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Preface

Thermal energy storage (TES), also known as heat storage systems, is a technology that

accumulates energy when production exceeds demand so that the stored energy can be used later.

The stored energy can be used at the user’s request for heating and cooling applications or for power

generation. TES systems are commonly seen in buildings and industrial processes.

On the other hand, conversion and storage, such as solar and wind energy, help to further

increase the share of renewables in the energy mix. TES is becoming crucial for electricity storage

in combination with solar power, whereby solar heat can be stored for electricity production when

sunlight is absent.

This is a Special Issue dedicated to recent advances in thermal energy storage and energy

conversion technologies. All types of research approaches are compiled in this Special Issue:

experimental, theoretical, computational, and their mixtures; papers are both of fundamental and

applied nature, including industrial case studies.
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Abstract: Current industrial civilization relies on conventional energy sources and utilizes large and
inefficient energy conversion systems. Increasing concerns regarding conventional fuel supplies
and their environmental impacts (including greenhouse gas emissions, which contribute to climate
change) have promoted the importance of renewable energy (RE) sources for generating electricity
and heat. This comprehensive review investigates integrating renewable energy sources (RES) with
thermal energy storage (TES) systems, focusing on recent advancements and innovative approaches.
Various RES (including solar, wind, geothermal, and ocean energy sources) are integrated with TES
technologies such as sensible and latent TES systems. This review highlights the advantages and
challenges of integrating RES and TES systems, emphasizing the importance of hybridizing multiple
renewable energy sources to compensate for their deficiencies. Valuable outputs from these integrated
systems (such as hydrogen production, electric power and freshwater) are discussed. The overall
significance of RES–TES hybrid systems in addressing global energy demand and resource challenges
is emphasized, demonstrating their potential to substitute fossil-fuel sources. This review provides a
thorough understanding of the current state of RES–TES integration and offers insights into future
developments in optimizing the utilization of renewable energy sources.

Keywords: renewable energy; thermal energy storage; solar energy; wind energy; biomass energy;
geothermal energy; ocean energy

1. Background

Modern society relies extensively on energy supplies to support its civilization. How-
ever, they depend mainly on fossil fuels for heat and power production, as well as liquid
fuels for transportation. As a result, they may result in significant greenhouse gas emis-
sions, which contribute to climate change and global warming. To reduce greenhouse
gas emissions, many countries are considering using renewable resources to support their
needs. This transition from an energy system based primarily on fossil fuels to renewable
energy sources is known as the green economy [1].

Over the past few decades, electricity has been generated from low-carbon sources
(such as nuclear power, hydroelectricity, and renewable resources). The European Union
has committed to reducing greenhouse gas emissions by at least 40% by 2030 [2]. Notably,
more than 670 cities have set a renewable energy target worldwide, and most of these
cities are located in Europe or North America. Over half of these cities intend to use 100%
renewable energy in their transformational efforts. Nevertheless, in the next three decades,
2.5 billion people are expected to become urban dwellers, 90% of whom live in Asia or
Africa [3]. Industrial manufacturers are also responsible for planning to reduce global
warming. A recent trend among some companies is to commit to achieving sustainable and
environmentally conscious operations. This is approached by implementing a differentiated
execution strategy and maintaining strong accountability measures to take proactive steps
toward a more sustainable future. Ingersoll Rand is a prime example of this trend, as
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they have pledged to reach net zero greenhouse gas emissions and utilize 100% renewable
energy by the year 2050 [4].

Current industrial civilization’s energy demand varies daily and relies extensively
on conventional sources of energy, which are converted into electric power, oil products,
hydrogen, and other energy currency products by heat release. Despite this, energy conver-
sion systems are often large and inefficient because they usually operate below their total
capacity due to the commonly intermittent nature of renewable resources. As a result, the
global economy can benefit from energy storage (ES) systems to enhance the efficacy of
renewable energy facilities and substitute large amounts of fossil fuel by enhancing energy
conversion efficiency and supplying peak energy demands [5].

“Thermal energy storage” (TES) is one of the most practical solutions for addressing
the shortage of renewable energy resources on electric grids and various power networks.
It also offers flexibility and services to facilitate the management of future electricity supply
and demand challenges. The storage and release of energy can be accomplished using
storage media with high heat capacity, using high latent heat of phase change materials
(PCMs), or through the sorption properties of adsorbed species [6–8].

To address future energy demands, it is crucial that energy technologies (1) provide a
sustainable and reliable supply of electricity, and (2) integrate effectively renewable energy
sources with suitable energy storage technologies. This review distinguishes itself from
other reviews that focus on specific technologies such as thermal energy storage integration
forms [9], stationary energy storage devices for grid integration [10], and seasonal thermal
energy storage technologies [11], applications (such as sensible thermal energy storage for
industrial solar applications) [12,13], high-temperature aquifer thermal energy storage [14],
ocean thermal energy application technologies for unmanned underwater vehicles [15], or
systems such as those exploiting wind energy curtailment [16]. Nonetheless, there is a gap
in overviewing the combination of renewable energy sources and thermal energy storage
systems. This gap was motivation for this work to give a comprehensive overview of the
state-of-the-art research and analysis of the latest studies in this field.

This review aims to address the current gap in the literature on integrating renewable
energy sources and thermal energy storage systems. The state-of-the-art research on this
topic is reviewed and analyzed, identifying limitations in current studies. To improve stable
and grid-friendly operations, practical strategies are presented, including complementary
hybrid renewable energy systems, synergy between hybrid thermal/electrical storage
systems, and collaboration in multicarrier energy networks. Additionally, recent advances
and prospects in renewable and thermal energy storage systems are reviewed, providing
insights for policymakers, researchers, and industry professionals. This review offers a
practical and holistic approach to address existing limitations and provide guidance for
future research and implementation.

2. Types of Renewable Energy Sources

Increasing concerns regarding conventional fuel supplies and environmental impacts
have promoted renewable energy sources such as solar, wind, biomass, geothermal, and
ocean energy for generating electricity and heat. Many countries have adopted “renewable
energy resources” (RESs) to mitigate global warming and dwindling fossil-fuel resources.
In a recent study by the International Renewable Energy Agency (IRENA), it has been pro-
jected that the global energy landscape will experience a significant shift, with 62% of total
energy production coming from renewable sources by the year 2050, gradually replacing
fossil fuels, which will decline then to 31%. Around 48% of the total RES contribution will
come from solar and wind energies. This prediction is based on the rapid advancements in
renewable energy technologies, the decreasing costs of implementing renewable energy
systems, and the increasing global awareness and commitment to mitigating climate change
effects [3,17].

A statistical review of world energy [18], as shown in Figure 1a,b, illustrates the
generation of renewable energy sources (including solar, wind, and other sources) in
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terawatt-hours (TWh) from the year 1965 to the year 2021. The total renewable energy
generation increased significantly from 18 TWh in 1965 to 3657 TWh in 2021. The solar
energy generation commenced in 1989 with 0.3 TWh and experienced substantial growth,
reaching 1033 TWh in 2021. Similarly, wind energy generation began in 1985 with 0.1 TWh
and grew exponentially, becoming the largest renewable energy source, totaling 1862 TWh
in 2021. The geothermal, biomass, and other renewable energy sources were the primary
contributors until the mid-2000s, and their total generation reached 763 TWh in 2021. The
figures also reveal the changing share of each energy source in the total renewable energy
generation. In 1965, geothermal, biomass, and other sources constituted 100% of the total
renewable energy generation, but their share decreased to 21% in 2021. Solar energy’s share
started at 0% and grew to 28% by 2021, while wind energy’s share increased from 0% to
51% during the same period. These data demonstrate the considerable growth of solar and
wind energy generation and the diversification of renewable energy sources over time.

Figure 1. Historical trends and dominance of renewable energy sources (1965–2021), based on data
from [18]: (a) progression of generated energy by different renewable energy sources; (b) relative
dominance of various sources of renewable energy (%).
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In terms of growth rates, solar energy exhibited the highest growth rate in 2021 at 22%,
reflecting ongoing advancements in solar technology and its increasing global adoption.
Wind energy followed with a growth rate of 17% in 2021, illustrating its continued signifi-
cance and expansion due to investments in wind farms and technological improvements
in wind turbines. Lastly, other renewables (encompassing geothermal, biomass, and less
common sources) grew by 9% in 2021, indicating expansion, albeit slower than solar and
wind energy. In conclusion, these data underscore the rapid growth of renewable energy
generation, particularly in the solar and wind energy sectors, emphasizing the ongoing
global transition toward cleaner and more sustainable energy sources.

An outline of the most dominant energy sources (namely, solar energy, wind energy,
biomass energy, geothermal energy, and ocean energy) is given in this section.

2.1. Solar Energy

Sunlight is an abundant source of energy that can be converted into electricity or heat
through solar or thermal collectors. Solar energy systems can be utilized in various ways,
including portable and industrial-scale applications. Solar energy can be converted to
electricity using “photovoltaic” (PV) conversion technologies, which use semiconducting
materials. Photovoltaic (PV) or solar cells comprise layers of materials such as silicon.
When photons from sunlight strike the cell’s surface, they knock electrons out of their
atomic orbits, producing electricity. This process is known as the photovoltaic effect. The
PV cells are interconnected in a series to form a PV module or solar panel, and multiple
panels can be connected to form a PV array. The electrical energy produced by the PV array
can be used directly to power devices, stored in batteries, or fed into the electrical grid for
later use.

An analysis of the statistics for European Union countries from 2008 to 2019, as
depicted in Figure 2, paints a vivid picture of the evolution of solar energy infrastructure
over this period. From 2008 to 2013, there was an explosive 700% increase in PV capacity,
expanding from 10 GW to 80 GW. This surge was particularly pronounced between 2008
and 2009, when there was a 190% increase in PV capacity, and between 2009 and 2010, with
a rise of 76%. The period of 2008 to 2010 was characterized by a substantial investment in
solar energy infrastructure, signaling a resolute commitment from European countries to
switch to cleaner and more sustainable energy sources. From 2011 to 2012, the growth rate
eased somewhat, with a still significant increase of 57%, reaching 80 GW. However, the
subsequent years witnessed a notable slowing of this pace. The rise in PV capacity from
2013 to 2015 was only 9% per year, ending with a total of 95 GW in 2015. Interestingly,
from 2016 to 2019, the PV capacity remained constant at 95 GW, suggesting a stalling in
the expansion of solar energy infrastructure during this period. Over these 4 years, there
was a 0% change in PV capacity, which could be attributed to various factors such as policy
changes, market saturation, or a shift in investment focus to other renewable energy sources.
This period of stagnation contrasts sharply with the dynamic growth seen in the early years
of the decade and warrants further investigation [18].

Compared to other renewable energy sources, PV technology offers many advantages.
It is fast to install, is easy to adapt, and produces subtle energy [19,20]. However, construct-
ing large-scale PV power plants requires large landscapes, which is rare and costly and
might lead to loosing productive agricultural lands [21,22].

Solar energy, widely recognized for its utilization in photovoltaic conversion to gen-
erate electricity, also presents opportunities for thermal storage in solar ponds. These
ponds can occur naturally, such as saline lakes, or can be artificially constructed in various
geographical regions, as shown in Figure 3 [23]. In a typical solar pond, two distinct zones
are established: the “upper convective zone” (UCZ) and the “lower convective zone” (LCZ).
The LCZ, positioned at the bottom of the pond, acts as the main reservoir for solar energy,
storing this energy in the form of heat. It can reach temperatures up to 90 ◦C and, thus,
holds potential for applications in heating and electricity generation. However, as the
LCZ heats up, it becomes less dense than the cooler UCZ located above. This disparity in
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densities can instigate a process known as “natural convection”, driven by buoyancy forces
where more dense fluids move to the bottom and vice versa. As a result, natural convection
can disturb the thermal stability of the pond, mixing warm and cool water layers. This
issue can be mitigated by leveraging the characteristic of salt to dissolve more readily in
warm water. Given that the LCZ tends to be the warmest part of the pond, it dissolves
more salt, thereby establishing a “salinity gradient” within the pond. This gradient results
in the highest concentration of salt in the bottom of the LCZ, which gradually decreases
toward the UCZ. The higher salinity makes the LCZ denser, which in turn makes it less
susceptible to the disruptive effects of natural convection, enhancing the thermal stability
of the pond. Solar ponds augmented with salt to create a salinity gradient for improved
thermal stability are often referred to as “salinity gradient solar ponds” (SGSP) [24]. So-
lar ponds are generally classified into two categories: “shallow convective” and “deep
non-convective” solar ponds. Among the non-convective variants, SGSPs are frequently
favored due to their superior thermal stability [25].

Figure 2. Photovoltaic production capacity in European Union countries (2008–2019), based on data
from [1].

Figure 3. Schematic diagram of a typical solar pond.
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Solar flat plate panels and evacuated flat plate solar collectors represent two prominent
types of solar collectors harnessing solar energy for diverse applications. Solar flat plate
panels are traditional thermal collectors. They absorb solar radiation and transfer this heat
to a working fluid, typically water or air. The structural composition of these collectors
includes a flat absorber plate, commonly crafted from metal, and a transparent cover
that permits sunlight penetration while minimizing heat loss. Once absorbed, the heat
is transferred to the working fluid circling through tubes near the absorber plate. In
contrast, evacuated flat plate solar collectors serve as an advanced iteration of flat plate
collectors. Their design focuses on reducing heat loss and augmenting efficiency. These
collectors incorporate a vacuum between the absorber plate and the transparent cover. The
created vacuum dramatically curtails heat loss attributable to conduction and convection,
contributing to a marked increase in efficiency and heat output [26].

Another approach of residential and industrial interest is to collect solar energy via
“solar parabolic trough collectors” (SPTCs), as shown in Figure 4. An SPTC is a concen-
trated solar power technology device that utilizes a parabolic-shaped reflector, typically
constructed from materials such as silvered glass or polished aluminum, to focus sunlight
onto a linear receiver tube. The receiver tube, often made of a metal with a selective
absorptive coating, contains a heat transfer fluid that absorbs the concentrated solar energy,
consequently increasing its temperature. This heated fluid is then utilized to generate
steam, which drives a turbine for electric power production. Parabolic trough collectors
offer higher energy conversion efficiency and better integration with thermal energy storage
systems than other solar energy technologies, such as photovoltaic cells or solar ponds.
However, their main limitations include higher upfront costs, the need for precise sun
tracking, and the potential for optical losses due to reflector imperfections or misalign-
ment [27–29].

Figure 4. Schematic of a typical parabolic-trough solar concentrator [27].

2.2. Wind Energy

Wind energy is considered to be derived from solar energy, as it is created by the
natural convection of air when warm air (that is heated by the sun) rises, creating zones of
differential pressures that drive wind formation. In areas that are not sufficiently windy,
wind can be accelerated to meet the needs of big cities by certain land formations. The
kinetic energy of winds is captured using the rotors of large-scale wind turbines, which
create electricity at a few hundred volts that are then amplified (via a transformer) to a few
thousand volts to limit electrical loss. The generated electric power is then distributed to
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nearby towns, residences, and farms [30]. Wind energy generation has received significant
attention and investments from several countries. As shown in Figure 5, which presents
the global wind power capacity and annual additions in gigawatts (GW) from 2010 to 2020,
there was a steady climb in global wind power capacity, moving from 198 GW in 2010 to
743 GW in the year 2020. This reflects an overall growth of 275% over this period, under-
lining the increasing investment in wind energy infrastructure and the worldwide shift
toward cleaner and more sustainable energy sources. In terms of annual percentage growth,
the increase was steady between 2010 and 2013. During this period, annual additions
oscillated between 36 GW and 45 GW, peaking at 45 GW in 2012. However, 2014 saw a
significant surge in annual additions, with 52 GW added, signifying an increase of about
16% from the total capacity of the previous year. The pace of additions quickened from 2015
to 2019, reaching a zenith of 64 GW in the year 2015. The annual additions later stabilized
to a range between 51 GW and 61 GW, representing an approximate annual growth of
7% to 9% over the total capacity during these years. However, the year 2020 marked a
dramatic rise in annual additions, with 93 GW added, representing a 14% increase from the
total capacity in the year 2019. The factors contributing to this substantial growth in the
year 2020 include a heightened global emphasis on renewable energy, policy incentives,
and advancements in wind turbine technology [31,32]. Notably, the electricity produced
by wind energy in China and the United States accounted for more than 74% of the total
electricity demand in 2020 [33].

Figure 5. Wind power global capacity and annual additions (2010–2020) [32].

In the field of renewable energy, wind energy has many advantages but also faces
several challenges [34]. One of the challenges is the instability of energy generation,
as the capacity of wind farms can change seasonally or daily according to the weather
conditions [35]. Technically, the wind energy sector also faces some shortages in knowledge,
highly qualified supporting staff, and dedicated research ventures. However, embedding
electric heating units (e.g., within the wind turbine or outside the turbine near its base)
can maximize the efficiency of wind power systems. Furthermore, the overall recovery
performance of additional wind energy (i.e., when additional energy is generated from heat
produced by the electrical heating units) can be improved by modifying the heating start
and end positions, thus benefiting heat treatment quality [36]. There are also several factors
to consider in terms of financial, geographic, and environmental challenges. Financial
challenges include the need for an initial capital commitment for feasibility studies and
ongoing commission and maintenance costs throughout the wind plant lifespan [37].
Geographic and environmental challenges lead to conflicts with fishery groups, changes to
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the landscape and biodiversity [38], and effects on avian life, including mortality [39] and
aerodynamic noise [40].

2.3. Biomass Energy

Biomass energy encompasses a broad spectrum of biofuels that exist in solid, liquid,
and gaseous forms, including biomass (solid biofuels), bioethanol and biodiesel (liquid
biofuels), and biogas, biohydrogen, and biohythane (gaseous biofuels) [41,42]. However,
the storage capacity for biomass is limited compared to that of fossil fuels [43].

First-generation biofuels are produced from food crops such as corn and soy, while
second-generation biofuels are derived from nonfood feedstock such as agricultural waste,
wood, or grasses [44]. These feedstocks encounter challenges related to food security,
productivity, land requirements, costs, and competitive prices [45,46]. Third-generation
biofuels have been developed from microalgae and other microorganisms, showing promise
due to their remarkable growth rates and high biomass and lipid levels [47–49]. Fourth-
generation biofuels improve upon this, using genetically modified microalgae for higher
yield, growth rate, and tolerance [50]. The fifth generation of biomass energy production
incorporates variable renewable energy sources and energy storage systems, aiming to
increase efficiency and reduce emissions during energy conversion processes [51].

Bioethanol is produced through the fermentation of various biomass raw materials,
and it can enhance vehicle performance when blended with petrol or gasoline [52–55].
Biodiesel, derived from the transesterification of vegetable or animal fats, microalgae, and
cyanobacterial lipids, can replace or supplement diesel to reduce reliance on petroleum-
based fuels [44,56]. Biogas, or biomethane, is produced via the anaerobic digestion of
biomass, boasting low pollutant emissions and cost-effectiveness [57,58]. Biohydrogen of-
fers high energy density and low pollution levels, making it an attractive energy source [59].

The practical Implementation of biomass power plants faces several challenges, in-
cluding the need to collect and transport biofuels to power plants, the associated costs, and
the competitive edge of other renewable energy sources such as solar or wind power [60].

2.4. Geothermal Energy

Geothermal energy is the thermal energy created from the residual heat from the
original formation of the planet (primordial heat) or the decay of natural radioactive
materials. Geothermal energy is an RES that has been used to generate electricity for
over 80 years and has been proliferating over the past 30 years [30]. In comparison to
other renewable sources of energy, geothermal energy is a reliable source that can provide
necessities to a community without requiring an external fuel source or grid connection [61].
The global geothermal energy consumption for various applications between 1995 and
2020 (TJ/year) is shown in Figure 6. It is noted that the use of geothermal energy escalated
significantly between 2010 and 2020, especially for ground-source heat pumps (GHPs) [62].
GHPs use the Earth’s natural heat to warm buildings in the winter and cool them in the
summer. They are more efficient than air-source heat pumps and are often used in areas
with cold climates.

Sources of geothermal energy have four primary forms: hot rocks, lava, hydrothermal
reservoirs, and geopressured brines [63]. However, according to the usage and application,
geothermal energy resources can be categorized into three classifications. Firstly, hot rocks
(about 7 km deep below the Earth’s crust, at temperatures of 200–300 ◦C) can be used
for power generation. Secondly, “shallow geothermal” regions, about 1 km below the
Earth’s crust, are at ~10–21 ◦C and can be used for buildings and greenhouse heating.
Thirdly, hydrothermal energy reservoirs (>350 ◦C) are found about 3 km deep below the
Earth’s crust and can be used for power generation and district heating [62,64]. A “shallow
geothermal” system differs from a hydrothermal system in that the thermal energy is
trapped in the upper part of the Earth’s crust. In contrast, in hydrothermal reservoirs, the
groundwater is heated due to geological fractures, faults, or introduced lava [65]. The fluids
can be extracted for a variety of applications. Since hot rocks are found deep within the
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Earth, they are difficult to exploit as a source of geothermal energy. However, “enhanced
geothermal systems” (EGS) can extract heat from artificially fractured hot rocks [66].

The use of geothermal energy for power can take the forms of (1) “flash steam plants”,
which are primarily used for high-temperature resources, (2) “dry steam plants”, which
utilize superheated steam extracted from a geothermal reservoir, and (3) “binary plants”.
Binary plants (i.e., utilizing steam and a secondary fluid with a much lower boiling point)
based on medium-temperature resources are becoming increasingly prevalent world-
wide [63,67]. The “shallow geothermal” energy is captured through “geothermal heat
pumps”, which are loop heat exchange systems. Heat pumps using geothermal energy
can provide heating, cooling, and hot water to buildings. Agriculture and space heating
applications can use geothermal fluids below 100 ◦C, while industrial processes can use
those above 100 ◦C [68,69].

Figure 6. Global geothermal energy consumption between 1995 and 2020 (TJ/year), based on data
from [70].

2.5. Ocean Energy

Oceans contain abundant energy that could be harvested over centuries using various
means, including mechanical, thermal, and chemical approaches. The ocean’s mechanical
energy is harvested from waves, tides, and ocean currents. Waves form due to the wind’s
effect on the ocean’s surface layer, and tides form due to the gravitational forces from
the sun and moon. In contrast, ocean currents occur due to convective heat transfer
between layers of different temperatures. On the other hand, the ocean’s thermal energy
is harvested from the temperature gradients between the different layers of the ocean,
which are exhibited due to solar radiation. The ocean’s thermal energy is believed to be an
efficient power source for remote islands due to abundant fisheries, tourism, and minerals
in the ocean [71,72]. The ocean’s chemical energy is harvested from salt concentration
gradients via a process called “pressure-retarded osmosis” (PRO) [30,73,74]. In addition,
evolving technologies utilizing offshore ocean energies include floating PV and wind
technologies [75]. Although the ocean’s renewable energy-harvesting technologies have
significant potential, they are not extensively implemented due to several factors, including
(but not limited to) cost, infrastructure complexity, and lack of knowledge and awareness.
In recent years, harvesting technologies of ocean renewable energy have developed rapidly,
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and many European and Asian countries have explored the potentials of ocean renewable
energy where wave power is relatively abundant [76,77]. Notably, the most potent wave
power is found in regions with the highest latitude. However, they are susceptible to ice
cover formation, which inversely impacts wave power [78].

