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Abstract

Evacuated-tube solar collectors have been shown to be effective medium-temperature solar thermal collectors, with improved insulation and less
heat loss than flat-plate collectors. To enhance their usage and performance, various enhancement techniques have been explored. This review
comprehensively integrates experimental and numerical studies of the five most frequently mentioned enhancement techniques: nanofluids,
phase-change materials, reflectors/concentrators, design modifications and hybrid methods. Comparative evaluation reveals average efficiency
improvements of 38.19% for hybrid, 28.03% for design modifications, 24.29% for phase change materials, 22.84% for nanofluids, and 20.40%
for reflector/concentrators. The efficiency ranges reported in the studies vary widely, due to the strong influence of collector geometry, material
characteristics and testing procedures. Optical misalignment and shading losses of the concentrator, dispersion stability and nanofluid abrasion,
and cycling durability and leakage in the case of phase change materials are key issues. Along with reviewing the performance data, this study
highlights key inconsistencies in the definition of baselines, test protocols and reporting approaches that affect the inter-study comparability.
The novelty of the review is the aggregated efficiency gains reported for each category, the reporting of bias and the research agenda, which
emphasises addressing the limitations of standardised testing, durability over time, and techno-economic and life-cycle considerations. Closing
such gaps is crucial to make evacuated tube collectors trendsetting at the laboratory scale, and therefore affordable, effective and scalable for
renewable energy applications.
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1. Introduction

The world’s energy demands and environmental challeng-
es have created a demand for alternative energy sources; in
particular, solar energy. The potential of solar energy as an
alternative, cheaper, renewable energy source is vast, and can
be used to reduce the use of fossil fuels and greenhouse gas
emissions [1, 2]. At COP28, countries committed to increas-
ing the world’s renewable energy capacity at least threefold to
11.17 TW by 2030, making it clear that the implementation
process requires bold and concerted action plans [3]. India,
in turn, has also committed to a 500 GW solar target by 2030,
supported by policies to address the challenge areas of storage,

grid integration, and finance [4]. The numerous technologies
involved in utilising solar energy, such as solar thermal col-
lectors, are the ones that have been held responsible for trans-
forming solar radiation into beneficial heat that can be used
for water heating, space heating, industrial process heating,
and solar cooling [5].

The two primary categories of solar thermal collectors are
non-concentrating and concentrating. The non-concentrating
flat-plate collectors (FPCs) have been the most popular choice
in the past, owing to their low-cost configuration and design;
they are best suited for applications where lower temperatures
are employed (30-80°C). Concentrating collectors, on the other
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hand, are most suitable for high-temperature heat generation (above
300°C) for power generation, but are limited by their expense and
complex design [6]. The non-concentrating type evacuated tube col-
lectors (ETCs), as shown in Figure 1, have become a promising op-
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tion, falling between FPCs and concentrating collectors, with higher
efficiency than FPCs, particularly at low-to-medium temperatures
[7], and better cost-effectiveness than concentrating collectors.
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Figure 1. Schematic of flat plate (left) & evacuated tube (right) collectors

ETCs also offer advantages over other collector types, including su-
perior thermal performance, lower heat loss, and the ability to oper-
ate under diftfuse sunlight conditions. The evacuated space between
the glass tubes reduces convective and conductive heat losses, there-
by providing higher operating temperatures and improved overall
efficiency. This makes ETCs viable in a wide range of applications,
including the production of domestic hot water, solar-assisted heat-
ing and cooling systems, and industrial process heat. Their recent
popularity in residential markets in China, Europe, and Japan re-
flects their increased adoption. This is due to the fact that there has
been an increase in the availability of ETC and, consequently, a drop
in prices [8]. With the increasing need for ETCs in solar thermal
energy, there is a need to enhance their efficiency and increase their
usefulness through performance enhancement. Several approaches
have been taken to enhance the efficiency of ETCs [9]. These in-
clude, but are not limited to, the utilization of nanofluids, integra-
tion of PCM, incorporation of reflectors/concentrators, implemen-
tation of design alterations, hybrid methods, and the application of
advanced control strategies. Figure 2 presents data from an open
search of the Scopus database, illustrating the number of publica-
tions on solar ETCs from 2000 to 2024. The publications were iden-
tified using the keywords “solar AND evacuated AND tube AND
collector” The graph shows a long-term growth in research interest,
with the number of publications initially low in the early 2000s, in-
creasing over time in the late 2000s and early 2010s, then increasing
more significantly after 2014. The greatest increase occurred in the
late 2010s and early 2020s, with a peak in 2021-2022. There has been
an increased focus on evacuated-tube technologies and research on
them in recent years.

Review and research papers have been written on methods of im-
proving the performance of ETCs, such as nanofluids, PCMs, reflec-
tors, concentrators, geometric profiling and hybrid approaches. All
authors concurred that measurable gains can be made, but they also

acknowledged that the test conditions and procedures employed can
have a considerable impact on the outcomes. Hybrid techniques are
most likely to provide the greatest improvements, but also introduce
complexity. This paper adds to the existing body of knowledge by
performing a systematic and comprehensive literature review, of-
fering a quantitative analysis of average efficiency improvements,
identifying biases in the literature and further clarifying the applica-
tion of ETCs. This review seeks to provide an overview of methods
to improve the thermal performance of ETCs and to determine the
most effective approaches to enhance the thermal efficiency of ETCs
while taking into account efficiency, cost and feasibility. The review
also discusses the limitations and opportunities for future research
on ETCs, offering guidance to researchers and practitioners.

This paper is divided into the following sections and subsections:
introduction to evacuated-tube collectors; methods for enhancing
thermal performance (use of nanofluids; use of phase-change ma-
terials; use of reflectors/concentrators; use of design modifications;
hybrid strategies; comparative analysis); societal value; conclusion;
and future work.
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Figure 2. Number of Scopus-indexed articles per year on solar
evacuated tube collectors (2000-2024)
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2. Background of evacuated tube collectors

ETCs have been used as an alternative to FPCs, primarily because
of their ability to effectively minimise heat loss, which is one of the
key factors affecting the overall collector efficiency [10]. The under-
lying technology of ETCs is based on creating a vacuum between the
absorber and the outer glass tube, which eliminates heat losses due
to conduction and convection [11]. This feature allows ETCs to per-
form better, especially at higher temperatures, making them suitable
for a variety of applications, such as domestic hot-water and process
heat. The main elements of an ETC typically consist of the evac-
uated tube, an absorber fin or plate (often coated with a selective
coating to promote solar absorption and reduce thermal emittance),
a heat transfer medium (HTM, which can be a liquid, e.g., water
or antifreeze solution, or a heat pipe containing a working fluid),
and an insulated manifold that collects the hot fluid. The absorber
absorbs the solar radiation and converts it to heat. The heat is effi-
ciently transferred to the heat pipe or HTF and then transported to
the manifold for use or storage. ETCs are relatively insensitive to the
angle of incidence of the sun, and thus offer superior performance
to FPCs under diffuse radiation [12]. The vacuum in the tube en-
closure not only minimises heat loss but also extends the lifespan of
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the collector, thus delivering consistent performance for many years.
ETCs are also favourable from a practical point of view as they do
not need to be tracked by the sun and can operate over a wide range
of temperatures.

ETCs can be categorised according to their design and operating
principles. The primary types are direct-flow ETC and heat-pipe
ETC [13], as shown in Figure 3. In direct-flow ETC, the HTF is cir-
culated directly through the absorber tube and heat is transferred to
the HTF as the fluid flows through the collector. In heat-pipe ETCs,
a heat pipe is used to efficiently transfer heat from the vacuum tube
to the manifold. The heat pipe is filled with a phase-change working
fluid, which vaporises in the absorber, rises to the manifold con-
denser, condenses and returns to the absorber in a closed loop. In
addition to these broad classifications, ETCs can also be sub-classi-
fied by absorber coating, absorber shape and evacuated tube shape
(single-ended or double-ended). Further, the ETC design must take
into account environmental considerations. For instance, in very
cold climates, ETC designs must address freezing issues, by using
antifreeze, or freeze-protection devices. Hot climates may cause
overheating; this can be prevented by increasing the heat transfer
area or by using high, selective thermal emissivity coating.

®

] Cold Fluid In
- \ L7} s " g
- -
- -~
Hot Fluid Out
» "
A RN ;
sotar \ \\
Radiation *

U-tube Pipe

Evacuated
Space

Figure 3. Schematic of evacuated tube collectors: a. heat pipe, b. direct-flow

ETCs have many advantages over other types of solar collectors,
such as FPCs, especially in cooler climates and where higher tem-
peratures are needed. While FPCs are simpler and inexpensive to
install, they tend to lose heat, especially at higher temperatures.
In such conditions, ETCs with higher levels of vacuum insulation
can achieve higher efficiencies. They are therefore an ideal choice
for industrial process heat, where higher temperatures than those
attainable with FPCs are required. For instance, ETCs are used for
industrial processes including preheating boiler feedwater, pasteur-
ization, sterilization, and other processes that require high tempera-
tures. ETCs have evolved in diversity and scale due to their advan-
tages over other collectors. Furthermore, integration with other
renewable energy systems, especially photovoltaic (PV) systems, is
increasingly common as a result of their modularity, economies of
scale, and scalability from small rooftop to larger utility-scale sizes.
The technology’s global uptake was aided by demonstrations of high
specific power and other bifacial benefits of about 5.5% compared to

ground-mounted PV systems in desert locations (Thar, Great Indian
Desert). This showed the value of site optimisation and technology
selection for improved energy generation at high-irradiance, remote
sites [14]. Photovoltaic/thermal collectors (PV/T) take advantage of
the combined advantages of PV and ETC technologies by simulta-
neously producing electricity and heat [15]. The heat can be used
for domestic hot water, space heating or process heating and the
electricity can be used to power local loads or feed into the grid;
thus, PV/T systems are better suited to multiple uses of renewable
energy. These advances reflect the increasing significance of ETCs as
thermal collectors and as components of PV/T hybrid systems, and
suggest that a better understanding of the mechanisms of improve-
ment is needed.

While there are many advantages to ETCs, products have limita-
tions. The first is that they are costlier in the initial period. This is
due to their complex design and manufacturing process. But they
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can make up for the initial cost in the long run due to their high
efficiency and suitability in hot climates. The second disadvantage is
that it may overheat under certain operating conditions, which may
cause damage to the collector components. To ensure the long-term
efficiency and cost-effectiveness of ETCs, design and optimisation
challenges need to be investigated. The efficiency of the collector can
be compromised by thermo-hydro-scale in the tube, particularly in
dense water. Research and development are underway to avoid these
problems and to find other ways to enhance ETC operation, as de-
scribed in the Introduction. Despite these drawbacks, the advantag-
es of ETCs in the area of high-efficiency, multi-purpose applications;
they have too many applications to be a serious contender in the
technology of high-efficiency solar energy collectors.

3. Performance improvement techniques

This section summarizes important inititatives that have been un-
dertaken to enhance the performance of ETCs. Particular attention
has been paid to nanofluids on the fluid side, where the inclusion of
metal oxide, carbon-based and hybrid nanoparticles improve ther-
mal conductivity and heat convection, making them more desirable
for thermal performance. But we have problems with large-scale
applications such as agglomeration, viscosity, and instability during
long-term operation. Another way to stabilise outlet temperatures
and enhance the energy supply is the use of PCMs, which absorb
heat in high-irradiance conditions and release heat in low-irradi-
ance conditions, thus stabilising outlet temperatures. Apart from
these advantages, PCMs suffer from low thermal conductivity, leak-
age and the lifespan of PCMs, which require composite preparation
and encapsulation techniques. Reflectors and concentrators (e.g.,
compound parabolic reflectors, diffuse flat reflectors) increase the
intensity of the sunlight on the absorber surface, thus improving
the energy absorption. But they rely on accurate alignment, shading
and coating, which are susceptible to dirt, which may reduce their
effectiveness. Other design enhancements, such as twisted-tape in-
serts, grooved tubes and selective coatings, increase turbulence, im-
prove heat transfer and prevent stagnation, but at the cost of higher
pressure drop and manufacturing costs. The best performance is
achieved when two or more of these techniques are hybridised; that
is, they have a complementary effect by minimising thermal losses
and exploiting their shortcomings. All these approaches represent
the adaptability of ETCs and reflect their robustness in providing
medium-temperature heat to devices that provide domestic hot wa-
ter and industrial process heat, with emphasis on cost, lifespan and
ease of installation.

3.1. Utilization of nanofluids

The working fluid in ETC absorbs, transfers, and transports heat,
affecting the performance and efficiency of the system. Traditional
working fluids, including water, ethylene glycol, and water-ethylene
glycol mixtures have been employed in solar thermal systems. These
fluids have low thermophysical properties, particularly thermal con-
ductivity, which hampers heat transfer and collector efficiency. The

development of nanofluids as advanced working fluids for ETC has
been studied in detail to eliminate these shortcomings, leading to
enhanced thermal efficiency and heat transfer. Nanofluids are new
types of engineered HTFs that are suspensions of nanoparticles (1-
100 nm) in conventional base fluids. These colloid suspensions have
greater thermo-physical properties (thermal conductivity, heat ca-
pacity, and convective heat transfer coeflicient) than the base fluids
[16]. Various nanoparticles have been investigated for solar thermal
applications, such as metal oxides, metals, carbonaceous materials
(such as carbon nanotubes and graphene), and hybrid nanoparticles
as shown in Table 1.

Sabiha et al. [17] pioneered experimental studies of Single-Walled
Carbon nanotube-water suspensions at volume concentrations of
0.05-0.2% and nanotube diameters of 1 to 2 nm, and found a max-
imum thermal efficiency of 71.84% over pure water at mass flow
rate of 0.025 kg/s for heat-pipe ETC in Kuala Lumpur climate.
Iranmanesh et al. [18, 19] have furthered this approach by using
graphene nanoplatelets (5 to 10 nm) in distilled water at weight con-
centrations of 0.025-0.1% in a closed-loop heat-pipe ETC, compli-
ant with ASHRAE 93-2003 standards; their findings have shown a
thermal efficiency of 90.7% (36% above water baseline), exergy ef-
ficiency of 91% (20.5% above baseline), and significant reductions
in entropy generation and pumping power requirements. Daghigh
and Zandi [20] evaluated Multi-Walled Carbon nanotube, CuO, and
TiO, at 0.1 %vol in water, with an additional gas in the heat-pipe
ETC; their combined experimental-theoretical analysis in Sanandaj,
Iran, found collector efficiency gains of 25% for MWCNT, 12-15%
for CuO and 5-7% for TiO, compared to water, and fuel savings of
67.7% (August) and 42.2% (October). Eidan et al. [21] pioneered
acetone-based nanofluids; ALO, and CuO at 0.25 %vol and 0.5 %vol,
with particle sizes of 20 nm and 25 nm in a GAHP-HP-ETC with
70% filling ratio and 45° inclination, reporting thermal performance
improvements of 20-54% and efficiency enhancements of 15-38%.

Lépez-Nuiez et al. [22] performed numerical computational fluid
dynamics analyses in ANSYS-Fluent on water-in-glass ETC using
TiO, and SiO, nanofluids (0.5 %vol, 21 nm & 30 nm), varying solar
irradiance and flow rates; TiO, nanofluids displayed thermal effi-
ciency enhancements of 24.5% under low radiation and 6.9% un-
der high radiation, exergy efficiency gains of 160% (low) and 26.6%
(high), and entropy generation reductions up to 79%, whereas SiO,
proved less effective under intense irradiation. Khudair and Hussein
[23] experimentally probed MWCNT/deionized water nanofluids
(0.01-0.05 %vol, purity = 99%) in a heat-pipe ETC at flow rates up
to 3 L/min in Al-Hilla, Iraq; they recorded a maximum efficiency
enhancement of 69.63% at 0.05 %vol and 3 L/min, and a AT increase
of 86.84% at 0.05 %vol and 1 L/min. Al-Abayechi et al. [24] used
Simcenter STAR-CCM+ to numerically evaluate AL, O,/water nano-
fluids in a U-tube ETC, observing thermal efficiency increases from
58.79% (base fluid) to 60.99% (nanofluid), outlet temperature rises
from 44.3-74.8°C (base fluid) to 49.6-80.3°C (nanofluid) and water
velocity increases from 0.01 to 0.07 m/s. Surve [25] demonstrated
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that graphene-oxide sheets at minute concentrations (0.001-0.003
%vol) in deionized water elevated thermal efficiency from 25.7 (wa-
ter) to 37.1%; a 44.35% enhancement at 1 L/min in a heat-pipe ETC.

