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INTRODUCTION 

Thermal energy storage (TES) systems are 
crucial for storing solar energy, as they allow it to 
be stored for use during periods of low or no sun-
light. This study optimizes sensible heat storage 
(SHS) systems in concentrated solar power (CSP) 
applications by mixing ionic liquids with nanopar-
ticles to improve their thermal performance. Ionic 
liquids have a broad liquid-phase temperature 
range and significant heat storage capacity, mak-
ing them ideal candidates for TES. When these 
liquids are enhanced with nanoparticles, their 

thermophysical properties improve, such as ther-
mal conductivity and heat capacity. 

The growing interest in developing more ef-
ficient fluids for thermal energy applications 
has driven a rise in studies focused on fluids 
with improved thermophysical properties. In re-
cent years, ionanocolloids – nanofluids based 
on ionic liquids – have attracted significant at-
tention. These fluids combine the exceptional 
physicochemical properties of ionic liquids with 
enhanced thermal conductivity, thanks to the in-
clusion of nanoparticles that efficiently transfer 
heat. Moreover, their negligible vapor pressure 
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makes them environmentally friendly, offering a 
sustainable alternative for thermal management 
and energy-related applications.

Ionic liquids (ILs) are known for their high 
thermal stability, often capable of withstanding 
temperatures exceeding 200 °C, and in some cas-
es, even up to 400 °C or higher. This makes them 
suitable for high-temperature energy storage ap-
plications, such as in CSP plants. In addition, high 
specific heat capacity in applications such as ther-
mal energy storage systems allows ILs to store 
more thermal energy without requiring a large 
volume. Although ILs have moderate to high 
specific heat capacities, these are generally lower 
than water ones. Their composition determines 
their specific heat capacity, usually between 1 and 
2 J/g·K. The base fluid, ionic liquid, may form 
nano ionic liquid to overcome this low specific 
heat capacity challenge [Kanti et al., 2022].

Research Studies were performed to study the 
impacts of nanoparticle incorporation on the ther-
mal and physical properties of the ionic liquids.

Bridges et al. [2011] demonstrated ionic liq-
uids supplemented with Al2O3 nanoparticles as 
potential thermal transfer fluids for CSP systems. 
Results indicated an almost 30% increase (and 
more than 40% for volumetric heat capacity) com-
pared to conventional heat transfer fluids. After as-
sessing the heat capacity at various temperatures, 
the nanoparticle-enhanced ionic liquids (NEILs) 
enhanced the CSP system efficiency. Additionally, 
long thermal stability tests showed that NEILs can 
be used for a long time in CSP and, hence, can 
make it possible to produce more solar power. 

Paul et al. [2017] evaluated the potential of 
NEILs as heat transfer fluids for CSP systems, fo-
cusing on their thermal properties. NEILs, formed 
by dispersing nanoparticles into base ionic liquids 
(ILs), showed promising results. Experimental 
findings revealed that NEILs improved heat ca-
pacity by approximately 23% and thermal con-
ductivity by about 6% compared to the base ILs, 
making them strong candidates for CSP applica-
tions to boost energy efficiency and lower opera-
tional costs. Additionally, NEILs demonstrated 
around a 20% increase in the heat transfer coeffi-
cient, further validating their effectiveness. These 
results suggest that incorporating NEILs into CSP 
systems is both practical and beneficial, poten-
tially supporting the development of more cost-
efficient and high-performance CSP technologies.

The amount to which ionic liquids (1-alkyl-
3-methylimidazolium, butyl, hexyl, octyl, and 

decyl) can be used for TES is presented in the 
study conducted by Bendová et al. [2019]. Ad-
vanced experimental techniques and mathemati-
cal statistics were employed to thoroughly ana-
lyze the energy density and heat capacity of these 
ionic liquids. It was concluded that these ionic 
liquids possess favorable characteristics, with 
their volumetric heat capacity and energy density 
falling in the range desired for SHS applications.

