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Abstract. With increasing energy demands, technologies evolved utilizing both
renewable and non- renewable resources. With goal of achieving sustainability,
solar energy has emerged as one of the potential renewable energy sources
globally. The aim of this study is to present a thorough analysis of heat pipe
technologies integrated with solar parabolic trough collectors (PTCs). This study
focusses on performance improvement of PTC and heat pipe design. In solar
energy systems, parabolic collectors are primarily employed for the generation
of concentrated solar power (CSP). Heat pipes can be integrated into the system
to increase output. With integration of heat pipes, the system is capable
producing improved output. Moreover, the economic and environmental
advantages of the system is also covered. The paper also identifies future
research, including development of nanofluids and optimization of heat pipe
designs for improving the performance under varying solar radiation scenarios.
PTCs and heat pipes integration have potential to transform solar thermal energy
technology and support achieving Sustainable development goals of clean
energy and climate action by overcoming these challenges.

1 Introduction

With the growing demand for renewable energy solutions worldwide, there is an increasing need
for efficient and sustainable energy systems. Solar energy, one of the most abundant and
sustainable energy sources, provides a useful means of meeting a variety of energy demands. [1].
Solar thermal systems, which absorb sunlight and transform it into heat for uses ranging from
industrial processes to home heating, have become a popular choice among solar technologies.
These systems are especially useful for high-temperature applications like space heating,
industrial process heating, and electricity production. [2]. Flat Plate Collectors (FPCs) are
constrained by their lower operating temperatures and less effective heat transfer capabilities,
Evacuated Parabolic Trough Collectors (EPTCs) have attracted a lot of interest as a better option.
[3]. EPTC works at a higher temperature of 150—400 ° C compared to the 30-100 ° C range of
FPC. Their design focuses solar radiation on a small receiver, reduces heat losses through an
evacuated structure and increases thermal efficiency [4].
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Despite these benefits, the EPTC has space to improve, especially in adapting their heat transfer
mechanisms. A major factor affecting efficiency is the function fluid used in the collector,
traditionally operated through copper tubes.

In addition to empirical findings, mathematical modeling will provide a thorough
understanding of fluid flow and thermal dynamics in heat pipes. By improving EPTCs'
performance, dependability, and scalability for high-temperature industrial and commercial
applications, the findings seek to close current gaps in solar thermal technology. This research
helps to develop sustainable energy solutions for widespread adoption by increasing the thermal
efficiency of solar thermal systems. Acetone was found to be the most effective fluid, providing
the highest energy performance, after the study examined the effects of six working fluids on
thermosyphon heat pipe evacuated tube collectors (THPETC). [5]. Experimental research on the
use of different nanofluids in parabolic trough solar receivers was reviewed in the paper. Their
results demonstrated that nanofluids greatly improve thermal performance and heat transfer in
solar thermal systems, offering important new information about the relative efficacy of various
nanofluid-base fluid combinations. [6]. Another study highlighted the benefits of innovative
design and nanofluid integration by introducing a cost-effective parabolic trough solar collector
coupled with a two-phase closed thermosyphon heat pipe. It also showed superior thermal
efficiency over traditional flat plate and evacuated tube collectors using CuO-distilled water
nanofluid (1 weight percent). [7]. The thermal efficiency of a parabolic trough collector with a
heat pipe and paraffin wax as a phase change material (PCM). By increasing charging and
discharging efficiency to 44.7% and 32.7%, respectively, the addition of fins highlighted the
significance of fins in enhancing energy storage and shortening payback periods. [8]. The
thermal efficiency of a compound parabolic concentrator (CPC) in conjunction with a heat pipe
evacuated tube collector. The study estimated yearly energy production of 3,433.87 kWh and
achieved a 78% thermal efficiency (ISO 9806-1 standards), highlighting its viability in places
like Phitsanulok, Thailand. [9]. By combining a capillary heat pipe with a parabolic trough
collector, the maximum inclination angle was increased by 13%, the global efficiency was
increased by 33%, and the heat losses were reduced by 46.55%. The study provided a thorough
understanding of parameter influences, such as beam radiation and collector inclination, and
experimental comparisons validated its findings. [10].