Wave energy is a promising technology in Southeast Asian countries. China and
Japan have vast potential for harnessing wave energy with wave energy fluxes up to
around 8 kW/m [79]. Other countries with low energy but a high level of stability (such as
Indonesia, Thailand, Myanmar, the Philippines, Malaysia, and Vietnam) have an excellent
opportunity to utilize this technology [80]. However, wave energy-harnessing technologies
are not always feasible due to their high cost, wave fluctuations, and the possibility of
introducing harmful marine species to the ecosystem [81,82]. Three leading technologies
have been developed to harvest ocean wave energy. These technologies are mainly the
oscillating water column (OWC), overtopping wave (OW), and oscillating bodies (OB)
energy converters, as shown in Figure 7 [83,84]. In OWC technology, waves are converted
into driven airflow in a submerged column connected to an air turbine at the top, which
produces electricity. In OW energy converters, waves are directed into the device’s reservoir
by a platform supported by ramps. In addition to generating electricity, OW converters
can protect the seashore from flooding by intercepting incoming waves and dissipating
their energy [85]. OB can be another promising technology for harnessing wave energy by
converting it into kinetic energy through the wave-caused movement of the body relative to
the platform. Since OB directly utilizes wave energy to generate power without requiring
any intermediate steps, it has the highest energy conversion efficiency [86].

Figure 7. Wave energy-harvesting by (a) oscillating water column, (b) overtopping wave, and
(c) oscillating bodies [84].

Tidal energy is another form of ocean energy that is produced from tides. The most
commonly used technologies for harnessing tidal energy are “tidal stream generators” and
“tidal barrages”, shown in Figure 8. Eastern and Southeastern Asia have great potential for
developing tidal renewable energy with a possible capability of about 2000 MW [81,87,88].
“Tidal stream generators” are similar to wind turbines because they generate electricity
using rotational kinetic energy from moving water. Contrary to “tidal stream genera-
tors”, “tide barrages” utilize hydraulic heads (potential energy) between high and low
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tides. Using turbines, this potential energy is converted into mechanical energy and then
into electricity.

Figure 8. Harnessing tidal energy by (a) tidal stream generator and (b) tidal barrage. Adapted
from [89,90].

Ocean thermal energy conversion (OTEC) generates electricity by utilizing the tem-
perature difference between warm seawater at the ocean’s surface and cold deep seawa-
ter. Currently, it is used only for small-scale plants, such as the 50 kW unit in Hawaii,
100 MW OTEC plant in India, and 10 MW plant in China. The Philippines has a planned
10 MW plant and is also exploring the feasibility of a 150 MW plant. OTECs are funda-
mentally flawed due to their low temperature difference, which reduces their net output
efficiency. Hence, numerous studies are being conducted to analyze and optimize these
systems [91,92]. Several closed cycles have been proposed, including the organic Rankine
cycle, the Kalina cycle with ammonia–water mixing, the Uehara cycle, and the two-stage
Rankine cycle. Ammonia is the most suitable work gas used to transfer heat to create work
in closed cycles and has the highest latent heat and most efficient heat transfer [93,94]. In
2019, Khosravi and his team developed a system that converts ocean thermal energy into
hydrogen and electricity for islands by coupling it with a photovoltaic system. Using this
configuration was economically more advantageous than other forms of clean energy pro-
duction. In addition, during off-peak hours, approximately 50% of the electricity generated
was stored as ammonia [95].

3. Energy Storage Systems

Recently, energy storage (ES) has become an increasingly important issue and an area
of active research to reduce peak energy loads, bridge the gap between energy supply and
demand, reduce costs, and mitigate the effects of global warming. During peak energy
consumption periods, energy storage systems provide an alternative method of supplying
peak energy demands. Many energy storage methods are being investigated, including
thermal, mechanical, chemical, electrochemical, magnetic, and electromagnetic storage
systems [5]. Figure 9 shows the overall classification of energy storage methods.
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Figure 9. An overview of the different energy storage methods. Adapted from [5].

Energy can be stored in the form of thermal energy (TES). The TES process involves
changing the temperature of a substance (sensible TES), changing the phase of the substance
(latent TES), combining both, or sorbing energy (sorbing TES). Consequently, winter heating
and summer cooling can be attained by using TES [5]. TES and RE–TES systems are detailed
in the subsequent sections.

Mechanical energy can be stored in several ways, including pumps, compressed gas,
and flywheels. As a simple method of storing electrical energy, pumped energy storage
utilizes “pumped water” to produce electricity during the day. The system pumps water
upward into a storage reservoir and operates a turbine when the water flows back down.
“Pumped water” systems (PWS) are a practical means of storing energy, while a solar
or wind power system produces energy in another part of the system. Off-peak power
is stored in a dam by “pumping water” for peak load periods. “Compressed-air energy
storage” systems (CAES) store energy by compressing air using a gas turbine. In regions
where natural caverns exist, CAES can be used to replace PWS. Flywheels are an intelligent
way of storing energy in the form of kinetic energy. A flywheel is spun thousands of times
per minute by a motor powered by surplus electricity. A frictionless rotation of the flywheel
is achieved due to its levitation in an evacuated chamber supported by magnets and highly
efficient bearings. The flywheel converts the stored kinetic energy into momentum and can
be used to drive an electricity generator [5,96].

In chemical energy storage (ChES) systems, energy can be stored in chemical com-
pounds or mixtures such as solid-state natural gas (SNG) and liquefied natural gas (LNG).
These mixtures involve chemical compounds, such as methane and propane, which can
store energy by undergoing an endothermic and exothermic process through their synthesis
and combustion reactions. Among other chemical compounds, hydrogen and ammonia
can be produced using electricity or heat. However, these processes are costly. On the other
hand, electrochemical energy storage (EChES) devices (such as batteries, supercapacitors,
and fuel cells) are standard in handling electricity loads, operating electric cars and other
electric devices, and storing renewable energy. Battery systems are generally preferred over
PWS and compressed air systems when storage capacity is not critical.
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Magnetic and electromagnetic fields can store energy using capacitors, supercapacitors,
and superconducting materials. As a result of the material’s superconducting properties,
energy can be stored with only a little loss. However, a certain amount of energy is
dissipated to cool capacitors and superconducting materials [5].

4. Thermal Energy Storage Systems

Thermal energy storage (TES) can be utilized for sensible thermal processes, such
as cooling and heating, latent thermal processes (e.g., melting/freezing and vaporiza-
tion/condensation), or heat sorption via the interaction between a sorbent and exchange
material. A good overview of earlier works in this area is given elsewhere [9,11,13,97].
Thermal energy recovery as heat or coolness can be achieved by reversing the process. In
other words, in TES, thermal energy is temporarily stored at high or low temperature for
later use. As a result, TES can compensate for the gap between the supply and demand
of solar energy, e.g., to provide warming for cold nights and winter by utilizing solar
energy from sunny days. Accordingly, TES can manage seasonal temperature fluctuations
and meet the demand. Depending on the temperature range and use, there are various
thermal energy storage media, such as water (with a high specific heat capacity) and solids
(with a compact size and higher specific heat capacity) [98]. TES helps increase generation
capacity that helps shift energy purchases to low-cost periods and lowers demand charges
by producing and storing energy during off-peak hours. By reducing peak loads for heating
and cooling systems, TES can yield up to 70% energy savings [99]. For example, small- and
large-scale TES are used to reduce HVAC costs, reducing electric bills. It is also possible
to integrate TES into standard energy storage systems depending on the application and
specific requirements of the systems.

TES technology is established and economically feasible, where the USA and Canada
have used short-term thermal energy storage (TES) and long-term thermal energy storage
(which can involve PCMs) since the 1980s [98]. Notwithstanding, it needs to be adopted
more widely. Various obstacles hinder TES adoption, including high initial costs, poor
infrastructure, and a lack of experience, which make decision-makers only consider using
TES for ice storage in air-conditioned buildings. However, recent years have seen significant
interest in TES systems, and efforts were made to reduce costs and improve performance by
focusing on technologies with local experience and keeping systems as simple as possible.
Various studies have addressed technical issues and evaluated the potential for new TES
systems, focusing on performance and optimization, design, simulations, applications, and
thermal and transport phenomena analyses (including thermodynamics, heat transfer, and
mass transfer) [11,51,61,98,100–108].

Heating TES systems is commonly achieved by solar energy or electric-resistance
heaters, which produce heat on demand and recuperate it by storing it in TES media. For
instance, ceramic bricks are used in new construction, allowing for excellent retention of
sensible heat [109], whereas building sites use insulated boxes with small fans in various
sizes [12]. In addition, cooling TES systems can shift peak operating times to nighttime by
using off-peak electricity to chill a storage medium, such as water or ice, during periods
of low electricity demand. This chilled medium can then be used during peak demand
periods, such as during hot summer afternoons when air conditioning usage is high, to
cool the building or space, which results in reducing the cooling cost. Various TES media
can be used for cooling, but ice is the most efficient medium used for this purpose. As a
cost-effective alternative, a gas-cooled absorption chiller may replace a vapor-compression
refrigeration system during peak cooling [110]. It is essential to consider a number of
factors in order to determine the feasibility of TES, including the capacity for daily or
seasonal use, the choice of either an individual TES system or an aggregate system, and the
compliance with the standards of the American Society of Heating, Refrigerating, and Air
Conditioning Engineers (ASHRAE) [5].

An overview of sensible TES, latent TES, and sorption TES is presented in this section.
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4.1. Sensible TES

Sensible TES can be illustrated by the sun heating floor tiles during the day, where-
after the tiles release the gained heat during the night. Sensible TES materials can store
energy, considering the temperature difference as a driving force for heat gain based on the
medium’s specific heat capacity (Cp). Water has a high Cp but must be contained in an
isolated vessel. Therefore, solid TES media with significant Cp and thermal conductivity
values are preferable. For example, iron and iron oxide are excellent thermal storage media
due to their high heat capacities and thermal conductivities. On the other hand, although
the thermal capacity of rock is half that of water, they are also practical, sensible TES mate-
rials due to their abundance and low cost [12]. As a sensible TES medium, concrete bricks
can be used at temperatures up to 600 ◦C [111]. Furthermore, using thermal oils and molten
salts in TES systems is highly desirable since they remain stable (no phase change) within
a temperature range of 400 ◦C to 500 ◦C [111], especially when the application requires
higher temperatures and when there is a need for heat transfer fluid to flow through the
TES system (where the TES material needs to be circulated through a heat exchanger).

“Aquifer thermal energy storage” (ATES) is a method of storing and recovering
thermal energy in the subsurface that uses groundwater to exchange heat with the building.
ATES is a seasonal heat storage system that stores and recovers thermal energy by extracting
and injecting groundwater from aquifers using groundwater wells connected to heat
exchangers. In the winter, groundwater is pumped from the warm well to the building’s
heat exchanger. Heat is extracted from this source and used as an energy source for the
building’s heat pumps. During the summer, groundwater is pumped from the cold well to
the heat exchanger. Due to the lower temperature of the groundwater, it will be injected
into the cold well at a lower rate [12,14,112]. The prescribed approach is considered a
low-temperature seasonal ATES system. An overview of a low-temperature seasonal ATES
operation is illustrated in Figure 10, which shows the possible directions of heat flow and
groundwater flow in different seasons and the modes of operation. For example, in summer,
the solar collectors can provide heat to the ATES wells, while the heat exchanger utilizes
cold water from the ATES wells for cooling. In winter, the heat pumps can extract heat from
the ATES wells and use it for heating, while the solar collectors can provide heat to the soil
remediation system. The other geothermal energy systems can also exchange heat with the
ATES wells depending on their needs and availability. Several other types of ATES systems,
including high-temperature seasonal ATES, typically operate at higher temperatures than
low-temperature systems and are used for heating and cooling [113]. Hybrid ATES systems
combine ATES with other renewable energy sources, such as solar thermal or geothermal
energy, to increase their efficiency and overall performance [114]. Additionally, there are
also shallow ATES systems that use a network of underground pipes to store heat or cold
in the soil layers close to the surface [115], and deep ATES systems that store heat or cold in
deeper aquifers [116].

Figure 10. An overview of the essential operation of a low-temperature seasonal ATES system [117].
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Notably, the performance and effectiveness of solar ponds depend on the parts inte-
grated into them, including the solar collector, the heat exchanger, and the storage system.
Over the years, various technical, developmental, financial, economic, and simulation
studies have been conducted to evaluate and improve the efficiency of solar ponds. In
addition, many additives, such as nanofluids and “phase change materials” (PCMs), have
been used to improve the thermal properties and heat capacity of solar ponds [118]. An
earlier work reviewed beneficial developments in solar pond technology between 1980 and
2000 [104].

In addition to ATES and solar ponds as liquid TES systems, recent years have increased
the use of stratified TES tanks for heating and air conditioning. The thermal stratification
(i.e., layering) phenomenon is the basis for the operation of stratified TES tanks. Water
stratification results from the inversely proportional relationship between the temperature
and density of water. As a result of stratification, hot water (with a lower density) rises to
the top of the tank, while cold water (with a higher density) sinks to its bottom. During the
charging and discharging process, the mixing layer, called a thermocline, moves toward
the top of the tank, acting as a dynamic natural barrier that keeps warm- and cold-water
regions separated. It is generally recommended to reduce the thickness of the thermocline
layer to increase the volume of the hot water layer in the tank, which is typically achieved
by the optimum design of the stratified TES tank. Heat loss and gain must be prevented in
stratified TES tanks, and the thermocline layer and mixing volumes of water of varying
temperatures must be minimized, as seen in Figure 11 [119,120]. To recover heat from the
hot water in the tank, the hot water is typically pumped from the top of the tank through a
heat exchanger, which transfers the heat from the water to a fluid in a closed-loop system.
This fluid can then be used to heat a building or provide hot water for domestic use. The
cooled water is then returned to the bottom of the tank, which is reheated and rises to the
top to complete the cycle. In some cases, a stratified TES tank may also be connected to a
heat pump or other heating/cooling system to increase its efficiency. The heat pump can be
used to extract heat from the hot water in the tank and transfer it to a higher temperature
for use in space heating, while the cold water in the tank can be used for cooling in a
similar manner.

Figure 11. TES with stratified water tanks [119].

“Thermal energy grid storage” (TEGS), influenced by “multijunction photovoltaics”
(MPV), is a new emerging technology that utilizes MPVs to provide heat for TEG systems.
The thermal energy grid (TEG) system is charged by the excess electricity passed through a
refractory heating element with high resistance (such as tungsten or graphite). The heating
element then generates heat that is transferred via pumped liquid tin. Tin is preferred
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because of its high thermal diffusivity and wide range of temperatures in the liquid phase
(232–2600 ◦C). After that, heat is stored in grid storage, consisting of insulated graphite
blocks as a low-cost material to store electricity as heat and then convert it back to electricity
when required via thermophotovoltaics (TPV) cells [121,122]. The concept of TEGS is
illustrated in Figure 12.

Figure 12. Concept of thermal energy grid storage (TEGS). Adapted from [121].

4.2. Latent TES

Latent thermal energy storage (LTES) is a type of TES system that stores and releases
energy through different substances that change phases such as phase change materials
(PCMs). These materials undergo phase transitions, such as solid–liquid, solid–solid, or
liquid–vapor, which enable them to store or release heat. The advantage of LTES lies in
its ability to store and release large amounts of energy at a constant temperature (in the
case of pure substances) or a narrow range of temperatures, known as phase transition
temperatures. There are several types of LTES systems, which can be broadly categorized
into three categories: solid–liquid LTES, solid–solid LTES, and liquid–vapor LTES. In
solid–liquid LTES systems, PCMs undergo a solid–liquid phase transition, storing energy
as they melt and releasing energy as they solidify. Examples of solid–liquid PCMs include
organic materials (e.g., paraffin waxes and fatty acids) and inorganic materials (e.g., salts
and salt hydrates). Solid–solid LTES systems involve materials that undergo a solid–solid
phase transition, usually involving a change in the crystal structure. This type of LTES
is less common than solid–liquid LTES but can be found in applications involving shape
memory alloys (SMAs). Liquid–vapor LTES relies on materials that undergo a liquid–vapor
phase transitions, such as water or ammonia. While these systems can store large amounts
of energy, they typically require high pressures and sophisticated containment systems to
maintain the vapor phase [123].

Latent thermal energy storage (LTES) is a promising storage technique that can store
and release heat within a small temperature range, and its thermal energy storage capacity
is commonly much greater than that obtained with sensible heat for a given medium. This
makes LTES systems practical alternatives to sensible heat storage systems for solar energy
applications. The essential part of LTES is the phase change material (PCM), which can be
organic or inorganic. For example, solutions of salts in water can be considered reliable
PCMs if the system is designed to prevent water evaporation and maintain the PCM in
its solid or liquid state. These salt compounds, such as sodium sulfate decahydrate and
calcium chloride decahydrate, need considerable heat for melting, making them useful for
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energy storage and drying processes, especially at considerably high temperatures [124].
Another leading PCM is Glauber’s salt, which is characterized by a high latent heat that can
be used for heat storage, and its required phase-change temperature is well matched with
that of solar systems [125] when used for heating and cooling with temperatures around its
melting temperature (32.4 ◦C). Paraffin and zeolites have also been investigated as LTES
candidates [126–128]. Most organic and inorganic PCMs melt between 0 and 120 ◦C and
are desirable to possess technical and thermodynamic properties, such as high thermal
conductivity, high latent heat of fusion, thermal stability, compatibility with the storage
medium and heat transfer fluid, low toxicity, and environmental sustainability. However,
some difficulties are found in achieving an optimal match between the phase change
temperature range and the operating temperature range concerning the long-term thermal
stability of PCMs. Gradient porosity metal foam (GPMF) was suggested as an excellent
PCM to overcome the low thermal conductivity associated with PCMs in mid-temperature
solar energy storage systems [129]. To enhance robust structure stability, comprehensive
energy storage performance, and leakage-proof performance, Zhang’s team developed
a novel composite PCM using Guar gum (GG), which is a natural polysaccharide used
to fabricate carbon aerogel, for encapsulating polyethylene glycol (PEG) [130]. Other
polymer-shell microencapsulation methods were studied to prevent PCM leakage.

There is a body of research that has focused extensively on PCMs preparations and
potential applications [125,127,128,131–135]. Moreover, an innovative solution was devel-
oped by Yan Cao et al. to address leakage and high flammability in PCMs through the
creation of a series of leakage-proof phase change composites (PCCs) with excellent solar
thermal conversion capabilities and superior flame retardancy. MXene nanosheets were
synthesized by the researchers, exhibiting remarkable solar–thermal conversion effects,
and MXene/polyimide (PI) aerogel was prepared. MXene/PI aerogels were subsequently
impregnated into polyethylene glycol (PEG) using vacuum impregnation, resulting in
shape-stable MXene/PI@PEG phase change composites (MPPCCs). MPPCC-4 demon-
strated a high PEG loading capacity, high enthalpy, and relative enthalpy efficiency, display-
ing exceptional flame-retardant properties compared to PEG. These multifunctional PCCs
offer a significant potential for use in solar energy utilization systems and the integration
of advanced thermal energy management applications with exceptional electromagnetic
interference (EMI) shielding [136–138].

PCMs can be stored in “mobile thermal energy storage” (M-TES) systems to use heat
in places other than where it is generated. Some M-TES systems use zeolite as a carrier
material that can adsorb and desorb water vapor and, thus, release and store the latent heat
of adsorption [139]. Other M-TES systems utilize metal-coated microencapsulated PCM
that can store sensible heat (by changing temperature) and latent heat (by changing its phase
from solid to liquid or vice versa) [140]. M-TES systems can be flexibly adapted to meet
the requirements of particular solutions. The approximate lifetime of an M-TES systems
is 20 years, with an estimated initial investment cost of 6000 EUR [141]. Furthermore,
PCM was suggested as an energy storage medium for ocean-based crewless underwater
thermodynamic vehicles. However, some technical issues must be addressed before PCM
can be employed widely for storing energy from RES. These problems are caused by PCM’s
slow heat transfer rate due to their commonly low thermal conductivities, low energy
storage efficiency, small energy storage density, and lack of synergy between the motion
and heat transfer profiles [15].

A transcritical cycle (TRCC) is another efficient option for converting low- and
medium-grade heat sources into electricity. The TRCC working fluid (mainly CO2, but also
including R134a, R123, and ammonia) passes through subcritical and supercritical states,
where an evaporator converts the fluid into a superheated vapor. Then, a compression
process increases the pressure and energy of the superheated vapor. When the pressure
exceeds the critical point of the used fluid, it transforms into an undefined gas (supercritical
fluid) with combined liquid and gas properties. The energy can be recovered from the
supercritical fluid through the expansion process, where the fluid is expanded through
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a turbine, which drives a generator to produce electricity. Utilizing CO2 as the TRCC
working fluid is cheaper, safer, and more environmentally friendly than using organic
fluids and is recommended for “waste heat recovery” (WHR) due to its relatively low
operation temperature [142].

4.3. Sorption TES

Sorption TES is a leading-edge technology that depends on thermal adsorption–
desorption cycles between a sorbent material and a refrigerant. Two major energy storage
processes are involved in sorption TES: “endothermic decomposition” (i.e., desorption step)
and “exothermic synthesis” (i.e., adsorption step). Adsorption TES has the advantage of
controlling the humidity and storing heat and cold through these endothermic and exother-
mic steps, making it a promising technology for air conditioning in buildings. However,
some challenging phenomena in the sorption bed, including deliquescence, agglomeration,
swelling, and low thermal conductivity, hinder the broad application of sorption TES
systems [8,143].

A summary of TES forms, media, usage, development status, and advantages and
disadvantage is demonstrated in Figure 13. The development and application of the
three TES technologies—sensible, latent, and sorption—vary significantly. Sensible TES,
being more advanced, is utilized in large-scale district heating/cooling plants, while
latent and sorption TES are still in laboratory study stages. Sensible TES requires efficient
thermal stratification to optimize these systems, whereas latent- and sorption TES demand
heat transfer enhancement techniques. Factors such as cost-effectiveness, environmental
sustainability, reliability, and stability must be considered for practical applications [9].