 Aravind et al. [2021] examined the thermal 
behavior of an imidazole-based ionic liquid by 
incorporating two types of nanoparticles, cop-
per and phosphate, designated as A and B. The 
properties of these mixtures were analyzed using 
various analytical techniques. The Specific heat 
capacities of the mixtures were determined to 
be 11 J/g·K for combination A and 2.8 J/g·K for 
combination B while using differential Scanning 
Calorimetry. Furthermore, the Specific heat ca-
pacity (C) was more significant for combination 
A than lead, tin, stainless steel, and aluminum at 
the point they melt (C=2.54 J/g·K), making this 
material a potential heat carrier. At particular tem-
peratures, the two combinations also shifted from 
hydrated to dehydrated phases. For both combi-
nations, we calculated the average sizes of crys-
tals and found that the combinations suit various 
applications, including TES. 

Main et al. [2021] conducted an experimental 
study to evaluate how nanoparticle size influences 
nanofluids’ density, viscosity, and thermal conduc-
tivity based on ionic liquids (ILs). It was revealed 
that IL-based nanofluids have a higher density 
than the base ILs. However, there was no notice-
able difference in density as a function of nanopar-
ticle size. The viscosity of IL-based nanofluids 
did not show a significant difference in the size of 
the nanoparticles; one wt% of IL-based nanoflu-
ids exhibited an average ∼ 13.71% viscosity im-
provement. However, for the one wt% IL-based 
nanofluids, 10 nm nanoparticles showed a maxi-
mum of 9.73% enhancement in effective thermal 
conductivity. Based on nanoparticle concentration, 
the viscosity and thermal conductivity of IL-based 
nanofluids containing 10 nm nanoparticles showed 
maximum enhancements of 30% and 11%, respec-
tively, at a concentration of 2 wt%.

Das et al. [2021] conducted a comprehensive 
review on the use of ionic liquids and nanofluids 
in solar systems, emphasizing the role of advanced 
nanomaterials in achieving desirable properties. 
The study evaluates key attributes such as energy 
storage capacity (both sensible and latent), optical 
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properties (absorbance, transmittance, and molar 
extinction coefficient), thermal stability, conductiv-
ity, and viscosity. It also examines how variations 
in anions and cations influence these properties. 
The review provides a critical analysis of the ap-
plications of ionic liquids and nanofluids in various 
solar systems, highlighting recent advancements in 
nanoparticle integration. Notably, the review iden-
tifies nanofluids’ superior sensible energy storage 
capabilities and their enhanced thermophysical 
properties. Additionally, it discusses the challenges 
that must be addressed for the practical implemen-
tation of these technologies.

Piper et al. [2022] discussed the evolution 
and promise of the emerging field of ionic liquids 
for renewable thermal energy storage. Systems 
are considered from a holistic, sustainable point 
of view, demonstrating the importance of assess-
ing material origins and synthetic pathways and 
system performance through lifecycle assess-
ment. We elucidate the emerging design rules 
for optimizing thermal properties and, in doing 
so, attempt to provide an overview of promising 
emerging systems and future directions.

Cavieres et al. [2022] elaborated on INFs, 
which are composed of two equimolar mixtures 
of ILs, as base fluids and Multiwalled Carbon 
Nanotubes (MWCNTs) with weight percentages 
of 0.04, 0.06, 0.08, and 0.1 wt% Furthermore, 
the thermophysical properties of the proposed 
new materials were evaluated and compared to 
conventional materials currently used in solar 
energy storage systems. It was shown that the 
heat capacity (Cp) reaches increases of up to 3.7 
and 3.2 times that of nitrated salts and commer-
cial fluid, which translates into a 9.4% and 284% 
higher thermal storage density (E), respectively, 
and even lower thermal diffusivity (α), which 
supports the preliminary idea of using these new 
materials for energy storage.

Singh et al. [2022] reviewed recent advance-
ments in INF systems and their applications in 
energy-related fields. They explored the synthe-
sis of INFs using various nanoparticles (NPs) and 
analysed their thermophysical properties. The 
study also emphasized mathematical models for 
predicting thermal conductivity and viscosity. 
The selection of appropriate ionic liquids (ILs) 
and NPs is critical for optimizing heat transfer 
and storage applications, given their temperature-
dependent physicochemical properties. Math-
ematical modeling offers a practical approach to 
identifying efficient heat transfer fluids, reducing 

the need for extensive experimentation. The chal-
lenges and potential benefits of using INFs for 
heat transfer were also discussed.