1.1 Evaluation of solar energy
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Fig. 1. Solar Energy Utilization process

Figure 1 represents the different stages involved in utilizing solar energy. The infographic
illustrates the Solar Utilization Process, which encompasses three main stages: Energy Capture,
Energy utilization and conversion, with an added emphasis on the advantages and difficulties.
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Energy capture is the first step in the process, which uses concentrated solar power, photovoltaic
systems, and solar thermal systems to capture solar energy. Inverters and thermal storage help to
convert this captured energy into a form that can be used. Energy Utilization, which includes
applications like Grid Integration, Off-Grid Systems, and Hybrid Systems, is the next step for
the converted energy.

2 Investigation on Solar Collector

Significant progress has been made in solar collectors, increasing their usefulness and enhancing
their efficiency. Better thermal performance results from innovations like conical turbulators and
specialized coatings on absorber tubes, which increase heat absorption and lower energy losses.
One important renewable energy technology is concentrated solar power (CSP), which generates
electricity by concentrating sunlight using mirrors or lenses. Different benefits are provided by
the four primary CSP technologies: Parabolic Trough Collectors (PTCs), Linear Fresnel
Reflectors (LFRs), Solar Power Towers (SPTs), and Parabolic Dish Collectors (PDCs). While
SPTs use heliostats to achieve extremely high temperatures for large-scale power production,
PTCs and LFRs direct sunlight onto absorber tubes, with PTCs offering higher efficiency. For
the best energy conversion, PDCs, which are renowned for their efficiency, direct sunlight onto
a tiny receiver. These developments keep solar energy's potential growing, making it a more
practical and sustainable power source. [11].

Table 1 contrasts various solar thermal collectors and Concentrated Solar Power (CSP)
technologies according to their benefits, applications, temperature range, and efficiency.
Industrial power generation frequently uses Parabolic Trough Collectors (PTCs), which have a
high efficiency of 65-75%. Although they are less complicated and expensive, linear Fresnel
reflectors (LFRs) are less efficient (8—10%). Although they are costly, Solar Power Towers
(SPTs) can reach the highest temperatures (500—1000°C) for large-scale power. Although they
require sophisticated tracking, Parabolic Dish Collectors (PDCs) have a high efficiency of 72.16
percent. Evacuated tube collectors are more effective in colder climates, with up to 80%
efficiency, while flat plate collectors are more economical and perfect for heating water in
homes. Combining photovoltaic and thermal energy, hybrid solar collectors (PVT) maximize
efficiency (85-90%) but come at a higher cost. Efficiency, cost, and application requirements all
influence the technology selection.

Table 1. Comparison of Concentrated Solar Power (CSP) and Solar Thermal Collectors [11 - 15]

Parabolic Linear Parabolic Hybrid
Solar Power . Evacuated
Trough Fresnel Dish Flat Plate Solar
Parameter Towers Tube
Collectors | Reflectors (SPTS) Collectors Collectors Collectors Collectors
(PTCs) (LFRs) (PDCs) (PVT)
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. multiple Uses Uses a
parabolic . . Uses flat Uses .
curved heliostats to parabolic Combines
reflectors . . absorber vacuum- .
. mirrors to reflect dish to photovoltaic
Working to focus . plates to sealed .
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Principle sunlight : . capture glass tubes
sunlight on a central sunlight solar thermal
onto an - ) solar to reduce
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) tube.
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2.1 Significance of PTC

Due to their high efficiency and versatility, Parabolic Trough Collectors (PTCs) are a crucial
component of solar thermal energy systems. In addition to producing electricity, studies have
shown that PTCs are useful for processes like desalinating water. For instance, wind forces can
impact the optical performance and structural integrity of PTCs, according to a study that
examined the effects of turbulent wind on these devices. This information can be used to improve
the devices' durability and efficiency. The effectiveness and scalability of direct-absorption
parabolic trough systems in producing high temperatures suitable for large-scale energy generation
have also been analyzed. Although experimental testing of PTCs in water desalination systems
shows that they can effectively produce fresh water, indicating the technology's adaptability, the
use of advanced cavity receiver designs improves performance even more by reducing heat losses.
By emphasizing PTCs' importance in energy generation and other industrial applications, these
findings support their position in sustainable energy solutions.