Figure 13. Summary of TES forms, media, usage, development status, advantages, and disadvantage,
based on data from [9,97].
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5. Combined Renewable Energy–Thermal Energy Storage Systems

As the world’s energy demand increases, there is an increasing cognition that nonre-
newable resources are limited and can drastically impact the environment. On the other
hand, renewable energy sources are commonly unstable and/or intermittent in nature. To
mitigate the impacts of the intermittence of renewable energy sources, TES may be a viable
option for addressing future electricity demand challenges and assuring a sustainable and
steady power supply. Despite the wealth of literature available in the renewable energy and
energy storage systems field, previous reviews typically investigated only specific topics
related to renewable energy sources or energy storage systems, including thermal ones.
This work reviews the state-of-the-art literature that combines renewable energy and ther-
mal storage systems (RE–TES). Table 1 summarizes publications on combined renewable
energy and thermal energy storage systems, while Table 2 compares the different RE–TES
options on the basis of their efficiency, cost-effectiveness, scalability, and environmental
impact. A summary of various simulation tools and research methods used in RE and TES
systems is also given in Table 3.

Table 1. Summary of the literature on combined renewable energy and thermal energy storage systems.

Combined
Renewable/TES

System
Renewable System

Thermal Energy
System

Work Type Opportunities and Constraints Reference

Solar/sensible TES Parabolic-trough
solar concentrator Compressed CO2,

Original
research/modeling

Opportunities: rising
fossil-fuel prices, growing
renewable energy demand,
technological advancements

Constraints: high investment
cost, space requirement,
weather vulnerability

[106]

Solar/sensible TES “Concentrated solar
power” (CSP)

“geothermal-based
plate tectonic
boundaries”

Original
research/modeling

Opportunities: increasing
demand for hydrogen, dual
purpose of CSP systems
(electricity and heat), reliable and
sustainable heat from geothermal
systems

Constraints: high cost of CSP
systems, limited geothermal
resources, environmental impacts
of geothermal systems

[61]

Solar/sensible TES Ambient solar
radiation

Concrete
mixtures/molten salt

Original
research/modeling

Opportunities: efficient solar
energy harnessing, concrete’s heat
capacity and thermal conductivity,
scalability and adaptability

Constraints: requirement of
a heat transfer system, limited
scope of study (focuses on
comparing the heat capacity and
thermal conductivity of concrete
as a filler material)

[111]

Solar/sensible TES Ambient solar
radiation Aquifer Original

research/modeling

Opportunities: energy cost
savings, carbon footprint
reduction, improved comfort
and wellbeing

Constraints: lack of
generalizability (conducted in a
single hospital in Turkey), cost
consideration, did not consider
the environmental impact

[144]
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Table 1. Cont.

Combined
Renewable/TES

System
Renewable System

Thermal Energy
System

Work Type Opportunities and Constraints Reference

Solar/latent TES “Visible solar storage
fabric” (VSSF)

“Azo-PCM@PS”
nanocapsule and
“Cs0.32WO3”
nanoparticle

Original
research/experiment

Opportunities: sustainable
energy for wearable devices,
versatile applications,
environmental
data collection

Constraints: laboratory setting,
early development stage, limited
application suitability

[145]

Solar/latent TES “Concentric solar
power” (CSP)

Thermochemical
water-splitting cycles

Original
research/experiment

Opportunities: hydrogen
production from renewable
sources, diverse hydrogen
applications, amelioration of
climate change

Constraints: theoretical model,
early development stage, climate
and location limitations

[146]

Solar/latent TES

Shell-and-tube heat
exchanger with a
transparent silica
glass shell

Copper foam
embedded in PCM

Original
research/experiment

Opportunities: improved heat
transfer capacity, better
temperature uniformity, reduced
melting time

Constraints: scalability,
availability, further
research needed

[129]

Solar/sensible and
latent TES Hot air collectors

Sensible TES: packed
bed TES (PBTES)
using pebble stones
Latent-TES: PCM
using paraffin wax

Original
research/experiment

Opportunities: increased energy
efficiency, reduced drying time,
preserved product quality,
value of computational
numerical modeling

Constraints: research needs,
implementation challenges

[101]

Wind/sensible TES Wind power with
wind turbines

“Thermal energy grid
storage influenced by
multijunction
photovoltaics”
(TEGS-MPV)

Original
research/modeling

Opportunities: environmental
benefits, optimization and
sensitivity analysis, renewable
energy utilization

Constraints: validation,
real-world implementation,
geographic specificity

[147]

Wind and
solar/variable TES
and other energy
storage systems

Wind power with
wind turbines

“Compressed air
energy storage”
(CAES), “pumped
hydroelectric
storage”, and
“sodium–sulfur
batteries”

Original
research/experiment

Opportunities: potential for wind
and solar energy, various energy
storage methods

Constraints: technical limitations,
fluctuating wind turbine output

[16]

Wind/sensible TES Wind power with
wind turbines

TES embedded
inside wind turbine
nacelles, with

Original research/
thermodynamic
analysis

Opportunities: increased energy
efficiency, sustainable energy
solutions, effective utilization of
renewable energy

Constraints: technical challenges
and uncertainties in the
development, need for
detailed assessments

[148]
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Table 1. Cont.

Combined
Renewable/TES

System
Renewable System

Thermal Energy
System

Work Type Opportunities and Constraints Reference

Biomass/latent TES “Guar gum”

carbon aerogel for
encapsulating
“polyethylene glycol”
(PEG)

Original
research/experiment

Opportunities: improved
solar–thermal energy
conversion and storage, use of
biomass materials, cost-effective
energy solutions

Constraints: achieving
homogeneity, optimization of
carbon aerogels

[130]

Biomass/sensible
TES Bioproducts Different TES Review

Opportunities: sustainable
production of electricity,
fuels, and chemicals, flexible
renewable-based utility
plants, economic and
technological feasibility

Constraints: limitation of
biomass resources, complex
conversion processes,
environmental impacts, carbon
release

[51]

Biomass/sensible
TES Wood pellet TES reboiler tank Original

research/modeling

Opportunities: improving district
heating systems, reducing costs
and emissions

Constraints: technical barriers,
economic barriers, geographical
and temporal barriers

[149]

Biomass and other
sources/sensible TES

Biomass-powered
combined heat and
power systems

Different TES Review

Opportunities: enhanced energy
efficiency, reduced greenhouse
gas emissions, new revenue
streams, energy security,
sustainable energy transition

Constraints: sustainable
biomass supply, efficient
conversion technology

[43]

Geothermal/latent
TES

“Geothermal district
heating system”
(GDHS)

Undefined TES
Original
research/case
study analysis

Opportunities: sustainable and
renewable energy source,
enhanced performance and
reliability, informed decision
making with multicriteria
decision analysis

Constraints: dimensioning the
district heating system, efficiency
and cost of thermal energy
storage technologies

[150]

Geothermal/sensible
TES

“High-temperature
aquifer thermal
energy storage”
(HT-ATES)

Undefined TES
Original
research/risk
analysis

Opportunities: risk identification
and mitigation, promoting
sustainable energy solutions

Constraints: limited data on
HT-ATES systems, uncertainties
in subsurface conditions,
potential environmental impacts

[14]

Geothermal/sensible
TES

“Mobile thermal
storage system”
(M-TES)

Undefined PMC
Original research/
techno-economic
assessment

Opportunities: renewable and
stable energy source,
high-capacity factors, mobile
thermal energy storage
Constraints: climate factors

[141]
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Table 1. Cont.

Combined
Renewable/TES

System
Renewable System

Thermal Energy
System

Work Type Opportunities and Constraints Reference

Ocean/sensible TES
“Ocean thermal
energy conversion”
system (OTEC)

Undefined TES Original
research/modeling

Opportunities: improved control
strategies, renewable energy for
islands, enhanced efficiency
and effectiveness

Constraints: limited
controller comparison

[94]

Ocean/sensible TES Ocean energy Undefined TES Review

Opportunities: advanced ocean
energy converters, diversified
ocean energy systems and hybrid
energy storage, artificial
intelligence integration,
complementary hybrid renewable
system integrations

Constraints: power
frequency fluctuation

[151]

Ocean/latent TES Ocean thermal
energy Different PMC Review

Opportunities: utilization of ocean
thermal energy, PCM
thermal-harvesting systems

Constraints: slow heat transfer
rates, low conversion efficiency,
low energy storage density,
conceptual design phase

[15]

Poly:
solar-geothermal/
sensible TES

“Enhanced
geothermal energy”
(EGS) and
“concentrated solar
power” (CSP)

Undefined TES
Original
research/case
study analysis

Opportunities: continuous energy
production, integration of thermal
energy storage, sustainable and
green alternative, improved
techno-economic performances

Constraints: harnessing
geothermal energy, solar
intermittency, large-scale land use

[152]

Poly: ocean and
solar/latent TES

“Concentrated solar
plant” (CSP), a
“bifacial
photovoltaic” (BiPV),
a “cascaded heat
pump”, and a
“multieffect
desalination” process

“Polymer electrolyte
membrane” (PEM)
electrolyzer, fuel cell
systems, and thermal
energy storage
systems

Original
research/case
study analysis

Opportunities: renewable energy
utilization, integrated hydrogen
production and thermal energy
storage, combining food
production systems, quality of
life improvement

Constraints: harsh arctic
conditions, system optimization

[107]

Poly: solar, wind,
and ocean/TES

“Ocean thermal
energy convertor”
(OTEC), a wind
turbine, and a “solar
flat plate panel”

Undefined TES
Original
research/case
study analysis

Opportunities: sustainable and
efficient energy system, reduced
dependence on fossil fuels,
contribution to energy security

Constraints: geographical
specificity, substantial initial
investment and infrastructure
development, intermittency of
renewable energy sources

[153]
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Table 1. Cont.

Combined
Renewable/TES

System
Renewable System

Thermal Energy
System

Work Type Opportunities and Constraints Reference

Geothermal and
solar/latent TES

A solar-geothermal
hybrid system

CO2 cycle with an
organic Rankine cycle
and heat exchangers

Original research/
thermodynamic
analysis

Opportunities: efficient utilization
of renewable resources, reliability
and flexibility in energy supply,
improved thermodynamic
performance, optimization of
system configurations

Constraints: high initial capital
costs, geographical and climatic
dependency, availability of
suitable materials and
technologies for thermal energy
storage, technical challenges with
the transcritical CO2 Cycle

[114]

Geothermal and
solar/sensible TES

ATES combined with
solar collectors Undefined TES

Original
research/case
study analysis

Opportunities: enhanced energy
efficiency, reduced environmental
impact, cost-effective integration
of renewable energy sources

Constraints: technical challenges,
regulatory barriers, dependence
on local conditions

[112]

Geothermal and
solar/sensible TES

Solar energy system
powered by
geothermal

Organic
Rankine cycle

Original research/
thermodynamic
analysis

Opportunities: enhanced energy
efficiency, reduced dependence on
fossil fuels, improved ORC
performance

Constraints: geographical
limitations, high initial costs,
intermittency of solar energy

[105]

Table 2. A comprehensive comparison of the different RE–TES options based on their efficiency,
cost-effectiveness, scalability, and environmental impact.

RE–TES Option Efficiency Cost-Effectiveness Scalability Environmental Impact References

Solar systems
with battery

storage

Moderate
(15–20%)

Moderate–high
(depending on
battery type)

Moderate–low
(limited by

battery capacity)

Low (no emissions during
operation, but batteries

require rare Earth metals and
other materials)

[61,101,105,106,111,112,
114,129,144–146,153]

Wind turbines
with pumped
hydro storage

High (30–50%)
High (long lifespan

of hydro storage
infrastructure)

High (can be
scaled up to meet

large energy
demands)

Moderate (construction of
hydro storage infrastructure

can have environmental
impacts, but the operation is

low-impact)

[16,147,148,153]

Geothermal
power with

thermal energy
storage

High (70–90%)

Moderate–high
(depending on

location and
drilling costs)

Low–moderate
(limited by
geothermal
resources in

certain areas)

Low–moderate (minimal
emissions during operation,

but drilling can have
environmental impacts)

[14,105,112,114,141,150]

Biomass power
with thermal

energy storage

Moderate
(20–30%)

Low–moderate
(depending on

feedstock availability
and cost)

Low–moderate
(limited by

feedstock supply)

Moderate–high (emissions
from biomass combustion can

contribute to air pollution
and climate change, but
sustainable sourcing can
mitigate some impacts)

[43,51,130,137,149]

Ocean energy
with thermal

energy storage

Low–moderate
(10–20%)

Moderate
(infrastructure can

be costly, but
operational

costs are low)

High (especially
in coastal regions
with consistent

wave/tidal action)

Low–moderate (potential
impact on marine ecosystems

during construction, but
operation is low-impact)

[15,94,107,151]
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Table 3. Summary of various simulation tools and research methods used in RE and TES systems.

Simulation/Method Description References

Artificial neural networks (ANNs)

This machine learning tool is used to model and predict the
behavior of systems based on training data. It was used in
some studies to develop predictive models for the
performance of solar collectors and TES systems.

[154]

EnergyPlus

This building energy simulation program is used to model
and simulate the energy performance of buildings. It was
used in some studies to analyze the performance of building
integrated renewable energy systems and TES systems.

[155,156]

MATLAB/Simulink

This numerical computing tool is used for mathematical
modeling, simulation, and analysis of dynamic systems. It
was used in some studies to model and simulate the
behavior of solar thermal systems and TES systems.

[153,157,158]

System dynamics modeling

This simulation tool is used to model complex systems’
behavior over time. It was used in some studies to simulate
the behavior of renewable energy systems and thermal
energy storage systems.

[159,160]

TRNSYS (Transient System Simulation Tool)

This dynamic simulation tool is used to model and simulate
the performance of renewable and thermal energy storage
systems. It was used in some studies to analyze the
performance of different solar collectors and TES systems.

[161,162]

Table 1 summarizes various studies in the literature that focused on combined renew-
able energy sources and thermal energy storage (RES–TES) systems. The studies span a
range of renewable energy sources, including solar, wind, biomass, and geothermal power,
as well as ocean-based systems. The TES systems considered in these studies include
sensible and latent storage technologies, with some studies examining integrating mul-
tiple types of storage in a single system. The research methodologies employed in these
studies are diverse, with some employing original research through modeling, experimen-
tation, thermodynamic analysis, or case study analysis. Other studies also take the form of
comprehensive reviews, providing an overview of the current knowledge in the field.

The wide range of studies demonstrates the growing interest in developing innovative
combined RES–TES systems to address energy supply and storage challenges sustainably.
Several studies that investigate solar energy combined with sensible TES employ tech-
nologies such as parabolic trough solar concentrators, concentrated solar power (CSP)
systems, and ambient solar radiation collectors [61,106,111,138]. Other studies focus on
solar energy combined with latent TES, utilizing materials such as phase change materials
(PCMs) and copper foam [128,139,140]. Wind energy is also considered in combination
with various TES systems, including sensible storage using thermal energy grid stor-
age and variable TES systems such as compressed air energy storage (CAES), pumped
hydroelectric storage, and sodium–sulfur batteries [14,141,142]. Moreover, biomass en-
ergy is explored with sensible and latent TES systems, often involving bioproducts and
different storage materials [35,51,129,143]. Geothermal energy is frequently combined
with sensible TES, often in the form of high-temperature aquifer thermal energy storage
(HT-ATES) and mobile thermal storage systems (M-TES) [15,135,144]. Ocean energy,
another renewable source, is also examined in combination with both sensible and la-
tent TES systems [16,94,145]. Some studies investigate hybrid renewable energy systems
incorporating multiple renewable sources, such as solar–geothermal, ocean–solar, and
solar–wind–ocean systems [105,107,112,114,146,147]. These hybrid systems typically in-
volve sensible or latent TES to optimize the combined use of different renewable resources.
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5.1. Combined Solar/TES System

The combined use of solar energy and thermal energy storage systems has been
examined in several studies. Many researchers investigated solar energy storage in the
form of sensible energy. Soni and his team [106] devised a pioneering mathematical model
to simulate the process of thermal energy storage (TES) drawn from solar energy, purposed
explicitly for winter residential heating. This renewable system employed a parabolic
trough solar concentrator with a novel design for the TES medium, utilizing compressed
CO2. This design aimed to minimize heat loss by integrating several layers of highly
insulating materials, thereby maximizing solar energy storage within the gas medium.
The study resulted in an innovative solar/TES system for home heating that offers a
compelling solution for year-round heating at a cost that is 42.5% less than traditional
methods. Promising opportunities abound for the adoption and enhancement of such
technology. With the steady rise in fossil-fuel prices, renewable energy alternatives such as
solar-powered TES systems could become increasingly appealing economically, despite
their substantial initial costs. Furthermore, as societies become more aware and responsive
to climate changes, the demand for renewable energy sources is projected to grow. This
creates a more conducive environment for the implementation of TES technologies. The
relentless pace of technological advancement, particularly in material science, also offers
the prospect of addressing current limitations. As more efficient, resilient, and cost-effective
TES solutions are developed, the potential of TES as a residential heating option is likely
to grow. However, there are significant constraints. A substantial initial financial outlay
is required for the installation of TES systems, including both the cost of the system and
the installation. In addition, deploying solar-powered TES systems often requires large
land areas to house the solar collectors. This requirement could present a significant hurdle,
particularly in urban or densely populated areas with limited space. Weather vulnerability
also poses a substantial challenge, as TES systems are susceptible to extreme weather
events. This vulnerability is particularly pertinent in regions prone to such conditions,
where damage could compromise system performance or cause complete failure. Despite
these challenges, the potential benefits and opportunities presented by TES systems could
serve as compelling reasons for further research and development.

Temiz and Dincer [61] crafted an innovative model, merging solar and geothermal
systems to create an array of valuable outputs, including hydrogen, electric power, and
freshwater. This was accomplished through comprehensive thermodynamic analysis. Their
approach incorporated concentrated solar power (CSP) as a renewable energy source and
harnessed geothermal-based plate tectonic boundaries for thermal energy storage (TES) to
generate electricity, hydrogen generation, space heating, and freshwater production within
a hypothetical community near the Geysers area in California. This sophisticated system
was thermodynamically scrutinized using Aspen Plus, NREL’s SAM, and HOMER Pro
software packages. TES and CSP systems were modeled using tanks of 15 m height and ab-
sorber tubes of 8 cm diameter. The CueCl hydrogen production plant, when combined with
desalination processes, generated approximately 160,390 tons of fresh water. Additionally,
it contributed 48 GWh of electricity, 453 GWh of heat, and 297 tons of hydrogen. CSP and
geothermal systems, despite their complexities, offer unique opportunities in the renewable
energy realm. One significant opportunity lies in the burgeoning demand for hydrogen.
The rising interest in clean energy sources has highlighted hydrogen’s potential as a green
fuel in various sectors. Furthermore, the dual-purpose nature of CSP systems is an attrac-
tive prospect. These systems generate electricity and produce and store heat for future use,
thereby enhancing energy use efficiency and reducing dependency on the electrical grid.
Geothermal systems also present valuable opportunities. They provide a stable, reliable
heat source, making them an ideal choice for district heating and industrial processes. Their
heat can also be harnessed for electricity generation, presenting a sustainable and steady
power source. However, several constraints demand a critical attention. The high cost
associated with CSP systems is a significant limitation. These systems necessitate consid-
erable initial investments, primarily due to the requirement of large-scale solar collector
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installations, energy storage systems, and associated infrastructure. The expense can be
particularly daunting for smaller-scale projects. Geothermal energy, while promising, is
limited by the availability of suitable geological conditions—specifically, heat emanating
from the Earth’s crust. This inherent constraint restricts the scalability of geothermal energy.
Moreover, geothermal systems, despite being renewable, pose potential environmental
impacts. These include the release of trapped greenhouse gases, surface instability due
to geothermal fluid extraction, and a risk of water contamination if the extraction process
is not meticulously managed. Balancing these opportunities and constraints is critical for
successfully integrating and advancing CSP and geothermal systems in the renewable
energy sector.

Boretti [146] proposed an innovative approach of amalgamating solar–thermal energy
storage (TES) systems with thermochemical water-splitting cycles to produce cost-effective
hydrogen. The envisaged system anticipated the generation of 0.1 GW of continuous
electricity, thereby facilitating the production of approximately 2750 kg/h of hydrogen
daily by the year 2030. The model utilized concentric solar power (CSP), deploying photo-
voltaic (PV) panels for solar energy-harvesting, and advanced ultra-supercritical CO2 as
the medium for storing the produced energy. Opportunities for this initiative are abundant.
The system presents a promising path toward hydrogen production from renewable energy
sources, potentially reducing the dependence on fossil fuels. Moreover, the generated hy-
drogen could find myriad applications, including its use in fuel cells, ammonia production,
and rocket fuel, thereby encouraging cleaner and more efficient energy sources. The system
also offers the prospect of mitigating climate change by enabling cleaner energy production
and reducing carbon emissions. Beyond environmental benefits, the broad application of
the produced hydrogen could extend to various sectors, including transportation, power
generation, and industrial processes, thus broadening the reach of renewable energy utiliza-
tion. Furthermore, developing and implementing this system could stimulate job creation
and economic growth within the clean energy sector. Despite these opportunities, certain
constraints demand thoughtful consideration. One such limitation is that the study is
based on a theoretical model; hence, its effectiveness and efficiency in real-world scenarios
still need to be verified. Moreover, as the system is in its infancy, vital factors such as
cost and performance still need to be defined, potentially discouraging immediate adop-
tion. Additionally, the system’s effectiveness may depend on geographical location and
climatic conditions, limiting its applicability. The high initial investment could also present
a significant barrier to implementing such systems for potential users or applications.
Moreover, the system may necessitate regular maintenance, potentially inflating the total
cost of ownership over time. Lastly, the system’s susceptibility to external factors, such
as dust, corrosion, or extreme weather conditions, could compromise its durability and
efficiency. Balancing these opportunities and constraints will be crucial for the successful
implementation and broader acceptance of this promising technology.

In solar/TES systems, concrete can be used as a TES medium to store the heat gen-
erated by solar collectors during the day and release it at night or during periods of low
sunlight. However, in order for concrete to be an effective storage medium, it must be
able to withstand high temperatures without significant degradation or loss of structural
integrity. In a study investigating concrete as a thermal energy storage medium, John
and his coworker [111] undertook a novel endeavor, developing 26 unique concrete mix-
tures using sandstone, limestone, and syenite, combined with washed river sand in varied
proportions. These mixtures underwent casting, curing, and a month-long immersion in
water at room temperature. Subsequently, they were cured in saturated air at 90 ◦C for
a couple of days. The endurance of these concrete mixtures was then tested in molten
salt at 585 ◦C for 500 h, followed by exposure to 30 cycles in the air. A notable outcome
of thermal cycling in molten salt was a substantial reduction in the compressive strength
of both concrete and mortar when subjected to temperatures up to 600 ◦C. This research
offers intriguing opportunities for applying concrete in thermocline solar energy storage
systems. The methodology introduced by John and his team reveals an innovative pathway
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toward more efficient solar energy harnessing. Utilizing concrete as a storage medium,
solar thermal energy can be effectively absorbed and held for subsequent use. The inherent
properties of concrete, such as its commendable heat capacity and thermal conductivity,
position it as an ideal candidate for solar thermal energy storage systems. This implies that
concrete can absorb, retain, and transmit heat effectively. Furthermore, the concept of a
modular cement-based solid–liquid heat storage system suggests a potential for scalabil-
ity and adaptability. This system offers the flexibility to be easily modified or expanded
based on specific requirements. While the opportunities are substantial, a few constraints
necessitate careful consideration. A concrete-based storage medium requires a heat transfer
system, generally a fluid, for optimal functioning. This requirement introduces an addi-
tional component into the system, increasing its complexity and cost. Moreover, the limited
scope of the study presents another constraint. The focus was primarily on comparing
the heat capacity and thermal conductivity of concrete used as a filler material, leaving
out other potentially influential factors such as durability, long-term performance, and
environmental impact, which indicates the necessity for a more comprehensive research
approach in this domain. Balancing these opportunities and constraints will be integral to
effectively use concrete as a thermal energy storage medium in solar energy systems.