Kanti et al. [2022] investigated the thermo-
physical behaviour of the ionic liquid 1-ethyl-
3-methylimidazolium chloride ([EMiM]Cl) 
mixed with Al₂O₃ nanoparticles over a tempera-
ture range of 303.15–333.15 K. Their findings 
indicated that both specific heat and thermal con-
ductivity increase with rising temperature and 
concentration. In contrast, viscosity and density 
increase with concentration but decrease as tem-
perature rises. The study proposed correlations 
for predicting specific heat, thermal conductiv-
ity, and viscosity based on the experimental data. 
Additionally, the heat transfer performance of the 
INF was theoretically assessed using the mea-
sured thermophysical properties.

The latest investigations about the utilization of 
ionic liquid nanofluids as a heat transfer fluid are 
summarized by Lingala [2023]. These summaries 
are broken down into three types: (a) the thermo-
physical parameters, including thermal conductiv-
ity, viscosity, density, and specific heat of ionic liq-
uids (base fluids); (b) the thermophysical properties 
like thermal conductivity, viscosity, density, and 
viscosity of ionic liquids based nanofluids (IL nano-
fluids), and (iii) utilization of IL nanofluids as a heat 
transfer fluid in the thermal devices. The techniques 
for measuring the thermophysical characteristics 
and the synthesis of IL nanofluids are also covered. 
The suggestions for potential future research direc-
tions for IL nanofluids are summarized.

Sustainable INFs by Duarte et al. [2024] 
comprise dispersed Bombyx mori silk fibroin 
(SF) derived carbon dots in a bilayer solution 
of 1-butyl-3-methylimidazolium chloride (IL1) 
and 1-(4-sulfonyl)-3-methylimidazolium triflate 
(IL2). The thermal conductivity and heat capac-
ity of the INFs are relatively high compared to 
current state-of-the-art INFs. However, the INFs 
can convert light to heat under suitable illumi-
nation conditions with up to 28% photothermal 
conversion efficiencies, comparable to other re-
ported INFs. The range of working temperatures, 
SFIL1IL2 – 5h has marked stability.

In Al-Amayreh and Alahmaher [2024], phase 
change materials PCM and 1%Al2O3 nanoparti-
cles were utilized to enhance thermal energy stor-
age (TES) reliability in providing the heat supply 
during low solar radiation. A double-cylindrical 
shell with petroleum jelly and wax was used as 
PCMs, and a redesigned heat exchanger for better 



240

Journal of Ecological Engineering 2025, 26(3), 237–245

efficiency was employed. Temperature profiles 
during charging and discharging are investigated 
in open and closed systems. A peak efficiency of 
73% was achieved using the dual PCM system 
with nanoparticles, and the nanoparticles alone in-
creased efficiency by 5%. The results demonstrat-
ed that dual PCM layers and nanoparticle additives 
could be utilized to enhance the efficiency of TES.

This study aims to improve solar thermal stor-
age systems by utilizing nanoparticle-enhanced ion-
ic liquids as working fluids. A series of experiments 
are conducted to assess the impact of nanoparticle 
concentration on key parameters, including heat 
capacity, collector efficiency, and storage tank 
temperature. The findings are compared with con-
ventional water-based systems to highlight the po-
tential benefits of these advanced materials. The 
conclusions and recommendations are a foundation 
for further advancements in solar thermal energy 
systems and other renewable energy technologies.

MATERIALS AND METHODS

This study developed an experimental 
setup that used a solar thermal energy simula-
tor equipped with a fully functional model of a 
solar thermal system to investigate critical fac-
tors, including heat capacity, system efficiency, 
and tank temperature, that impact solar thermal 
domestic water heating.