Mahendran et al. [26] reported that TiO,/water nanofluids(0.3 %vol,
30-50 nm)in a thermosyphonic flow ETC increased efficiency by ap-
proximately 16.7% to reach 73%. Ghaderian and Sidik [27] found
that AL O /distilled water(0.03 %vol & 0.06 %vol, 40 nm)nanofluids
in a thermosyphonic flow ETC could attain a maximum efficien-
cy of 57.63% at 60 L/h, outperforming water. Sharafeldin and Grof
[28] examined CeO,/water(0.015-0.035 % vol, 25 nm)nanofluids in
a thermosyphonic flow ETC in Budapest, achieving thermo-opti-
cal characteristics of up to 34%, AT enhancements of 37.3%, and
heat gain increases of 42.3%. Yurddas [29] experimentally and nu-
merically optimized U-type ETC with MWCNT, SiO,, TiO,, and Cu
nanofluids in the volumetric ratio of 0.5-5%, and concluded that Cu/
water nanofluid had the best heat transfer enhancement of 14.09%
at 5 %vol. Hosseini and Dehaj [30] compared the performance of
TiO, nanowires to nanoparticles (1 %vol, 30 nm & 54 nm) in a
U-type ETC, achieving thermal efficiency enhancements of 21.1%
and 12.2%, respectively. Shahi et al. [31] simulated numerically sin-
gle-ended thermosyphonic flow ETC with Cu/water nanofluids (up
to 0.05 %vol, 100 nm), and demonstrated performance maxima at
tilts of 35° and greater gains for higher tilts. Lu et al. [32] experi-
mentally demonstrated that a CuO/water nanofluid (0.8-1.5 wt%,
50 nm) in thermosyphonic flow ETC exhibited the best heat transfer
improvement of 30% at 1.2 wt% and a 60% filling ratio.

Tong et al. [33], combining experimental and numerical analyses
in Gwangju, South Korea, assessed MWCNT/water nanofluids (0.2
%vol; up to 0.24 %vol) in enclosed U-pipe ETC, reporting thermal
efficiency increases of 4% compared with air-filled systems and
HTC enhancements of approximately 8% relative to water, along
with annual reductions of 1600 kg CO, and 5.3 kg SO, for fifty-unit
arrays. Kaya et al. [34] conducted ZnO/ethylene glycol-pure water
(50:50) at 1-4 %vol in Karabiik, Turkey, U-tube ETC with differ-
ent flow rates and found a peak efliciency of 62.87% at 0.045 kg/s
and 3% ZnO, i.e., an increase of 26.42% from the base fluid. Kim et
al. [35] conducted theoretical studies on U-pipe ETC with a suite
of nanoparticles; MWCNT (0.2 %vol), CuO, Al O,, TiO,, SiO, (3
%vol) dispersed in 20% propylene glycol-water demonstrating that
thermal conductivity and efficiency rose with concentration, with
MWCNT yielding a 62.8% efficiency increase (10.5% over base flu-
id) and CO, and SO, emissions reduced by 103.8-345.3 kg/year and
0.4-1.1 kg/year, respectively.

Mahbubul et al. [36] replicated Sabiha's SWCNT/water system
(0.05-0.2 %vol, 1 to 2 nm) in Dhahran, Saudi Arabia, and confirmed
an efficiency increase from 56.7% (water) to 66% at 0.2 %vol. Ozsoy
and Corumlu [37] achieved efficiency enhancements of 20.7-40% in
heat-pipe ETC using Ag/water nanofluids at a concentration of 20
ppm (~0.002 %vol, 60 nm). Dehaj and Mohiabadi [38] demonstrat-
ed that MgO/deionized water nanofluids (0.014% & 0.032 %vol, 74.5
nm) in heat-pipe ETC yield an efficiency of ~10.5%, higher than that

of water, with further gains achieved by increasing flow rates and
concentrations. Kaya and Arslan [39] numerically compared MgO,
Ag, and ZnO in ethylene glycol-water (30:70) at 1-4 %vol in U-pipe
ETC, noting a peak efficiency of 68.7% for 4 %vol; Ag/ethylene gly-
col-water (26.7 % over base fluid), and significant coal usage (855.5
kg/year), CO, (2241.4 kg/year), and SO, (7.2 kg/year) reductions
for thirty-unit installations. Sharafeldin and Grof [40] returned to
thermosyphonic flow ETC with WO,/water(0.014-0.042 %vol, 90
nm),attaining efficiency improvements up to 72.83%(19.3% above
water),heat gain increases of 23%, heat removal factor enhance-
ments of 5-16%, and AT rises up to 21%. Yan et al. [41] combined
experimental and numerical methods to demonstrate that SiO2/
water nanofluids(1-5 wt%, 30 nm)in all-glass thermosyphonic flow
ETC significantly enhance thermal conductivity and heat transfer in
proportion to the nanoparticle fraction, albeit at the expense of re-
duced optical transmittance. Jamil et al. [42] numerically optimized
TiO,/water(0.05-1 %vol)thermosyphonic flow ETC in Johor, Malay-
sia, and the highest thermal enhancement was found at 30° inclina-
tion and 0.5 %vol, and concentration is positively correlated with
the Nusselt number(Nu).Gan et al. [43] experimentally confirmed
that TiO,/water nanofluids(0.1 & 0.5 %vol, 21 nm)in thermosy-
phonic flow ETC increase efficiency by 16.5% and reduce entropy
generation by 1.23 % at 0.033 kg/s. Saxena and Gaur [44] expanded
the system boundary by integrating an ETC with a heat exchanger in
Madhya Pradesh, India, using CuO/Demineralized water(0.5%, 40
nm)nanofluids; they observed energy efficiency improvements from
42.39 to 45.12%, exergy efficiency increases from 8.90 to 9.51%, and
a doubling of annual cash flow.

Elshazly et al. [45] compared MWCNT, AL O,, and hybrid MWCNT/
Al O, (50:50) in water with 0.005-0.05 wt% concentration, and found
the highest thermal efficiency of 73.5% (MWCNT), 60% (ALO,),
and 69%(hybrid),and exergy efficiency of 51%(MWCNT),44%(hy-
brid),and 38% (ALO,), and also determined 20% higher perfor-
mance of hybrid compared to AL O,. Sathish et al. [46] incorporated
AL O, & SiO, (50:50) nanofluids (0.5-2 %vol) into an ETC integrat-
ed with a PEM electrolyzer and an organic Rankine cycle in Tamil
Nadu, India; this complex system achieved thermal efficiency up to
82.1%, exergy efficiency up to 16.4%, ORC efficiency up to 60.4%,
hydrogen production of 3105.6 g (36.25% more than water), and
overall system efficiency of 71.3% at 2 %vol. Henein and Abdel-Re-
him [47] evaluated MgO & MWCNT hybrid nanofluids (0.02 wt%)
in heat-pipe ETC, varying hybrid ratios and flow conditions; they
recorded maximum energy efficiency increases of 55.83% and ex-
ergy efficiency of 77.14% at a 50:50 hybrid ratio. Shahini et al. [48]
applied 3D CFD simulation in ANSYS-Fluent to assess Al O,/wa-
ter-ethylene glycol nanofluids(0.04-0.06 %vol)in a direct-absorption
ETC and achieved efficiencies of 66.68-71.39%, the peak 71.4% be-
ing at 0.06 %vol and outlet temperature increases of 22.02 to 30.26
K.

Recent studies have yielded promising results that could enhance
the thermal performance of ETCs. An experimentally derived neu-
ral-network correlation, obtained through a CVFEM simulation,
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demonstrated that Nu increases with the Rayleigh number and de-
creases with the Hartmann number, rendering it a useful prediction
tool for nanofluids [49]. The identical trend modelling, with an error
of less than 7%, confirmed the same trends on the fluid side, making
them more reliable [50]. The non-uniform magnetic fields applied
to Fe304 ferrofluids in screw tubes demonstrated higher Nu and

temperature homogenization, indicating the benefits of magnetism
and geometry [51]. Moreover, backwards-facing step flow numeri-
cal computations have shown a maximum enhancement of 300% in
local Nu in extra-magnetic and wire configurations [52]. These are
not solutions to ETCs per se, but such mechanisms may be included
to maximize the collector’s efficiency in practice.
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Figure 4. Efficiency enhancement using various nanofluids

The efficiency gains of the reviewed studies that used nanofluids
are shown in Figure 4. CNTs and carbon-based hybrid nanofluids
significantly enhance the efficiency of ETCs compared with other
materials. According to these studies, proper choices of nanoparti-
cle type, concentration, base fluid, ETC configuration, and experi-
mental and numerical methodologies can yield thermal efficiency
increases ranging from single-digit percentages to, in some cases,
almost doubling baseline performance. Moreover, these methods
can simultaneously minimize entropy generation, pumping power,
fuel use, and greenhouse gas emissions, thereby facilitating hydro-
gen and power generation systems. Practical limitations to the use
of nanofluids in ETC include limited long-term stability, propen-
sity for agglomeration, risk of abrasion to circulatory-system com-
ponents, and cost. Zeta-potential, pH control, and ultrasonication
regulation are practised to optimal levels to control agglomeration
[53]. Surface functionalization and polymeric dispersants, e.g., PVP,
would be suspended at high temperatures [54]. Homogeneous sus-
pensions are prepared using methods such as limiting the volume
fraction and controlling the flow regime to avoid sedimentation,
prevent thermal cycling, and minimise UV exposure [55]. Poten-
tials of zeta more than approximately 30 mV can be maintained for
hours to months or longer [56]. Controlled sedimentation can be
prevented by dispersion using surfactants, such as sodium dodec-
ylbenzenesulfonate (SDBS) and polyvinyl alcohol (PVP), and by ul-

trasonication [57]. The pH control and ionic strength can be used
to enhance zeta potential with low loadings of less than 0.75 vol%,
although very high pH levels are prone to corrosion [58]. Clus-
ters formed through sonication with covalent functionalization or
non-ionic surfactants do not form without significantly increasing
the viscosity [59]. However, the dynamic viscosity can also increase
significantly with increasing particle loading; several-fold increas-
es at specific volume percentages have been reported, and may in-
crease the pumping power and the risk of clogging. Therefore, with
the use of particles, it is advisable to adopt low concentrations [60].
Large-scale, long-term outdoor testing of the product under realis-
tic thermal and UV exposure conditions is required to confirm the
laboratory findings. Furthermore, hybrid nanofluids also show great
potential for ETCs, with heat transfer improvements ranging from
30-45% for MWCNT-AIL O, in oil, 10-22% for TiO,-Al O, in EG-wa-
ter, and 18-35% for ALLO,-CuO in water at low concentrations. But
long-term stability, deposition and pumping fines limit the use, and
the optimal concentration (< 0.5 %vol) and stable suspension are
essential. Lack of experience and a life-cycle analysis also warrant
the need for thermal cycling and UV exposure testing to provide
sustainable and scalable ET'C operations [61]. Appropriate selection
and handling should also be followed to tackle the environmental
impact and toxicity of some nanomaterials, to enable sustainable use
of these materials.
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Table 1. ETCs utilizing nanofluids

Ref.

Sabiha et al.
[17]

Iranmanesh
etal. [18,19]

Daghigh and
Zandi [20]

Eidan et al.
[21]

Lopez-
Nuiiez et al.
[22]

Khudair and

Hussein [23]

Al-Abayechi

et al. [24]

Surve et al.
[25]

Mahendran
et al. [26]

Ghaderian
and Sidik
[27]

Sharafeldin  CeO,/Water, 0.015,

and Grof
[28]

Yurddas [29]

Nanofluid
(material,
base fluid,
concentration,
size)

SWCNT/Water,
0.05,0.1 &0.2
%vol, 1-2 nm

Graphene
Nanoplatelets
(GNP)/ Distilled
water, 0.025-0.1
wt%, 5 to 10 nm

MWCNT, CuO,
TiO,/ Water, 0.1
%vol

ALO,/Acetone,

CuO/Acetone, 0.25
& 0.5 %vol, 20 &

25 nm

TiO,/Water, SiO,/
Water, 0.5 %vol, 21

& 30 nm

MWCNT/

Deionized water,

0.01, 0.03, 0.05
%vol, Purity >
99 %

AL O,/Water

Graphene Oxide
(GO)/Deionised
water, 0.001-0.003
%vol, GO sheets

TiO,/Water, 0.3

%vol, 30-50 nm

ALO,/ Distilled
water, 0.03 & 0.06

%vol, 40 nm

0.025 & 0.035
%vol, 25 nm

MWCNT, SiO,,
TiO,, Cu (all with
Water), 0.5, 1, 3, 5

%vol ratios

Methodology
highlights

Experimental;
varied vol.
concentration &
mass flow rates
(Kuala Lumpur,
Malaysia)
Experimental;
varied flow rates
& GNP mass %;
ASHRAE 93-2003
standard
(Kuala Lumpur,
Malaysia)
Experimental
& Theoretical
(Sanandaj, Iran)
Experimental;
optimal filling
ratio 70% & tilt
45°
(Najaf city, Iraq)
Numerical (CFD,
ANSYS-Fluent);
varied solar
radiation & flow
rates

Experimental;
varied flow rates
(Al-Hilla, Iraq)

Numerical-
Simcenter STAR-
CCM+ 2022.1
(Baghdad, Iraq)

Experimental;
varied flow rates
(Ratnagiri, India)

Experimental; 2.7
L/min flow rate
(Pahang,
Malaysia)
Experimental;
varied L/h flow
rate
(Kuala Lumpur,
Malaysia)

Experimental
(Budapest,
Hungary)

Numerical

Key performance
parameters

Thermal efficiency

Thermal efficiency,
Exergy efficiency,
Entropy generation

Collector efficiency,
Fuel consumption
saving

Thermal

performance,
Efficiency

Thermal efficiency,
Exergy efficiency,
Entropy generation

AT, Thermal
efficiency

Outlet temp., Water
Velocity, Thermal
efficiency

Thermal efficiency

Thermal efficiency

Thermal efficiency

Thermo-optical
characteristic, AT,
Heat gain

Heat transfer

Quantitative enhancement

Max thermal efficiency of 93.43% (71.84% enhancement over
water implicitly) at 0.025 kg/s

Thermal efficiency up to 90.7% (36% > water), Exergy efficiency
up to 91% (20.5% > water), Reduced entropy

MWCNT: Efficiency up by 25%; CuO: Efficiency up by 12-15%;
TiO,: Efficiency up by 5-7% (vs. water), Fuel saving: 67.7%
(Aug), 42.2% (Oct)

Thermal performance up by 20-54%, Efficiency up by 15-38%

TiO,: Thermal efficiency up by 24.5% (low rad.); 6.9% (high
rad.), Exergy efficiency up by 160% (low rad.); 26.6% (high rad.),
Entropy reduction up to 79% and SiO, is less effective at high
radiation

Max efficiency enhancement 69.63% (0.05 %vol, 3L/min), Max
AT increase 86.84% (0.05 %vol, 1 L/min)

Thermal efficiency 60.99% (58.79% for water), Outlet temp.
increased from 44.3-74.8°C to 49.6-80.3°C, Water velocity 0.01
to 0.07 m/s

Max thermal efficiency 37.1% (0.003 %vol, 1 L/min) vs. 25.7%
for water (44.35% enhancement)

Efficiency increased by ~16.7% to 73%

Max efficiency of 57.63% (higher compared to water) for 0.06
%vol of nanofluids and a mass flow rate of 60 L/h

Thermo-optical characteristic up to 34%, Max AT enhancement
37.3%, Heat gain increase 42.3%

Cu/water nanofluid exhibited the best heat transfer
enhancement of 14.09% at a 5% volumetric ratio compared to
the others.
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TiO, nanowires/

L. Water, TiO
Hosseini and nanoparticlezs/
Dehaj 301 y\ter, 1 %vol, 30
& 54 nm
Shahietal.  Cu/Water, 0-0.05
[31] %vol, 100 nm

CuO/Water, 0.8-

Lu et al. [32] L5 wit%. 50 nm

Tong et al MWCNT/Water
[§3] * 0.2 %vol (max 0.24
%vol)
ZnO/Ethylene
Kayaetal.  glycol-Pure water
[34] (50:50); 1-4 %vol,
30 nm
MWCNT (0.2
%vol), CuO,
Kim et al. ALO,, TiO,, SiO,
[35] (3 %vol)/ 20%
Propylene glycol-
Water, 1-100 nm
Mahbubul et SWCNT/ Water,
al. [36] 0.05,0.1,
: & 0.2 %vol, 1-2 nm
Ozsoyand  Ag/Water, 20 ppm
Corumlu (~0.002 %vol),
[37] 60 nm
Dehaj and MgO/Deionized
Mohiabadi water, 0.014 &
0.032 %vol, 74.5
(38]
nm
MgO, Ag &
Kaya and Z;?h/;ﬁi:r_
Arslan [39] glycol (30:70), 1-4
%vol
Sharafeldin WO3/Water, 0.014,
and Grof 0.028
& 0.042 %vol, 90
[40]
nm
Yan et al. SiO,/Water, 1, 3 &
[41] 5 wt%, 30 nm
Jamiletal. TiO,/Water, 0.05- 1
[42] %vol
Gan et al. TiO,/Water, 0.1 &
[43] 0.5 %vol, 21 nm
CuO/
Demineralized
Saxena and
water, 0.5 %
Gaur [44] .
concentration,

40 nm

Experimental
(Rafsanjan, Iran)

Numerical

Experimental

Experimental &
Numerical
(Gwangju, S.
Korea)
Experimental;
different flow rates
& concentrations
(Karabiik, Turkey)

Theoretical
(Gwangju, S.
Korea)

Experimental
(Dhahran, Saudi
Arabia)

Experimental
(Isparta, Turkey)

Experimental
(Rafsanjan, Iran)

Numerical
(Karabiik, Turkey)

Experimental
(Budapest,
Hungary)

Experimental &
Numerical
(Inner Mongolia,
P.R. China)

Numerical
(Johor, Malaysia)

Experimental
(Kuala Lumpur,
Malaysia)

Experimental
(Madhya Pradesh,
India)

Thermal efficiency

Thermal
performance,
Inclination angle
Thermal
performance, Filling
ratio

Thermal efficiency,
HTC

Thermal efficiency

Thermal conductivity
and Efficiency

Thermal efficiency

Thermal efficiency

Thermal efficiency,
Flow rate impact

Thermal efficiency

Efficiency (thermal-
optical), Heat gain,
AT,F,

Thermal
conductivity, Heat
transfer

Thermal
performance,
Inclination angle, Nu

Thermal efficiency,
Entropy generation

Energy and Exergy
efficiency, Economic
performance

TiO, nanowires: Efficiency up by 21.1%; TiO, nanoparticles:
Efficiency up by 12.2%

Nanoparticle inclusion boosts performance, with optimal heat
transfer at 35° and stronger effects at steeper angles.