2.2 Discussion of Parabolic tough collector and Heat pipe

A typical Parabolic Trough Collector Integrated with Heat Pipe (PTC-HP) system consists
of an absorber tube, a heat pipe, a supporting structure, an insulated frame, and a parabolic
reflector. A parabolic trough collector is shown in Figure 4. The parabolic reflector is
typically made of reflective materials, such as polished aluminum or glass coated in silver,
to direct sunlight onto the absorber tube. The absorber tube, which is positioned at the focal
line of the parabolic reflector, collects and transfers the concentrated solar energy to the heat
pipe. To minimize heat loss, insulation is placed around the absorber tube and frame. To
increase thermal resistance, materials like glass wool, mineral wool, or ceramic fibers are
utilized. Even with these precautions, heat losses through various components can affect
thermal efficiency. The heat pipe built into the absorber tube is essential for efficiently
transferring the absorbed heat to the working fluid. This heat transfer mechanism, which
exploits the fluid's phase change inside the heat pipe, significantly improves the system's
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thermal performance. [9].

The key design factors that influence the efficiency and performance of parabolic trough
collectors (PTC) combined with heat pipes are examined in this section using recent
advancements in the field. The seven basic components that make up these parameters are
the following: the material of the reflector, the curvature and dimensions of the parabolic
trough, the aperture area of the collector, the size and shape of the receiver tube, the alignment
and accuracy of the tracking system, the thermal properties of the heat transfer fluid, and the
use of heat pipe technology. To highlight how each parameter enhances heat transmission
and overall system efficiency, each is looked at independently.
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Fig. 2. Structure of a Parabolic Trough Solar Collector [12]

A parabolic trough collector's structural and optical features include the receiver tube (D),
focal length (f), aperture width (Wa), rim angle (@7), and incident angle of direct sunlight
(26m). Figure 2 must be understood in order to comprehend the design and optimization of
solar concentrators. Parabolic trough collectors (PTCs) are a versatile and efficient solar
energy harvesting method that can be used for anything from home water heating to industrial
steam generation. Significant gains in scalability and efficiency are revealed when comparing
multiple PTC designs. Systems with enhanced corrugated receivers have a 59% thermal
efficiency, whereas systems with optimized tracking mechanisms and selective coatings have
an 80% efficiency. Aperture widths and receiver lengths vary widely; smaller systems are
better suited for domestic use, while larger configurations are best for industrial applications.
While high-reflectivity materials like aluminum and solar flex foil increase optical efficiency,
innovations such as conical strip inserts and corrugated tube design have improved heat
transfer and turbulence.

2.2.1 Reflectors

Because they optimize the amount of solar energy that is captured and directed onto the receiver,
reflectors are crucial parts of concentrating solar power systems because they significantly
improve the thermal performance. Fresnel lenses and compound parabolic concentrators (CPCs)
are two examples of sophisticated reflector designs that reduce scattering and reflection losses
to achieve high optical efficiency. These designs are particularly helpful in applications like
parabolic trough collectors, which focus sunlight onto a linear receiver to increase the heat flux
and thermal output. This section discusses the manufacturing procedures for solar reflective
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materials. The choice of reflector material is crucial to the effective operation of concentrated
solar power (CSP) systems. Glass, Polymer, Aluminum, and Stainless Steel are the five different
reflector materials. Based on the two parameters of reflectivity (%) and durability (years),
Aluminum has the highest reflectivity (91%), and its durability is moderate (12 years). Glass
comes in second with 89.3% reflectivity and the highest durability (20 years), while Polymer
and Secondary reflectors have lower reflectivity (68.4% and 75%, respectively) and shorter
durability (10 years and 8 years). Stainless Steel exhibits good reflectivity (82%), and its
durability is 10 years. Overall, the study highlights the trade-offs between reflectivity and
durability, with Aluminum and Glass being the most effective reflector types for balancing these
parameters [6 - 10].

3 Heat Pipes and Its Configurations

As the need for effective thermal management systems grows, heat pipe technology is
developing with new configurations and improved materials. The importance of design elements
such pipe arrangement, dimensions, and material selection in maximizing solar energy
absorption and transfer is highlighted by studies on heat pipes in evacuated tube systems [6] and
solar heat pipe topologies [7]. Adaptations required to improve performance under varied
settings are highlighted by experimental investigations and numerical simulations. Furthermore,
flat grooved designs [8] and heat pipe heat exchangers show enhanced thermal management for
high-performance, small-sized applications like renewable energy systems and electronics
cooling [9].