Paksoy and coworkers [144] employed the CONFLOW simulation program to con-
ceive a system that optimizes energy conservation by harnessing solar power and an aquifer
for seasonal thermal energy storage. Explicitly envisioned for a hospital in Adana, Turkey,
this system served for heating and cooling purposes. It exhibited the capacity to store
7000 MW/year at an average temperature exceeding 98 ◦C. During winter, the proposed
system ingeniously utilized hospital ventilation air and proximal surface water to cool
the aquifer, storing thermal energy. Concurrently, the system prewarmed the ventilation
air with the assistance of two heat exchangers. This operation was reversed during the
summer. Despite the promising aspects, some constraints exist and could be improved.
One concern is the lack of generalizability, as the study was conducted in a specific hospital
setting in Turkey. Thus, the applicability of its findings to hospitals located in different
regions or countries could be questioned due to variations in climate, architectural design,
and pre-existing energy infrastructure. A noteworthy omission in the study was the cost of
implementing such a system. Considering that hospitals function within prescribed budget
constraints, the financial implications of adopting this system could play a crucial role in
its broader usage. The study also overlooked the environmental impact of deploying this
system, a significant consideration given the escalating concern about sustainability across
all sectors, including healthcare. On the flip side, there are significant opportunities to be
explored. Foremost is the potential for significant energy cost savings. The savings could
be substantial, considering the high-energy demands typically associated with hospital
operations. The system also provides an opportunity to reduce reliance on nonrenewable
energy sources, potentially aiding hospitals in reducing their carbon emissions and aligning
with global climate change mitigation efforts. Furthermore, establishing a well-regulated
and efficient energy system could create a more comfortable environment for patients and
staff. This could improve patient satisfaction and enhance staff productivity, thereby under-
scoring the system’s holistic benefits. Balancing these opportunities against the constraints
will be essential in determining the system’s broader applicability and effectiveness.

Many researchers investigated the storage of solar energy in the form of latent energy.
In an experimental study, Wang and colleagues [129] embarked on a study exploring
the potential of latent thermal energy storage by leveraging n-tetradecane as a phase
change material (PCM) embedded in gradient porosity copper foam. This was aimed
at the efficient storage of mid-temperature solar energy. Solar energy was harnessed
via a shell-and-tube heat exchanger, where a transparent silica glass shell was utilized
to capture solar radiation. Simultaneously, the TES system was endowed with PCM
encapsulated within the copper foam to amplify its hardness, thermal conductivity, and
stability. The team devised a gradient porosity metal foam (GPMF) to circumvent the issue
of low conductivity typically associated with PCM in mid-temperature solar energy storage
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systems. The experimental results indicated a substantial improvement in heat transfer
with the employment of GPMF. The study, however, presents several constraints. A critical
constraint is the scalability of the production process for gradient porosity copper foam.
Given the specificity of this material, it could be challenging to mass-produce, potentially
impeding the broad adoption of this technology. Additionally, the availability of gradient
porosity copper foam could be restricted, making it challenging to source and potentially
hindering the technology’s widespread deployment. Furthermore, the findings necessitate
more exhaustive research to validate the conclusions drawn and explore potential long-term
impacts across various applications. The initial study may not fully address the practical
realities and challenges that emerge in real-world scenarios and applications. Conversely,
the study also highlights several promising opportunities. Employing gradient porosity
copper foam could drastically enhance heat transfer capacity in mid-temperature solar
energy storage systems, improving their efficiency and effectiveness. Another significant
benefit is the potential for better temperature uniformity achieved through this material,
which could lead to the more consistent and efficient performance of solar energy storage
systems. Lastly, the study indicates that using gradient porosity copper foam could reduce
the melting time by 37.6%. This could lead to solar energy storage systems becoming
quicker and more efficient in capturing and storing solar energy.

For a solar energy-assisted drying process, Atalay [101] represents a crucial step
toward understanding the energy and cost implications of the packed bed and phase
change material (PCM) thermal energy storage systems. By comprehensively evaluating
these media for storing sensible and latent energies, Atalay underscores the economic
advantage of packed bed due to its lower initial investment cost but points to the superior
thermal storage capacity of paraffin wax PCM. Atalay’s investigation opens up promis-
ing opportunities. Integrating solar dryers and thermal energy storage techniques can
enhance energy efficiency, leading to more sustainable and potentially cost-effective drying
processes. Moreover, adopting these energy storage systems could significantly reduce
drying time, boosting productivity. An intriguing insight from the study suggests that these
systems aid in preserving product quality during the drying process. This potential benefit
could result in higher-quality dried goods, enhancing their marketability. Furthermore, the
study underscores the utility of computational numerical modeling for optimizing drying
systems, thus spotlighting an avenue for further improvement in system efficiency and
performance. Despite these promising opportunities, the study also presents considerable
constraints that warrant further attention. The research underlines the need for more
in-depth exploration to identify optimal materials and configurations for these energy
storage systems, highlighting that the full potential of these systems is yet to be realized.
The challenge of implementing these systems under varying climates and conditions is
also identified. This suggests that customization is necessary to suit specific environmental
factors, which could amplify complexity and cost. Fei and his team [145] innovatively
developed a wearable solar energy management system that leverages visible solar thermal
energy storage for complete solar spectrum utilization. Their invention termed the “visible
solar storage fabric” (VSSF), employs a unique combination of “Azo-PCM@PS” nanocap-
sules and “Cs0.32WO3” nanoparticles. The outcome is a “thermochemical–thermophysical
coupled energy” storage system with visible to near-infrared (Vis–NIR) light-harvesting
capabilities. Remarkably, the designed wearable solar energy system has demonstrated
the ability to release significant solar heat up to about 85 ◦C, which could provide notable
protection against cold injuries to the human body. Fei’s team’s pioneering work presents
several exciting opportunities. First, it has the potential to provide a sustainable and
reliable energy source for a wide array of wearable devices, including but not limited to
smartwatches, fitness trackers, and medical devices. The technology’s versatility powers a
broad spectrum of wearable tech applications. Additionally, the system can be harnessed to
collect environmental data such as temperature, humidity, and air quality, thus providing
valuable insights for various applications. Beyond these notable points, the solar energy
management system could extend its applications to power other portable devices such
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as smartphones and laptops, further enhancing its usefulness. This technology could be
a crucial renewable energy source in off-grid situations where traditional power infras-
tructure is lacking. Furthermore, if these systems gain widespread acceptance, the data
collected could enhance weather forecasting accuracy and refine climate modeling. Despite
these promising opportunities, the study by Fei et al. also uncovers potential constraints
that require careful attention. For one, the testing environment was a laboratory, and it
remains to be seen how the system will perform under real-world conditions, which include
weather fluctuations, outdoor wear and tear, and varied user behaviors. Secondly, being in
the early stages of development, the cost implications and total system performance still
need to be defined, potentially posing a challenge to immediate implementation. A few
more concerns also arise. The system’s application may be restricted by certain factors,
such as location and climate, which can influence the availability of sufficient solar energy.
Additionally, wearability and durability questions surface; the system might be too heavy
or bulky, negatively affecting user comfort, or fragile, leading to concerns about its durabil-
ity with frequent use. Lastly, regular maintenance might be necessary for optimal system
functioning, potentially contributing to higher total ownership costs.

Overall, the combined use of solar energy and thermal energy storage systems presents
several opportunities, including the potential for cost-effective hydrogen production, sig-
nificant energy cost savings, and reduced reliance on nonrenewable energy sources. It
also offers the prospect of mitigating climate change and creating a more comfortable
environment for patients and staff. However, several constraints demand critical attention,
including the high cost associated with CSP systems, the lack of generalizability of some
studies, and the need for regular maintenance. Additionally, the effectiveness of the system
may depend on geographical location and climatic conditions, and the cost implications
and total system performance still need to be defined.

5.2. Combined Wind/TES System

Several studies have explored the integration of wind energy and thermal energy
storage (TES) systems to enhance the efficiency and performance of renewable energy
applications. Many researchers investigated the storage of wind energy in the form of
sensible energy, but no research was found on storing wind energy in the form of latent en-
ergy. Al-Mashakbeh and colleagues [147] devised a compelling combination of a simulated
wind farm with “thermal energy grid storage multijunction photovoltaics” (TEGS-MPV)
in Jordan. Their approach harnessed the capabilities of HOMER® software to simulate a
60 MW wind power production scenario involving wind turbines, inverters, and TEGS-
MPV, resulting in an attractive energy cost of 0.04252 USD/kWh. The study opens up many
opportunities, beginning with its potential to generate significant environmental benefits. It
could substantially curb greenhouse gas emissions, with an estimated annual reduction of
293,764 tons of carbon emissions. Another highlight of the study is the importance placed
on optimization and sensitivity analysis, achieved through the application of HOMER®

software. This process enables precise calculation of levelized cost of energy (LCOE) values,
assisting in identifying optimal scenarios for the TEGS-MPV system deployment. Moreover,
the research promotes an innovative strategy for integrating wind energy with thermal en-
ergy grid storage. This creative approach fosters broader acceptance and use of renewable
energy sources while enhancing energy efficiency. Despite these promising opportunities,
the study also brings to light several constraints that merit attention. One notable constraint
is the need for practical validation of the proposed system. Given the study’s theoretical
nature, it is crucial to test the feasibility of the TEGS-MPV system in real-world settings.
Another constraint lies in translating this theoretical approach into practical application.
There may be technical, financial, or regulatory challenges during the implementation
phase of the TEGS-MPV technology that need to be surmounted. Additionally, the study
is geographically specific, focusing on Mafraq, Jordan. Therefore, the transferability and
effectiveness of the TEGS-MPV system in different regions or countries might be influenced
by various factors, including local climatic conditions and regulations.
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Caralis and his team [16] delve into the evaluation of potential energy storage systems
in Crete, designed to harness the fluctuations of wind energy. They put a spotlight on a
“compressed air energy storage” (CAES) system, integrated with a thermal energy storage
(TES), in comparison to other energy storage systems. Several storage solutions, including
CAES, “pumped hydroelectric storage”, and “sodium–sulfur batteries”, were scrutinized
for their efficacy in storing electrical energy derived from wind power during periods of
curtailment exploitation. In terms of economics, CAES was slightly more advantageous,
costing 0.21 EUR/kWh. However, despite being economically less viable, sodium–sulfur
batteries emerged as strong contenders for positively balancing generated loads. Starting
with opportunities, it is clear that Crete boasts significant untapped potential for exploiting
wind and solar energy. With the right infrastructure and energy storage systems, this
latent renewable energy could be harnessed more efficiently. Energy storage systems are
key in storing excess energy wind turbines produce. Utilizing these technologies could
reduce, if not eliminate, the need for energy curtailment. This would augment the wind
energy system’s overall efficiency and economic viability. Furthermore, this study presents
a comprehensive examination of different energy storage technologies, assessing their
potential to mitigate the issue of wind energy curtailment. This analysis is a valuable
foundation for future research and developments to maximize the benefits of renewable
energy utilization in Crete. Turning to constraints, the study points out potential technical
limitations with existing thermal units. These issues may impede the effective harvesting
of wind energy, necessitating appropriate measures to overcome these limitations. Another
challenge lies in the inconsistency of wind turbine output, which can fluctuate due to
varying wind speeds. This could lead to challenging, often curtailed energy surpluses,
reducing the wind energy system’s overall efficiency and economic appeal.

Karasu and Dincer [148] evaluated the effectiveness of a hybrid system combining
electromagnetic induction and thermal energy storage (TES), designed to convert wind
energy into heat directly. A distinctive feature of their system is the placement of the TES
cycle within wind turbine nacelles, which allows the system to operate continuously. Using
induction heating to heat the TES within wind turbine nacelles empowers the system to
operate without interruptions, facilitating the direct conversion of wind energy to heat.
Overall energy efficiencies of 7.0% and 8.6% were achieved when using electromagnetic
induction and TES, respectively. The innovative wind energy/TES system is a potential
substitute for traditional fossil-fuel-based facilities and nuclear power plants. Opportu-
nities present themselves in this study with the possibility of enhanced energy efficiency.
The direct transformation of wind energy into heat sidesteps unnecessary intermediary
conversion steps, which can reduce overall energy losses. This approach is in harmony with
a broader global shift toward renewable energy and could be instrumental in curtailing
greenhouse gas emissions. Moreover, the innovative system proposes a more effective
way of harnessing renewable energy resources. As the global demand for cleaner, renew-
able energy surges, technologies such as this wind energy/TES system could significantly
affect our future energy landscape. Despite these promising prospects, there are a few
constraints that need consideration. The research underscores the need for a comprehensive
understanding of thermal energy storage and the cost-effectiveness of wind energy-TES
technology. A thorough economic and technical feasibility assessment is crucial for its
large-scale implementation. Furthermore, given the relative novelty of this approach, tech-
nical challenges and uncertainties might arise during the development, deployment, and
operation of these systems. Hence, further research and development are imperative to
refine this technology and ensure its reliability and efficiency.

Overall, the opportunities of combining wind energy and thermal energy storage
systems include the potential for more efficient use of renewable energy resources, reduction
in greenhouse gas emissions, and the possibility of replacing traditional fossil-fuel-based
facilities and nuclear power plants. However, constraints include technical limitations
with existing thermal units, the inconsistency of wind turbine output, and the need for
a comprehensive understanding of thermal energy storage and the cost-effectiveness of
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wind energy/TES technology. Further research and development are necessary to refine
this technology and ensure its reliability and efficiency.

5.3. Combined Biomass/TES System

The combined use of biomass energy and thermal energy storage systems has been
examined in several studies. Some researchers investigated the storage of biomass energy
in the form of sensible thermal energy. Fushimi [51] offers an insightful review of biomass
power generation systems, evaluating their economic worth and inherent limitations. He
delves into a thorough examination of combustion technologies, the issues of lower energy
conversion rates from solar power to electricity, and high fuel costs. To mitigate the
mismatch between the sporadic electricity supply from various renewable energy sources
and the demand for electricity, the review proposes integrating next-generation biomass
energy systems with other fluctuating renewable energy sources such as solar and wind
power and energy storage systems. This approach could potentially address the non-steady
operations induced by an intermittent power supply. The opportunities provided by the
study illuminate the potential for biomass to serve as a sustainable alternative for producing
electricity, fuels, and chemicals. Substituting fossil fuels with biomass opens up promising
prospects for a greener future. Moreover, the study emphasizes the potential of establishing
flexible renewable-based utility plants. Such plants could generate a stable stream of
renewable energy, significantly enhancing the power grid’s reliability. Moreover, it prompts
a discussion on the economic and technological feasibility of power-generating systems
that utilize biomass resources. This comprehensive analysis could inform policymaking
decisions, advocating for the broader adoption of biomass power generation. However,
several constraints need to be considered. The limitation of biomass resources emerges
as a critical challenge. The availability of these resources can vary significantly across
regions, demanding sustainable management strategies to prevent adverse environmental
effects such as deforestation and biodiversity loss. The complexity and potential expense of
the biomass-to-energy conversion processes can also pose challenges to the widespread
deployment of biomass power generation. Furthermore, environmental impacts associated
with improper resource management can lead to ecological degradation, highlighting
the need for careful consideration of the environmental implications. Additionally, the
carbon released during biomass combustion, although often deemed part of a closed carbon
cycle, can contribute to short-term spikes in atmospheric carbon levels, posing another
potential constraint.

Rezaei and colleagues [43] undertake a thorough review of the integration of biomass-
powered combined heat and power (BCHP) systems with thermal energy storage (TES)
in district heating. They scrutinize many optimization models, including economic and
environmental ones incorporating parametric or sensitivity analyses. Various parameters
related to thermodynamics, hydraulics, chemistry, costing, and decision-making variables
are considered. Since the heat value of syngas produced from biomass is lower than
fossil fuels, the researchers investigate the alternatives of combining syngas with natural
gas or utilizing it in a coal-fired subsystem. To deal with uncertainties in the biomass
supply chain, they propose a post-optimization evaluation to estimate the probability of
the optimal scenarios. Rezaei and colleagues spotlight a significant opportunity to augment
energy efficiency by integrating BCHP systems with district heating and thermal energy
storage. Their approach opens up the potential for substantial reductions in greenhouse
gas emissions, offering a significant step forward in combating climate change. Moreover,
the installation and upkeep of BCHP systems have the potential to stimulate local job
creation, contributing to economic development. There is also an enticing prospect of
opening up new revenue streams by exploiting biomass waste, which adds an economic
incentive to adopting BCHP systems. Furthermore, BCHP integration could boost energy
security by diversifying the energy portfolio and diminishing dependence on fossil fuels.
Integrating BCHP systems could expedite the transition toward a more sustainable energy
infrastructure by increasing the utilization of renewable resources. However, several
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constraints emerge in this field. One of the significant challenges lies in securing a consistent
and sustainable supply of biomass, which is subject to regional and seasonal fluctuations.
There is also a pressing need for the evolution and broad acceptance of efficient and
environmentally friendly technologies for converting biomass to energy. Integrating BCHP
systems into the existing energy infrastructure presents a significant challenge due to
potential technical and regulatory barriers. Issues related to biomass combustion emissions,
regulatory obstacles, and public acceptance are crucial and need to be addressed adequately.

In their study, Wang and colleagues [149] implemented a simulation of a biomass-
fueled boiler based on field data harvested from a wood pellet boiler equipped with radiant
floor heating. Key variables such as thermal energy storage (TES) tank discharge efficiency,
maximum product temperature, and boiler on/off times are considered. Using these
parameters, the simulation provides insights into the optimal TES reboiler volume, capacity,
and heat demand profiles. Findings suggest that a reboiler operating on a medium heat
demand profile requires the smallest TES tank volume. Conversely, an intermittently used
reboiler demands a considerably larger TES tank. Interestingly, a reboiler with a high
heat demand profile leads to the highest TES tank discharge efficiency but also calls for
a substantial storage volume. For economic efficiency, the team recommends sizing the
thermal energy storage system such that the boiler’s nominal capacity is roughly 45% of
the average building heat demand. The research by Wang et al. elucidates the potential of
thermal energy storage tanks in the context of biomass boiler heating systems, offering an
avenue for optimizing the operation and improving the overall energy efficiency of these
systems. Integrating TES systems into district heating (DH) infrastructure represents a
significant opportunity. These systems can provide several benefits, including peak load
leveling, enhanced operational flexibility and reduced production costs; which can lead to
more sustainable and economically viable heating solutions. In their comparison of different
heat demand scenarios, the researchers highlight the potential of TES in minimizing costs
and emissions. This is especially noteworthy in the context of sustainable industrial
operations and aligns with the global push for reducing the environmental impact of
energy production and consumption. Despite these promising opportunities, the study also
uncovers some constraints. Technically, challenges related to the design, implementation,
and integration of TES systems into existing infrastructures might pose barriers to their
adoption. Economic factors also present significant constraints. The capital and operational
costs of implementing and maintaining TES systems might be high. They could deter
widespread adoption, especially in areas where the initial investment is not immediately
apparent or outweighed by the economic benefits. The study also points to geographical
and temporal constraints that can influence the effectiveness and feasibility of TES systems.
Factors such as the availability and type of waste heat, heat demand patterns, and seasonal
fluctuations can all impact the overall system efficiency.

Zhang and colleagues [130] embarked on a trailblazing investigation into biomass’s
latent energy storage potential. The researchers innovatively developed a multifunctional
form-stable composite PCM that leverages Guar gum, a natural polysaccharide, to create a
carbon aerogel encapsulating polyethylene glycol. The biomass-derived composite PCMs
demonstrated exceptional characteristics such as robust structural stability, comprehen-
sive energy storage performance, and leakproof quality. When these synthesized PCMs
were applied to solar-thermal energy conversion and storage, they performed admirably,
marking a substantial advancement in the renewable energy landscape. A key opportunity
highlighted by this study is the potential to enhance solar-thermal energy conversion
and storage significantly. Developing such innovative carbon aerogels can escalate solar
energy systems’ efficiency and storage capacity, rendering them more attractive for broader,
large-scale energy production. This could revolutionize the renewable energy sector and
expedite the global transition toward a more sustainable energy economy. Additionally,
the successful utilization of biomass materials in creating aerogels showcases a promising
approach to developing eco-friendly energy solutions. This novel use of biomass supports
the sustainability agenda and provides a pathway to efficiently utilize biomass waste,
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thereby contributing to the circular economy concept. This approach also paves the way
for more cost-effective energy solutions, assuming that the production cost of these carbon
aerogels is economically viable. However, despite these promising opportunities, the study
also reveals significant constraints. One of the primary challenges is the difficulty in achiev-
ing homogeneity in the biomass materials used to create carbon aerogels. Maintaining
consistency in these materials is a critical factor that directly influences the performance
and efficiency of the aerogels in their solar-thermal energy conversion and storage roles.
Another significant constraint is the need to optimize the properties of carbon aerogels to
boost solar-thermal energy conversion efficiency. Determining the proper parameters for
this optimization is a complex task and can affect the overall efficacy of the aerogels. It
highlights the need for additional research and development to fully unlock the potential
of these innovative materials.

Overall, the combined use of biomass energy and thermal energy storage systems
presents several opportunities, including reducing greenhouse gas emissions, stimulating
local job creation, opening up new revenue streams, diversifying the energy portfolio, and
increasing the utilization of renewable resources. Thermal energy storage systems can
optimize the operation and improve the overall energy efficiency of biomass boiler heating
systems, as well as provide peak load leveling, enhanced operational flexibility, and reduced
production costs. Additionally, the use of biomass materials in creating carbon aerogels
can escalate solar energy systems’ efficiency and storage capacity, rendering them more
attractive for broader, large-scale energy production. However, there are several constraints,
including securing a consistent and sustainable supply of biomass, developing efficient
and environmentally friendly technologies for converting biomass to energy, technical and
regulatory barriers to integrating BCHP systems into the existing energy infrastructure,
and high capital and operational costs of implementing and maintaining thermal energy
storage systems. Additionally, geographical and temporal constraints can influence the
effectiveness and feasibility of thermal energy storage systems, and achieving homogeneity
in the biomass materials used to create carbon aerogels is a critical factor that directly
influences their performance and efficiency.

