

energy storage efficiency in CSP systems, particularly when used in combination with 

molten salts. However, challenges related to stability and viscosity must be addressed 

before nanofluids can be widely adopted in commercial TES applications. 

5. Emerging Trends in HTF Applications 

Several advancements in HTF applications aim to enhance CSP performance by improving heat 

transfer, storage capacity, and operational efficiency. 

• Hybrid HTFs: Hybrid HTFs combine traditional HTFs with additives, such as 

nanoparticles or alternative salts, to create mixtures that optimize thermal performance. For 

instance, nanoparticle-doped molten salts have shown potential for enhancing thermal 

conductivity and reducing melting points, making them suitable for CSP systems that 

require high-performance TES. Hybrid HTFs represent a promising avenue for CSP 

research, as they allow for the customization of thermophysical properties to meet specific 

system requirements. 

• Supercritical CO₂ Cycles: Supercritical CO₂ is gaining attention as a high-efficiency HTF 

for CSP systems, particularly in high-temperature applications. When CO₂ is pressurized 

to its supercritical phase, it achieves high density and thermal efficiency, which can 

significantly improve heat transfer rates. Supercritical CO₂ is particularly suited for solar 

tower CSP plants that operate at extreme temperatures and require efficient, rapid heat 

transfer. Despite its advantages, supercritical CO₂ requires specialized equipment and 

remains in the research phase for CSP applications. 

• Advanced Nanofluids: Nanofluid technology continues to advance, with researchers 

exploring novel nanoparticle materials and stable formulations that enhance thermal 

conductivity while minimizing viscosity. New developments include multi-component 

nanofluids that combine different nanoparticles to achieve tailored thermophysical 

properties, making them ideal for applications in CSP TES. Advanced nanofluids hold the 

potential to transform CSP performance by offering faster and more efficient heat transfer 

and storage, although issues related to long-term stability and economic feasibility must 

still be resolved. 
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5.0. Challenges and Future Directions 

Despite significant advancements in heat transfer fluids (HTFs) for concentrated solar power 

(CSP) applications, several challenges remain. These include issues related to thermal stability, 

corrosion, economic viability, and environmental impact, which affect the long-term performance 

and feasibility of CSP plants. Addressing these challenges is essential to optimize CSP systems 

and achieve reliable, high-efficiency renewable energy production. This section discusses these 

challenges and outlines future research directions to overcome them. 

One of the primary challenges facing HTFs, especially synthetic oils and some nanofluids, is 

thermal stability at high operating temperatures. Synthetic oils, for example, begin to degrade at 

temperatures above 400°C, limiting their use in CSP systems that require higher temperatures. 

Similarly, while molten salts are stable at higher temperatures, they can experience decomposition 

or phase separation at extended periods of high operation, which impacts efficiency and increases 

maintenance costs. 

Research into novel HTF formulations with improved thermal stability is critical. New salt 

mixtures with lower melting points and enhanced stability could reduce the operational constraints 

on CSP systems. Additionally, coatings or additives that prevent decomposition may offer a 

solution, especially for nanofluids. Molecular simulations and experimental studies can further aid 

in identifying optimal formulations with high thermal stability and low decomposition rates. 

 

5.1. Corrosion and Material Compatibility 

HTFs, particularly molten salts, can cause corrosion of storage tanks, pipes, and other CSP 

components, reducing system lifespan and increasing maintenance needs. Corrosion-resistant 

materials and protective coatings are commonly used, but these add significant cost and 

complexity to CSP installations. Over time, the interaction between HTFs and system materials 

may lead to leaks, fluid contamination, and reduced efficiency. 

Developing advanced materials compatible with HTFs is essential for long-term CSP reliability. 

Ceramic-lined or composite materials may offer better resistance to high temperatures and 

corrosive properties of HTFs. Research into corrosion inhibitors that can be safely added to HTFs 

without affecting performance could also reduce the impact of corrosion. Additionally, studies on 

the interactions between HTFs and system materials at the molecular level could provide insights 

into creating corrosion-resistant systems. 

5.2. High Melting Points and Freezing Risks 

Many HTFs, especially molten salts, have high melting points, which increase the risk of freezing 

during non-operational periods or colder ambient conditions. This freezing can lead to blockages, 

necessitating additional heating systems to maintain fluidity, which in turn raises operational costs. 