The table 2 provides a comparison of different heat pipe technologies, highlighting their features,
applications, and performance. It includes flat heat pipes, loop heat pipes, thermosyphon heat
pipes, and micro-oscillating heat pipes, among others. Key findings show that loop heat pipes
can transfer up to 340 W over 10 meters with low thermal resistance, while micro-oscillating
heat pipes improve heat transfer by 44% and reduce thermal resistance by 83.6% using graphene
nanofluids. Thermosyphon heat pipes demonstrate heat transfer coefficients between 6.84 and
11.36 W/m2K, and flat plate heat pipes with heat pumps achieve a heating range of 7-61°C with
a peak capacity of 8.9 kW. The table serves as a quick reference for selecting the most suitable
heat pipe technology for applications in electronics cooling, acrospace, renewable energy, and
industrial systems.

Table 2. Overview of Heat Pipe Variants: Key Features, Applications, and Performance

Heat Pipe Type Key Features Applications Performance Highlights

Ultra-thin FHP (80mm x
8.5mm X Imm) with #180
copper mesh wick shows

Flat Heat Pipes Uniform Electronics cooling, increased temperature
thermal transfer, | spacecraft thermal . . .
(FHPs) . difference = with  heating
compact design management .
power. Numerical model
predicts evaporation section
temperature accurately.
. YA ;
‘ U-shaped/coiled Battery cooling, 44A) increase in heat trar}sfer
Micro waste heat limit via optimized micro-
S, channels, two-
Oscillating Heat hase workin recovery, solar channel layout; graphene
Pipes (MOHPs) p & collectors, nanofluids reduce thermal

fluid electronic cooling | resistance by 83.6%.

Loop Heat Pipes | Capillary-driven | Aecrospace, energy | LLHP with 10m  heat
(LHPs) fluid transport, vehicles transport distance handles
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long-distance 340 W at 0.12 K/W thermal
heat transfer resistance (horizontal).
Under anti-gravity (30, 60,
100 cm), max heat transport
reduced to 310 W, 270 W,

220 W, respectively.
THPs with 25mm and 40mm
Thermosyphon Gravity-assisted ATMs, base diameters; 25mm cogdense_r
. . . heat transfer coefficient =

Heat Pipes heat transfer, stations, chemical )

(THPs) simple structure tanks 11.36 Wim’K. Evaporator of
25mm THP performs better
than 40mm THP.

Combination of High heat flux Adaptive thermal

Hybrid Heat working fluids applications, conductance improves

Pipes and wick aerospace, stability in variable heat
structures renewable energy | conditions.

Variable Adjusts thermal . Stable heat transport with

Adaptive thermal .
Conductance conductance changing heat loads,
. management, . . .

Heat Pipes based on heat electronics coolin improving operational
(VCHPs) load & | flexibility.

Multiole mesh 1.2mm thick UFHP has

Ultra-Thin wick ftruc fure Compact thermal | higher heat transport than

Flattened Heat enhanced ’ solutions, 1.0mm version. Oxidation

Pipes (UFHPs) microelectronics and  sintering  enhance

capillary performance.

Shear viscosity dominates

Different flow . . over - buoyancy  forces;

Annular . Industrial cooling, | reducing evaporator cross-
regimes . . .

Thermosyphon . high-power section lowers operational
. depending on Y . .

Heat Pipes heat load applications limit by 26.3% (capillary

heat pipes) and 44.2%

(thermosyphon heat pipes).

Air heating range: 7-61°C;

Flat Plate Heat Integrates solar Heating in cold peak heating capacity: 8.9

Pipes with Heat energy storage climates, energy kW. System stores solar

Pumps with heat pumps efficiency energy to sustain heating

after solar input ceases.

Wick-Enhanced
Heat Pipes

Advanced wick
structures for
improved fluid
transport

High-efficiency
thermal
management

Biomimetic copper forest
wicks  (Q-like  grooves)
enhance capillary action;
0.6mm UTHP optimized at
71% filling ratio. Ceramic
wicks operate efficiently at
low heat loads; sintered
stainless steel wicks stable up
to 520 W.