Optimal 1.2 wt% CuO nanofluid at 60% filling ratio enhances
heat transfer by 30%

Efficiency up by 4% vs. air-filled system, HTC up by ~8% vs.
water, CO, & SO, emissions down by 1600 & 5.3 kg/year (50
units)

Max efficiency 62.87% at 3.0 %vol ZnO & 0.045 kg/s; 26.42% up
over base fluid

Thermal conductivity
increased as the concentration of nanofluid increased, Efficiency
up by 62.8% with MWCNT (10.5% up vs. base fluid), CO,
reduction by 103.8-345.3 & SO, reduction by 0.4-1.1 kg/year

Efficiency rise from 56.7% (water) to 66% (0.2 %vol SWCNT)

Efficiency increased by 20.7-40% vs. pure water

Higher efficiency with MgO (~10.5% vs. base fluid); improve
further with higher flow rate & concentration

Max efficiency: 68.7% for 4 %vol Ag/EG-PW (26.7% increase
over base fluid), Coal usage reduction: 855.5 kg/year; CO,;:
2241.4 kg/year; SO,: 7.2 kg/year (30 units)

Efficiency improved up to 72.83% (19.3% over water), Heat gain
increased by 23%, F, improved by 5-16%, and AT up to 21%
higher than the base fluid.

Higher SiO, nanoparticle fractions (5 wt% > 3 wt% > 1 wt%)
markedly raise thermal conductivity and solar-collector heat
transfer, albeit at the cost of reduced optical transmittance.

Maximum thermal enhancement occurs at a 30° inclination and
0.5% vol due to the strong thermosyphon and gravity effects; Nu
increases with concentration.

16.5% rise in efficiency, whereas
1.23% drop in entropy generation at a corresponding mass flow
rate of 0.033 kg/s; heat transfer enhanced by TiO, nanofluid

Energy efficiency improved from 42.39% (DM water) to 45.12%
(CuO nanofluid), Exergy efficiency from 8.90% to 9.51%, and
the annual cash flow doubled
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MWCNT, ALO,,
Hybrid MWCNT/
Al O, (50:50)/ Max thermal efficiency: 73.5% (MWCNT), 60% (AL,0O,), 69%
273 273
Els}’a[il;']et Water, 0.005-0.05  Experimental The“ggg:cExergY (Hybrid), Exergy efficiency: 51% (MWCNT), 44% (Hybrid),
a (wt%), MWCNT: ¥ 38% (ALO,); hybrid offered 20% boost over ALO,
10-40 nm, A1203:
<30 nm
ALO, &SIO, . Therm.a land Exergy Max thermal efficiency: up to 82.1%,
. (50:50)/Water, Experimental efficiency, ORC . .
Sathish et al. - . Exergy efficiency: up to 16.4%, ORC efficiency: up to 60.4%,
0.5-2 %vol, ALO: (Tamil Nadu, efficiency, Hydrogen .
[46] . . ! Hydrogen production: max 3105.6 g (36.25% more than water),
5-20 nm, SiO,: India) production, Overall .
2 . Overall efficiency: 71.3% at 2 %vol
25-30 nm system efficiency
. Experimental;
Heneinand ~ MgO & MWCENT varied hybrid Energy and Exergy =~ Max energy efficiency increase: 55.83%, Max exergy efficiency:
Abdel- (Hybrid)/Water, weight ratios & efficienc 77.14% (at 50:50 ratio)
Rehim [47] 0.02 wt% 3 Y S :
flow rates
Shahini et al Alﬁ?ﬁ/ \llvater’ Numerical 3D (o Efficiency: 66.68-71.39%; Max efficiency 71.39% (at 0.06%
. [‘;g]e " veol 001 800 CEDInANSYS. T SO EAGERY T ALO fwater), AT, ; 22.02 K (at 0.04% ALO,/water) to 30.26 K
B el Fluent) Hret femp. (at 0.06% AL O /EG); Max AT, 30.26 K (at 0.06% Al,O+/EG)
(V]

3.2. Integration of phase change materials

The integration of phase change materials into ETCs is a step to-
wards higher efficiency and overcoming the variable nature of so-
lar radiation. PCMs are materials that store heat during the melt-
ing process and release heat during the solidification process. This
characteristic allows ETCs with PCMs to store and release thermal
energy during the periods of high, low and zero irradiance, thus of-
fering a reliable and consistent energy source. PCMs can be cate-
gorised into three main groups: organic (e.g., paraffins, fatty acids,
polyethylene glycols), inorganic (e.g., salt hydrates, pure salts) and
polymeric or solid-solid systems. Various engineering approaches
such as encapsulation, shape-stabilization and composite formation
have been proposed to enhance containment, thermal stability and
cycling stability [62]. Organic PCMs, inorganic hydrated salts and
composite or encapsulated PCMs are the most common PCMs used
in thermo-solar applications, as shown in Table 2.

Papadimitratos et al. [63] introduced a dual-PCM system com-
bining Tritriacontane (melting at 72°C, latent heat 256 kJ/kg) and
erythritol (melting at 118°C, latent heat 340 kJ/kg) by immersing a
heat pipe directly in the PCM contained within the evacuated tube.
In their experimental comparison of normal versus on-demand op-
eration modes, the normal mode yielded a 26% increase in collector
efficiency, while the on-demand mode produced a 66% increase in
collector efficiency. Chopra et al. [64] embedded stearic acid (melt-
ing at 67.10°C, latent heat 244.21 J/g) inside heat pipes of a heat-
pipe ETC and evaluated daily thermal efficiency across flow rates of
8-20 L/h in Jammu and Kashmir, India. The PCM-integrated system
outperformed the base case by 32-37% on a daily basis, achieving
efficiency ranges of 79.98-87.8% compared with 42.42-55.46% with-
out PCM integration. Felinski and Sekret [65] examined technical
grade paraffin (melting at 58°C, latent heat 217.6 kJ/kg) placed in-
side all-glass evacuated tubes serving both as collector and storage;

through combined experimental and simulation methods in Cze-
stochowa, Poland, they reported charging efficiencies between 33-
66%, a 20.5% increase in annual solar fraction, and useful heat gains
45-79% higher than the without PCM baseline.

Abokersh et al. [66] investigated the charging of paraffin wax (melt-
ing point: 58-62°C, latent heat: 189 kJ/kg) in direct-flow evacuated
tubes with and without fins in Cairo, Egypt. The unfinned collector
exhibited 14% higher charging efficiency than the finned version,
while the latter showed greater overall energy discharge, highlighting
the trade-off between charging and discharging efficiencies. Sheng
Xue [67] investigated the inclusion of crystalline hydrate barium
hydroxide octahydrate and barium carbonate(melting at 81.83°C,
latent heat 193 kJ/kg)within all-glass ETC and found that high PCM
viscosity and low thermal conductivity limited performance; none-
theless, constant-flow tests showed a 20% higher efficiency than con-
ventional solar water heaters. Feng et al. [68] conducted numerical
parametric studies on U-tube ETC embedded with RT-40(melting
range 35-50°C, latent heat 120-250 kJ/kg),demonstrating that low-
ering the melting point to 35°C boosted efficiency, that an optimal
latent heat of 160 kJ/kg maximized performance, and that increased
PCM thermal conductivity further improved thermal output. Yong-
Li et al. [69] integrated experiment and simulation approaches in
Shaanxi, China, employing a composite paraffin/expanded graphite
with melting temperature of 69.85°C and latent heat of 200 kJ/kg
in U-type ETGC; the reduction was 7.4 K in HTF outlet temperature
for a PCM with lowered melting temperature of 49.85°C, thermal
efficiency of 50.72%, and storage efficiency of 19.2%, as larger tube
diameters provided additional efficiency improvements.

Said et al. [70] performed ANSYS Fluent simulations on a U-tube
direct-flow ETC containing three PCM: RT 82 (350.15-358.15 K,
latent heat 176 kJ/kg), parafiin wax (330.25-334.34 K, latent heat
182.4 kJ/kg), and stearic acid (331-337 K, latent heat 186.5 kJ/kg).
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The RT 82 PCM proved most effective, yielding a 9.27% energy gain
over the system without PCM. Pathak et al. [71] filled the annular
space between the evacuated tube and finned heat pipe with pal-
mitic acid (melting point: 61.10-64.70°C, latent heat =: 205 kJ/kg)
and evaluated daily useful energy and exergetic efficiencies during
clear and cloudy days at a flow rate of 20 L/h in Jammu, India. On
clear days, the system delivered 10.65 M] of useful energy, achieved
a next-morning water temperature of 45.2 °C, and had energetic
and exergetic efficiencies of 76.57% and 2.37%, respectively. In con-
trast, on cloudy days, the system yielded 8.52 M]J of energy, a water
temperature of 41.4°C, an energetic efficiency of 79.64%, and an ex-
ergetic efficiency of 1.38%. Essa et al. [72] placed paraffin wax(54-
57°C, latent heat 189 kJ/kg)around U-tubes in a direct-flow ETC in
Zagazig, Egypt; varying flow rates revealed a maximum efficiency
gain of 21.9% at 0.25 L/min, a drop of 12.2% at 0.35 L/min, and a
6.87% gain at 1.2 L/min, with extended hot-water delivery at lower
flow rates. Bazri et al. [73] employed three paraffin waxes(PCM A:
53-57°C, 163 kJ/kg; PCM B: 55-57°C, 260 kJ/kg; PCM C: 70-74°C,
159 kJ/kg)in the manifold of a heat-pipe ETC and conducted MAT-
LAB-based numerical analysis under sunny and cloudy conditions
in Kuala Lumpur, Malaysia. They establish system efficiency of
36-54%(sunny)and 47-58%(cloudy)relative to the 40% +3(sunny)
and 32-42%(cloudy)baseline, and determine PCM B to be delivering
25-58% efficiency improvements.

Naghavi et al. [74] conceptualized the operation of a heat-pipe ETC
with paraffin wax (64°C, latent heat 174 kJ/kg) incorporating a
finned heat exchanger and condenser through a manifold tank in
Kuala Lumpur. They estimated that thermal efficiency would be sus-
tained at 55-60% across different flow rates, thereby negating the
baseline reduction in efficiency observed in the absence of PCM.
Chopra et al. [75] experimentally assessed a stearic acid-integrat-
ed manifold heat-pipe ETC in Jammu, India, across multiple mass
flow rates; the novel manifold design achieved a maximum thermal
efficiency of 72.52% at 24 L/h (approximately 10% higher than con-
ventional designs), PCM efficiencies of 61-64%, and an estimated
payback period of six years. Fang et al. [76] utilized a microencapsu-
lated n-octadecane slurry (50 % v/v, melting at 26-30.8°C, latent heat
47.7-52.6 J/g) as the working fluid in a solar simulator-tested heat-
pipe ETC (Mazdon TMA600s) in Nottingham, UK, demonstrating
collector efficiency of 60-80%, with approximately 76% efficiency at
temperature less than 4°C compared to 72% for water, and noted
efficiency reductions with higher AT/G ratios, prompting modified
test methods for accuracy. Wu et al. [77] filled an oscillating heat
pipe-based storage ETC with 44 kg of paraffin wax (48-50°C, latent
heat 234 kJ/kg) in Nanjing, China, reporting that efficiency fluctua-
tions were reduced by 73% under strong solar and 46% under weak
solar conditions, that weak-solar heat output increased by 13.5%,
that average collecting efficiency improved by 0.15 during winter,
that coeflicient of performance (COP) rose from 1.55 to 3.18 at
night, and that heating time to 55°C was cut by 130 min.

Pawar and Sobhansarbandi [78] conducted CFD modeling validat-
ed by experiments on a heat-pipe ETC with Tritriacontane paraf-
fin(72°C, latent heat 256 kJ/kg)directly filled inside glass tubes in
Texas, USA; they reasserted Papadimitratos’s findings of 26% effi-
ciency improvement in normal operation and 66% in stagnation,
with evening temperature differentials up to 30°C, and achieved close
agreement between simulations and experimental data. Alshukri et
al. [79] compared paraffin wax grade-A evacuated-tube PCM(64°C,
latent heat 268 kJ/kg)and medical parafhin wax PCM(45°C, latent
heat 190 kJ/kg)integrated inside tubes and in two external tanks of
a gravity-assisted heat-pipe ETC in Najaf, Iraq. Their experiments
at 1 L/h and 2 L/h demonstrated that combined tube-and-tank in-
tegration yielded a 55.7% efliciency gain over the system without
PCM, compared with 49.9% for pure tube integration and 36.5% for
tank-only integration. Bin Li and Zhai [80] experimentally and nu-
merically assessed a composite PCM of erythritol plus 3% expanded
graphite (melting at 118.69°C, latent heat 312.2 kJ/kg) in aluminium
tubes within heat-pipe ETC, finding storage efficiencies of 40.17%
at 80°C and 55.24% overall, a 241.4% increase in PCM thermal con-
ductivity over pure erythritol, and heat storage up to 5.17 MJ/m?
on days with 12.88 MJ/m” solar irradiance, with performance im-
proving at higher irradiance and smaller tube diameters. Bai et al.
[81] tested a modified paraffin (40-60°C, latent heat 238.2 kJ/kg) in
all-glass evacuated tubes in Baotou, Mongolia, achieving 97% heat
dissipation efficiency at 18°C ambient and 6 m/s airspeed with 414
W dissipation rate, identifying optimal tilt angles of 60° in mid-
summer and storage efficiency of 55% at 998 W/m? solar radiation.
Khan et al. [82] experimented with 3.5 kg of acetanilide as PCM in
the annular space of a double-walled, silver solar cooker coupled to
a heat-pipe ETC, using various HTFs in Delhi, India. They found
that SigmaTherm-K with PCM stored 29.11% more energy than wa-
ter. Additionally, insulation raised the PCM’s peak temperature by
16.5°C with water and by 19.3°C with SigmaTherm-K, compared to
the non-insulated case. Although the ETC was not directly exam-
ined in the study, the illustrated principles are applicable and may
further improve its efficiency. Raj et al. [83] experimentally analyzed
0.70 x 0.90 m? basins from May 2016 to April 2017 using stone
chips, sandstone, and a CaO/water exothermic module. The MSS3
(CaO) configuration increased average daily distillate production
by 26.98%, which was attributed to higher transient thermal storage
and evaporation-driving temperatures.
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Figure 5. Efficiency enhancement using different PCMs