5.4. Combined Geothermal/TES System

The combined use of geothermal energy and thermal energy storage systems has
been examined in several studies. Some researchers investigated the storage of geother-
mal energy in the form of latent energy. The research conducted by Matuszewska and
her team [141] provides an insightful analysis of using a mobile thermal energy storage
(M-TES) system for delivering geothermal heat to individual recipients, specifically in
Polish conditions. They present an innovative solution using a phase change material
(PCM) energy storage container of 55 kWh capacity, demonstrating its potential to over-
come critical logistical challenges in the application of geothermal energy. One of the
primary opportunities this study highlights is the potential of geothermal energy as a
renewable and stable energy source with high utilization efficiency. This sustainable en-
ergy resource holds significant potential in terms of environmental benefits, making it
an appealing solution for energy generation. Another significant opportunity lies in the
high-capacity factors achievable through geothermal resources. The study illustrates that
up to 60% of capacity factors are viable, offering a promising avenue for economically and
environmentally efficient use of geothermal energy. Moreover, the researchers propose a
mobile thermal energy storage (M-TES) system as a novel solution to tackle the challenges
associated with the long-distance transportation of geothermal heat. This M-TES system
enhances the versatility and feasibility of geothermal energy usage, allowing for efficient
storage and transportation of geothermal heat to individual recipients over longer dis-
tances, thereby improving the economic viability of such operations. However, alongside
these opportunities, the study also acknowledges a notable constraint. Climate factors are
recognized as a significant challenge that can limit the effective use of geothermal resources
in certain regions. This necessitates developing and implementing additional technical
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measures to optimize system performance and maintain efficient energy delivery in varying
climate conditions.

In the study conducted by Fleuchaus and colleagues [14], they address the risks
associated with high-temperature aquifer thermal energy storage (HT-ATES) systems and
present a risk assessment framework to mitigate those risks, thereby bridging the seasonal
gap between the demand and supply of thermal energy. A key focus of their work lies in
the exploration of potential opportunities while also acknowledging inherent constraints.
The significant opportunities highlighted by this study involve risk identification and
mitigation strategies for HT-ATES systems. The proposed risk assessment framework
paves the way for a more robust and secure approach toward designing and operating
these systems. Moreover, the study also stresses the importance of promoting sustainable
energy solutions. Their research encourages the integration of renewable energy sources
and enhances thermal energy storage system efficiency, contributing a valuable dimension
to sustainable energy. On the other hand, the study recognizes the constraints associated
with these systems. A notable challenge is the limited availability of data on HT-ATES
systems, which poses an obstacle to a comprehensive understanding and efficient design.
Uncertainties inherent in subsurface conditions also pose a considerable challenge to the
development and operation of these systems, impacting their reliability and performance.
Furthermore, the potential environmental impacts associated with the heat storage and
extraction processes of HT-ATES systems are also a cause for concern, necessitating careful
risk assessment and mitigation strategies.

In their compelling study, Arslan and Arslan [150] investigated the potential for inte-
grating residential-scale latent heat thermal energy storage (RS-LTES) using phase change
material (PCM) energy storage containers in a geothermal district heating system. Located
in Simav, Turkey, the system exhibited numerous opportunities and certain constraints
that are imperative to consider for potential implementation. On the positive side, Arslan
and Arslan’s research illuminates several opportunities. Their investigation underscores
the promise of geothermal energy as a sustainable and renewable energy source for dis-
trict heating systems. This energy choice is environmentally friendly and a viable path
to reduce greenhouse gas emissions substantially. They further highlight the enhanced
performance and reliability of integrating thermal energy storage into the district heating
system. This feature contributes to the system’s long-term sustainability and operational
efficiency. Lastly, the study introduces an important tool: a multicriteria decision analysis.
This framework supports informed decision making, thoroughly evaluating different de-
sign options and technologies. This approach is instrumental in fostering the development
of efficient, environmentally friendly district heating systems. Despite these promising
opportunities, Arslan and Arslan also shed light on the constraints accompanying the use
of geothermal energy. These include the difficulty of accurately calculating the size and
capacity of the generator plant, distribution system, and substations using geothermal
energy as the source. Precise dimensioning of the district heating system is essential for
optimal performance and economic feasibility. They underscore the challenge of selecting
the appropriate thermal energy storage technologies for district heating systems. The effi-
ciency and cost of these technologies can pose limitations, which need careful consideration
during the design and implementation phases.

Overall, the combined use of geothermal energy and thermal energy storage systems
offers promising opportunities such as sustainable and renewable energy sources for district
heating systems, reduced greenhouse gas emissions, enhanced performance and reliability
of the system, and a multicriteria decision analysis framework for informed decision
making. However, there are also constraints, such as the difficulty of accurately calculating
the size and capacity of the generator plant, distribution system, and substations, and the
challenge of selecting appropriate thermal energy storage technologies for district heating
systems due to their efficiency and cost limitations.
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5.5. Combined Ocean/TES System

The combined use of ocean energy and thermal energy storage systems has been
examined in several studies. Some researchers investigated the storage of ocean energy
in the form of sensible energy. In their notable study, Li and colleagues [94] developed a
thermodynamic model for the ocean thermal energy conversion system (OTEC), offering
a load-following control strategy. Their analysis quantitatively evaluated the impact of
manipulated variables on the system’s power output and the superheating of the evaporator
outlet. Despite certain constraints, this study also illuminated several opportunities that
could profoundly influence the effectiveness and efficiency of the OTEC systems. The study
opened the door to several positive prospects. Firstly, it presented the opportunity for
developing advanced control strategies for OTEC systems, enhancing the power output
and mitigating temperature fluctuations in the evaporator outlet superheating degree.
Such improvements could significantly improve the overall efficiency of OTEC systems.
Moreover, their findings offer valuable insights into renewable energy sourcing for islands.
Reducing reliance on fossil fuels could substantially decrease greenhouse gas emissions,
contributing to environmental conservation efforts. Lastly, the study provided valuable
insights, which could enhance the overall efficiency and effectiveness of OTEC systems,
further establishing its potential as a robust and sustainable energy solution. However,
the study by Li et al. also brings certain constraints to light. One major limitation lies in
comparing only two controllers—the model predictive control (MPC) and the proportional
integral (PI) controller. This focus on their performance leaves room for exploring other
potential control strategies for OTEC systems. It indicates a need for broadening the scope
to evaluate a more comprehensive range of control strategies, potentially leading to more
optimized OTEC systems.

In a comprehensive heuristic review, Zhou [151] scrutinized the integration of ocean
energy into intelligent energy systems, focusing on diversified ocean energy systems for
coastal residential communities. This work identified potential limitations and illuminated
remarkable opportunities that could shape the future of ocean energy applications. In
terms of opportunities, Zhou’s review uncovered several promising prospects. The review
explores the potential utilization of advanced ocean energy converters to increase energy
extraction efficiency from ocean resources. Furthermore, the study pointed toward the
benefits of diversified ocean energy systems and hybrid energy storages, which could
bolster energy production and storage capacity and consequently improve the reliability
and effectiveness of the energy system. The study also highlighted the integration of
artificial intelligence as a significant opportunity. This integration could enhance the
sustainability and efficiency of these systems through improved prediction, optimization,
and control mechanisms. Lastly, Zhou proposed strategies for complementary hybrid
renewable system integrations. This effective strategy could help overcome constraints and
seize opportunities, leading toward a carbon-neutral transition. Nevertheless, the study
has its limitations. The primary challenge identified is the fluctuating power frequency,
a side-effect of vertical cascade ocean energy systems. Ensuring stable and grid-friendly
operations necessitates identifying practical solutions to this challenge. This constraint
underscores the need for further exploration and innovation in this realm to ensure that
the efficiency and reliability of these systems are not compromised.

Similarly, in an insightful review, Wang and colleagues [15] critically assessed the
potential of harnessing ocean energy as latent energy for crewless underwater vehicles
(UUVs) operation. The researchers explored the mechanics of ocean thermal energy forma-
tion, the development of ocean-based thermodynamic UUVs, and the current challenges
faced in their application. This comprehensive review lends itself to opportunities and con-
straints in ocean thermal energy storage and application. Wang and colleagues identified
significant opportunities for advancing ocean thermal energy technology. The potential
utilization of ocean thermal energy, a vast yet largely untapped renewable energy source,
was emphasized for powering UUVs. Furthermore, the review identified PCM-based ther-
mal energy-harvesting systems as the most promising technology in the context of these
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vehicles. This recognition suggests room for considerable advancements and innovation
in PCM-based systems, thus paving the way for more efficient and sustainable energy
solutions in UUVs. However, the application of these technologies has its limitations. The
review noted that the slow heat transfer rates of the phase change material (PCM) thermal-
harvesting systems impede their efficiency. Moreover, ocean thermal energy conversion
technologies, including PCM-based systems, are grappling with low conversion efficiency.
Energy storage technologies used in ocean thermal UUVs, such as PCM thermal-harvesting
systems, were highlighted as having a low energy storage density, which presents an obsta-
cle to their operational effectiveness. Lastly, Wang and colleagues pointed out that many
ocean thermal UUV concepts, such as shape memory alloys, thermoelectric generators,
and thermodynamic cycles, are still in the conceptual design phase, indicating an urgent
need for further research and development. Despite these constraints, the study by Wang
and his team provides a valuable resource for understanding the current state and future
potential of ocean thermal energy-powered UUVs. As the study explores opportunities for
innovation, it also outlines the areas where substantial improvements are needed, thereby
contributing significantly to the development of more efficient, sustainable, and advanced
ocean thermal energy applications.

Overall, the combined use of ocean energy and thermal energy storage systems
presents significant opportunities for advancing ocean thermal energy technology, par-
ticularly in powering crewless underwater vehicles (UUVs). PCM-based thermal energy-
harvesting systems are identified as the most promising technology in this context. How-
ever, the slow heat transfer rates of PCM thermal-harvesting systems and the low conver-
sion efficiency of ocean thermal energy conversion technologies present constraints to their
operational effectiveness. Additionally, many ocean thermal UUV concepts are still in the
conceptual design phase, indicating an urgent need for further research and development.

5.6. Renewable Polygeneration/TES System

Renewable resources can be hybridized to complement the individual deficiencies
found in these resources. For instance, solar and geothermal energies can be used as a
di-generation system in some areas to maximize the generated power. Similarly, solar,
ocean, and wind energies can be used as a di- or tri-generation system to enhance electricity
and heat [163,164].

In their noteworthy research, Temiz and Dincer [107], introduce an ocean and solar-
based multigeneration system tailored to the challenging conditions of Arctic communities.
This comprehensive system incorporates a variety of components, such as a concentrated
solar plant (CSP), bifacial photovoltaic (BiPV) cells, cascaded heat pumps, a multi-effect
desalination process, and a polymer electrolyte membrane (PEM) electrolyzer. Addition-
ally, the system utilizes fuel cell systems and thermal energy storage for energy retention.
Through an in-depth analysis using multiple methodologies and software, the researchers
explore the potential of this system in providing essential services, including food and
energy production, for Arctic communities. In terms of opportunities, Temiz and Dincer’s
work highlights the potential of renewable energy technologies, such as ocean thermal
energy conversion, concentrated solar plants, and bifacial photovoltaic systems, in address-
ing the energy needs of isolated Arctic communities. Their proposed system also pioneers
the integration of hydrogen production and thermal energy storage, providing promising
avenues for enhancing the efficiency and sustainability of energy solutions in these harsh
climates. Moreover, the study advocates a comprehensive approach to food production by
amalgamating a fish farm, a greenhouse, and a food drying facility, all powered by their
innovative energy system. Through these innovative strategies, this research opens the
door to significant improvements in the quality of life for Arctic communities by addressing
their perennial food and energy shortages. Despite the promising opportunities, certain
constraints are identified in the study. The harsh and often unpredictable Arctic condi-
tions pose substantial challenges to implementing and operating such a sophisticated and
integrated system. These conditions require robust and resilient systems that withstand
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freezing, ice, and limited sunlight. Another hurdle lies in system optimization; achieving
maximum efficiency and effectiveness necessitates extensive analysis and simulations,
which can be time-consuming and complex.

Additionally, Assareh and colleagues [153] proffer an intriguing model of an integrated
energy system combining an ocean thermal energy convertor (OTEC), a wind turbine, and
a solar flat plate panel to cater to the electricity needs of Iranian households. Using Rankine
cycles for power generation and wind turbines for backup, the system offers a synergistic
approach to harnessing multiple renewable energy sources. This innovative setup under-
went thorough thermo-economic analysis, was gauged against an Iranian household’s
annual electricity consumption, and was further honed using the NSGA-II optimization
algorithm. Their system could feasibly supply electricity to 38 Iranian households annually,
operating with an energy conversion efficiency of 12.53% and producing a net power output
of 448 kW. Furthermore, the proposed system promises an affordable electricity supply of
57.6 USD per hour. Commencing with the opportunities, Assareh and his team’s study
highlights the potential of crafting a sustainable and efficient energy system through the
concerted utilization of diverse renewable energy sources such as solar, wind, and ocean
energy. This integrated approach offers a promising pathway to reducing dependence
on fossil fuels, thus curbing greenhouse gas emissions—an increasingly crucial goal in
the face of global warming. Moreover, their proposed system enhances energy security
by leveraging locally available renewable energy resources, thereby safeguarding against
geopolitical uncertainties and supply chain disruptions. Conversely, several constraints
come into play. Foremost among these is the geographical specificity of the study, which
focuses on Bandar Abas, Iran. This localization could restrict the direct applicability of the
findings to regions with different climatic conditions and resource availability. Addition-
ally, deploying such an integrated system necessitates substantial initial investment and
infrastructure development, which could pose challenges in regions with limited resources.
Lastly, the inherent intermittency of renewable energy sources, particularly solar and wind,
raises the need for further exploration into effective energy storage solutions to ensure the
system’s reliability and stability.

Similarly, solar and geothermal energies can be used as a di-generation system in some
areas to maximize the generated power. A recent study by Li, Tao, Zhang, and Fu [114]
illuminates a suite of opportunities inherent in their innovative solar–geothermal hybrid
system. Foremost among these is the efficient utilization of renewable resources. The
proposed system leverages both strengths by seamlessly integrating solar and geother-
mal energy sources, mitigating dependence on fossil fuels and significantly curtailing
greenhouse gas emissions. In addition, implementing thermal energy storage bolsters
the system’s reliability, delivering unwavering flexibility in power generation, hydrogen
production, and freshwater supply, regardless of the intermittent nature of the solar input.
Furthermore, pioneering a transcritical CO2 cycle heightens thermodynamic performance
while concurrently diminishing environmental impact, providing a compelling alternative
to conventional power cycles. The two-objective optimization process delineated by the
researchers also opens up the prospect of optimizing system configurations. This method
uncovers the most efficient configurations, paving the way for future renewable energy
projects by gleaning invaluable insights. However, a critical appraisal of Li’s research also
brings to light some constraints that could impede widespread adoption. A fundamental
limitation lies in the high initial capital costs associated with the complex nature of the
hybrid system. This considerable financial barrier could limit the accessibility of the tech-
nology and slow its adoption. Geographical and climatic dependency presents another
hurdle. The effectiveness of the solar and geothermal elements is heavily contingent upon
the geographical location and local climate, which can vary markedly and consequently
influence the system’s overall performance. The efficacy of the thermal energy storage
component also hinges on the availability of suitable materials and technologies. As these
might still be in the nascent stages of development, this could stymie the practical deploy-
ment of the system. Lastly, technical challenges in optimizing the transcritical CO2 cycle

37



Energies 2023, 16, 4471

require advanced control strategies and high-level technical acumen. Given the limited
pool of expertise, this might present an obstacle to widespread implementation.

Picone and team [112] meticulously explored the plethora of opportunities in integrat-
ing Aquifer Thermal Energy Storage (ATES) with solar collectors, soil remediation, and
other geothermal energy systems. Doing so paves the way for enhanced energy efficiency, a
crucial asset in today’s energy-demanding era. Their simulations at sites in Belgium and the
Netherlands demonstrated that such an innovative combination increases efficiency and
energy savings. This, in turn, enables ATES to be used even under water scarcity conditions,
thereby expanding its application spectrum. Furthermore, the promising results showing
reduced dechlorination of chlorinated ethenes attest to the potential for reducing envi-
ronmental impact, a critical consideration in today’s climate-sensitive scenario. Picone’s
research not only introduces a novel combination of energy systems but also presents a
blueprint for the cost-effective integration of renewable energy sources. This provides a
creative solution to ongoing challenges in sustainable energy production and management,
further underlining the value of the study. However, even with the positive strides made in
this direction, it is important to recognize emerging constraints. Integrating diverse energy
systems efficiently is riddled with technical challenges that must be overcome to function
optimally. Additionally, legal and regulatory barriers might present obstacles, potentially
limiting the widespread adoption of these innovative combinations. Of equal significance
is the fact that the effectiveness and feasibility of these combinations are intrinsically tied
to local conditions, particularly the geothermal and hydrogeological factors. Therefore,
despite the myriad benefits these integrated systems offer, addressing these hurdles to
unlock their full potential remains paramount.

The research conducted by Senturk Acar and Arslan [105], along with the insights
gleaned from Boretti’s [152] investigation, presents a compelling case for the integration
of solar and geothermal energy to power an organic Rankine cycle (ORC). By incorporat-
ing these renewable sources, there is significant potential for enhanced energy efficiency
and a subsequent reduction in dependence on fossil fuels. Consequently, this transition
could drastically cut greenhouse gas emissions, contributing to a more sustainable energy
landscape. Moreover, using both solar and geothermal energy has been shown to optimize
the performance of the ORC, paving the way for improved energy conversion rates. In
particular, Boretti’s exploration of the considerable geothermal resources within Saudi
Arabia’s Earth’s crust demonstrates the potential for “enhanced geothermal systems” (EGS)
to increase thermal cycle efficiencies by 40% more than traditional methods. The good
coupling of “concentrated solar power” (CSP) and EGS with “thermal energy storage”
(TES) could boost thermal cycle efficiency by over 50%, particularly in regions abundant
in CSP and EGS resources, such as Saudi Arabia. Despite the promising prospects, how-
ever, certain constraints could impede the wide-scale deployment of these hybrid systems.
For one, the availability and suitability of geothermal resources are primarily confined to
specific geographical regions, which could limit the overall adoption. High initial costs
associated with the necessary geothermal and solar energy infrastructure can also pose
a significant financial barrier, potentially deterring investments in these systems. Lastly,
the inherently intermittent nature of solar energy may impact the hybrid system’s overall
efficiency and reliability, adding to its implementation’s complexities. Hence, while these
studies underscore the potential of integrating solar and geothermal energy sources, they
also illustrate the need to address these challenges further to maximize the potential of
these promising renewable energy systems.

Overall, the combined use of renewable polygeneration and thermal energy storage
systems offers opportunities such as reducing dependence on fossil fuels, enhancing
energy security, and mitigating greenhouse gas emissions. However, there are constraints
such as geographical specificity, high initial investment and infrastructure development,
intermittency of renewable energy sources, technical challenges, legal and regulatory
barriers, and dependence on local conditions. Overcoming these constraints is necessary to
unlock the full potential of these integrated systems.
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In conclusion, the comprehensive review of various studies into integrating renewable
energy and thermal energy storage (RES–TES) systems presents an optimistic outlook for
the future of energy production. Harnessing the synergies between disparate renewable
energy sources and TES systems can significantly contribute to the global transition toward
more sustainable and low-carbon energy systems. Such a transition ensures energy effi-
ciency and mitigates our reliance on fossil fuels, easing the ongoing pressures of climate
change. Nevertheless, several constraints must be considered, such as geographical and
climatic dependencies, high initial capital costs, and technical challenges in optimizing
these systems. Continued research, development, and investment are paramount to ad-
dress these challenges and unlock the full potential of these pioneering energy solutions.
Moreover, the document underscores the value of various simulation tools and research
methodologies used in studying RES–TES systems, serving as a rich resource for researchers
and practitioners committed to ensuring a sustainable future for future generations. A
summary of the crucial parameters and terms mentioned in RE and TES systems is given
in Table 4.

Table 4. Key terms for designing combined renewable energy and thermal energy storage systems.

Parameters/Term Description

Biomass Organic matter, such as wood, crops, or animal waste, can be used as fuel for heating or
electricity generation.

Concentrated solar power (CSP) A technology that uses mirrors or lenses to concentrate sunlight onto a small area, which heats
a fluid to produce steam and generate electricity.

Di-generation A system that generates two forms of energy, usually electricity and heat, from a single
energy source.

Enhanced geothermal systems (EGS) A type of geothermal energy production involves creating artificial fractures in hot rock
formations to extract heat from the Earth.

Latent thermal energy storage (LTES) A type of TES that stores energy by changing the phase of a material, such as melting
or solidifying.

Model predictive control (MPC) A control strategy that uses a mathematical model to predict future behavior of a system and
optimize control actions accordingly.

Ocean energy Energy derived from the ocean, including ocean waves, tides, ocean currents, thermal ocean
energy, and chemical ocean energy.

Ocean thermal energy conversion (OTEC) A technology that harnesses the temperature difference between warm surface water and cold
deep water to generate electricity.

Organic Rankine cycle (ORC) A thermodynamic cycle that uses an organic fluid as the working fluid in a closed loop to
generate electricity.

Oscillating water columns A type of ocean wave energy converter that uses waves to compress and decompress air in a
chamber, which then drives a turbine to generate electricity.

Overtopping wave energy converters A type of ocean wave energy converter that uses waves to fill a reservoir with water, which is
then released through a turbine to generate electricity.

Phase change materials (PCMs) Substances that store and release thermal energy during phase transitions commonly used in
thermal energy storage systems for heating, cooling, and air conditioning applications.

Polymer electrolyte membrane (PEM) electrolyzer A device that uses an electric current to split water into hydrogen and oxygen gases.

Proportional integral (PI) control A control strategy that adjusts a system’s output based on the difference between the desired
set point and the actual value, using proportional and integral terms.

Renewable energy sources (RES) Energy sources such as solar, wind, hydro, geothermal, and biomass replenished naturally
and sustainably.

Sensible thermal energy storage (STES) A type of TES that stores energy by changing the temperature of a material without changing
its phase.

Solar parabolic trough collectors A type of solar thermal technology that uses curved mirrors to concentrate sunlight onto a pipe
containing a heat transfer fluid, which is then used to generate steam and produce electricity.

Thermal energy storage (TES) A method of storing thermal energy by heating or cooling material to retrieve the energy later
for heating or cooling purposes.