3.1 Wick Structure in Heat Pipes

Advancements in heat pipe wick structures have improved efficiency, compactness, and
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adaptability. Flat grooved heat pipes enhance capillary action through specialized grooves,
making them ideal for compact applications like electronics cooling. Hybrid heat pipes combine
different working fluids and wick structures to improve heat transfer in high-heat flux
environments, benefiting aerospace and renewable energy applications. Variable conductance
heat pipes adjust thermal conductance based on heat load, ensuring stable performance under
varying conditions. Studies on ultra-thin flattened heat pipes (UFHPs) show that a multiple mesh
wick structure, enhanced through oxidation and sintering, improves capillary performance and
reduces temperature differences compared to traditional sintered powder wicks [12]. A 1.2 mm
thick UFHP exhibited higher heat transport capacity than a 1.0 mm thick version. Biomimetic
copper forest wicks, created through a one-step electrodeposition process, feature Q-like grooves
that significantly enhance capillary action. Tests with a 0.6 mm ultrathin heat pipe (UTHP)
demonstrated high thermal conductivity and optimal performance at a 71% filling ratio [10]. In
loop heat pipes (LHPs), wick material choice influences thermal performance. Sintered stainless
steel wicks allow stable operation up to 520 W, whereas ceramic wicks operate efficiently at
lower heat inputs [11]. Annular thermosyphon heat pipes exhibit different flow regimes
depending on heat load, with bubbly flow at low heat loads and churn-annular flow at high heat
loads. Studies indicate that shear viscosity forces dominate over buoyancy forces in annular
thermosyphons, while factors like fill ratio and working fluid significantly affect performance.
Reducing the evaporator’s cross-sectional area lowers the operational limit by up to 26.3% in
capillary heat pipes and 44.2% in thermosyphon heat pipes. These advancements in wick
structures enhance heat pipe efficiency, making them suitable for various applications [12].

3.2 Working Fluids

Advancements in working fluids have significantly improved heat transfer efficiency in various
applications, particularly in solar energy systems. Nanofluids, such as CuO, Al:Os, and quartz-
based fluids, offer superior thermal conductivity, leading to faster heat absorption and transfer.
In parabolic trough solar collectors (PTSCs) and flat plate collectors, Al>Os/water nanofluids
combined with conical inserts increased heat transfer efficiency by up to 59.89% [13]. Phase-
change materials (PCMs) play a key role in thermal energy storage by storing excess heat during
high solar intensity periods and releasing it when needed, improving system reliability. The
integration of PCMs with heat pipes, such as micro heat pipe arrays, enhances thermal storage
and temperature uniformity [14].

Table 3. Physical Properties of working fluids [15]

Fluid (1035) p (kg/m®) (ii,a;) i (kg/ms) o®m) | o Jﬁkg)
Water | 100 | 1000 2.33 179%10% | 756 x 102 | 2256
Ethanol | 78 | 789 5.95 177x10° | 241x102 | 846
Methanol | 65 | 792 1302 | 817x10° | 245x102 | 1100
Acetone | 56 | 784 30 41 %104 24%102 | 518

The table 3 presents the thermophysical properties of four fluids: Water, Ethanol, Methanol,
and Acetone. Water has the highest normal boiling point (100°C), making it the least volatile,
while Acetone has the lowest (56°C), indicating higher volatility. In terms of density, Water
is the heaviest (1000 kg/m?), whereas Acetone is the lightest (784 kg/m?). Saturation pressure,
which indicates a fluid's tendency to evaporate, is lowest for Water (2.33 kPa) and highest
for Acetone (30 kPa). The dynamic viscosity of the fluids varies significantly, with Methanol
having the highest viscosity (8.17 x 10~ kg/ms), meaning it flows more sluggishly, while
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Acetone, with the lowest viscosity (4.1 x 10™* kg/ms), flows most easily. Surface tension is
another key factor, with Water having the highest value (7.56 x 102 N/m), demonstrating
strong intermolecular forces, while Acetone has the lowest (2.4 x 1072 N/m), making it more
prone to spreading. Finally, the latent heat of vaporization is greatest for Water (2256 kJ/kg),
meaning it requires more energy to evaporate, whereas Acetone requires the least (518 kJ/kg),
making it easier to vaporize. Overall, Water stands out as the least volatile and most cohesive
fluid, while Acetone is the most volatile with low viscosity and surface tension. Ethanol and
Methanol exhibit intermediate properties, with Methanol showing slightly higher viscosity
and latent heat.