The efficiency improvements from the reviewed studies with PCMs
are shown in Figure 5. The use of paraffin-based PCMs enhanced
thermal storage and provided output stability under different weath-
er conditions; the designs with PCMs in manifolds, tubes or tanks
showed significant improvements. However, PCMs suffer from low
thermal conductivity, leakage, expansion and supercooling. These
issues have been addressed by researchers using composite PCMs
with conductive fillers, improved encapsulation techniques, and
chemical additives. The efficiency gains of the studies reported in
this review using PCMs are shown in Figure 5. Paraffin-based PCMs
enhanced thermal energy storage and provided stable performance
under different weather conditions; the use of PCMs in manifolds,
tubes or tanks showed significant improvements. However, PCMs
exhibit issues like low thermal conductivity, leakage, expansion, and
supercooling. These issues have been tackled by researchers with
composite PCMs containing conductive fillers, improved encap-
sulation techniques and chemical stabilisers. Long-term stability
now ranks as the single most critical parameter to influence PCM
viability since repeated melting and solidification cause approxi-
mately 15-20% volume change, induce supercooling, and result in
measurable enthalpy loss, where the values reported are around 126
kJ/kg for microencapsulated paraffin and as high as 350 MJ/m’ for
salt hydrates, thus impairing storage efficiency [84]. Natural PCMs,
such as paraffins and acetamide, exhibited substantial thermal sta-
bility, ranging from several hundred to over 1,000 cycles, as indi-
cated by cycling performance tests. However, normal degradation
parameters need to be established for lifecycle analysis [85]. For
the proper functioning of ETCs, PCMs must be chosen based on
matching melting points within the operating temperature range,
the quality and endurance of encapsulation, and cycle life verifica-
tion by differential scanning calorimetry and enthalpy change test-
ing, as these factors directly affect system longevity and reliability
[86]. Latent-heat thermal energy storage test units utilizing a 60 mm

spherical capsule array are discovered to be able to demonstrate that
melting time is reduced by approximately 10-30% and solidification
time by 14-28% by raising heat transfer fluid flow rate from 1 L/
min to 5 L/min; however, at the cost of exergy trade-offs and effi-
ciency reduction at higher flow rates [87]. Within the low-to-mod-
erate range temperature, organic eutectic PCMs of fatty acid/poly-
ethylene glycol mixture provide the option of tunability of melting
points from 27-75°C and latent heats of 127-210 kJ/kg, but are not
convenient and need compositional adjustment and nucleating
agents added to prevent supercooling and attain thermal stability in
cycles [88]. Nano-enhanced PCMs like parafhin with CuO nanopar-
ticles were reported to enhance thermal conductivity, stabilize the
surface temperature during phase change, and suppress supercool-
ing, whose performances were confirmed through DSC, TGA, and
FTIR analysis [89]. In addition to metal oxide additives, zero- to
three-dimensional carbon nanostructures exhibit two advantages:
phonon-assisted conduction and photon capture, which provide
improved charging rates, enhanced effective thermal conductivity,
and enhanced solar-to-thermal conversion. However, practical con-
straints remain in terms of dispersion uniformity, volumetric stor-
age density, and scalability [90]. Together, these results demonstrate
that a synergistic strategy involving smart PCM selection, micro- or
meso-encapsulation, addition of conductive fillers, and incorpora-
tion of photothermal-active carbon is necessary to strike a balance
between high storage density and rapid heat exchange. Environmen-
tally friendly, biodegradable, and non-toxic alternatives to PCMs are
increasingly important for achieving sustainability in ETC applica-
tions.
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Table 2. ETCs utilizing PCMs
PCM type (material, Integration Methodology Key .
Ref. melting temp., latent L. performance Quantitative enhancement
method highlights
heat) parameters
Tritriacontane, 72°C, 256 irrI:Ir;ztrfelgein
. . 3 . 0, i in. 1 . 0,
Papadimitratos .kI/kg &o PCM within Experimental Efficiency Normal operation: 26% efﬁc.lency gain; Stagnation mode: 66%
etal. [63] Erythritol, 118°C, 340 efficiency gain
K/kg an evacuated
tube
N Integrated Experimental; . Daily efficiency 32-37% higher than no-PCM system; Max-Min
Chopra et al. [64] S;;af(l)i éC12d4E1551_?/7)’ within heat varied flow rates Daelgcti};fll;mal daily thermal efficiency 87.8-79.98% (PCM) vs. 55.46-42.42%
B pipes (J&K, India) Y (w/o PCM) at 20-8 L/h
Felinski and Technical grade paraffin, evacuated Simulation Annual soyl”ar Charging efficiency: 33-66%, Annual solar fraction increased by
Sekret [65] 58°C, 217.6 kJ/kg (Czestochowa, . 20.5%, Delayed heat release; useful heat gain 45-79% higher
tubes fraction, Heat
Poland) R
gain
Inside Collector
Abokersh et al. Paraffin wax, 58-62°C, evacuated Experimental efficiency, Collector efficiency without a fin was 14% higher during
[66] 189 kJ/kg tubes (Cairo, Egypt) Energy charging. Finned tube had a higher total energy discharge.
discharge
. System Inferior performance compared to conventional SWH due to
Sheng Xue [67] Ba(8011_18)§°8CH21(9)3811]B/iC03’ V:?liiﬂ‘fl tt}lllie Experimental performance the high viscosity and low thermal conductivity of PCM, the
' ’ J and Efficiency system efficiency of the constant flow test is 20% higher.
PCM (melting
PCM Numerical point, A reduced melting point (50-35°C) enhances efficiency. The
RT-40, 35-50°C, 120-250 ~ embedded in . enthalpy . &P v
Feng et al. [68] (Hong Kong, latent heat of 160 kJ/kg showed the best performance. Increased
kJ/kg the evacuated > and thermal 2.
China) - thermal conductivity enhanced thermal energy output
tube conductivity),
Efficiency
HTF temp.
. Paraffin/Expanded PeM Nume.rlcal & reduction, Reduction of HTF temp. by 7.4 K (at PCM with melting point of
Yong-Li et al. . . embedded Experimental Thermal o . .
graphite composite, . . . 49.85°C), Thermal efficiency 50.72%, Storage efficiency 19.2%,
[69] 69.85°C, 200 kJ/k inavacuum (Shaanxi, PR efficiency, Enlarging the glass tube increases efficienc
' > J tube China) Storage ging the s ¥
efficiency
RT 82 (350.15-358.15 K,
g6,000 Jikg) PCM inserted . RT 82 most suitable: energy gain of 9.27% vs. w/o PCM. The
Said et al. [70] Paraffin wax (330.25- in the Numerical Energy gain  system (PTSC+PCM-fins) achieved a 42.94% energy efficiency
334.34 K, 182,400 J/kg) evacuated (ANSYS Fluent) in ’
Stearic acid (331-337 K, tube gain.
186,500 J/kg)
PCM filled in Daily useful
the annular energy,
Palmitic acid, 61.10- Stieel:c:vt;i::ee(ril Experimental; 20 Stored water Clear day: 10.65 MJ energy, 45.2°C next morning, 0 76.57%,
Pathak et al. [71] 64.70°C, 204.93- tube and the L/h flow rate temp.. Daily n,, 2-37%;
205.52 kJ/kg L. (Jammu, India) energetic Cloudy day: 8.52 MJ, 41.4°C, n_79.64%, n__ 1.38%
aluminium . en ex
& exergetic
finned heat .
. efficiency
pipe
PCM placed
Paraffin wax around Experimental; Svstem Efficiency gain: 21.9% (at 0.25 L/min); efficiency drop:
Essa et al. [72] o ’ U-tubes in varied flow rates Y . -12.2% (at 0.35 L/min); efficiency gain: 6.87% (at 1.2 L/min),
54-57°C, 189 kJ/kg . efficiency
evacuated (Zagazig, Egypt) and longer hot water supply at lower flow rates
tubes

3 Paraffin wax:
PCM A: 53-57°C, 163

kJ/kg PCM filled in I;I\;Il?;il‘:aé System New system efficiency: 36-54% (sunny), 47-58% (cloudy);
Bazri et al. [73] PCM B: 55-57°C, 260 the manifold  (Kuala Lumpur, thermal Baseline: 40% +3 (sunny), 32-42% (cloudy);
kJ/kg Mala siag’ ’ efficiency Best PCM B shows a 25-58% enhancement over the baseline.
PCM C: 70-74°C, 159 y

kJ/kg
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Naghavi et al.
[74]

Chopra et al. [75]

Fang et al. [76]

Wu et al. [77]

Pawar and
Sobhansarbandi
[78]

Alshukri et al.
[79]

Bin Li and Zhai
[80]

Bai et al. [81]

Khan et al. [82]

Paraffin wax, 64°C,
174 kJ/kg

Stearic acid,
57-60°C, 191 kj/kg

Microencapsulated PCM
(n-octadecane, PC210),
26-30.8°C, 47.7-52.6 J/g

Paraffin wax (48#), 48-
50°C, 234 kj/kg

Tritriacontane paraffin,
72°C, 256 kJ/kg

Paraffin wax grade-A
(ET), 64°C, 268 kJ/kg
&

Medical paraffin wax
(tanks), 45°C, 190 kJ/kg

Composite PCM:
(Erythritol + 3 wt%
Expanded graphite),
118.69°C, 312.2 kJ/kg

Modified paraffin, 40-
60°C, 238.2 kj/kg

Acetanilide, 114.3°C

PCMina
manifold tank
connected to
the collector

PCM-
integrated
manifold

PCM used as
a slurry (50%
v/v) in place
of water as
HTF

PCM (44 kg)
filled in the
evacuated
tube

PCM is
directly filled
inside the
glass tube

PCM is
integrated
both inside
the evacuated
tube (ET)
and in two
external tanks
adjacent to
the water
storage tank
PCM filled in
aluminium
tubes inside
evacuated
tubes

PCM filled
in all-glass
evacuated
tubes
PCM (3.5 kg)
filled in the
annular space
between a
double-wall
cooking
vessel, solar
cooker (silver,
dia. 200 mm
& length 100
mm)

Theoretical

(Kuala Lumpur, ”{ﬁ}ile.rmal

Malaysia) etciency
Thermal

Experimental; efficiency,

different mass flow PCM

rates efficiency,

(J&K, India) Payback
period

Experimental with Collector
solar simulator thermal

(Nottingham, UK) efficiency

Collecting
efficiency,
Average
collecting
Experimental efficiency,
(Nanjing, China)  Coefficient of
Performance
(COP),
Exit water
temp.
CFD modeling; Thermal
validated with performance
experimental data  vs. non-PCM
(Texas, USA) case
Experimental;
tested at different .
flow rates Efficiency
(Najaf, Iraq)
Experimental & Thermal
Numerical performance
Experimental Thermal
(Baotou, erformance
Mongolia) P
Experimental,
using different PCM Energy

heat transfer
fluids
(Delhi, India)

stored & temp.

Efficiency maintained at 55-60% across different flow rates
(compared to baseline drop)

Max thermal efficiency: 72.52% (MDCM at 24 L/h); efficiency is
higher under MDCM than FDCM (by ~10%), PCM efficiency:
61-64%, Payback period: 6 years

MPCM suspension showed 60-80% efficiency, ~76% at <4°C vs.
72% (water), with efficiency decreasing as AT/G increased and
improved accuracy using a modified test method

Collecting efficiency fluctuation was reduced by 73% (strong
solar) and 46% (weak solar); heat output increased by 13.5% in
weak solar conditions. Average collecting efficiency improved
by up to 0.15 in winter. COP increased from 1.55 to 3.18 during
winter nights, and the heating time to 55°C was reduced by 130
minutes.

Thermal efficiency improved by 26% (in normal operation) and
66% (in stagnation), and the maximum evening temperature
difference was 30°C greater than that of the non-PCM system.

Efficiency gain (vs. w/o PCM):
HP/ETC-C (ET + Tanks): +55.7%;
HP/ETC-D (ET only): +49.9%;
HP/ETC-A (Tanks only): +36.5%

Average storage efficiency: 40.17% (at 80°C), 55.24% (total).
Thermal conductivity improved 241.4% over pure erythritol.
Heat storage up to 5.17 MJ/m? on a day with 12.88 MJ/m? solar
irradiance. Storage performance improved with a smaller tube
diameter and higher irradiance.

97% heat dissipation efficiency at 18°C ambient, 6 m/s airspeed
and heat dissipation rate: 414 W, Optimum elevation angle: 60°
(July/August) and optimal storage efficiency: 55% at 998 W/m?*
solar radiation

SigmaTherm-K + PCM stored 29.11% more energy vs. water
& Insulated cooker raised PCM temp. by 16.5°C (water) and
19.3°C (SigmaTherm-K) vs. non-insulated
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3.3. Incorporation of reflectors/concentrators

The use of reflectors and concentrators is a key method for increas-
ing ETC performance, as they allow a higher percentage of incident
solar radiation to be captured and converted into useful heat. Re-
flectors, usually made of highly reflective material, direct sunlight
towards the absorber tube and consequently double the solar flux
incident on the absorber tube. Concentrators, however, use lenses or
curved mirrors to concentrate sunlight onto a smaller area, resulting
in an even higher concentration of sunlight. Several reflector/con-
centrator geometries have been explored for ETC, each with its own
strengths and weaknesses, as illustrated in Table 3.

Schumann et al. [91] investigated diffuse (trapezoidal) and specu-
lar (plane) rear-side reflectors, made from galvanized metal sheets
and aluminium, respectively, on a heat-pipe ETC in Wiirzburg, Ger-
many, using ray-tracing (Zemax) and TRNSYS simulations. They
showed annual collector output increases of around 30% for diffuse
reflectors and 33% for specular reflectors, with an improvement in
the system yield of around 11% in both cases, relative to non-reflect-
ing collectors. Subsequently, Altaher et al. [92] deployed horizontal
and vertical secondary parabolic trough reflectors, made of polished
aluminium foil around heat-pipe bulbs in Aswan, Egypt. They re-
ported that the bulb temperature was increased by about 11% with
the addition of a vertical secondary reflector, resulting in a consider-
able improvement in the heating performance of the collector under
hot and dry conditions. Chai et al. [93] applied an inner focusing
reflective coating (deposited using magnetron sputtering) of a met-
al-based film on the bottom half of the outer glass tube with an ec-
centric inner absorber in an ETC in Shanghai. Through combined
experimental work and optical analysis (using TracePro), they found
thermal eficiencies ranging from 0.65 to 0.72, approximately 10%
higher than those of conventional evacuated tubes, and reductions
in heat-loss coefficients of 27-48%. In Assiut, Egypt, Abo-Elfadl et al.
[94] compared the use of upper, lower, and dual (upper-lower) glass
reflectors in a heat-pipe ETC with PCM storage. Their experimen-
tal data and thermal modeling of the tilt angles revealed that dual
reflectors increased daily input energy by 37%, daily stored energy
by 35.7%, thermal efficiency to 76.25% (from 60.57% without reflec-
tors), and average daily exergy efficiency to 25.3%.

Pourbafrani et al. [95] examined a symmetrical compound parabol-
ic concentrator(CPC)of stainless steel in Alborz, Iran, positioning
ETC at the CPC focal point; their passive-circulation study showed
that the average energy efficiency climbed to 71.1%; 2.8% above the
conventional system, and that single-tube performance under CPC
was 2.7 times higher, with tank temperatures elevated by 2.35°C.
Sunkarwar et al. [96] experimented with and simulated via CFD a
parabolic reflector integrated with a parallel-flow U-tube ETC un-
der dusty conditions, and reported a maximum thermal efficiency
of 66% without particulate matter treatment (PMT) and 61% with
PMT; the latter’s 17% drop highlighted the vulnerability of reflectors
to dirt. Morrison et al. [97] validated natural-circulation flow in a
water-in-glass ETC with a diffuse flat reflector (DFR) and simulated

a parabolic variant, finding that circulation rates peaked at 35 kg/h
under 1 kW/m? and 60°C tank conditions and could double when
heating the tube’s upper half vs. the lower half.