Tri-generation A system that generates three forms of energy, usually electricity, heat, and cooling, from a
single energy source.
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6. Conclusions

Renewable energy sources (RES) are vital in maintaining the wellbeing of today’s
civilization. Nonetheless, RES often suffer from their intermittent nature, which limits
their utilization. In summarizing the array of studies in this review, it is evident that
mitigating the shortcomings of RES with thermal energy storage systems (TES) presents
promising opportunities and significant constraints. While these systems bring to light
an avenue toward sustainable and renewable energy, their practical effectiveness and
efficiency require empirical substantiation. Cost, performance, geographical influences,
and climatic conditions necessitate careful consideration. Furthermore, the complexities
and cost of these systems, coupled with potential environmental ramifications, signify
formidable challenges. Nevertheless, through meticulous examination and exhaustive
research, these systems possess the capability to revolutionize the clean energy sector,
paving the way toward a more sustainable future. Moreover, this review underscores the
benefits of hybridizing diverse renewable energy resources, such as di-generation solar
and geothermal systems. These hybrid systems amplify the efficiency and reliability of
renewable energy production, thereby fostering sustainable development by reducing
fossil-fuel dependence and curtailing greenhouse gas emissions.

Considering the potential of RES–TES hybrid systems to supplant fossil fuels, explor-
ing interdisciplinary collaborations in these systems is crucial. Encouraging partnerships
amongst academia, industry, and policymakers can facilitate developing and deploying
state-of-the-art RES–TES technologies. Innovation can be expedited by uniting expertise
from various sectors, where potential challenges can be identified and addressed, and an
environment conducive to the investment and adoption of these sustainable energy solu-
tions can be fostered. Establishing standardized performance metrics and benchmarks is
imperative to effectively compare diverse systems, stimulate innovation, and guide future
research and development endeavors. By adopting a holistic and cooperative approach,
the field of RES–TES hybrid systems can advance, contributing significantly to a more
sustainable, reliable, and low-carbon energy future.
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Abstract: The high latent heat thermal energy storage (LHTES) potential of phase change materials
(PCMs) has long promised a step-change in the energy density for thermal storage applications.
However, the uptake of PCM systems has been limited due to their relatively slow charging response,
limited life, and economic considerations. Fortunately, a concerted global research effort is now
underway to remove these remaining technical challenges. The bibliometric analysis of this review
reveals that a major focus is now on the development of nano-enhanced phase change materials
(NePCM), which have the potential to mitigate many of these technical challenges for PCM-based
thermal energy storage systems. As such, our bibliometric analysis has zeroed in on research in the
field of thermal energy storage using NePCMs since 1977. It was found that journal articles were the
most frequently used document type, representing 79% of the records and that the pace of new work
in this specific area has increased exponentially over these two decades, with China accounting for
the highest number of citations and the most publications (168), followed by India and Iran. China
has also played a central role in the collaboration network among the most productive countries,
while Saudi Arabia and Vietnam show the highest international collaboration level.

Keywords: nano-enhanced phase change material; NePCM; latent heat thermal energy storage;
LHTES; bibliometric analysis; solar energy; electronic devices; cooling

1. Introduction

Fossil fuels as primary resources are non-renewable and have severe impacts on the
environment, such as the emission of greenhouse gases and global warming. On the other
hand, energy demands rapidly grow, while generating conventional energy sources is
much lower than their depletion. Hence, renewable energy sources have drawn extensive
attention as potential alternatives [1]. Renewable energy with lower costs can impact
energy supply and demand.

1.1. Thermal Energy Storage

Since the output of many renewable energy sources is unpredictable, they require
energy storage systems. Solar energy is an excellent example of renewable resources com-
ing with low negative impacts. Given that this energy is intermittent and dependent on
weather conditions, efficient energy storage is essential to compensate for the inherent
limitations. Thermal energy storage (TES) systems are widely studied as an effective tech-
nique to store solar energy all day and later utilise it overnight or on overcast days [2].
Recent advancements in TES systems are classified into two main parts: (i) physical storage
and (ii) chemical storage. Physical storage is based on heat transfer mechanisms, while re-
versible chemical reactions play a significant role in chemical storage. As shown in Figure 1,
thermal energy can be stored in physical storage by sensible and latent techniques [3].
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Figure 1. Classification of TESs. Adapted with permission from Ref. [3]. Copyright 2019 International
Journal of Heat and Mass Transfer.

1.2. PCMs in LHTES

PCMs in LHTES units represent a compact medium to absorb and release energy [4].
The phase transition of PCMs is the key factor in charge and discharge TES systems, which
occurs from the solid or liquid phase to the others [3]. Various materials are adopted for
PCMs, such as organic, inorganic, or eutectics with different melting temperatures (−100 to
1000 ◦C). The performance of PCMs is highly dependent on the melting point. In this regard,
PCMs are divided into three categories: low, middle, and high melting temperatures [2].
Huang et al. [5] assumed that the low temperature for melting temperatures is up to
120 ◦C, the middle for temperatures is between 120 ◦C and 300 ◦C, and the high melting
temperature for temperatures is over 300 ◦C. Since PCMs are highly beneficial for storing
thermal energy, they have a wide range of applications in solar systems, save energy in
buildings, lithium-ion battery cooling, and efficient electronic cooling systems [6–12].

However, the serious challenge of PCMs is their low intrinsic thermal conductivity,
increasing phase change process time, especially in solidification, since natural convection
is low and conduction heat transfer is dominant [2]. Hence, various passive solutions have
been proposed to tackle this issue and improve PCM functionality [11,13–15]. A simple
approach is to work on the arrangement of heat transfer fluid (HTF) tubes surrounded
by PCMs. Senthil [13] studied the position of HTF tubes on the melting of PCM. The in-
clined configuration was superior to concentric and eccentric arrangements. The following
solution is HTF tubes with embedded fins to increase the contact area with PCMs and
enhance the heat transfer rate [16,17]. Another method is to combine multiple PCMs with
different melting temperatures to resolve the long process of phase changing [11,14,15].
Mozafari et al. [11] compared the performance of a single PCM to multiple PCMs in a
heat sink. They obtained the best thermal performance when n-Eicosane and RT44 were
combined. Further, the operational time was accelerated by 3.3–12%. Another method is
the nano encapsulated phase change material (NEPCM), which can be adopted in base
fluids [2,18,19]. Eventually, one of the most efficient techniques to overcome the remain-
ing challenge is nano-enhanced phase change materials (NePCMs), achieved by adding
nanoparticles with high thermal conductivity into PCMs [2,20].

Although a large number of NePCM articles have been published in recent years,
no bibliometric study has been reported. The present study provides an overview of the
application of NePCMs in LHTES systems. In addition, it aims to review publications
on nanostructure additives into PCMs systematically and identify the scientific research
direction, productive authors, sources, and countries in this field using bibliometric analysis.
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The study is synthesised into four sections in this paper. Section 2 presents the overview
of NePCMs in LHTES. The literature findings using bibliometric analysis are introduced
in Section 3. A full bibliographic analysis is presented in Section 4, aiming to explore the
literature based on different bibliometrics. Finally, conclusions are drawn in Section 5.
By identifying the research direction, active researchers, leading sources, and productive
countries, the findings in this paper are beneficial for the research communities seeking
literary sources, insight into research trends and focus on NEPCM as well as international
research collaboration opportunities.

2. Overview of NePCMs

Nanotechnology has paved the way to produce particles with higher thermal conduc-
tivity in nanoscales, including metal, metal oxide, single-walled carbon nanotube (SWCNT),
multi-walled carbon nanotube (MWCNT), graphene, and graphite [21]. The addition of
these highly thermal conductive nanoparticles in PCMs improves heat transfer perfor-
mance. However, the thermal conductivity of NePCMs is affected by factors such as the
size, shape, and type of particles, temperature, surfactant, and particle concentration, as
shown in Figure 2 [21].

Figure 2. Influential factors affecting NePCMs’ thermal conductivity. Adapted with permission from
Ref. [21]. Copyright 2019 Journal of Energy Storage.

The use of nanostructures with high thermal conductivity in PCMs enhances the func-
tionality of LHTES significantly [22]. A few contributions were reported using nanoparticles
to enhance the thermal conductivity of PCMs before 2005 [23,24]. Later, a significant number
of publications embraced nanotechnology to improve the performance of LHTES systems.
In 2005, Elgafy and Lafdi [25] examined the effect of nanofibers in paraffin wax and en-
hanced thermal conductivity remarkably in a highly-cited study. As a result, increasing the
carbon additives reduced the solidification time and enhanced the output power. Then,
in a leading study, Khodadadi and Hosseinizadeh [20] analysed the potential of NePCMs
to improve TES performance. Water PCM, enhanced with copper nanoparticles, demon-
strated a higher heat release rate than conventional PCM due to increasing the thermal
conductivity and decreasing the latent heat of fusion. Recently, Yazdanifard et al. [26]
innovatively combined NePCMs with nanofluids to filter radiation and store solar energy
in a photovoltaic thermal system. A wide range of nano additives, such as Al2O3, ZnO,
CuO, Cu, SiO2, and MWCNT, have been analysed in previous studies [27–30].
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3. Methodology

Due to the significance of energy supply in the world, a large number of publications
have focused on using nanoparticles in LHTES units to improve the performance of thermal
storage. Bibliometrics is classified under information science to manage knowledge and
monitor information. While the number of review papers on the content analysis of NePCM
articles is considerable, there is no bibliometric analysis in this field. However, this method
has been widely used in different fields. For instance, Calderón et al. [31] adopted a
bibliometric analysis to identify the trend of TES research over the last twenty years. Later,
Saikia et al. [32] monitored and planned the following research trend in solar cooling using
the bibliometric approach. In addition, a bibliometric analysis was conducted to understand
the perspective of thermal management in lithium-ion batteries [33]. Yataganbaba et al. [34]
analysed, through bibliometric methods, the trend of encapsulation of PCMs between 1990
and 2015. The present study is a preliminary bibliometric analysis of LHTES, revealing that
NePCM is an emerging topic of interest. This bibliometric study will lead researchers and
predict a future trend in the field of NePCMs.

Bibliometrics is a statistical method that illustrates an overview of a specific research
field’s trend and introduces leading publications, publishers, countries, institutions, and
researchers in such research areas [35,36]. Web of Science (WoS) Core Collection is a proper
source of high-quality data for bibliometric analyses [37]. In engineering research fields, the
Scopus database includes a higher number of publications than WoS [37,38]. The present
methodology aims to combine the collected data extracted from both rich databases and
remove all duplicates to include all publications about the integration of NePCMs in TESs.

To conduct the research process, different keywords have been selected to search rele-
vant publications on the two websites, such as “phase change material” AND “nanoparti-
cle”, or “phase change material” AND “nano-particle”, or “PCM” AND “particle”, or “nano
enhanced phase change material”, or “nano-enhanced phase change material”, or “nepcm”,
or “ne-pcm”, AND NOT “nano encapsulated”, AND (LIMIT-TO (language,”English”)
in titles, abstracts, keywords, topics. The search is limited to publications published in
English, while there is no specific time span. With the queries, 926 and 807 publications
are found in Scopus and WoS, respectively. Looking closely at the titles and abstracts of
the collected data results in further refinement. Eventually, exported files are merged,
and duplications are removed. The total number of relevant publications in this field is
equal to 864. The present bibliometric analysis is carried out using VOSviewer [39] and
R package Bibliometrix [40]. The following sections present bibliometric results about
relevant authors, sources, institutions, worldwide networks, distribution of publications
per year, and other information.

4. Results and Discussion

4.1. Main Information

Due to the improvement of LHTES by NePCMs, most of the publications have focused
on this field. As shown in Figure 3, a bulk of publications (79%) collected from the WoS
and Scopus databases have been published as journal papers. Furthermore, 12% and
6% of publications are distributed as conference papers and review papers, respectively.
Proceedings papers and book chapters have slight portions of 2% and 1%, respectively.

The starting year of the NePCM papers is 1977, and the total document number is 864.
However, this research field has become popular since 2005. Hence, Figure 4 shows the
annual growth rate of publications between 2005 and 2021, and a few contributions are not
shown only in this figure. While an overall increasing trend of 20.34% can be seen in this
time span, the number of publications has significantly increased since 2015. It shows that
NePCM is a hot topic that has been able to attract more interest due to its effectiveness. For
instance, the number of publications reached its peak at 181 in 2021.
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Figure 3. Distribution of publications.

Figure 4. Number of all publications per year.

In this analysis, the collaboration through joint publications between countries is
identified by the authors’ affiliations. Bibliographic networks are created to provide the
reader with a visual analysis of bibliometrics pertaining to international collaboration.
Figure 5 illustrates the relationship between countries publishing more than 15 relevant
publications, excluding other countries. In addition, the size of the circles and country
names is weighted based on the number of published articles in the NePCM research field.
As can be seen, China is the most productive country in this research field (168), followed
by India (130), Iran (113), and the United States (67). Saudi Arabia and Iran published
more remarkable multiple-country publications (18 and 15, respectively) in this research
field. Moreover, the thickness of the lines between countries represents interaction strength,
and the colours show different clusters. As the first country with the most significant
interactions, Saudi Arabia collaborated more with institutions in Vietnam, Egypt, India, the
United States, and Malaysia. Therefore, these countries are shown in one cluster in blue.
Moreover, the second cluster in red is formed by Iran, Canada, Turkey, Vietnam, Spain,
and France. The third group in green includes China, the United Kingdom, Pakistan, UAE,
Morocco, Taiwan, and Singapore. Therefore, these countries are shown in one cluster in
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blue. Similarly, the second cluster in red is formed by Iran, Canada, Turkey, Vietnam, Spain,
and France. The third group in green includes China, the United Kingdom, Pakistan, UAE,
Morocco, Taiwan, and Singapore.

Figure 5. Collaboration between countries.

4.2. Analysis of Keywords

To shed more light on the main idea and research methodology, Table 1 shows 10 authors’
keywords with an occurrence over 35. “Phase change material”, with 296 occurrences, is
the most frequent keyword chosen by authors, followed by “nanoparticles” and “thermal
energy storage” with the frequency of 160 and 146, respectively. It is consistent with
the main purpose of the current bibliometric study (i.e., the application of NePCMs in
TES systems). All collected publications have focused on nanotechnology to improve the
performance of LHTES units.

Table 1. Wordcloud of author’s keywords with over 35 occurrences.

Terms Frequency

Phase change material 296

Nanoparticles 160

Thermal energy storage 146

Thermal conductivity 119

PCM 90

Solidification 83

Melting 78

Nanoparticle 78

Nanofluid 41

NEPCM 36
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For further evaluation, Figure 6 shows a treemap of the 30 most occurred words in
research abstracts with the aim of introducing research gaps and trends to researchers.
Treemaps consist of a series of rectangles with different sizes proportional to the frequencies
of the words used in abstracts. As shown, “thermal”, “PCM”, and “heat” have been widely
used in the abstracts of this research field with the frequency of 2759, 2184, and 1964,
respectively. As shown in the figure, every three words with similar frequencies are shown
vertically or horizontally next to each other. The second criterion is colour adopted to
distinguish the difference in each group of words. As evident, “Thermal” is in blue, while
“PCM” and “Heat” are in red and grey, respectively. Then, “nanoparticles”, “phase”,
and “material” are the following widespread words in scientific research on NePCMs,
whereas “volume” has the minimum occurrence (380) in the figure. It also shows that some
influential parameters in NePCM, such as volume fraction, thermal conductivity, and solar
application, are popular in previous studies.

Figure 6. Treemap of 30 most frequent words in abstracts with the minimum occurrence of 380.

4.3. Productivity and Growth Rate

This section discusses the productivity and growth rate of countries and sources.
Figure 7 illustrates the productivity of 10 countries with over 17 articles in the NePCM
research field. China holds the highest number of articles (168), followed by India and Iran
with 130 and 113, respectively. Later, the United States has shared 67 articles, and the other
countries’ publications are significantly lower than these four productive countries, which
is consistent with Figure 5.

The scatter of publications in a given field can be defined by Bradford’s law. In the
present study, it is adopted to identify the leading publishers in the field of NePCM in TES
units. Based on Bradford’s law [41], journals published in a research field can be divided
into three zones, while each zone includes approximately one-third of all publications.
Zone 1 has a few journals, whereas Zone 2 includes more sources, and Zone 3 has the
bulk of sources. In the present bibliometric analysis, 248 sources collected from WoS and
Scopus are divided into three clusters based on Bradford’s law, including Cluster 1 with
8, Cluster 2 with 33, and Cluster 3 with 207 sources. One-third of the 864 publications in
NePCMs have been published by 8 sources, as shown in Figure 8. “Journal of Energy Storage”
holds the highest contribution with 78 articles, and then two journals of, “International
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Journal of Heat and Mass Transfer” and “Applied Thermal Engineering” have published 55 and
43 publications, respectively.

Figure 7. Productive countries.

Figure 8. Bradford’s Law of Scattering.

From another perspective, Figure 9 compares the cumulative evolution of ten pro-
ductive sources per year since 2012. It is highly beneficial for researchers since the figure
shows which sources have attracted a higher number of publications in the last 10 years.
In recent years, “Journal of Energy Storage” has seen the largest publication in NePCM
papers, followed by “International Journal of Heat and Mass Transfer” and “Applied Thermal
Engineering”. However, “International Journal of Heat and Mass Transfer” published more
articles over the years until 2020. The number of published articles in “Journal of Energy
Storage” has steeply increased since 2019. In addition, a closer look indicates that NePCM
has become a hot topic, and all journals have experienced significant growth.
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Figure 9. Cumulative evolution of sources in the last 10 years.

4.4. Authorship and Countries Evolution

In this study, the scientific authorship output is analysed based on the collected
database from WoS and Scopus using several measurements, including H-index, G-index,
M-index, the total citations, and the number of publications. H-index measures the number
of publications with a citation number greater than or equal to H [42]. However, G-index
applies a higher weight to publications, attracting more citations [43]. Unlike H-index,
M-index considers the starting year of authors and is expressed as a ratio of the H-index to
years publishing [42].

Table 2 compares the research output of the 10 top authors in NePCM with some
measurements. The top-one author is Mohsen Sheikholeslami from Babol Noshirvani Uni-
versity of Technology, who records outstanding progress with 33 NePCM articles and holds
the highest bibliometric measurements (H-index = 19, G-index = 33, and M-index = 2.714).
Shafee A., Ganji D.D., and Ghalambaz M. are the other productive authors with a high
number of papers and indexes. The publications of Sheikholeslami M. and Khodadadi J.M.
in the field of NePCM have attracted 2039 and 1404 total citations, respectively. The total
citations of the other authors are less than 1000 in this field. Moreover, the H-index of all
the top 10 authors is higher than 6, and the minimum citation is 189. China and Iran have
3 authors individually among the 10 top authors in this research field.

Furthermore, Figure 10 presents the most highly-cited relevant publications with a
minimum of 249 total citations. The main significance of a publication’s citations is to
guarantee its popularity on the research topic and indicate the scholarly impact of an
article. The purpose of this figure is to identify the most cited publications and introduce
these valuable references to those who are keen to study in this field. Khodadadi and
Hosseinizadeh’s article [20] attracted the highest citation of 474. In this numerical and
experimental study, they revealed early findings confirming the superiority of NEPCM for
TES applications. The second most-cited publication belongs to Kim and Drzal [44]. They
experimentally studied increasing the thermal conductivity of paraffin wax by exfoliated
graphite nanoplatelets.
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Table 2. Top 10 authors in the NePCM field.

Author Affiliation N. of Papers
Index

Citations
H G M

Sheikholeslami M. Babol Noshirvani University of Technology, Iran 33 19 33 2.7 2039

Shafee A. Duy Tan University, Vietnam 20 13 20 2.6 776

Ganji D.D. Babol Noshirvani University of Technology, Iran 19 17 19 2.4 809

Ghalambaz M. Ton Duc Thang University, Vietnam 19 10 19 1.7 623

Khodadadi J.M. Auburn University, USA 13 12 13 0.7 1404

Wang J. Hebei University of Technology, China 13 9 13 0.6 929

Fan L.W. Zhejiang University, China 13 8 13 0.8 281

Mehryan S.A.M. Islamic Azad University, Iran 13 6 13 2 189

Kalaiselvam S. Anna University, India 12 12 12 1. 1 586

Zhang X. University of Science and Technology Beijing, China 12 6 12 0.5 390

Figure 10. Ten high-cited publications in the NePCM field are Khodadadi and Hosseinizadeh [20],
Kim and Drzal [44], Elgafy and Lafdi [25], Yavari et al. [45], Khodadadi et al. [22], Ibrahim et al. [46],
Cui et al. [47], Ho and Gao [48], Wang et al. [49], and Wang et al. [50].

Besides the country’s productivity shown in Figure 7, Figure 11 provides evidence
and information about the number of citations attracted by each country. These two factors
reveal the leading countries with impactful roles in a specific research field in the world.
From the perspective of the most cited countries, China holds the highest cited rank (6184)
in the NePCM field in the world. Then, the United States and Iran have attracted the second
and third ranks of global citations, with 4158 and 3184, respectively. India accounts for
more than 2859 citations, while the citation number of other countries is below 808. Hence,
the total number of citations from the top four countries is 2.3 times greater than all the
citations from other countries.
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Figure 11. Most cited countries for research in TES using NePCM.

5. Conclusions

This paper presents the evolution of the LHTES study with the application of NePCM
through the statistical approach for the first time. An overview of the NePCM literature
review in LHTES in TES units was initially provided. Then, a bibliometric analysis was
adopted to characterise the application of NePCM in thermal energy storage based on the
Scopus and WoS databases.

Despite different techniques to compensate for the inherently low thermal conductivity
of PCMS, the effective method is the dispersion of nanoparticles in PCMs. However, it can
be further improved by some parameters, such as the size and shape of particles, particle
concentration, and particle type. The bibliometric study revealed that the literature on
NePCM in LHTES has exponentially grown over the past 16 years. Journal articles were
the most frequently used document type, consisting of 79% of the records. Moreover,
12% and 6.1% of publications were distributed as conference papers and review papers,
respectively. The analysis showed that the coupling of NePCM with LHTES is a hot
topic that has been able to attract more and more interest due to its proven heat transfer
enhancement. Exponential growth in the publication output is observed, and a peak
record of 181 publications was attained for 2021. The annual growth rate of production
was 20.34%.

China was the most important contributor to the research in NePCM in thermal
energy storage with the most publications (168), followed by India (130) and Iran (113),
respectively. The United States recorded 67 publications in this research field. In terms of
multiple-country publications, Saudi Arabia and Iran published 18 and 15 publications,
respectively, in this research field. Moreover, as the first country with the most significant
interactions, Saudi Arabia collaborated more with institutions in Vietnam, Egypt, India, the
United States, and Malaysia.

Based on the bibliometric analysis, 248 sources collected from Scopus and WoS are
divided into three clusters. Clusters 1, with 8 sources, included 305 publications in NePCM,
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where “Journal of Energy Storage” held the highest contribution with 78 articles, followed by
“International Journal of Heat and Mass Transfer” which accounted for 55, and then “Applied
Thermal Engineering” with a record of 43 publications. Therefore, in recent years, NePCM has
become a hot topic in the aforementioned journals based on the significant growth statistics.