Selection of materials

Copper oxide (CuO) nanoparticles are of-
ten used for PV cooling because of their unique 

properties and advantages. Due to their signifi-
cant characteristics, like high thermal conduc-
tivity, substantial surface area, stability, compat-
ibility, cost-effectiveness, and ease of integra-
tion, these nanoparticles are extensively used in 
PV cooling applications. CuO nanoparticles are 
prevalent in PV cooling due to their high heat dis-
sipation capability and essential role in maintain-
ing PV systems’ efficacy and durability. The CuO 
nanofluids with approximately 30 nm particles 
were purchased from US Research Nanomateri-
als Inc., Houston, TX, USA, and the ionic liquid 
1-Butyl-3-methylimidazolium hexafluorophos-
phate [Bmim][PF6] was purchased from Haihang 
Industry Co., Ltd, China.

Test method

The experimental arrangement used in this 
study is shown in Figure 1. The primary appara-
tus employed is the ET 202: Principles of Solar 
Thermal Energy from Gunt, Hamburg. Twenty-
five halogen lamps are mounted on the lighting 
unit (1). As an exception, halogen lamps are 
sometimes applied in scientific and industrial ap-
plications. While they do not replace real solar ra-
diation, they were used in this study because it is 
difficult to reproduce all the possible light inten-
sity spectrum and exposure duration parameters 
with natural sunlight.

Furthermore, a halogen lamp offers a better 
and more reproducible light source, which allows 
researchers to perform experiments under stable 
and predetermined conditions. The flat plate 
collector (2) is then illuminated, which causes 
the absorber to heat up. The flat plate collector 

Figure 1. Experimental setup
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section consists of the absorber that transfers heat 
to the circulating heat transfer fluid, which exits 
the flat plate collector from the absorber (3), and 
enters the tank (3).

Theoretical analysis 

In a system linking a solar collector to a heat 
exchanger, which transfers energy to a storage tank, 
it is assumed that all the valuable energy collected 
by the solar collector is fully transferred to the heat 
exchanger without any thermal loss. The heat trans-
fer rate (
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where: mtank – mass of the liquid in the tank, Cp,Tank 
– heat capacity of the fluid in the tank, T3final 
– T3Intial: The difference in temperature after 
the specified duration (t).

mTank can be determined by: 
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The heat capacity of the working fluid in the 

tank can be determined using Equations 1 to 3, as 
shown below:
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It is to be noted that the Solar Collector Ef-
ficiency was estimated according to EN 12974-
2:2006, which is outlined by Kovács et al. [2011]. 

RESULTS AND DISCUSSION

Figure 2 discusses the heat capacity of a nano-
ionic liquid with the concentration of nanoparticles 
within it. The concentration of nanoparticles rang-
es from 0.00% to 1.00%, with significant observa-
tions made at 0.60%. The heat capacity increases 
from 2.47 kJ/kg·K at 0.0% concentration to a peak 
of 3.31 kJ/kg·K at 0.60% concentration, represent-
ing a 34.01% increase. The enhanced specific 
heat capacity heat-storage capacities offered 
by the nanoparticles are responsible for the 
initial rise in heat capacity. The nanoparticles’ 
efficient dispersion at lower concentrations 
improves the ionic liquid’s thermal character-
istics. Beyond 0.60%, the heat capacity decreases 
due to the formation of nanoparticle aggregates, 
which reduces the effective surface area for heat 
transfer. While water has a higher heat capac-
ity (4.2 kJ/kg·K), the unconventional operational 
temperature range of up to 200 °C of nano ionic 
liquid makes it promising for heat transfer appli-
cations at high temperatures, such as thermal en-
ergy storage and industrial cooling systems. While 
its heat capacity was relatively lower, its thermal 
stability at higher temperatures was a functional 
benefit over water in certain applications. This 
aligns with the findings of Cherecheş et al. [2021], 