Chen et al. [98] compared a 3D-printed polylactic acid-based
CPC(0.87 reflectivity)against a standard all-glass ETC in Kunming,
China, and, supported by theoretical modeling, reported thermal
efficiency of 66.8% with CPC vs. 53.7% without. Milani and Abbas
[99] employed a specular DFR(~0.85 reflectivity)behind active-cir-
culation all-glass ET'C arrays in various Australian solar zones; their
multiscale simulations predicted performance improvements from
14.6 to 27.9% and energy savings increases of 12-17% depending on
the geographic irradiance profile. Budihardjo et al. [100] mounted
21 water-in-glass tubes over a DFR and, through experimental and
numerical investigations, showed natural circulation rates of 20-25
kg/h per tube at 45°, which doubled under top heating and remained
stable up to 30° transverse incidence. Selvakumar et al. [101] com-
bined an external parabolic trough solar reflector (a stainless steel
sheet) with a Therminol D-12-filled fluid-in-glass ETC in India. The
experimental tests showed a 30% improvement in thermal efficiency
with outlet temperatures up to 68°C (vs. 40°C without the reflec-
tor) and no degradation in oil properties after 100 cycles. Wang et
al. [102] designed a medium-temperature CPC using smooth alu-
minium reflectors (0.91 reflectance) with SiO, antireflective porous
coating of vertical all-glass tubes; their numerical analysis reported
an instantaneous thermal efficiency of 50.2% at 150°C. Avargani et
al. [103] coupled optical and thermal COMSOL models with ex-
periments on 24 spiral parabolic trough collectors (PTCs) in Iran,
establishing that an optimal diameter-to-focal-length ratio (d/f =
0.8) yielded a system efliciency of 70%, compared to under 60% for
standard focal-line configurations. Naik et al. [104] compared an
evacuated U-tube ETC with and without an external stainless steel
parabolic reflector in Assam, India, finding that the enhanced sys-
tem achieved an average thermal efficiency of 54%, 14.1% higher
than the baseline of 46%. However, this improvement came at the
cost of increased thermal losses during peak solar hours.

Dinesh et al. [105] compared flat and wavy galvanised iron diffuse
reflectors in a passive water-in-glass ETC in Tamil Nadu, India, and
found that tank temperatures increased by 4°C with flat reflectors,
whereas wavy reflectors achieved up to 6°C increases, 2°C higher
than those of flat types. Ma et al. [106] combined a CPC with al-
uminium reflectors featuring a novel selective coating, aluminium
fins, Ni-coated Cu U-tubes, and antireflective glass in a 12-tube ar-
ray in Jinan, China; over a five-year durability study, they recorded
solar absorptance of 0.95 at 80°C, thermal efficiency up to 46% at
150°C, and steam temperatures between 108-145°C. Zambolin and
Del Col [107] experimentally compared flat-plate, ETC with exter-
nal CPC reflectors in Padova, Italy, demonstrating that ETC out-
performed flat plates by 3-5% above a thermal resistance factor of
0.037 m*K/W(=57°C)and up to 10% in daily efficiency beyond 0.027
m*K/W(=39°C).Li et al. [108] evaluated truncated stainless-steel
CPC with 3M solar mirror film(0.94 reflectivity)at concentration
ratio(CR)of 3.06 and 6.03 on finned U-tube ETC in Shanghai; their
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combined theoretical and experimental work reported maximum
daily efficiencies of 51%(CR = 3)and 54%(CR = 6)at 150°C, with
optical efficiencies of 0.74 and 0.70, respectively. Fathabadi [109] as-
sessed the incremental benefits of parabolic trough reflectors and
single/dual-axis trackers on a CuO-H,O coated heat-pipe ETC in
Athens, Greece; theoretical and experimental results indicated effi-
ciencies of 52.3% (ETC alone), 43% with reflector only, 56.3% with
reflector plus single-axis tracking, and 58.6% with reflector plus du-
al-axis tracking. Teles et al. [110] developed an internal reflective
film inside an eccentric copper-tube ETC in Brazil. The validated
numerical models showed a peak efficiency comparable to that of
PTC(~73%), along with improvements in thermal uniformity and

reductions in stress. Saadoon et al. [111] installed a 45° flat mirror
reflector behind a 30-tube ETC array in Baghdad, Iraq, and exper-
imentally demonstrated daily efficiency gains of +6%, +11%, and
+5% over three days (efficiency with reflector: 53%, 39%, 35%; with-
out reflector: 47%, 28%, 30%) and corresponding increases in outlet
temperature. Nkwetta et al. [112] carried out 2D ray-tracing calcu-
lations on an internal truncated reflector (CR = 1.95, 0.95 reflectiv-
ity) of a heat-pipe ETC. They obtained a total optical efficiency of
79.13% and an average acceptance angle of 93.72% (0-20° incidence)
and showed the potential of small internal concentrators for solar
air-conditioning.

40
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Efficiency (%)
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Figure 6. Efficiency enhancement using reflectors/concentrators

Figure 6 shows the gains in efficiency seen in this study with the
addition of reflectors and concentrators. The use of diffuse, spec-
ular, dual-glass, and parabolic-trough-type reflectors, as well as
compound parabolic concentrators, has resulted in a significant
improvement in thermal efficiency of the ETC. This is achieved
through improvements in solar-energy absorption and conversion
efficiencies in various climactic and collector designs. The main
drawback is the simultaneous use of reflector and concentrator,
which leads to a greater shading effect and higher tracking accura-
cy demands to ensure optical alignment. Long-term investigations
have revealed that reflector-evacuated tube collectors suffer from a
range of problems, such as mechanical stress due to wind and snow
loads and environmental degradation due to corrosion, soiling and
ageing from UV radiation and thermal cycling. This results in long-
term structural deformation and mounting tolerance shift [7]. It

also suffers from progressive misalignment and deterioration of the
reflectors, poor tracker accuracy and different thermal expansion
of the components, which results in a loss of incidence angle and
transmittance-absorptance efficiency [13]. Optically, non-imaging
CPCs are also less sensitive to misalignment and the incidence angle
dependence of thermal efficiency is generally less than 10% for low
concentration ratios, while specular concentrating reflectors must
have much closer optical tolerances for sustained operation [113].
But the benefits of using reflectors or concentrators outweigh the
disadvantages, particularly for high-energy and high-temperature
applications. The improved thermal efficiency and solar energy
conversion efficiency result in not only better collector efficiency
but also better economic viability; therefore, reflector/concentra-
tor-based ETCs become more feasible and credible for various solar
thermal energy applications.
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Table 3. ETCs equipped with reflectors/concentrators

Reflector/ .
Design/ Key
Concentrator . Methodology s
Ref. configuration L. performance Quantitative enhancement
type & details highlights arameters
Material P
Diffuse Ray-tracing
(trapezoidal) (Zemax) & Annual
vs. Specular TRNSYS . . . .
. . . collector output,  Diffuse: ~30% output gain; ~11% system yield gain, Specular:
Schumann et al. [91] (plane), Rear-side reflectors simulations Annual svstem ~33% output eain: ~11% svstem vield eain
Galvanized (DHW system, LSy o output gain; oy yieds
. yield
metal sheet vs. Wiirzburg,
Aluminium Germany)
Secondary
reflector
with primary Horizontal & . Heat pipe bulb . . ‘
Parabolic . Experimental ~ temp.. Collector ~ Vertical secondary reflector + Al foil: heat pipe bulb temp. by
Altaher et al. [92] vertical secondary . . . e
trough, (Aswan, Egypt) heating ~11% vs. reference, improved the heating capability
2. reflectors on PTSC s
Aluminium capability
foil covering
polished Al
Inner focusing Coating on the Experlment.al &
. Mathematical
reflective lower half of the
. model- thermal
coating, outer glass tube, . Thermal
resistance

Chai et al. [93] Metal-based
reflective film
(via magnetron

sputtering)

Upper, Lower,
and Upper-
Lower (two)

reflectors,
Glass reflectors

Abo-Elfadl et al. [94]

CPC,

Pourbafrani et al. [95] Stainless steel

Parabolic

Sunkarwar et al. [96] reflector

DEFR (baseline)
& Parabolic
reflector
(simulated)

Morrison et al. [97]

CPC,
3D-printed
PLA
substrate with
reflective film
(reflectivity =
0.87)
DEFR,
Specular DFR
with ~0.85
reflectivity

Chen et al. [98]

Milani and Abbas [99]

eccentric inner
absorber (180°
coating angle
optimal)

Integrated with the
ETC-HP system

Symmetrical CPC,
partial circle shape,
ETC, at the focal
point

Integrated with
a parallel flow
evacuated U-tube
SC

Single-ended water-

in-glass evacuated
tubes, 1.42 m long,
37 mm diameter,

45° inclined; direct
connection to tank;
simulations also for

parabolic reflector

Compared with a
standard all-glass
ET

DFR is placed
behind the ETC
array

network, Optical
analysis-TracePro
(Shanghai,
China)

Experimental
thermal model
for reflector tilt

angles
(Assiut, Egypt)

Experimental;
comparison with/
without CPC
(Alborz, Iran)
Experimental
& Numerical
(CFD); with/
without
particulate matter
treatment (PMT)
Experimental
validation with
particle image
velocimetry &
CFD modeling
using FLUENT
(Sydney,

Australia)

Experimental &
Theoretical
(Kunming, PR
China)

Theoretical/
Simulation
(Australia)

Thermal efficiency: 0.65-0.72 (~10% higher than conventional

efficiency, Heat ETC), Heat loss coefficient reduced by 27-48%

loss reduction

Input energy,

enerStor;%leer Two reflectors: Input energy by 37%, Daily storage energy
. ﬂ%?ieney 8 by 35.7%, Daily thermal efficiency 76.25% (vs. 60.57% w/o
, . : N
Exergy reflector), Avg. daily exergy efficiency by 25.3%
efficiency
Energy Avg. energy efficiency with CPC: 71.1% (2.8% > conventional);
efficiency, Tank  single tube performance with CPC: 2.7 times higher, Tank temp.
water temp. 2.35°C higher
The-rmal Max thermal efficiency: 66% (no PMT); 61% (with PMT)
efficiency

Circulation rate of up to 35 kg/h at a 60°C tank temperature. and
1 kW/m? solar input; up to 2 times higher circulation when heat
is applied to the top vs. the bottom half of the tube

Circulation rate

Overall thermal

1 1 . 0, 0y
efficiency Experimental efficiency: 66.8% (CPC) vs. 53.7% (w/o CPC)
Performance Potential performance improvements: 14.6% to 27.9%
improvement,  (depending on Australian solar zone), Energy savings increase:

Energy savings up to 12-17% with DFR
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Budihardjo et al. [100]

Selvakumar et al. [101]

Wang et al. [102]

Avargani et al. [103]

Naik et al.
[104]

Dinesh et al. [105]

Maetal.
[106]

Zambolin and Del Col
[107]

Lietal. [108]

trough reflector

Iron (GI) sheets

novel selective

21 single-ended
water-in-glass
evacuated tubes
mounted over a
diffuse reflector

DFR

Parabolic trough
coupled with
standard evacuated
tube; uses

Parabolic

(External), Therminol D-12 oil
Stainless steel ~ as HTF; connected
sheet to heat exchanger
storage tank via
passive coil
CpC, All-glass vertlc.al
tubes, porous SiO
Smooth ; .2
aluminium AR coating, selective
Al/TiAION/AION
sheet layer, copper
(Reﬂgc;?;lce = U-tubes, 2.7 times
' CPC
24 PTC in spiral
PTC, box; black copper
Polished pipe (1 m); tilt-

stainless steel  adjustable; d/f = 0.8;

4 mm glass cover

ETC with/without
Parabolic integrated parabolic
reflector reflector (EUSCIPR
(External), vs. CEUSC);
Stainless steel ~ absorber is copper
sheet U-tube inside
evacuated glass tube
Flat and
wavy diffuse 10 borosilicate
reflector, tubes, 100 L PUF
Galvanized tank, both GI

reflectors with

with reflective CoolCoat, 26° tilt

paint
12 ETs (dia.
47%x1500 mm), CPC
Alurcnfifi’um reflectors below

tubes, Al fins, Ni-
coated Cu U-tubes,
AR glass, dual

reflector with

coating getters, modified
sealing

Direct flow ETC

with 21 vacuum

CPC glass tubes; CPC
reflector integrated

externally.

Truncated Two CPC: 3 CR,
CPC, fixed (CR = 3.06), 6
Stainless steel ~ CR manual 5 times/

substrate day (CR =6.03),
with 3M solar  both with 1500 mm

mirror film U-tube finned

(Reflectivity evacuated tubes in

0.94) wood molds

Experimental &
Numerical

Experimental

Optimization

3D CFD and

optical modeling
(COMSOL); non-

sequential ray-
tracing and FEM

& experimental

validation
(Isfahan, Iran)

Experimental
& Numerical-
Comparison

(Assam, India)

Experimental
(Tamil Nadu,
India)

Experimental
(Jinan, China)

Experimental;
comparison with
FPC
(Padova, Italy)

Theoretical &
experimental
validation
(Shanghai,
China)

Circulation flow
rate
(Natural
circulation)

Heating
efficiency,
Outlet temp..,
Thermal
stability of HTF

Instantaneous
solar thermal
efficiency

System thermal
efficiency

Thermal
efficiency

Tank water
temp.

Solar
absorptance,
Instantaneous
efficiency,
Thermal
performance

Efficiency

Efficiency

Flow rate peaked at 20-25 kg/h per tube (3-4 exchanges/hr) at
45°; doubled with top heating and remained stable up to 30°
transverse incidence.

30% higher efficiency with parabolic trough compared to
without, Outlet temperature of water: 68°C (with trough) vs.
40°C (without), Therminol properties stable after 100 cycles

50.2% thermal efficiency achieved at 150°C

Efficiency: 70% (optimal d/f = 0.8) vs. <60% (focal line); the
location of the absorber pipe with respect to the collector has a
significant influence on efficiency

Avg. thermal efficiency: EUSCIPR = 54%, CEUSC = 46% ->
+14.1% for EUSCIPR; thermal losses were enhanced during the
peak hours

Flat reflector increased tank water temp. by 4°C over baseline;
wavy reflector improved it by 6°C; wavy outperformed flat by
2°C

Solar absorptance: 0.95 at 80°C,
Efficiency: up to 0.46 at 150°C, Steam temp: 108-145°C and
long-term stability and durability post-5 years of operation

ETC outperforms flat-plate by ~3-5% above T = 0.037 m*K/W
(=57°C) and up to ~10% better daily efficiency above T,
0.027 m*K/W (=39°C)

’day

Max daily efficiency: 51% (3 CR, CPC); 54% (6 CR, CPC) at
150°C temperature. 3 CR, CPC performs better in the morning/
evening (higher IAM), while 6 CR, CPC exhibits higher
efficiency at high temperatures. Optical efficiency up to 0.74 (3
CR) &0.70 (6 CR)
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Novel 240 cm
TPCT-based ETC
with CuO-H,0 Efficiency:
Fathabadi Parabolic tzzzgulizﬁigég gez;e:f;ﬁti Thermal ETC+R-43%;
[109] trough reflector in four%etu ¢ ETC, ( Athzns Greece) efficiency ETC+R+ST-56.3% (+4% over ETC);
ps: ? ? ETC+R+DT-58.6% (+6% over ETC); ETC alone-52.3%
+reflector, +single-
axis tracker, and
+dual-axis tracker
Eccentric copper
tube in glass cover Numerical
with reflective film, model; validated
Teles et al. Internal vacuum insulation, with multiple . Max efficiency comparable to PTC (73%) and reflective film
. . . Efficiency . b .
[110] reflective film selective surface, experimental improved uniformity & reduced thermal stress.
Therminol 66, datasets
CR~2.08, monthly  (Sao Luis, Brazil)
one-axis tracking
Flat mirror
reflector, Two 30-tube ETC
Two aluminium with 150 L tank; one
layers + with 45° flat mirror Experimental Thermal Efficiency with reflector: 53%, 39%, 35% (3 days); without
Saadoon et al. [111] polymeric (197x125 cm); comparison reflector: 47%, 28%, 30%; relative gain: +6%, +11%, +5%
. 1 performance . . .
core, coated  selective borosilicate  (Baghdad, Iraq) respectively and increase in temp.
reflective tubes; closed-loop
face (84-90% flow for testing
reflectivity)
Internal low-
Truncated concentrating ETHP
collector: truncated
reflector
half acceptance
(Internal low- angle = 20% CR Optical
concentrating _ % 9 57. 35 ;nm 2D Ray-tracing . fﬁfienc Overall optical efficiency: 79.13% (0-20°), Angular acceptance:
Nkwetta et al. [112] HP), oo simulation (Eazee ¥ 93.72% average (0-20°) and improved irradiance concentration
L borosilicate glass Angular .
Aluminium tool) with truncated CPC profile
tube (OD/ID = acceptance
sheet-2 mm
100/93 mm); 3 mm
(0.95
. absorber-reflector
reflectivity)

gap; 15 mm
absorber dia.