In terms of the occurrence of words in the literature, “Phase change material”, “Nanoparti-
cles”, and “Thermal energy storage” were the most frequent keywords. However, “Ther-
mal”, “PCM”, and “Heat” were frequently used in the previous studies with occurrences
of 2759, 2184, and 1964, respectively.

“Journal of Energy Storage“, “International Journal of Heat and Mass Transfer“, and “Applied
Thermal Engineering“ were the leading players in the field of NePCM. While the “Interna-
tional Journal of Heat and Mass Transfer“ published more articles over the years until 2020, the
number of published articles in the “Journal of Energy Storage“ steeply increased in the last
four years. The rapid advances on the scientific frontiers of NePCM and LHTES resulted
in ever-increasing citations. From the perspective of the most cited countries, China held
the highly-cited rank (6184). Then, the United States and Iran have attracted the second
and third ranks of global citations, with 4158 and 3184, respectively. The top four countries
attracted 2.3 times more citations than the other countries.

The leading publications, publishers, countries, and researchers were successfully iden-
tified. Mohsen Sheikholeslami recorded outstanding progress with 33 NePCM articles and
the highest bibliometric measurements (H-index = 19, G-index = 33, and M-index = 2.714).
Most importantly, the lack of research in specific regions and areas was recognised to allow
for possible collaboration opportunities between the research communities. In addition,
it was observed that researchers’ interest has rapidly increased in this field due to the
importance of LHTES in using renewable energy. It is expected that China will remain the
most productive country, and “Journal of Energy Storage” will have the greatest production
growth in the near future. Mohsen Sheikholeslami’s publications, which attracted the high-
est number of total citations, can be suggested as valuable references to those who are keen
to study in this field. Moreover, it can be concluded that the maturity of this technology is
moderate as there are still drawbacks associated with problems, such as corrosion, phase
separation, and supercooling. These drawbacks require further attention, and therefore
there is still a place to continue performing research in the TES field using NePCM.
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Nomenclature

Acronyms
FEM Finite element method
FVM Finite volume method
HTF Heat transfer fluid
LHTES Latent heat thermal energy storage
NePCM Nano-enhanced phase change material
NEPCM Nano encapsulated phase change material
PCM Phase change material
TES Thermal energy storage
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Abstract: This paper presents a detailed analysis of the research into modern thermal energy storage
systems dedicated to autonomous buildings. The paper systematises the current state of knowledge
concerning thermal energy storage systems and their use of either phase change materials or sorption
systems; it notes their benefits, drawbacks, application options, and potential directions for future
development. The rapid proliferation of studies on installation systems, new composites, and phase
change materials requires a systematisation of the subject related to short- and long-term thermal
energy storage in building structures. This paper focuses on assessing the validity of the current
improved thermal energy storage solutions for buildings with very high energy efficiency standards
and buildings that are energy-independent. The paper presents the current results of the energy and
economic analyses of the use of heat storage systems in buildings. This paper shows the optimal heat
storage systems for autonomous buildings. Moreover, it also shows other potential ways to develop
systems and composites capable of storing heat in autonomous buildings.

Keywords: autonomous buildings; composite thermal energy storage; sorption storage; low-emission
engineering; phase change material

1. Introduction

The development of modern energy-efficient construction engineering has been de-
termined by changes occurring during building design. A logical choice is to increase the
use of thermal energy from renewable sources for building heating, to reduce the heat
losses, and, ultimately, to reduce the building’s demand for heat or cold. In this context, a
satisfactory solution in terms of architectural and construction design of a building is to
achieve a state where the direct and indirect solar radiation gains and internal gains from
the building’s operation make up for the heat losses due to penetration and building venti-
lation. Nevertheless, when striving to achieve low-emission buildings, their functioning
across their entire life needs to be considered.

In addition to their obvious energy efficiency, autonomous buildings are powered
with energy from renewable sources and, characteristically, are as independent as possible
from an outside energy and matter supply throughout their lives. Such buildings are
also analysed from the perspective of the construction materials used and the way that
they relate to closed-loop systems; these analyses use the life cycle cost (LCC), life cycle
assessment (LCA), and life sustainability cost analysis (LSCA) methods [1–6]. In this
context, autonomous buildings fulfil the criteria of sustainable growth [7–11] with regard
to reductions in the consumption of non-renewable resources and their replacement with
renewable resources, reductions in waste production and pollution, and the consumption
of renewable resources no faster than they can be replenished.

An intuitive response to the criteria of sustainable growth in construction is to increase
the share of renewable energy generation, primarily solar energy, in passive systems
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which require no additional power supply. Such systems can be successful if highly
efficient heat and cold short- and medium-term storage systems are applied. Heat and cold
storage systems used within building components are a solution frequently described in
scientific papers; these studies enable autonomous construction objectives to be achieved
in accordance with sustainable growth principles. Due to the dynamic development of
energy-efficient construction, as well as the numerous scientific studies on new materials,
composites, and heat and cold storage technologies for building structures, along with their
installation systems, the authors of this paper see a need to systematise the current state of
knowledge on this subject. To facilitate the use of the information included in this paper, a
graphical diagram of the subject is shown in Figure 1.

Obtaining and distributing heat from renewable sources

Conventional possibilities, advantages and disadvantages of heat 
storage in building elements

Possibilities, advantages and disadvantages of heat storage in 
systems with phase change materials 

Examples of new phase change composites 

Methods of improving heat distribution and limitations in the use 
of phase change thermal energy batteries.

Development of heat and cold storage systems in different types of 
climates

Economic analysis of heat storage solutions

Conclusions and potential directions of development for heat 
storage systems

Examples of modeling the 
functioning of heat 

accumulators using phase 
change materials 

Figure 1. Graphical diagram of the literature available on phase change thermal energy storage systems.

1.1. Thermal Energy Acquisition and Distribution Methods from Renewable Sources

Renewable energy sources are naturally renewed during their use. These are supplies
that are replenished as quickly as they are consumed. By definition, renewable energy
(electricity or heat) is produced from solar, wind, water, geothermal energy, biomass,
biofuels, biogas, or hydrogen obtained from renewable sources.

• Solar energy. Most renewable sources are directly or indirectly dependent on the sun.
Most of the direct gains are absorbed at latitudes around the equator, but this energy
is then dispersed across the planet in the form of winds and ocean currents.

• Wind energy. Air currents can be captured and used to drive wind turbines. Wind
energy shows the fastest growth among all renewable sources.
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• Hydropower. We can also obtain energy from water, based on either its movement or
its temperature differences.

• Geothermal energy. This is obtained by capturing the heat of the earth itself, usually
from depths of up to several kilometres below its surface. It is an expensive source of
renewable energy.

• Biomass. We know different forms of solid biomass: wood fuel, organic components of
municipal waste, or unused parts of agricultural crops. Most types of biomass contain
usable energy.

• Biofuels. Liquid biofuels are generally bioalcohols (e.g., bioethanol) or biooils (biodiesel
or pure vegetable oils). Their biggest advantage is the lower emissions.

• Biogas. This can easily be produced from biologically active waste substances that
arise, for example, from the production of paper or sugar and from sewage, animal
waste, and other substances. These various wastes must be allowed to settle together
and to undergo natural fermentation to produce methane.

1.2. ZeroEnergy and Autonomous Buildings

Zeroenergy buildings (ZBs) are designed and built to use as little energy as possible.
When renewable energy is added to these buildings, they are able to produce enough
energy to meet or exceed their operating requirements. The idea of zeroenergy buildings is
based on ensuring that the heat gains are equal to the heat losses generated during their
operation. This is achieved by reducing heat losses through the thermal enclosure and
ventilation. This should be accompanied by maximum heat gains from solar radiation and
the profits from building equipment and users.

Autonomous buildings (ABs) are designed to be energy self-sufficient. They require
the unique modelling and engineering of a forward-looking building with renewable tech-
nology integration, clean energy storage, and demand reduction as focal points. Moreover,
the AB is not only a zero carbon and zero energy building, but also has zero grid connec-
tion and zero energy bills (ZZZZ)—engineering zero. These are original and innovative
approaches, leading to practical solutions to national environmental challenges, such as
climate change, air quality, green energy production, and local management. The study
found that ABs are more expensive than traditional buildings because they embody the
integration of renewable technologies and highly energy-efficient materials; yet, they offer
the best engineering services and products, which can raise the bar for Kuwaiti villas
and provide multiple solutions: increased housing, increases in green energy production,
increases in air quality, and significant reductions in CO2 emissions, along with the saving
of money and the built environment.

An extension of the idea of zeroenergy buildings is the concept of netzeroenergy
buildings (NZEB). This is based on the aim of increasing the energy self-sufficiency of
a building. The NZEB concept includes the achievement of a zero-heat balance for the
building as well as the full renewability of the energy sources required to power the auxil-
iary equipment for the heating system and everyday appliances. The construction of such
buildings relies on an extensivephotovoltaic (PV) system and small wind turbines. Legal
acts specifying the energy performance building design (EPBD) take into consideration
only the energy demand for the heating, cooling, and, sometimes, lighting of buildings.
Such acts omit the energy needed to power home appliances and the aspects related to
the temporary thermal comfort of building users. Unfortunately, the temporary sense of
satisfaction with the thermal conditions inside the building determines the actual demand
for electricity, heat, and cold, such as by opening the window when the ventilation system
is temporarily inefficient. Furthermore, an important factor that is currently not considered
when establishing the building energy performance is the formingof building heat balances
on an average monthly, not hourly, basis, which neglects the effects of the demand for heat
and cooling that vary over the day. The above deficiencies in the procedures for assessing
the energy efficiency of buildings lead to major discrepancies between the theoretical and
the actual performance. Therefore, heat storage in the building structure can reduce the
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temporary demand for heat and cooling by the building users. Such actions significantly
contribute to reducing the actual energy demand of the building by improving the thermal
comfort of its users.

2. Conventional Possibilities, Advantages, and Disadvantages of Heat Storage in
Building Elements

The main factors determining the efficiency of heat storage systems are their cost, the
efficiency of their heat storage and distribution, and, indirectly, their environmental impact.
The important factors determining the efficiency of the heat accumulator are enthalpy of the
phase change, heat transferability, chemical neutrality, low flammability, and low toxicity.

The most important property is the heat capacity of the substance, which directly
affects the amount of accumulated heat in the substance in relation to the volume. The
higher the heat capacity, the smaller the volume of the substance needed to accumulate
a certain amount of heat. Thermal conductivity is also an important property; it affects
the transfer of heat at the interface between the substance that accumulates heat and the
heat-carrying substance that distributes the heat from the accumulation system to the point
of consumption. Higher thermal conductivity ensures better heat transfer and increased
efficiency. Last, but not least, the reversibility of the substance is also important, i.e., the
ability to heat/cool repeatedly without degrading the material. This property is extremely
important for substances that change states in the heating or cooling process. In the
accumulation of sensible heat, thermal energy is stored during the heating of a substance
that has suitable properties for these purposes. Most often, water, which has a high heat
capacity (4.18 kJ/(kg·K)), is used to accumulate thermal energy in the form of sensible heat.

The advantages of this system mainly include low investment costs, the non-toxicity
of the heat storage substance, and the available range of hot water storage tanks. The fact
that the thermal capacity of the accumulated sensible heat is limited can be considered a
negative. In order to store a large amount of energy, a large storage volume is theoretically
required, which reduces the efficiency in terms of heat loss. It is also true that increasing
the temperature of the substance in order to store more heat increases the heat loss at the
interface of the material with the surrounding environment, which reduces the efficiency of
the process.

Heat storage using phase changes is a method frequently discussed in the scientific
literature. The advantages of this method are high heat storage density, almost isothermal
storage, and the capability to enable wide application in the building structure. Neverthe-
less, the most commonly used groups of phase change materials are often characterised by
a limited heat transfer capacity when they are in the solid state, with a thermal conductivity
of 0.2–0.7 W/m·K. This problem has been addressed by adding thermal conductors, such
as copper and aluminium alloys or carbon fibres with a thermal conductivity of 200, 370, or
470 W/m·K, respectively. There are various heat storage materials. With each method of
heat accumulation, it is advisable to use different materials and to consider their physical
and chemical properties. Water, oils (with the ability to accumulate higher temperatures),
and solid substances (aggregates and concrete) are mainly used to accumulate sensible heat.
The advantages of using solid substances are the elimination of the risk of liquid substance
leakage and their affordability, although their heat capacity is significantly lower compared
to that of liquids.

The accumulation of latent heat mainly involves the use of organic (paraffins, fatty
acids) and inorganic substances (inorganic salts). The melting point of paraffins is in the
range of 12–71 ◦C, while inorganic salts are in the range of 30–120 ◦C. The disadvantages of
organic substances are their flammability and low thermal conductivity, which limits their
use. For the accumulation of thermal energy bound in a chemical reaction, many organic
and inorganic substances can be used which primarily meet the perfect reversibility of the
chemical reaction. Currently, there are many systems that use accumulated solar energy. Its
use finds application in heating applications (hot water heating, radiant heating), but also
for technological purposes and electricity production. In practice, the most widespread
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is the heating of drinking water and the accumulation of energy in the form of sensible
heat in hot water tanks. However, for the needs of heating and seasonal accumulation, the
systems are still limited in terms of efficiency and financial return. Inorganic salts, which
are able to accumulate thermal energy, appear to be an advantageous solution, but their use
is limited due to their low thermal conductivity. To optimize this method, it is necessary to
use measures that increase the thermal conductivity and thus the overall efficiency of the
heat accumulation system. Currently, the accumulation of heat in the form of group heat
can mainly be solved experimentally, although putting it into practice still requires further
research. Similarly, the method of heat accumulation in the form of a chemical reaction is
currently the subject of experiments, and so far, it appears to be a highly advantageous
process in terms of the efficient storage of a large amount of heat in a small volume with
minimal heat loss.

The literature describes methods to better systematise the options for thermal energy
storage in the structures of different materials; Figure 2 shows a diagram of examples.

Figure 2. Summary of thermal energy storage systems in terms of material structures and chemical
compounds.

Another group of systems that enable thermal energy to be stored comprises sorption
systems. Sorption-based heat and cold storage systems utilise the bond energy of the
molecules that form hydrated salts or metal hydrates. In construction, they are used as
bothheat and cold storage systems, often on a large scale, and as substances that improve
heat pump performance. Fan et al. [12] presents a study on a three-phase sorption thermal
energy storage system that improves heat pump performance. The results the study
presents show that a coefficient of performance (COP) of 7.53 was achieved with a top and
bottom heat source temperature difference of 20K. Similar methods of using sorbents to
improve heat pump performance are discussed elsewhere [13–18]. Zhang et al. [19] indicate
that solid–gas sorption thermal energy storage systems are currently the most effective
for obtaining thermal energy from solar plants. The advantages of such systems include
high thermal energy storage density, low heat losses during storage, the ability to store
thermal energy for prolonged periods of time, and flexible operation modes. As an example
of such compounds, SrCl2, with an evaporation/condensation heat of 1630 J/g at −5 ◦C,
was studied. Similarly, Yan et al. [20] noted that salt sorbents were a leading solution that
enabled waste heat or renewable energy to be reclaimed. It was also demonstrated that the
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primary limitations in using this technology, as with PCM, are the ensuring of the necessary
kinetics for the thermal energy storage process and the selection of the sorbent’s parameters
to suit its application.

The drawbacks of using sorption systems for storing thermal energy include a fre-
quently encountered non-linear relation between the temperature increase and the actual
amount of heat released. This issue was investigated by Fumey et al. [21], who demon-
strated that the thermal energy storage potential of the sorbent was not fully utilised. A
sample solution for this issue was presented by Lin et al. [22], where an Al2O3 and LiCl
composite absorbent was used. The resulting sorbent with a 16.44% salt content showed an
absorption of 0.39 g/g and a thermal energy storage density of 345.88 kWh/m3.

Another solution with which to improve sorption cold storage system performance is
to use a sorption thermal battery (STB), which contains a zeolite and MgCl2, as described by
Choa et al. [23]. The battery is dedicated to high-cooling power storage systems, providing
a 15.1% increased thermal storage density, compared to a pure zeolite sorbent, and allows
storage of up to 686.86 kJ/kg. On the other hand, Nguyen et al. [24] discuss the results of
the experimental testing of an activated carbon and MgSO4 sorption composite. Thanks to
the high specific area of activated carbon, the test composite showed an improved water
sorption efficiency and a hydration heat of 920 J/g.

Another use for sorption systems is the new, efficient method of generating hydro-
gen from biomass gasification and decarbonisation, as described by Zhang et al. [25].
The method improves the hydrogen generation efficiency by 17.4% compared to conven-
tional methods.

Heat and cold storage capabilities by salt or metal sorption have a high potential in
theory, but due to the lower actual ability to fix water, their applicability is limited. The
papers [20,23–26] discuss methods for reducing this issue under certain specific conditions,
such as a particular reaction environment, the addition of a new component, or a changed
place where they are applied. Sorption systems provide an important potential for heat
and cold storage at high volumes and high power, which has found practical application
in industry.

3. Possibilities, Advantages, and Disadvantages of Heat Storage in Systems with
Phase Change Materials

Due to the possibility of stabilising daily temperature changes in building compo-
nents through the use of substances and materials in their structures which are capable
of isothermal heat storage, the thermal comfort for the users of buildings modified in
this manner has begun to improve. Scientific studies have begun testing phase change
materials in different forms, such as microgranulate, or directly as mortar additives and
elements of walls or ceilings and as autonomously applied micro- or mini-batteries of
thermal energy in transparent and opaque building partitions, as well as in ventilation, air
conditioning, and heating systems. Using the same phase change material, but in different
construction partition types, can result in diametrically different effects, which is why this
paper separately analyses the use of PCMs in transparent and opaque partitions as well as
complex thermal energy storage systems.

3.1. Phase Change Materials in Transparent Partitions

Numerous examples of using phase change materials combined with transparent
partitions were presented by Soares et al. [27]. The main objectives of using PCMs in this
partition class was to substantially increase their thermal inertia and to better adapt the
absorbed solar radiation energy to the heat gains and demand profile. In this context, it
is justified to use phase change materials for modifying windows, the shading elements
working in conjunction with windows, or the window woodwork. To this end, PCMs
were used as filling for inter-pane spaces [28,29] in window packages or as light-permeable
coatings [30]. Furthermore, phase change materials are used as the filling in blinds and
roller shades [31–35] or as the filling for thermal energy batteries installed within double
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facades [36]. Additionally, PCM thermal energy storage performance has also been tested
by applying it inside glass bricks [37]. In the above examples, phase change materials were
used in the form of granulate or mini-packages by coating pure PCMs [38–41]. An example
of an organic phase change mixture in the form of microcapsules and stable capsules is
shown in Figure 3.

(a) (b) 

Figure 3. (a) Image of Micronal—a coated PCM microgranulate; (b) stable capsule with an organic
phase change material.

Another PCM form frequently described in scientific papers is shape-stabilised com-
posites, SSPCM [42–45]. They take the shape of capsules or packages covered with a
coating that keeps the PCM in place and prevent its controlled unsealing [42,46]. Exam-
ples of using transparent materials directly in windows or window blinds are described
elsewhere [31,32,47]. An image of the use of phase change materials in the form of stable
stalled polycarbonate composite capsules, as well as directly, is shown in Figure 4.

(a) (b) 

Figure 4. (a) Organic phase change material during melting of installed polycarbonate; (b) melting of
phase change eutectic mixture.

3.2. Phase Change Materials in Opaque Partitions

As with opaque partitions, increasing the thermal accumulation capacity of opaque
construction partitions is the object of numerous scientific studies. The daily tempera-
ture fluctuation reduction effect of PCMs will be particularly visible in buildings with a
lightweight frame construction. Even if provided with sufficient thermal insulating power

67



Energies 2023, 16, 4442

for the partitions forming the external envelope, the thermal conditions in these buildings
are sensitive to changing conditions in the external environment.

Studies on solving this issue are described by Soares et al. [48], who investigated the
use of granulated PCM-containing drywall. The tests and their analyses were conducted
for the Mediterranean climate in Coimbra, Portugal, and concerned the functioning of
lightweight steel-framed (LSF) buildings. The test results demonstrated that building cool-
ing and heating performance improved by 62%. Similar analyses and results in using PCM
granulate are described by Saffarin et al. [49]. Similar conclusions concerning the reduction
in the cold demand in buildings located in a hot climate were made by Zahir et al. [50].
Significant potential was shown for solar radiation energy absorption using thermal en-
ergy storage (TES) systems, as well as for solar radiation energy use for the needs of the
building’s users. However, due to the limited ability to regulate heat accumulation and
distribution, these solutions are not widespread. There is an example [51] of a large-scale
study on buildings with PCM-containing partitions; the study holistically discusses their
impact on thermal load levelling reduction (TLLR), the reduction in CO2 emissions (CO2
ES), the average indoor temperature reduction (AITR), the average heat gain reduction
(AHGR), and the energy cost savings (ECS). The experiment was conducted in the hot
climate of Egypt, and the results demonstrated that head load was reduced by 8.71%,
supplied electric power by 56 W, and CO2 ES by 1.35 kg per day. It was also demonstrated
that the PCM performance was the highest when used as part of the roof structure.

On the other hand, Al-Absi et al. [52] discussed an external wall envelope made of
foamed concrete (FC) and a PCM. The tests were performed under real climate conditions
in Malaysia, achieving a 6.75 ◦C temperature reduction inside the test chamber and leading
to a reduced temperature amplitude attenuation decrement and a 32.1% reduced structure
heating rate.

Another example of using PCMs in opaque partitions is the use of foamed cement
with a PCM, as described by Li et al. [53]. The effects of the test composite were verified in
five climate types in China, and the results demonstrated that PCMs performed the most
effectively in a temperate, warm climate.

Phase change materials are also used as additions to brick ceramic elements.
Agarwal et al. [54] present the results of testing a PCM composite made of n-Eicosane
and OM35, applied to ceramic bricks. The analysis was performed in the Indian climate,
where a room was tested made of bricks modified in the above manner, equipped with
a gravity ventilation system. The results showed a 32% reduction in cold demand, but
the solution was deemed economically non-viable due to the estimated payback period of
181 years. An example of using PCMs in ceramic hollow bricks is shown in Figure 5.

Figure 5. Example of using PCM packages in ceramic hollow bricks [55].
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An interesting solution to the problem of temperature regulation limitations in build-
ings using PCMs is described by Leitzke et al. [56]. Based on the example of a building
in the climate of Brazil, a system was proposed involving separate areas designed with
different internal air temperatures. This enabled the streamlining of the heat distribution
system and the improvement of the efficiency of the heat and cold management within
the building. A system designed in this manner showed a 65% reduction in cold demand.
Another solution to the issue of heat distribution in rooms with PCMs was described by
Wang et al. [57], where an adaptive dynamic building envelope integrated with PCMs (AD-
BEIPCM) was proposed. An analysis of multiple previously collected cases demonstrated
a significant improvement in heat distribution within the modified building components.