While nanofluid-doped molten salts have shown potential for lowering melting points, these 

solutions are still being optimized for commercial use. 
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Developing eutectic mixtures with optimized compositions to reduce melting points without 

compromising stability is an area of ongoing research. Nanoparticle doping could also be refined 

to reduce freezing risks while enhancing thermal conductivity. Additionally, hybrid HTFs 

combining molten salts with organic or synthetic components may help achieve the desired melting 

point and reduce the risk of freezing. 

5.3.Economic Viability and Cost Challenges 

While CSP technology continues to progress, the economic viability of using advanced HTFs 

remains a concern. Molten salts and nanofluids can be costly due to complex formulation 

processes, sourcing issues, and high-temperature requirements. Synthetic oils, although affordable 

at moderate temperatures, require costly alternatives for higher temperatures. The high initial costs 

associated with CSP plants, including HTF materials, pose a barrier to widespread adoption, 

particularly in regions with limited funding for renewable energy. 

Cost reduction strategies for HTFs, including sourcing alternative salts and reducing reliance on 

rare components, are essential to making CSP technology economically viable. Research into 

scalable manufacturing processes for nanofluids and hybrid HTFs could reduce production costs. 

Additionally, life cycle cost analyses that factor in maintenance, operational efficiency, and long-

term savings could help CSP developers justify the investment in more advanced HTF 

technologies. 

5.4.Environmental Impact and Sustainability 

The large-scale use of HTFs, particularly synthetic oils and some molten salts, presents 

environmental concerns. Oil-based HTFs can be toxic, and any spillage or improper disposal poses 

a risk to the surrounding environment. Molten salts may also impact the environment if they leak 

or are not recycled properly. As CSP installations increase globally, the environmental footprint 

of HTFs will need careful consideration. 

Developing environmentally friendly HTFs is crucial for sustainable CSP deployment. Bio-based 

HTFs, made from renewable resources, could provide an alternative to synthetic oils, while 

research into recyclable salt formulations can reduce waste and environmental impact. 

Furthermore, life cycle assessments and environmental impact studies of different HTFs could 

guide the development of greener options, ensuring that CSP systems align with sustainable energy 

goals. 

The future of HTFs in CSP applications lies in overcoming these challenges through 

interdisciplinary research and innovation. By enhancing thermal stability, reducing corrosion, 

lowering freezing risks, improving economic viability, and addressing environmental concerns, 

researchers and developers can drive CSP technology forward. Continued research into novel HTF 

formulations, corrosion-resistant materials, and sustainable practices will be instrumental in 

making CSP a competitive and widely adopted renewable energy source, supporting a cleaner, 

more sustainable future. 
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6.0 Conclusion 

The role of heat transfer fluids (HTFs) in concentrated solar power (CSP) systems is pivotal to 

enhancing the efficiency, reliability, and sustainability of solar thermal energy. HTFs facilitate the 

transfer and storage of thermal energy, addressing one of the key challenges in renewable energy: 

the need for stable, on-demand power generation. This review has explored the primary types of 

HTFs used in CSP applications, including molten salts, synthetic oils, nanofluids, and gaseous 

fluids, each offering distinct advantages and limitations depending on CSP system requirements. 

While molten salts provide high thermal stability and energy storage capacity, synthetic oils and 

nanofluids offer flexibility in moderate-temperature applications and improved thermal 

conductivity. However, challenges such as high melting points, corrosion, thermal decomposition, 

cost constraints, and environmental concerns remain obstacles to the optimal use of HTFs in CSP 

systems. Addressing these challenges is essential to advancing CSP technology and making it more 

accessible and economically viable, especially as the demand for sustainable and reliable energy 

sources grows. 

Future research into innovative HTF formulations, including hybrid and nanoparticle-enhanced 

fluids, promises to further improve the thermophysical properties of HTFs, such as thermal 

stability, specific heat capacity, and conductivity. Furthermore, the development of corrosion-

resistant materials, eco-friendly HTF alternatives, and cost-effective manufacturing processes 

could pave the way for broader adoption of CSP technology globally. By tackling these challenges, 

HTFs can play an instrumental role in the transition to a clean, resilient, and sustainable energy 

infrastructure, supporting a greener future through the efficient use of solar thermal power. 
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