3.4. Implementation of design alterations

Various design alterations have been studied to enhance the ther-
mal and hydraulic performance of ETC, ranging from internal fin
and tape inserts to external shields and bypass tubes, as shown in
Table 4. Supankanok et al. [114] inserted stainless-steel scrubber
elements, weighing approximately 109.7 g, and occupying a ~2%
void fraction between a 58 mm OD glass tube and a 14 mm OD
copper heat pipe, using a 10 mol% ethylene glycol-water mixture
as the working fluid. Their combined experimental and mathemat-
ical model at Ladkrabang, Bangkok, produced a mean outlet fluid
temperature rise of ~22°C (160.3°C vs. 138.7°C), a 34.96% increase
in efficiency, and a 10-fold improvement in the overall HTC, effec-
tively reducing the number of tubes required by 20% to generate the
same thermal output. In central India, Agade et al. [115] evaluated
both plain and perforated wavy tape (PWT) inserts; the perforated
inserts were fabricated from 0.3 mm copper strips folded at 60° in-
tervals and perforated with equilateral triangles having side lengths
of 6 mm and 9 mm, in an eight-tube, 1.5 m* aperture ETC. Their
hourly and daily experiments demonstrated that the 6 mm-PWT
arrangement achieved a peak hourly efficiency of 83.33%, an aver-
age energy efficiency of 49.36%, and an average exergy efficiency of
70.18%, outperforming the no wavy tape (WT), the plain wavy tape,

and the 9 mm perforated variant by 27.5%, 9.84%, and 3.5% in en-
ergy gains. Yao et al. [116] conducted numerical CFD simulation
of twist-tape inserts in a 47 mm ID, 1.8 m long all-glass ETC tube,
and discovered that the y = 2.5; reduced the heat transfer by only a
small amount (-1.07% Nu number change) and the y = 4; enhanced
the Nu by 9.29% under increased fluid temperature, indicating that
insert geometry should be designed to suit operating conditions.
Generalizing the tape-insert analogy to solar air-heating, Kumar et
al. [117] proposed a theoretical model of an evacuated tube with
inserted baftles using loose-fit perforated twisted tape (LFPTT) of
y/D =2-3 and d/D = 0.0714-0.143. Their research, conducted at air-
flow rates up to 400 kg/h, achieved the highest thermal efficiency
of 62.33% and the highest exergy efficiency of 3.91% at y/D = 2 and
d/D = 0.0714. Optimal performance occurred at lower volumetric
flow rates but was accompanied by increased pressure-drop losses.

Said et al. [118] compared a helical coiled thermal exchange tube,
comprising 59 turns of 7.94 mm diameter piping over a 700 mm heat
transfer length, against conventional heat-pipe, U-tube, double-U-
tube, and coaxial direct-flow ETC under a 1000 W/m? solar simu-
lator. The helical tube geometry achieved 69% efliciency, surpassing
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the baseline heat pipe (31%) and the 41-54% range observed for the
other geometries. This demonstrates that internal helical pipes can
nearly double the effectiveness of the collector. Kumar et al. [119]
investigated the ET'C with inserted baffles in South India by fitting
it with axial baftles of different lengths. Using both experimental
measurements and analytical modeling across mass flow rates up to
1000 kg/h, they reported a maximum air-temperature rise of 42.8°C,
with the lowest thermal efficiency of 35.31% at 100 kg/h, and found
that increasing baffle length positively affected temperature rise and
thermal efficiency but increased pumping power. Mukuna and Gry-
zagoridis [120] evaluated five different internal insert profiles (I, V,
triangular, square-inserts without insert) in an ETC with a heat-pipe
under an indoor simulator of 700 W/m?* at Durban, South Africa.
They concluded that the square profile had the highest dry-mode
efficiency (24.4% vs 20.3% without inserts), and that when used with
distilled water as the working fluid it recorded an efficiency of 64.3%
(vs 53.3% without inserts), suggesting a synergistic effect between
fluid choice and insert geometry.

In north India, Singh and Vardhan [121] experimentally introduced
helical coiled inserts, wound from 1.5 mm wire at a unit pitch ratio,
into a coaxial-flow evacuated tube air heater comprising 20 mm in-
ner and 58 mm outer conduits. Operating at mass flow rates of up to
0.003 kg/s, they achieved a maximum outlet temperature of 112.6°C
and a peak efficiency of 70.9%, compared with 64.5% at higher flow
rates, despite a 2.45-fold increase in pressure drop. This confirms
that coiled inserts can deliver substantial temperature gains without
prohibitive costs. Singla et al. [122] applied the CFD to investigate
roughening of half a tube absorber for air-heating purposes under
the constant relative roughness height e/D = 0.071 and variable
pitch P/e = 6-12. At R = 8000 and P/e = 10, their findings resulted
in a 1.88 times Nu enhancement and a 2.89 times friction factor in-
crease, but a total thermo-hydraulic performance parameter(THPP)
of 1.36, which represents a good balance between heat transfer and
pumping work. Liang et al. [123] proposed a filled-layer concept,
which involves placing a U-tube inside a two-layer glass ETC with
a high-conductance absorber film on the external surface (A, = 100
W/mK). Their theoretical and experimental work in Dalian, China,
documented a 12% efliciency gain compared to a control copper-fin
U-tube ETC and attributed this gain to augmented conductive con-
tact between the manifold and glass.

Kabeel et al. [124] built a coaxial heat-pipe manifold of seven coaxial
R22/R134a-charged tubes, which were inserted in evacuated tubes
with filling ratios between 30% and 60%. The manifold, tested in
Alexandria at air mass flow rates of up to 0.009 kg/s, demonstrated
efficiency gains of up to 67% when optimally inclined at 20°, high-
lighting the potential of refrigerant selection and manifold design
for transient operation. Abd-Elhady et al. [125] combined oil in-
fusion and foamed copper inserts in the annulus between a 4 cm
inner-diameter tube and its 5 cm outer-diameter shell, finding that
the hybrid oil-foamed-metal configuration raised heat-pipe tip tem-
peratures by 25% and efficiency by 55.6% (vs. 42.7% using oil alone),
emphasizing how porous metal matrices may be employed to sup-

plement base fluids to maximize conduction. Kumar et al. [126] in-
vestigated the possibilities of heating air in an ETC by placing an
aluminium tube with fifteen tubes in different directions and using
it to heat the air in Haryana, India. They discovered that the efficien-
cy rose to 16% at a mass flow rate of 10.13 kg/h, and the maximum
air temperature at the outflow was 72.7°C when a properly dimen-
sioned inserted tube was used in arrayed systems, demonstrating the
importance of dimensioning the inserted tube. According to Yang et
al. [127], the insertion of special stainless steel or plastic tubes in the
manifold header of a thirty-tube all-glass ETC can be used to heat
forced water. By showing a simple retrofit that yields greater unifor-
mity in the distribution of manifolds, the dynamic numerical mod-
el numerically demonstrated that the optimum tube diameter is 32
mm, with a range of 59.99 to 55.19% at water flows below 1.6 kg/s.

Aggarwal et al. [128] compared copper and aluminium fin materials
in a 58 mm outer diameter, 1.8 m long heat-pipe ETC array with a
tilt of 20-50°. During performance testing in Himachal Pradesh, In-
dia, at 5 L/h, copper fins achieved a maximum of 58.57%, compared
with 51.50% for aluminium fins. The optimal tilt of 30° resulted in
~14% greater performance for copper, indicating the influence of
material thermal conductivity and emissivity on collector perfor-
mance. Zhang et al. [129] placed an aluminium heat shield below
the absorber plate of a coaxial direct-flow ETC, and a 31.49% efhi-
ciency enhancement and a 50.80% decrease in heat-loss coefficient
were reported with the shield in place compared to the unshielded
design, reflecting the effectiveness of selective thermal shields at me-
dium-temperature water heating. In Jowzi et al. [130], the problem
of stagnation zones was solved by introducing a bypass tube with a
diameter of 2 m and a length of 10 mm into a two-tube ETC man-
ifold. Bypass was effective in their hybrid CFD/experimental study
in Kermanshah, where it eradicated dead zones and provided a 25%
increase in heat gain and an 11% increase in efficiency, illustrating
thermal non-uniformities can be overcome by simply redirecting
the flow. Tamuli et al. [131] numerically solved a flat absorber plate
with inner and outer concentric pipes (6 mm and 12 mm diameter)
in a coaxial open-type ETC of 6.4 m? aperture and attained modeled
efficiency up to ~80% at 1000 W/m?, which proves the promise of
hybrid plate-pipe absorbers in northeastern Indian conditions. Us-
ing a nine-tube air heating ETC, Zaphar et al. [132] tested a one-end-
ed stainless steel manifold with directional inner tubes and found,
that, at an air flow of 15.14 kg/h and a tube diameter of 20 mm, DT
was 62.5°C and efficiency was 32.9%, indicating an optimal design
under mixed operating conditions. The thermal and exergy analysis
of the triple-meshed helical coil revealed a higher Nu, lower exergy
loss, and a relatively small pressure drop penalty, highlighting the
importance of geometric alteration [133]. A turbulator using a wire
coil for a helical tube suggested around 13% increase in heat transfer
and around 10% increase in effectiveness due to enhanced internal
convection [134], while a compact helical geometry showed up to a
12.42% increase in heat transfer coefficient and 12.77% increase in
COP [135]. These indirect studies also suggested that turbulence-in-
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ducing designs lower thermal resistance and enhance mixing. Intro-
ducing these design changes into ETCs would lead to better internal

convection and thermal efficiency.
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Figure 7. Efficiency enhancement using design alterations

of fluid-dynamic performance, i.e., increased pressure drop, as well

Figure 7 illustrates the improvement in efficiency for the respec-
tive studies resulting from design alterations. Design modifica-
tions, such as helical coils, coaxial manifolds, and porous inserts,
have significantly improved performance by optimising internal
heat transfer and fluid flow. These advantages come at the expense

as increased manufacturing complexity and material compatibility
issues. Thus, optimum performance is highly sensitive to the partic-
ular coordination of insert geometry, flow, and thermal boundary
conditions.

Table 4. ETCs featuring design innovations

Ref. Alteration Design details

Void fraction ~2%;
Weight ~109.7 g.,
Inserted in gap between
evacuated tube (ID
0.047 m, OD 0.058 m, L
1.8 m) and copper heat
pipe (OD 0.014 m), HTF:
10 mol% EG-water
PWT: 6 mm equilateral
triangles (6 PWT), 9
mm equilateral triangles
(9 PWT), WT: Copper
strip 0.3 mm thick, 16
mm wide, 1200 mm
long, folded at 20 mm
intervals, 60° angle, ETC:
8 tubes, 1.5 m length,
1.5 m?aperture area

Stainless-steel
scrubbers

Supankanok et
al. [114]

Agade et al.

(115] WT and PWT

insert

Methodol K fi
ctnoco ogy €y periormance Quantitative enhancement

highlights parameters
. Heat pipe tip
EI)\(/IZ etgén;;tiilaf( temp.. ETC Avg. HTF temp. in modified tube 160.32°C (vs. 138.71°C
modelin efficiency, Overall ~ standard; ~22°C higher), Efficiency increased by 34.96%,
(La dkrabargl heat transfer UA increased 10-fold, Breakeven shorten (vs. standard) by
Ban kok)g’ coefficient, ~ 12 months
& Breakeven
Experimental;
co;rxllp;'ilrsaitslve Hourly, Dailyand 6 PWT: highest efficiencies-83.33% hourly, 49.36% daily
(Ma({hya Exergy efficiency energy and exergy gains, higher by 70.18%

Pradesh, India)
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Twist tap: L= 1.7 m; W
=0.044 m; 6 = 0.001 m;

Mean Nu (vs. normal): y = 2.5: -1.07%; y = 4.0: +9.29%,
Inserts help heat transfer at high temp, not at low temp.

Peak thermal efficiency 62.33% (at 400 kg/h; y/D = 2; d/D =
0.0714), Peak exergy efficiency 3.91%, Highest efficiency at
lower airflow rates

Helical tube ETC: Thermal efficiency 69% (vs. 31% for heat
pipe; 41-54% for other direct flow)

Numerical
. twist pitches P =0.110 m
Yaoetal. Twisttape 55y po0azem(y (CFDOra N Heat transfer
[116] inserts single collector
= 4), Collector tube: D = tube model
0.047 m; L = 1.8 m; Tank
ID = 0.36 m; Tilt 45°
Helical twist ratio (y/D) Effective thermal
Kumar et al. LEPTT =2,2.5,3 & Tape hole Analytical efficiency, Exergy
[117] diameter ratio (d/D) = model efficiency, Airflow
0.0714, 0.107, 0.143 rates
Experimental
59 turns, total pipe length (1.ndoor, solar
simulator: 15
. 5730 mm, OD 54 mm,
. Helical tube ) . lamps, 1000 W/
Said et al. (as a heat Fitted on inner glass m?); compared  Thermal efficienc
[118] tube (dia. 58/54 mm, s comp ¥
exchanger) Lo to heat pipe,
length 700 mm), Pipe dia.
U-tube, double
7.94 mm .
U-tube, coaxial
ETC
Experimental
Kumar et al Baffle length varied, Tube & Analytical; at Temp. rise,
*  Inserted baffles OD 57 mm;ID 48 mm &  different mass Thermal
[119]
length 1800 mm flow rates (Tamil ~ performance
Nadu, India)
No insert (NI); I-profile
(II); V-profile (VI); Experimental
Triangle (TI), Square (SI),  (indoor, solar
Mukuna and Internal Copper sheet 0.7 mm simulator
Gryzagoridis cometry inserts thick, HP: OD 8 mm, 700 W/m?% Efficiency
[120] 8 Y L 1720 mm, ETC tube: tested in
OD 58 mm, L 1800 mm, Durban, South
Fluids: acetone, ethanol, Africa)
etc., distilled water
ETC with co-axial pipes
(dia. 20 mm): OD 58 .
mm; ID 47 mm; length Experimental; Outlet temp.
Singh and Helical coiled ? § at different -
. 1800 mm, Thermal efficiency,
Vardhan [121] inserts . . T mass flow rates
Helical coils: wire dia. (Punjab, India) Pressure loss
1.5 mm; coil dia. 47 mmy; Jabs
pitch ratio 1
Relative roughness pitch  CFD analysis for Nu, Friction
Sinla et al Rib roughening (P/e) = 6-12, Relative different relative factor (f),
Egl 22] ’ (half absorber  roughness height (e/D) = roughness Thermo-hydraulic
tube) 0.071 (fixed), Heat input pitches and performance
1000 W/m? mass flow rates parameter
Two-layered glass ETC
(length 1450 mm;
U-tube: dia. 8 mm &
Liang et al outer glass tube: dia. Theoretical &
[1g2 3] ) Filled layer 47 mm, 1.2 mm thick) Experimental Efficiency
absorber film on outer  (Dalian, China)
surface of absorber tube
(dia. 37 mm, 1.2 mm
thick)
7 coaxial heat pipes
inside evacuated tubes: Experimental;
Kabeel etal.  Modified coaxial ID/OD 12.7/28.57 mm;  at different air .
(124] heat pives length 1500 mm and mass flow rates  Thermal efficiency
pip manifold 1050 mm; (Alexandria,
Filling ratios 30-60% with Egypt)

R22/R134a

Max temp. rise 42.8°C, Baffles enhance thermal efficiency;
increased baffle length improves temp. rise & thermal
efficiency at the cost of pumping power

Dry mode: Efficiency 20.3% (NI) to 24.4% (SI) & Distilled
water: 1 53.3% (NI) to 64.3% (SI); square profile best

Max outlet temp. 112.6°C (at 0.003 kg/s), Max thermal
efficiency 70.9% (vs. 64.5% at 0.015kg/s), ETC-HI

outperformed simple ETC despite 2.45 times pressure drop;

with no added cost

Nu increased by 1.88 times vs. smooth, f increased by 2.89

times vs. smooth, THPP = 1.36 (at R_ = 8000; P/e = 10)

Efficiency 12% higher than U-tube ETC with copper fin

(when A =100 W/m K)

Max efficiency increased by 67% at 0.009 kg/s using heat
pipes (compared to without) at the optimum tilt angle of

20°
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Foamed copper

filled the gap
Abd-Elhady et betwe-en the
al. [125] heat pipe and
’ the inner wall
of the evacuated
tube (with oil)
Kumar et al. Directional
[126] inner Al tubes
Inserted
Yang et al. stainless steel/
[127] plastic tube in
manifold header
Aggarwal et al. Fin material
(128] (Copper vs.
Aluminium)
Aluminium heat
Zhangetal.  shield inserted
[129] below the
absorber plate
Addition of a
Jowzi et al. bypass tube to
[130] eliminate the
stagnant region
Co-axial pipe
Tamuli etal.  integration with
[131] a flat absorber
plate
One-ended
stainless steel
Zapharetal.  manifold with
[132] inner directional
stainless steel
tubes

Evacuated tube: 1.5 m
length; 5 cm OD; 4 cm
ID, Oil volume: 1-1.6 L,
Foamed copper porosity:
50%

15 evacuated tubes: each
1.5 m long; OD 0.047
m; absorber tube 0.037
m, Manifold 1.16 m,
Aluminium tube (varied
length) dia.: 0.01 m

30 evacuated tubes (dia.
58 x 1800 mm); inserted
tube dia. = 18-32 mm;
manifold: 2550 x 1950
mm; water tank: 300 L

1800 mm length
evacuated tubes, 58 mm
OD, 45 mm ID; 10-litre
tank; tilt angles: 20°, 30°,

40°, 50°

Evacuated tube: 2000 mm
long, OD 100 mm /
ID 94 mm; absorber:
1915 mm x 92 mm
(0.12 mm thick copper
with TiNOx coating);
coaxial flow conduit
dia. 8 mm; 6 tubes per
collector

Evacuated tube-2 nos..:
1.8 m (OD/ID = 58/45
m); absorber area:
0.242 m?, Bypass tube:
2 m length; 10 mm dia.
(optimum), 7 L tank,
45° tilt
Absorber: TiNOx coated
flat plate, Inner pipe: 6
mm outer, 5.3 mm inner
diameter, Outer pipe: 12
mm outer, 10.4 mm inner
diameter, Pipe length:
1750-1820 mm, Absorber
plate: 1700 mm x 60
mm, thickness 0.2 mm,
Aperture area: 6.4 m?