Figure 2. Average heat capacity of the ionic liquids containing different concentrations of nanoparticles
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who investigated the specific heat of both ionic 
liquids and alumina nanoparticle-based nanoflu-
ids within a temperature range of 283.15–333.15 
K. Their study demonstrated that the specific heat 
increases with rising nanoparticle concentration, 
but this trend plateaus beyond a concentration 
of 2.5 wt.% Al₂O₃ as further nanoparticle load-
ing shows minimal effect. In Figure 3, the aver-
age instantaneous efficiency of a solar collector is 
shown against the concentration of nanoparticles 
in an ionic liquid. As the nanoparticle concentra-
tion increases from 0.00% to 0.60%, there is a 
notable improvement in efficiency. The efficiency 
rises to 72.59% at 0.10%, 72.90% at 0.20%, and 
72.99% at 0.40% concentration. The highest effi-
ciency, 74.17%, is achieved at a 0.60% concentra-
tion. This improvement from 72.16% to 74.17% 
represents a gain of approximately 2.79%, indicat-
ing that adding nanoparticles up to a concentration 
of 0.60% significantly enhances the solar collec-
tor’s performance. Beyond this concentration, no 
further increase in efficiency is observed.

When comparing this peak efficiency to wa-
ter’s average instantaneous efficiency of 75.53%, 

it becomes clear that the nano ionic liquid falls 
short by a small margin. The maximum efficiency 
of the nano ionic liquid at 0.60% concentration 
is about 1.36% lower than that of water, cor-
responding to a 1.80% percentage difference. 
While the nano ionic liquid significantly boosts 
efficiency, it does not quite reach the water ef-
ficiency level. However, the nano ionic liquid’s 
broader operational temperature range offers ad-
vantages in high-temperature applications, po-
tentially compensating for the slight reduction in 
efficiency compared to water. Therefore, despite 
water being marginally more efficient, the ther-
mal benefits of the nanoparticle-ionic liquid mix-
ture hold significant practical value. This result 
agrees with the conclusions of Fathabadi [2020] 
and Hamdan and Sarsour [2018], who observed 
that the efficiency of flat plate collectors improves 
as nanoparticle concentration increases up to an 
optimum value of nanoparticle concentration, 
beyond which the efficiency decreases due to the 
particle agglomeration

The graph in Figure 4 illustrates the impact 
of varying nanoparticle concentrations on the 

Figure 3. Average instantaneous efficiency of the collector at different concentrations of nanoparticles in an 
ionic liquid

Figure 4. Average hourly tank temperature for different nano-ionic liquids concentrations
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average temperature of a thermal energy stor-
age tank. The average tank temperature is seen 
to decrease significantly as the concentration of 
nanoparticles increases from 0% to about 0.50%, 
signifying the enhancement of the heat capacity 
of the liquid and the efficiency of transferring 
thermal energy. Notably, with a concentration of 
0.50%, the temperature decreases from 33 °C to 
a minimum of 31 °C (declination of 6.06%). This 
decrease demonstrates the increased heat capac-
ity with an optimized nanoparticle concentration. 
However, the average tank temperature increases 
when nanoparticle concentration exceeds 0.50%, 
indicating a reduction of heat capacity. An ex-
planation for this decrease could be nanoparticle 
aggregation or an increase in viscosity, thus de-
creasing the effectiveness of heat dissipation. This 
graph exhibits a U-shaped pattern and reveals the 
necessity of nanoparticle concentration in the 
range of 0.50% for better thermal performance in 
energy storage devices.

Water has a higher heat capacity, reaching an av-
erage temperature of 37.03 °C. In contrast, the nano 
ionic liquid at the ultimate concentration reaches a 
lower average temperature of 31.0 °C (6.03 °C dif-
ference). This suggests that precise nanoparticle in-
corporation is crucial to increasing thermal energy 
storage efficiency by as much as possible, indicating 
that significant improvement is achievable with ad-
equate nanoparticle concentration. The initial stage 
of this figure agrees well with equation (4), and the 
specific heat capacity decreases with temperature. 
However, as the concentration of nanoparticles ex-
ceeds the optimum value, the nano ionic fluid tem-
perature increases with nanoparticle concentration 
due to their agglomeration and behavior as large 
solid particles that absorb heat.

In Figure 5, temperature behaviour in a so-
lar thermal system is presented by comparing the 
performance of the system components: solar col-
lector, thermal storage tank, and heat exchanger. 
During the first four hours of operation, tempera-
tures in the collector inlet (T1), collector outlet 
(T2), and storage tank (T3) all show a steadily in-
creasing pattern, which demonstrates the system’s 
capability of consuming and transferring solar en-
ergy. The use of the nano-ionic liquid in the stor-
age tank improves the capacity of heat retention 
where the T3 is gradually decreased after shutting 
off the heat source because this shows the pos-
sibility of applying these sophisticated materials 
to enhance the thermal storage system efficiency, 
especially when there is a more extended period 
of heat to be retained.