The figure 3 compares the efficiency gain (%) and energy density (kJ/kg) of various
working fluids, including nanofluids (CuO, Al.Os), acetone, water, methanol, and ethanol. The
efficiency gain is represented by blue bars on the left y-axis, while energy density is represented
by red bars on the right y-axis. Eco-friendly working fluids like ethanol and acetone are gaining
popularity due to their high thermal conductivity and compliance with environmental
regulations. Acetone provides the highest energy density (518 kJ/kg) and efficiency gain
(12.5%), while deionized water has an energy density of 418 kJ/kg. Nanofluids offer a notable
37.5% increase in thermal conductivity, making them highly effective for heat transfer

applications.
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Fig 3. Comparison of Efficiency Gain and Energy Density for Different Working Fluids [13 - 14]

A comparative study highlights the heat transfer improvements of nanofluids (CuO, ALOs,
Fe20s) and hybrid nanofluids, showcasing their potential in solar collectors, heat pipes, and
refrigeration systems. These innovations are driving energy-efficient and sustainable thermal
management solutions.

4 Numerical and Experimental Validation

Thermal systems must be validated using both experimental and numerical techniques to
guarantee their dependability and efficiency in using Computational Fluid Dynamics (CFD)
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simulations to examine how flow dynamics and turbulence affect heat transfer in working fluids.
These simulations offer insightful information about the best system configurations and
performance in a range of operating scenarios [15]. Heat pipes and solar collectors can be
evaluated in real-world circumstances using a hybrid methodology that combines numerical and
experimental methodologies. Researchers may make sure that these technologies satisfy the
requirements of contemporary applications by incorporating these validation methodologies into
system designs, enhancing performance indicators, and lowering operating costs.

5 Conclusion

This review highlights the advancements in heat pipe technology integrated with parabolic
trough solar collectors (PTCs) to enhance thermal efficiency and energy storage. Among various
heat pipes, Loop Heat Pipes (LHPs) demonstrate superior heat transfer efficiency, with a heat
transport capacity of 340 W over 10 meters and low thermal resistance. Micro Oscillating Heat
Pipes (MOHPs) also show promising results, achieving a 44% increase in heat transfer limit and
83.6% reduction in thermal resistance using graphene nanofluids. For solar collectors, Parabolic
Trough Collectors (PTCs) are the most efficient and widely used for concentrated solar power
applications, with an efficiency of 65-75%. Regarding reflectors, aluminum and glass provide
the best balance between high reflectivity (91% and 89.3%) and durability (12-20 years). In
terms of working fluids, acetone offers the highest energy density (518 kJ/kg), while nanofluids
(CuO, AlOs, and Fe:0s) significantly enhance thermal conductivity and heat absorption.
Biomimetic copper forest wicks and sintered stainless steel wicks improve capillary action,
enabling stable heat pipe operation up to 520 W. Computational Fluid Dynamics (CFD) and
Finite Element Analysis (FEA) effectively model heat flow, turbulence, and heat pipe efficiency
under different conditions. Additionally, machine learning-based hybrid models further improve
predictive accuracy, optimizing system performance. By integrating experimental testing and
numerical simulations, future designs of heat pipe-integrated solar collectors can achieve greater
efficiency, stability, and adaptability for renewable energy applications. The integration of heat
pipes in solar collectors improves thermal performance, heat transport efficiency, and energy
storage, making them highly suitable for applications in renewable energy, industrial heating,
and power generation.

Future Work

e  Further research should focus on enhancing Thermosyphon heat pipe structures with
advanced wick materials for better heat transport efficiency.

e Innovative Working Fluids — Exploration of hybrid nanofluids and phase change
materials (PCMs) to improve heat transfer and energy storage.

e Enhanced Solar Collectors — Development of hybrid PTC systems integrating heat
pumps and nanofluids for increased efficiency in various climate conditions.

e Advanced Reflector Materials — Investigating new self-cleaning and anti-reflective
coatings to maintain high optical efficiency over time.

e Long-Term Field Testing — Conducting extended experimental studies in various
climates to validate efficiency, durability, and cost-effectiveness

10
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