9 evacuated tubes, each
1.5 m long, Stainless steel
tube: 1.27 m long, dia. 10

& 20 mm, Outer/inner

glass dia.: 47/37 mm,
Manifold: 0.96 m long,
CPVC pipe with 0.02
m dia.

Experimental;
comparative
analysis (Beni-
Suef, Egypt)

Experimental;
varying air flow
rates (Haryana,

India)

Dynamic
numerical
model, with
experimental
validation
(Jiaxing, China)
Experimental;
comparison
across
inclination
angles & flow
rates (Himachal
Pradesh, India)

Experimental;
comparative
study

Experimental
& CFD
(COMSOL)
analysis
(Kermanshah,
Iran)

Numerical
(MATLAB)
modeling
(Assam, India)

Experimental;
at different air
mass flow rates
(Uttar Pradesh,
India)

Heat pipe temp..

Temp. Increase: 25% (with oil + foamed copper), Efficiency

Heating efficiency increase: 42.7% (with oil); 55.6% (with oil + foamed copper)

AT, Efficiency

Collector
efficiency

Thermal efficiency

Collection
efficiency

Average tank
temp.., Useful heat
gain, Efficiency

Efficiency

AT, Efficiency

10.13 kg/h (0.83 m Al tubes)

Max efficiency with copper: 58.57%; with aluminium:
51.50% at 5 L/h; Efficiency improved by ~14% with copper

over aluminium

Heat shield boosted efficiency by 31.49%

Max efficiency: ~80% (At I = 1000 w/m?)

32.9% at 15.14 kg/h (20 mm tube dia.)

Max temp. rise: 72.7°C at 5.06 kg/h, Max efficiency: 16% at

Efficiency up from 55.19% to 59.99% (~5% gain); optimal
inserted tube dia.: 32 mm; water mass flow <1.6 kg/s

Efficiency up by 11%, Useful heat gain up by 25%, Tank
average temp. up by 1.5°C vs. typical ETC

Max AT 62.5°C, T, 90.5°C at 4.58 kg/h, Max efficiency
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3.5. Hybrid methods

The quest for ever-increasing performance has driven engineers
to explore hybrid enhancement approaches, whereby two or more
individual techniques are combined to leverage synergistic oppor-
tunities. Hybrid methods aim to overcome the shortcomings of
single-aspect enhancements, providing greater benefits in thermal
performance, energy delivery, and overall system performance.
Several studies employing hybrid methods to enhance the perfor-
mance of ETC have been reviewed, as shown in Table 5. Algarni
et al. [136] investigated a nano-enhanced PCM(Ne-PCM),com-
bining paraffin with 0.33 wt% Cu nanoparticles, within a U-pipe
ETC under the arid conditions of Abha, Saudi Arabia, and report-
ed a striking 32% improvement in thermal efficiency compared to
conventional paraffin PCM. Building on this, Alshukri et al. [137]
combined micro-ZnO and nano-CuO particles at 5 wt% with par-
affin wax in a heat-pipe ETC subject to varied flow rates in Najaf,
Iraq. Their empirical results demonstrated that collector efficiency
increased to 88.5% at an optimal flow rate of 3 L/h (i.e., 97.68% over
the baseline heat-pipe ETC), underscoring the synergistic effect of
dual-scale particulates on heat transfer augmentation. Felinski and
Sekret [138] mixed technical-grade paraffin PCM and a CPC in a
heat-pipe ETC and demonstrated a mean charging efficiency en-
hancement of 5% and peak charging efficiency enhancements of up
to 9% compared to non-concentrated designs. Sadeghi et al. [139]
also extended hybrid setups by using a low-concentration Cu,O/
water nanofluid(0.01-0.08 %vol)with a parabolic concentrator on a
passive circulation ETC; experimental and numerical studies con-
ducted at Kermanshah, Iran, showed that the energy efficiency in-
creased from 68%(pure water and no reflector)to 78% while using
a 0.08 %vol nanofluid and concentrator and increased exergy efhi-
ciency from 14 to 26.7%, economic payback time of only 3 years.
Essa et al. [140] incorporated helical fins into a heat-pipe ETC with
paraffin wax PCM in Zagazig, Egypt, and combined experimental
measurement with theoretical modeling for a range of flow rates to
demonstrate a daily efficiency increase of 13.6-15% over standard
fin geometry with the added benefit of enhanced temperature uni-
formity within the PCM matrix. Agade [141] investigated a binary
eutectic PCM composed of palmitic and stearic acids embedded
with a copper wavy tape insert in a U-tube ETC in Madhya Pradesh,
India, and recorded a maximal hourly efficiency of 71.75%, an aver-
age daily efficiency of 45.92%, an average exergy efficiency of 6.11%,
and a notable 35.5% reduction in CO, emissions relative to baseline
systems. Senobar et al. [142] experimented with copper metal foam
embedded with paraffin PCM in a heat-pipe ETC and reported out-
let water temperatures up to 77% higher than inlet temperatures,
and 2-3 times higher rate of PCM melting compared to pure paraf-
fin, thereby demonstrating the potential of porous metal matrices in
accelerating thermal charge-discharge rates.

Deshmukh et al. [143] introduced twisted tape inserts(twist ratio
H/D = 5)within a U-tube ETC and circulated a TiN/water nano-
fluid at volume fractions up to 0.1%; tests in Maharashtra, India,

across multiple flow rates revealed enhancements of 23.96% in ther-
mal conductivity, a staggering 378.87% increase in the Nu number,
a475.37% rise in convective HTC, and an overall solar thermal effi-
ciency reaching 80.47% at 1.25 L/min and 0.1 %vol. Sobhansarbandi
et al. [144] developed a multilayer carbon-nanotube(CNT)coating
on the absorber coupled with paraffin(octadecane)PCM in a heat-
pipe ETC in Texas, USA, achieving up to 98% solar spectral absorp-
tion(600-1100 nm)while leveraging the PCM to bufter thermal out-
put for quasi-steady delivery. Manirathnam et al. [145] combined
paraffin PCM with SCi & CuO nanoparticles(1 mass%)in an all-glass
ETC with thermosyphonic flow in Tamil Nadu, India, reporting
energy efficiencies of 33.8% without PCM, 38.3% with pure PCM,
and 41.7% with nano-composite PCM, alongside exergy efficiencies
of 1.78%, 2.18%, and 3.23%, respectively, and a 22.53% increase in
PCM thermal conductivity. Kumar and Mylsamy [146] tested par-
affin PCM with 0.5%, 1.0%, and 2.0% mass fractions of nano-CeO,
incorporated in a water-in-glass ETC under thermosyphon mode of
operation in Tamil Nadu; maximum energy and exergy efficiencies
of 79.2% and 5.1%, respectively, were achieved at 1.0% CeO,, which
justified the fine tuning of nanoparticle concentration for balanced
heat storage and release. Embracing multi-functional hybrids, Yang
etal. [147] performed a numerical evaluation of a novel PV/T-PCM
unit, designated FETC-PV-PCM,; they reported overall power out-
put rising from 33.89 W to 38.42 W, a 13% efficiency increase, with
an additional 3.37% performance gain at 4 wt% MWCNT nanoflu-
id and further output boosts via reduced PCM melting points. El-
brashy et al. [148] integrated paraffin wax PCM containing 0.2 wt%
CuO nanoparticles into an ETC coupled with a solar air heater in
Kafrelsheikh, Egypt, and by varying air flow rates demonstrated a
maximal thermal efficiency of 62.66% with nano-enhanced PCM vs.
37.34% without at 0.05 kg/s, achieving a peak useful energy gain of
2735 W at 0.006 kg/s.

Tabarhoseini and Sheikholeslami [149] performed numerical anal-
ysis of a thermosyphonic flow ETC with longitudinal absorber fins
and water-based Cu/MWCNT nanofluid at 1%, 3%, and 5% volume
fractions, realizing peak thermal efficiency of 65.21% at complete
nanoparticles loading; at this condition, useful heat gain was 116.11
k] and optical efficiency was enhanced to 67.61%, showing synerget-
ic gains due to fins and multi-scale nanoparticles. Ghaderian et al.
[150] examined an internal spiral coil heat exchanger immersed in
a U-tube ETC and circulated CuO/distilled water nanofluids at 0.03-
0.06 %vol in Johor, Malaysia; experimental data revealed thermal
efficiencies up to 51.4% at 0.06% loading and 41.9% at 0.03%, with
average outlet temperatures elevated by nearly 14% over pure water
benchmarks at 60 L/h. In Tamil Nadu, Kumar and Mylsamy [151]
compared parafin PCM enhanced with 1.0 mass% SiO, nanopar-
ticles in an all-glass ETC under thermosyphonic flow, reporting
energy efficiencies of 58.74% (no PCM), 69.62% (pure PCM), and
74.79% (NCPCM); exergy efliciencies of 19.6%, 22.0%, and 24.6%
for those configurations, respectively; and a 22.78% increase in
PCM thermal conductivity due to SiO, nanoparticles.
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Abokersh et al. [152] merged paraffin wax PCM (ALEX WAX 600)
with aluminium extended-fins in a U-tube ETC equipped with
a forced recirculation solar water heating system in Cairo, Egypt,
and employed both experimental trials and TRNSYS-based long-
term simulations to demonstrate a maximum annual thermal effi-
ciency of 85.7% for finned configurations (vs. 71.8% unfinned and
40.5% for the baseline forced solar water heating system (FSWHS)),
real-time efficiencies of 33% (finned), 26% (unfinned), and 20%
(FSWHS), and a 47.7% increase in energy discharge for the finned
PCM module. Olfian et al. [153] numerically assessed a U-tube
ETC with a spirally corrugated U-shaped tube immersed in paraffin
PCM in Babol, Iran, and found that corrugation increased collec-
tor efficiency by 21.55% relative to a smooth-tube counterpart with
the same PCM. Kabeel et al. [154] experimented with hybrid PCM
composed of paraffin wax and graphite (0-5 wt%) in a modified U-
tube ETC featuring cylindrical parabolic concentrators in Gharbia,
Egypt; by varying feed water rates, daily thermal efficiencies esca-
lated from a baseline of 44.4-51.3% (without PCM) to 75.2-88.2%
with 5 wt% graphite, and useful heat gain peaked at 71.1% under
the same conditions. Naghavi et al. [155] presented a theoretical
model of a heat-pipe ETC with PCM housed in the manifold and
an internal finned heat exchanger. Their simulations in Kuala Lum-

pur, Malaysia, indicated that above a flow rate of 55 L/h, the hybrid
system consistently outperformed conventional heat-pipe collectors
in thermal efficiency. Although the FPCs were the primary target,
these findings have significant implications for improving the per-
formance of ETC. Sheikholeslami et al. [156] conducted experimen-
tal research on twisted-tape inserts with nanofluids. They observed
that the transformation of the nanoparticles from spherical to blade-
like increased heat transfer by approximately 12.12% and thermal
efficiency by approximately 17.26%. They stated that a rise in the in-
let velocity resulted in a remarkable increase in Nu of approximately
264.12%. They also observed an increase in pumping power, which
resulted in a 9.06% reduction in total efficiency, demonstrating the
trade-oft when ETC is used. In another study, Sheikholeslami et al.
[157] numerically investigated a new turbulator using an MWCNT-
Al203 hybrid nanofluid, employing the RNG k-e model. They
proposed Nu increases of up to 75.22% and reductions in friction
factors of about 12.43%. They also noted geometry-based changes
in the friction factor and Nu of approximately -6.57% and -66.89%,
respectively. This shows that judiciously designed turbulator shapes
can lead to enhanced convective heat transfer and mixing. Hence,
suitable attention should be paid to the pressure drop, manufactur-
ability, cost and scalability.

100 97.68

Efficiency (%)

==== Mean: 38.19

Ref.[136]
Ref.[137]
Ref.[138]
Ref.[139]
Ref.[140]
Ref[141]

Ref.[145]

Ref.[146]
Ref.[147]
Ref.[148]
Ref.[151]
Ref.[152]
Ref.[153]
Ref.[154]

Figure 8. Efficiency enhancement using hybrid methods
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The efficiency gains in the studies reviewed above are shown in Fig-
ure 8. The nano-enhanced PCM, extended heat-transfer surface and
optical concentrator show considerable improvements in hybrid
methods. These studies show that the multifaceted integration can

increase the thermal efficiencies of ETCs to a higher level, increase
the useful daily energy output and offer possible ways to reduce the
payback period to as low as three years.

Table 5. ETCs utilizing hybrid approaches

Ref.

Algarni et al. [136]

Alshukri et al. [137]

Felinski and Sekret

[138]

Sadeghi et al. [139]

Essa et al. [140]

Agade [141]

Senobar et al. [142]

Deshmukh et al.
[143]

Sobhansarbandi et
al. [144]

Manirathnam et al.
[145]

Kumar and
Mylsamy [146]

Hybrid techniques

Nano-enhanced
PCM (Ne-PCM:
paraffin + 0.33 wt%
Cu nanoparticles)
Micro-ZnO and
nano-CuO particles
with Paraffin wax (5
wt%)

PCM (technical-
grade paraffin) and
CPC

Nanofluid (Cu,0/
DI water; 0.01-0.08
%vol) and Parabolic

concentrator

PCM (paraffin wax)
and Helical fins

Binary eutectic PCM
(palmitic + stearic
acid) and Copper

wavy tape

PCM (paraffin wax)
and Copper metal
foam

Nanofluid (TiN/
water; 0.0-0.1 %vol)
and Twisted tape
inserts (H/D =5)

Carbon Nanotube
(CNT) multilayer
absorber
and Paraffin
(octadecane)

Paraffin wax
with SCi & CuO
nanoparticles (1.0
mass%)

Paraffin PCM with
Nano-CeO2 at 0.5%,
1.0%, and 2.0% mass

fractions

Methodology
highlights

Experimental
(Abha, Saudi Arabia)

Experimental; varied
flow rates
(Najaf, Iraq)

Experimental

Experimental &
Numerical
(Kermanshah, Iran)

Experimental &
Theoretical; varied
flow rates
(Zagazig, Egypt)

Experimental
(Madhya Pradesh,
India)

Experimental

Experimental; varied
flow rates
(Maharashtra, India)

Experimental
(Texas, USA)

Experimental
(Tamil Nadu, India)

Experimental (Tamil
Nadu, India)

Key performance
parameters

Efficiency

Efficiency

Avg. charging
efficiency, Max.
charging efficiency

Energy & Exergy
efficiency, Payback

Daily efficiency

Hourly efficiency,

Daily avg. efficiency,

Avg. exergy
efficiency, CO2
mitigation

Outlet water temp.