Additionally, the observed data was subjected 
to very stable ambient temperature (T4), indicat-
ing that the recorded temperature fluctuations 
within the overall system were not external en-
vironmental anomalies but rather a result of the 
internal dynamics of the solar thermal setup. This 
rapid decline in T1 and T2 following the shutdown 
of the pump and lighting unit demonstrates the 
importance of active circulation in maintaining 
high temperatures in the system. The experiment 
proves the practicality of solar thermal systems in 
environments where reliable and efficient energy 
capture and storage are necessary. The results 
could help inform future generations of solar en-
ergy technology, highlighting the importance of 
tailoring the material and operational parameters 
to deliver the maximum efficiency.

Figure 6 provides a comparative analysis of 
the thermal performance of a solar thermal system 
using two different storage mediums: nano-ionic 

Figure 5. Hourly temperature variation along the ideal concentration nano ionic liquid experiment
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liquid and water. For both systems, temperature 
readings of collector inlet (T1), collector outlet 
(T2), tank (T3), and ambient (T4) are taken to eval-
uate the performance under similar conditions. 
At the beginning, the starting temperature of the 
systems is similar, suggesting that experiments 
were done under the same conditions. As the ex-
periment proceeds, higher temperatures at T1 and 
T2 are observed for the nano-ionic liquid system. 
This difference is because the lower heat capac-
ity of nano ionic liquid absorbs less heat from the 
solar collector. Hence, the circulating liquid tem-
perature is elevated.

The higher temperatures in the nano-ionic 
liquid system at T3 are due to the higher tem-
peratures at the collector points where it is 
heated before being pumped into the tank, and 
it is better than the water-based system. After 
4 hours, the tank temperature is slightly higher 
as the water system absorbs better and retains 
heat. Consistent with the enthalpy require-
ment, the water system retains more heat in the 
storage tank at 16 h than the nano-ionic liquid 
system. The results indicate that although the 
lower thermal capacity of the nano-ionic liquid 
results in higher temperatures in the collector, 
the increased heat capacity of water leads to 
better heat absorption and storage in the tank. 
The comparison demonstrates the importance of 
choosing proper thermal storage fluids depend-
ing on the desired performance characteristics 
in solar thermal systems.

CONCLUSIONS 

The following conclusions reflect the study’s 
key outcome in the present work. The incorpora-
tion of copper oxide nanoparticles (CuO) into the 
ionic liquid 1-Butyl-3-methylimidazolium hexa-
fluorophosphate ([Bmim][PF6]) dramatically en-
hances the thermal performance of solar thermal 
energy storage systems. The optimal concentra-
tion of 0.60% CuO nanoparticles boosted heat 
capacity by 34%, resulting in an instantaneous ef-
ficiency of 74.17%, substantially improving con-
ventional water-based systems.

Nano-ionic liquids have a more comprehen-
sive operational temperature range than water. 
They can retain the liquid phase up to 200 °C, 
making them more suitable for high-temperature 
applications. This quality is conducive to more 
effective energy storage and retrieval in CSP sys-
tems that hold down high temperatures.

Higher concentrations of nanoparticles be-
yond 0.60% show aggregation and deteriorate 
thermal performance. This observation further 
stresses the importance of nanoparticle optimiza-
tion to ensure high thermal efficiency and avoid 
diminishing returns.

While nano-ionic liquids are shown to have 
enhanced thermal properties, water outperforms 
them based on heat capacity: water attains an av-
erage instantaneous efficiency of 75.53%. Nev-
ertheless, nano-ionic liquids’ extended opera-
tional temperature range and stability compared 

Figure 6. Hourly temperature variation along the experiment of water
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to nanostructured inorganic electrolytes provide 
a practical advantage for specific high-tempera-
ture applications, which may compensate for the 
slight efficiency loss.
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