Thermal
performance

Solar absorption,
Heat storage and
output

Energy & Exergy
efficiency, Thermal
conductivity

Energy & Exergy
efficiency

Quantitative enhancement

32% efficiency enhancement

Up to 88.5% efficiency
(at 3 L/h flow rate)

Avg. charging efficiency up by
5%, Max. charging efficiency up
by 9%

Energy efficiency improved from
68% (pure water; w/o reflector)
to 78% (with 0.08 %vol nanofluid
and PC). Exergy efficiency
increased from 14% to 26.7%,
with a Payback of 3 years.

Helical fins: Daily efficiency
by 13.6-15% > conventional
fins (with PCM); better temp.
homogeneity
PCM+WT: Max hourly efficiency
71.75%, Avg. daily efficiency
45.92%, Avg. exergy efficiency
6.11%, CO2 reduction up by
35.5%

(highest of all configs.)

Max outlet water temp. 77%
higher than input and 2-3 times
faster melting rate (vs. pure
PCM)

Improved thermal conductivity
by 23.96%, Nu number by
378.87%, HTC by 475.37% and
Solar efficiency to 80.47% at 0.1
%vol & 1.25 L/min

CNT coating: Max 98% solar
absorption (600-1100 nm), PCM
for storage & constant output

Energy efficiency: 33.8% (no
PCM); 38.3% (PCM); 41.7%
(NCPCM), Exergy efficiency:
1.78%; 2.18%; 3.23%, Thermal
conductivity up by 22.53%

Max energy efficiency: 79.2%,
Exergy efficiency: 5.1%; (at 1.0%
Ce02)
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Yang et al. [147]

Elbrashy et al. [148]

Tabarhoseini and
Sheikholeslami
[149]

Ghaderian et al.
[150]

Kumar and
Mylsamy [151]

Abokersh et al.
[152]

Olfian et al. [153]

Kabeel et al. [154]

Naghavi et al. [155]

PV/T-PCM hybrid
unit

Paraffin wax
PCM with CuO
nanoparticles (0.2
wt%)

Longitudinal fins
within absorber with
Nanofluid (water-
based CuyMWCNT
in 1, 3, 5% volume
fractions

Internal spiral coil
with CuO/distilled
water nanofluid
(0.03-0.06 %vol).

Paraffin PCM with
1.0 mass% SiO2
nanoparticles

Paraffin wax PCM
(ALEX WAX 600)
integrated with
Al-Fin (extended
surfaces)

PCM (paraffin wax)
with U-shaped
spirally corrugated
tube
Hybrid PCM
(paraffin wax +
graphite, 0-5 wt%)
with Cylindrical
parabolic
concentrators
PCM (paraffin wax
in manifold) with a
Finned internal heat
exchanger

Numerical

Experimental;
varied air flow rates
(Kafrelsheikh, Egypt)

Numerical

Experimental; varied
flow rates (Johor,
Malaysia)

Experimental (Tamil
Nadu, India)

Experimental &
Regression-based
long-term simulation
via TRNSYS (Cairo,

Egypt)

Numerical (Babol,
Iran)

Experimental; varied
feed water rates
(Gharbia, Egypt)

Theoretical modeling
(Kuala Lumpur,
Malaysia)

Opverall performance

Efficiency, Energy
gain

Thermal efficiency,
Heat gain, Optical
efficiency

Efficiency, Average
temp. output

Energy & Exergy
efficiency, Thermal
conductivity

Efficiency, Energy
discharge

Collector efficiency

Daily thermal
efficiency, Heat gain

Thermal efficiency

Overall power output: 38.42
W (FETC-PV-PCM) vs. 33.89
W (ETC-PCM), Efficiency
up by 13%, Nanofluid (4 wt%
MWCNT) up performance by
3.37% and reduced PCM melting
point-up output by 0.4%
Max efficiency: 62.66% with
NE-PCM vs. 37.34% without
at 0.05 kg/s, Max useful energy
gain: 2735 W (with NE-PCM at
0.006 kg/s)

Thermal efficiency up to 65.21%
with longitudinal fins, 5%
MWCNT in finned case: useful
heat gain of 116.11 k] & Optical
efficiency 67.61% (compared to
unfinned and finned with Cu
nanofluid)

Efficiency increased to 51.4%
(0.06% CuO) and 41.9% (0.03%
CuO) at 60 L/h, Average temp.
output increased by almost 14%

(at 0.03-0.06% CuO)

Energy efficiency: 58.74% (w/o
PCM); 69.62% (PCM); 74.79%
(NCPCM), Exergy efficiency:
19.6% (w/o PCM); 22.0%
(PCM); 24.6% (NCPCM),
Thermal conductivity of paraffin
increased by 22.78% with silica
nanoparticles

Max. annual efficiency: 85.7%
(finned); 71.8% (un-finned) vs.
40.5% (FSWHS) & Real-time
efficiency: 33% (finned); 26%
(un-finned); 20% (FSWHS),
Energy discharge up by 47.7%
(finned) and 35.8% (unfinned)
under clear sky
Corrugated tube increased the
collector efficiency by 21.55%
compared to the smooth tube
with PCM.

Daily efficiency up from 44.4-
51.3% (no PCM) to 75.2-88.2%,
Useful heat gain up to 71.1% (at

5% graphite)

Higher thermal efficiency than
conventional heat pipe ETC at
flow rate > 55 L/h

3.6. Comparative analysis

The average efficiency improvement for the ETCs varies across

22.84% (1.85 to 71.84%), and reflectors/concentrators at 20.40%
(2.8 to 33%). Range bars indicate variability, with performance be-

techniques, as shown in Figure 9: hybrid methods lead with 38.19%

(range 13.61 to 97.68%), followed by design alterations at 28.03%
(3.6 to 68.29%), PCMs at 24.29% (5.56 to 55.7%), nanofluids at

ing highly dependent on test conditions and protocols.

The selection of thermal performance enhancement techniques for
the ETCs requires balancing cost, complexity, O&M, and durability:

the following comparative analysis table supports informed, appli-
cation-specific decisions.
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Figure 9. Efficiency gains across enhancement techniques
Table 6. Comparative summary of enhancement techniques
Technique reviewed eAﬂ;ge;hce;g;?n Rizﬁ;t:d Relative capital  Installation & Main limitations/ Best-suited application/
[Ref.] (in %) (in %) cost O&M complexity  durability challenge primary advantage
Colloidal instability,
abrasion/corrosion, Medium—temperature
Nanofluids High increased viscosity/ processes requiring
(16-61] 22.84 1.85-71.84 Medium-High  (preparation & pressure drop, potential ~ high heat-transfer rates;
monitoring) optical absorption and raise conductivity and
environmental/toxicity convective HTC
issues
. Applications needing
Phase change Medium L:::{:Efg?;rfogiit;v?’ stable/extended heat
materials 24.29 5.56-55.7 Medium (integration, Jang 8e: output (e.g., overnight
. supercooling and cycling .
[62-90] added weight) . storage); smooths diurnal
degradation .
fluctuations
Optical soiling/ Yield boost in low-
Reflectors/ Low (static) - Low (static) - degradatl.on, ahgnment/ 1rre'1d1ar1ce regions (static);
Concentrators 20.40 2.8-33 High (tracking)  High (tracking) structural issues, increased  raises outlet temperature
[91-113] & i & & thermal stress at high ~ for mid-temp. applications
concentration (concentrating)
Increased pressure drop/
) . Broad performance
Low (retrofit Low (retrofit) pumping work, erosion/ .
. . . . . s improvement for new
Design alterations inserts) - - Medium material compatibility, T
28.03 3.6-68.29 . . . or existing direct-flow
[114-135] Medium (increased and manufacturing
(integrated) pumping) complexity for integrated systems; favourable near-
. term trade-off
solutions
. . CoTnpound reliability High-performance
X High (multi- risks (component 4
Hybrid methods evstem interactions), complex or high-temperature
(combinations) 38.19 13.61-97.68 High Syt > comp applications where
integration & thermal/mechanical L
[136-157] . . . maximizing output
control) integration, and higher A .
capex justifies cost/complexity.

The techno-economic evaluation of enhanced ETCs suggests bal-
ancing performance and yields against capital costs, operation and
maintenance complexity, and long-term durability. Low-tempera-
ture applications (below 80°C, such as domestic hot water) benefit

most from cost-effective design improvements and reflectors, in-
cluding the addition of a copper fin and a diffuse flat reflector. In
contrast, medium-temperature applications (ranging from 80°C to
150°C, such as industrial process heat and solar cooling) are bet-
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ter suited to investment in hybrid systems, such as nano-enhanced
PCMs with extended heat-transfer surfaces and optical concentra-
tors. Although nanofluids and PCMs present greater technical com-
plexity, design modifications offer appealing short-term solutions.
However, over the long term, hybrid systems, despite their higher
costs, provide the best value when integration and economic factors
are favourable, making them promising candidates for high-perfor-
mance solar thermal applications.

4. Societal value

The studies reviewed show that the application of a number of tech-
niques to enhance the thermal performance of solar evacuated-tube
collectors has a social value. The paper enables transitions that op-
timise thermal efficiency, increase the period of heat supply and
minimise greenhouse gas emissions. It allows the decarbonisation
of heat supply and enhances access to high-quality thermal services
for industrial and domestic users. Social benefits include lower fuel
poverty, lower air pollution and improved health, more jobs in clean
energy supply chains, and greater resilience through localised ther-
mal supply. The transfer of technical performance to policy and re-
search agendas and the effective integration of social and academic
knowledge for sustainable and equitable use of high-efficiency col-
lectors is ensured.

5. Conclusion

This review consolidates experimental, numerical and field stud-
ies of thermal performance improvement for solar evacuated tube
collectors, revealing technique-specific trade-offs. The literature re-
viewed reports a broad range of thermal efficiency improvements:
nanofluids and nanoparticle-enhanced heat transfer fluids from
1.85% to 71.84% (average =~22.84%), phase change materials from
5.56% to 55.7% (average =24.29%), reflectors/concentrators from
2.8% to 33% (average =20.40%), and geometry or internal-design
changes from 3.6% to 68.29% (average =~28.03%). The combination
of complementary measures that address different aspects of the sys-
tem yield the greatest range and mean system-level improvement
(13.61% to 97.68%, average =~38.19%) but also the most complexity
and risk. While numerous studies report impressive instantaneous
and daily improvements, there are unaddressed limitations: nano-
fluids are plagued by instability, abrasion, and absorption (which
reduces collector transmittance); phase change materials are limited
by low intrinsic thermal conductivity, volume change, and cycling
degradation; reflectors need maintenance to maintain reflectivity
and alignment; and many internal design inserts increase pressure
drop and pumping energy. Crucially, percentage gains are depen-
dent on the starting system design, test protocol and operating
conditions, making it difficult to compare results across studies and
to undertake meta-analysis. As such, the most solid conclusion is
conditional: specific measures can significantly improve the thermal
performance of evacuated tube collectors (with average improve-
ments in the 20-40% range for each major technique); but gains de-
pend on holistic design choices, ageing under realistic cycling, and

trade-offs between thermal gains and parasitic or life-cycle costs.
Consistent metrics, long-term cycling tests and techno-economic
analysis are critical to translate laboratory-scale gains to real-world
conditions and guide deployment.

6. Future work

In light of the identified gaps, future research needs to be an inter-
disciplinary, integrated approach that combines laboratory innova-
tion with rigorous field testing and techno-economic analysis. First,
nanofluid research needs to prioritise long-term stability under
thermal- and shear-cycling conditions representative of the intend-
ed use, to perform mechanistic studies of agglomeration and abra-
sion, to report zeta potential and rheological data, and to choose or
encapsulate environmentally safe nanoparticles to avoid toxicity and
disposal problems. Secondly, PCM incorporation includes the use
of conductivity-enhancing features (finned tubes, graphite foams,
nanoparticle doping), stable PCM encapsulation to prevent leakage
and volume change, and the cycle-life testing under realistic tran-
sient heat loads to determine degradation and its effect on system ef-
ficiency. Third, concentrator and reflector designs must be evaluated
for dirt tolerance, anti-fouling coating effectiveness, misalignment
tolerance and strength under wind and dusty environments. Also,
life-cycle reflectivity and cleaning loads need to be monitored along
with instantaneous optical gains. Fourth, design innovations and
insertion technologies need to be optimised for coupled thermo-hy-
draulic performance, via multi-objective optimisation that explic-
itly balances thermal gain versus pumping penalty and cost. Fifth,
hybrid systems need system-level demonstration tests that integrate
storage, optical concentration and enhanced fluids to verify labora-
tory gains (hybrid averages =38.19%) in real-world climates and to
discover new failure modes. In all cases, researchers should adopt
standardized testing protocols (insolation and test inlet and outlet
conditions, uncertainty analysis), open data, and interoperable sim-
ulation models to enable meta-analysis. Sixth, policy-focused re-
search on life-cycle analysis, levelized heat cost, supply-chain mate-
rial availability, and training needs will ensure laboratory efficiency
gains are equitably and replicably translated into decarbonization of
industrial and distributed energy applications. International testing
standards set by industry consortia and standards bodies will facili-
tate commercialisation and enable claims.
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work.

Nomenclature

COP28 28" Conference of the Parties
ETC Evacuated Tube Collector
FPC Flat Plate Collector

PCM Phase Change Material

HTF Heat Transfer Fluid
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HTC
DHW
PTC
CPC
DFR
CFD
HP-ETC
GAHP
SETAH
ETC-HI
CVFEM
LFPTT
PWT
WT
FSWHS
MSS3(CaO)
uv

mV
DSC
TGA
FTIR
RNG
PV/T
ORC

CR
COP

FR
PEM
THPP
O&M
Re
P/e
e/D
y/D
d/D

P
D,L
AT
UA

Heat Transfer Coeflicient

Domestic Hot Water

Parabolic Trough Collector

Compound Parabolic Concentrator
Diftuse Flat Reflector

Computational Fluid Dynamics
Heat-Pipe Evacuated Tube Collector
Gravity-Assisted Heat Pipe

Solar Evacuated Tube Air Heater
Evacuated Tube Collector Helical Inserts
Control Volume-based Finite Element Method
Loose-Fit Perforated Twisted Tape
Perforated Wavy Tape

Wavy Tape

Forced Recirculation Solar Water Heating System
Modified Solar Stills with Calcium Oxide
Ultraviolet

Millivolts

Differential Scanning Calorimetry
Thermogravimetric Analysis
Fourier-Transform Infrared Spectroscopy
Renormalization Group theory
Photovoltaic/Thermal

Organic Rankine Cycle

Global Solar Irradiance

Concentration Ratio

Coeflicient of Performance

Nusselt Number

Friction Factor

Heat Removal Factor

Polymer Electrolyte Membrane
Thermo-Hydraulic Performance Parameter
Operations and Maintenance

Reynolds Number

Relative Roughness Pitch

Relative Roughness Height

Helical Twist Ratio

Tape-Hole Diameter Ratio

Pitch

Tube Diameter and Length (Generic Dimensions)
Temperature Difference

Overall Heat Transfer Coefficient X Area

Chemical formulas & symbols

H,0
CO,
SO,
ALO,
TiO,
SiO,
CuO
ZnO

Water (Base Fluid)

Carbon Dioxide
Sulfur Dioxide
Aluminium Oxide
Titanium Dioxide
Silicon Dioxide
Copper Oxide
Zinc Oxide

CeO, Cerium Oxide

WO, Tungsten Trioxide

MgO Magnesium Oxide

Al Aluminium

Ag Silver

SWCNT Single-Walled Carbon Nanotube
MWCNT Multi-Walled Carbon Nanotube
GNP Graphene Nanoplatelets

EG Ethylene Glycol

Fe 04 Ferrosoferric Oxide

Cu,0 Copper Oxide

Ba(OH),-8H,0  Barium Hydroxide Octahydrate
BaCO, Barium Carbonate

TiNOx Titanium Nitride Oxide

pH Potential of Hydrogen

PVP Polyvinylpyrrolidone

SDBS Sodium Dodecylbenzenesulfonate

Paraffin wax

Paraffin Formulations (e.g. RT-40, Technical

Grade, ALEX WAX 600),
Stearic Acid (C H,O,),
Palmitic Acid (C, H,,0,)
Greek symbols
n Efficiency
AT Temperature Difference
A Thermal Conductivity
a Solar Absorptance
€ Thermal Emissivity
k Turbulent Kinetic Energy
€ Dissipation Rate
Subscripts
in Inlet
out Outlet
m Mean or Reference
en Energy
ex Exergy
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