An awareness of the performance variability of PCM solutions when applied in
different climate conditions is fundamental. Imafidion et al. [58] discusses the results of
numerical simulations of the effects of using retrofitted phase change prefabricated walls
for the thermal modernisation of rooms in the Canadian climate and in the tropical climate.
It was shown that the payback period in the Canadian climate was 35 years, while in the
tropical climate it was 7.6 years.

The use of phase change materials in the form of passive composites and heat and
cold storage systems faces major limitations in the distribution of the stored heat and cold,
as shown in [48–57]. For this reason, the solution for some of these limitations is ready-
made thermal energy batteries, which often form part of active heat and cold distribution
systems. Some examples of PCM use in combination with opaque partitions, as described
by Lichołai et al. [59], are shown in Figure 6.

(a) (b) 

Figure 6. (a) Image of a wall with hollow bricks containing PCM packages [59]; (b) aluminium PCM
battery [59].

3.3. Phase Change Materials in the Form of Thermal Energy Batteries/Storage Systems

Thermal energy battery storage systems are used both as elements working passively
with building elements, such as a thermal envelope [48–55], and as active systems support-
ing the processed heat and cold distribution and storage installations [60].

Zhu et al. [60] present a high-temperature phase change material (H-PCM) system,
which uses the phenomenon of carbon dioxide evaporation and condensation. The solution
is characterised by a high thermal energy storage and heat distribution efficiency due to
the fact that it maintains the properties of a liquid and convective heat transfer by CO2 in
either state of matter.
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Another example of using phase change materials in systems utilising heat exchanges
between liquid and gas is the system described by Momeni et al. [61]; this system stores
waste and residual heat from electric and hybrid car ventilation systems. The researchers
demonstrated that using a PCM with a latent heat of 323 J/g extends the time to heat a
space by 6 min after the power is turned off, and greatly accelerates its heating after the
power is turned on.

Examples of a passive thermal energy battery dedicated to the transparent partitions
used in moderate climates are shown elsewhere [62,63]. It is a ready-made product contain-
ing a new phase change material in the form of a eutectic mixture of propyl palmitate and
butyl stearate, with a melting/freezing enthalpy of 186 J/g at 18–28 ◦C [64–66]. The external
surface of the battery is made of aluminium covered with an absorption coating. The results
of numerical analyses and empirical tests show an increased thermal performance of the
transparent partitions with thermal energy batteries on sunny days. At the same time,
increased heat losses by transparent partitions were noted on cloudy days when compared
to an identical reference window. An example of a PCM thermal energy battery applied
directly beside the building windows is shown in Figure 7.

Figure 7. Thermal energy battery containing a new PCM in the form of a eutectic mixture.

A different application for phase change materials in solar plants or electronic systems
is described by Li et al. [67]. The ability to isothermally store large amounts of thermal
energy was used to reduce the temperature of electronic systems working as thermoelectric
energy generators (TEG). The results showed that the peak temperature values for the test
electric systems were reduced by 33.5 ◦C, and the demand for the current to power the test
system was lowered by 1/10.

One example of natural, environmentallyfriendly thermal energy batteries involves
the salt gradient solar ponds described by Rghif et al. [68]. These are salted natural or
artificial water bodies of various sizes which, due to the dissolved salts, have an increased
heat storage capacity compared to pure water. These reservoirs can be used as natural
stabilisers for the local microclimate or as a source of low-temperature heat. A similar
solution for phase change systems was discussed by Gu et al. [69], who demonstrated
that combining low-temperature heat pump (HP) systems with PCMs that improve the
thermal capacity of a low-temperature source reduces the power needed to supply the heat
pump. It is particularly important today, when reducing building energy demand and heat
emission levels is called for.

In a critical approach to modern applications, when considering the results so far
achieved and the realities of using phase change materials in buildings and components,
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one needs to compare the limitations of using the PCMs themselves and the possibilities of
applying them effectively.

It is obvious that increasing a partition or building element’s thermal capacity alone,
without first investigating the thermal conditions at the location where a phase change
material is to be applied, will not only not bring the assumed results but, as shown by
Musiał et al. [62], may in fact degrade the thermal parameters of the partition. This is a
consequence of, for example, improperly selecting the location to apply a PCM with a
particular phase change enthalpy and temperature range [38,64]. Additionally, a frequently
encountered problem is the selection of the form and geometry of the PCM capsules or
mini-packages, which limit heat distribution. A consequence is incomplete PCM melting
and an additional reduction in stored heat removal during, for example, its solidification.
The above issue is discussed elsewhere [38,64].

Another phenomenon affecting phase change performance is the material’s behaviour
under overheating and overcooling conditions. Excessive heating or cooling of the PCM
may lead to a situation where, despite increasing its temperature above the melting point or
reducing it below the solidification point, the phase change does not occur or is noticeably
delayed. At best it leads to the incomplete utilisation of the heat and cold storage capacity
by the PCM, while at worst it causes irreversible changes in its structure, preventing it
from functioning as designed. A comprehensive description of this phenomenon is given
elsewhere [38].

Due to PCM phase change reversibility within the melting and solidification range and
the ensured immutability of its physicochemical parameters, even after many thousands or
tens of thousands of phase change cycles, the most commonly used PCMs are organic or
derivatives. According to different papers [70,71], the stable capabilities and thermal energy
storage performance are necessary conditions to make PCM application economically viable
in composites with resin-, cement-, gypsum-, or epoxy-based matrices, etc. In this respect,
a significant proportion of the inorganic phase change materials, including light metal salt
hydrates, are inferior to organic PCMs. As described by Vogel [71], this is a consequence
of the phenomenon of congruence, which is an irreversible separation of crystallisation
water from the solid part of the salt as a result of its sedimentation. There are ways, as
described by Smolec [72], to counteract this phenomenon by adding emulsifying agents.
Nevertheless, despite the available methods of preventing the congruence of inorganic salt
hydrates and their much higher phase change enthalpy values than organic PCMs, they
are infrequently used in construction and scientific research.

Another limitation in using organic phase change materials is their relatively low
self-ignition temperature (about 150 ◦C), which limits their use in installation systems,
structurally important building elements, or electric cars. Example comparisons of the
physical properties of organic and inorganic PCMs can be found elsewhere [38,64,71].
Furthermore, an extremely important issue that applies to all groups of phase change
materials is the ensuring of the sealing of the capsule, microcapsule, and larger PCM
package coatings. In addition to the obvious need to ensure the chemical inertness of the
PCM and matrix, it is important to ensure similar thermal expansion coefficient values and
the ability of the coating to withstand significant plastic deformation. This is necessary
due to the phenomenon of PCM volume change by up to 20% when they change their
state of matter during melting or solidification [38,40,41,71]. The aspect of ensuring PCM
capsule sealing is also important due to the undesirable PCM reactions that may occur with
conventional construction materials should their protective coating lose sealing.

The above considerations summarise the limitations and scientific and technical prob-
lems most frequently described in the scientific papers which investigate the use of phase
change materials in construction. For better clarity on this, a detailed summary of the
places and methods of phase change material application in construction materials and
building components is provided in Table 1.
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Table 1. Methods of PCM use in construction and methods of combining them with traditional
construction materials.

Place of Application of Phase Change Materials in Buildings
(Bibliography Numbers)

Method of
combining PCM

with conventional
building materials

Walls Floors Windows
and blinds Heat storage Active

solar system

Combining capsules,
microcapsules containing PCM

with cement or gypsum
53–55, 59 53 27–29, 38–41 67

Impregnation of porous
materials, e.g., aerated concrete,

ceramic bricks
55, 58–59 73 87

Direct mixing of PCM with
cement or gypsum 38 38 86

Production of stable composites
containing up to 80% of pure
PCM with a polymer matrix

(HDPE—shape-stabilized PCM)

64–66 42–66 20 94

Boards laminated with an inner
layer of PCM 57 56 42–45 78, 94

Heat accumulators in the form
of cylinders or cuboids with

dimensions of a few to several
centimetres covered with a

polymer coating, placed in the
free spaces of hollow elements

12 31–31, 47 60–61 67, 72

4. Examples of Modelling the Functioning of Heat Accumulators Using Phase
Change Materials

Modelling the thermal functioning of phase change materials is the subject of numer-
ous deliberations and scientific studies. Attempts to represent the physical and chemical
processes of the state of matter changes in substances, mixtures, or endo- and exergonic
chemical reactions as a function of heat flux density over time have utilised several princi-
pal methods:

• Finite elements method, using splines and specific boundary conditions.
• Finite differences method, using splines and specific boundary conditions and meeting

the thermal diffusivity condition.
• Finite volumes method, using splines and specific boundary conditions.
• Statistical methods linked to the experiment plan and multi-variable function response

planes.
• Methods using fuzzy sets, e.g., Mamdani–Assilian models, used when a large pool of

empirical results for verifying the model is not available.
• Methods using artificial neural networks.

The methods listed above, except the methods using fuzzy sets [73,74] and the artificial
neural network methods [75–77], are modified solutions of the J. Stefan problem [78]. The
problem involves determining the position of a variable relative to time and a coordinate
system of a discrete boundary grid between a liquid and solid substance.

The majority of scientific studies use finite element methods to model the prediction of
the thermal functioning of phase change materials or buildings and composites containing
PCMs [78–81]; some use the finite differences method [82–85] and, more rarely, the finite
volumes method [86,87].

The finite elements method and finite volumes method are characterised by a high
calculation accuracy, although preparing the model is often time-consuming and requires
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knowledge of the boundary condition characteristics at the model construction stage. On
the other hand, the finite differences method is more intuitive and allows the obtaining of
explicit analysis results and variables over time for the entire time section studied. Unfortu-
nately, it is severely limited by the need to meet the condition of thermal diffusiveness and
the need to properly select the time step value, which requires validating the model and
the discrete grid.

Currently, the starting point in modelling non-stationary, complex heat flow in explicit
systems is to determine the temperature or energy level values at consecutive points of the
assumed discrete grid for moment t+1 (the next time step). Examples of a general equation
in the finite differences method for a two-dimensional discrete grid [62,70] are expressed
by Formulas (1) and (2).

Tt+1
i,j =

Δt
Cwi,j·ρi,j

·

⎛
⎜⎝

Tt
i,j−1−Tt

i,j
Ri,j−1↔i,j

+
Tt

i,j+1−Tt
i,j

Ri,j↔i,j+1
+

+
Tt

i−1,j−Tt
i,j

Ri−1,j↔i,j
+

Tt
i+1,j−Tt

i,j+1
Ri+1,j↔i,j

⎞
⎟⎠+ Tt

i,j (1)

Δt ≤ min

⎡
⎣ Δx2

i,j

2· λi,j
ρi,j·Cw,i,j

⎤
⎦ (2)

where R(i−1,j)—heat resistance between points i − 1 and j; ρi,j—density of points i,j;
Cwi,j—specific heat of the material at points i,j; Tti,j−t—temperature of points i,j at time t;
Δt—time step; Δx2

i,j—square of the thickness of the elements i,j; λi,j—thermal conductivity
coefficient i,j.

On the other hand, representing the proper thermal functioning of a PCM during its
phase change is performed by modifying Formula (1) and changing the scalar specific heat
with a spline. This function describes the rate of PCM heating over time and over a discrete
grid; the function is used separately when the PCM is solid orliquid or during the phase
change. In theory [63], the relationship in question can be described using Formula (3).

Cwi,j.PCM =

⎧⎨
⎩

ms·CW.S·(TT − T0) if TPCM > TT
mT·ΔHT if TPCM = TT

ml·CW.l·(Tl − TT) if TPCM < TT

(3)

where TT—phase change temperature of the PCM; Cw—specific heat of the PCM; ΔHT—
PCM phase change enthalpy.

In this case, changing the PCM enthalpy value during its phase change is determined
as the difference between the enthalpy of a specific point in the discrete grid at the next
and current time step, as in Formula (4).

ΔHT = Ht+1
i,j − Ht

i,j (4)

The enthalpy values of any points in the discrete grid, for consecutive time steps, is
determined using Formula (5) [62], by using the temperatures at these points to determine
whether or not the phase change temperature has been reached.

ΔHt+1
T =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Tt+1∫
T=0

h(T)1dT −
Tt∫

T=0
h(T)1dT

∣∣∣∣h(T)1 → for melting
when Tt+1 > Tt

Tt+1∫
T=0

h(T)2dT −
Tt∫

T=0
h(T)2dT

∣∣∣∣h(T)2 → for clotting
when Tt+1 ≤ Tt

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(5)

The above equations are dedicated to pure phase change materials or their isotropic
composites. On the other hand, the approach described by Musiał et al. [87] allows the

73



Energies 2023, 16, 4442

determination of the heat flux flowing through an anisotropic composite using Formula (6).

QA.E =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

if Tp < Tl → AO

t=O∫
t=1

qrdt

if Tp = Tl → mL

t=n∫
t=O

ΔHE.rdt

if Tp > Tl → AO

t=O∫
t=1

qrdt

(6)

where Tl—phase change temperature; Tp—sample temperature; AO—external surface
of the PCM sample; qr—heat flux density flowing through the sample from the PCM;
mL—mass of the PCM being melted; ΔHE.r—PCM melting/solidification heat.

When modelling more complex problems concerning PCM systems, where it is re-
quired to consider the heat transfer between a thermal energy battery and the environment
inside a building or another building component by convection and radiation, then the finite
elements method equations are used. Such calculations are often performed using MAT-
LAB [63], Adina [59] Energy Plus [86], or Ansys fluent [88] software. A different approach
is presented for using the fuzzy inference method and artificial neural networks [73–77].
In this case, it is enough to have a pool of empirical results from experiments to obtain a
result at an acceptable error level.

Selecting the method with which to model the functioning of thermal energy battering
with phase change materials is dependent on the available empirical data and knowledge
of the experimental boundary conditions. An additional factor determining whether
numerical method simplification can be used is the need to meet additional solution
stability conditions.

5. Examples of New Phase Change Composites

Attempts to solve the technical and scientific issues with the use, application, and
functioning of phase change materials, as described in the previous section, have resulted
in the design of new phase change composites. A large portion of the scientific articles
published on the subject concern composite phase change materials with improved heat
distribution properties.

In this context, a logical and scientifically valid method of improving the thermal
conductivity of solid phase change materials is to ensure they work together with metals
that conduct heat well, as described by Xu et al. [89]. The metals applied directly with
PCMs may be used in various forms, as the steel fibres presented by Cui et al. [90] or as the
distributed nanoparticles discussed by Liu et al. [91]. One needs to be aware that improving
PCM thermal conductivity using highly processed materials with a large carbon footprint,
i.e., metal alloys, may not be the most effective solution. Another method of applying
metals to intensify heat distribution in PCMs is to use them in a foamed form [92,93] and
to investigate the relationship between a foamed copper content of 0.43 to 2.15% and the
PCM melting time. The results showed that the most beneficial copper content in the
composite was 0.86%, which allowed the conductive heat exchange to be intensified, while
not restricting the heat exchange by the free convection of the liquid PCM.

Improving heat permeation by using spatial structure conductors is described by
Zhao et al. [94]. The article presents a method of producing metal foams as a framework
for PCM composites obtained using Kelvin cells.

An unusual and interesting method of intensifying PCM heat exchange is the use
of hypergravity. Zhang et al. [95] demonstrated that by using a high centrifugal force to
change gravity from 1 g to 9 g the total melting time of the test PCM could be reduced by
60.24%. An additional factor affecting PCM heat transfer performance was its method of
application and its arrangement. Liu et al. [96] investigated changes in the melting time
of a mixture of aliphatic RT27 alkanes as affected by their position relative to the vertical
and the heat-conducting rods inserted in them. An increase in the intensity of PCM heat
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transfer can be obtained by increasing the speed of its convection. Ho et al. [97] proved
that by increasing the flow rate of liquid PCM to 18.4·10−3 m/s, its melting time could be
reduced 2.83 times, down to 6 min.

Another option to improve heat distribution within a PCM, as described in the sci-
entific articles, is forced convection. Often, as in studies [94,98–102], it is performed by
applying the PCM in a twin pipe system for the convective transfer of heat. In this context,
the use of nano-liquids as a medium that intensifies heat and liquid flow in a unit of time
is viable. Some studies [103] used a nano-liquid (1% Al2O3 solution) as the heat transfer
medium in a twin pipe system containing a PCM. The effect of the above changes was the
achievement of a heat transfer that increased by 32% compared to pure water.

Another category of phase change material modifications intended to create new
composites is the inclusion of conductor materials. It is a compromise between increasing
the conductivity of the composite and maintaining its thermal capacity. A good example
is the new, metallic, wood-derivative phase change material presented by Lin et al. [102].
Coated microcapsules with a PCM, covered with a copper layer, were used to improve the
thermal capacity of porous wooden elements. The results confirmed an improvement in
the composite’s thermal conductivity of 362%, compared to pure wood, while maintaining
an average melting/solidification enthalpy of 92 J/g.

Ryms et al. [103] discuss the use of a free PCM with an addition of post-pyrolytic
carbon obtained from tyre recycling. The resulting composite was used as a concrete
additive. The composite contained the PCM RT21; free concrete and the recycled material
enabled a PCM content of up to 32% to be maintained within the structure of the concrete
elements. Other experimental results on a composite of PCM and expanded glass aggregate
are described by Yousefi et al. [104].

These tests resulted in a composite of PCM and glass fibres with a saturation capacity
of up to 80% and a thermal conductivity of concrete that was reduced by 47%.

Another example of the improvement of PCM thermal conductivity is the PCM and
biocarbon composite, as discussed elsewhere [105]. The biocarbon was obtained through a
pyrolysis of invasive aquatic plants. The testing of the newly obtained composite showed
a 13.82-fold increase in thermal conductivity compared to a pure PCM. An important
technical issue is soaking, with the application of the phase change materials to fibrous,
porous structures. Zhang et al. [106] show an interesting way to solve this problem. The
soaking of a pipe matrix made of carbon fibres with a liquid PCM was performed using
centrifugal force while rotating the matrix. The test results of the organic PCM and carbon
fibre composite produced in this manner showed that a yield point of 19 MPa and a phase
change enthalpy of 77.83 J/g were achieved. An example of the versatility of phase change
materials is provided by Vennapusa et al. [107], with a PCM and nanographene composite
used as a component for clothing materials. The study showed an increased thermal
accumulation capacity and improved user thermal comfort. Example images of PCM
and conductor material thermal energy mini-batteries and their components are shown in
Figure 8.

Another group of phase change composites consists of those where the direct appli-
cation of a pure PCM is possible thanks to the use of a cement, silica, or polymer matrix.
While the matrices improve heat distribution within the composite, they also provide the
composite with a framework and a suitable strength and keep the PCM where it was
applied even when it melts. Examples of PCM composites with a cement matrix that are
used in construction and have a sufficient load-bearing capacity are described [108,109].
The papers present the strength test results for composites of an organic PCM with a slag
aggregate and silicon carbide matrix, which confirm their higher compressive and bending
strength compared to a PCM composite containing a natural aggregate. Zhao et al. [94]
present a wood and plastic phase change composite. The tests showed that the initial
strength properties of the material were maintained after the PCM was applied, while its
thermal conductivity was increased by 26.7%, which improved the heat exchange efficiency
between the environment and the PCM.
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(a) (b) 

(c) (d) 

Figure 8. (a) Compact thermal energy batteries with a PCM and copper conductor; (b) conductor
coke recyclate; (c) compact thermal energy batteries with a pure PCM; (d) thermal energy battery
conductor framework made of copper mesh.

The temperature stabilisation effect of PCMs is also used when designing food packag-
ing materials. One study [110] examined several composites of porous materials and PCMs,
investigating how they affected the heat and cold storage capabilities of the test packaging.

The tests have proven the formation of stable composites of organic PCM (caprylic
acid) with porous materials, such as molecular sieves, clay soils, or perlite.

6. Methods of Improving Heat Distribution and the Limitations in the Use of Phase
Change Thermal Energy Batteries

Improvements in heat distribution within a phase change material and between the
material and the element of a building or installation are principally achieved in one of
two ways. One is to increase the thermal conductivity of the PCM itself by modifying it
with high heat conductivity materials, such as copper or aluminium. The other method
involves intensifying the heat transfer through free convection or forced convection, and it
depends on the character of the PCM used and on the location where the material is applied.
Between the two main solutions to limited PCM heat distribution, active systems (which
require additional power supply) are used to improve heat transfer through convection and
apply mainly to modifying PCMs in transparent partitions, building installation systems,
and larger thermal energy storage systems [111–115]. On the other hand, the intensification
of PCM heat conduction is usually used in passive solutions (which do not require an
additional power supply) and dedicated modifications for opaque building partitions, as
well as for small, compact thermal energy batteries. [52,59,116–120]. An example of an
active system for a mobile indoor blind with a PCM is shown in Figure 9.

Phase change materials in the form of coated microcapsules are frequently used in
many scientific studies [38,41], and they are an element of several finished products in the
form of additives for cement matrix-based mortars or drywall systems. PCM microcapsules
are characterised by a satisfactory thermal stability, but unfortunately, they are also charac-
terised by an insufficient effectiveness in transferring the heat they absorb. Zhao et al. [121]
analysed microcapsule compositions in the context of a polymer matrix content to phase
change core content ratio. Their results showed that a 2:1 weight ratio of the matrix (styrene-
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divinylbenzene) to the PCM core (n-octadecane) enabled themaintenance of the necessary
thermal stability while increasing the microcapsule mass loss temperature from 115.5 ◦C to
160.5 ◦C when compared to conventional matrices.

(a) (b) (c) 

Figure 9. (a) Large-scale test chamber; (b) mobile indoor blinds with a PCM; (c) phase change thermal
energy battery during testing in an isothermal large-scale test chamber [62].

Kant et al. [122] present an overview of the fundamental research on the possibilities to
improve heat distribution. The article notes the necessity to achieve long-term functioning
for thermal energy storage systems in the context of their widespread use in construction.

Chao et al. [123] present a system for the passive absorption of solar radiation and the
accumulation of this energy by phase change polyethylene glycol (PEG) packages placed
in a concrete composite. The analysis results demonstrated an improvement in the test
building’s thermal energy accumulation system by 23.4% with a payback period estimated
at 4.2 years.

Another group of studies showing improvements in PCM heat conduction are those
that used allotropic forms of carbon, such as graphene, fullerenes, or recycled waste
materials from metalworking or refining processes [116].

The use of phase change materials to improve the effectiveness of heat distribution in
ventilation installation systems or in convective heat exchangers is the subject of numer-
ous scientific papers [73–75,116]. One of the more frequently referenced technical issues
in scientific studies on PCM applications in these systems concerns the type, geometry,
and shape of the conductor exchanger (usually made of copper of an aluminium alloy).
Wang et al. [124] demonstrated that among the flow-based heat exchangers, the most effec-
tive in terms of distributing the heat stored in the PCM are conductor exchangers with a
concentric design and radially arranged heat conducting elements.

Wang et al. [57] presented options for adapting thermally dynamic building envelopes
containing phase change materials in sealed packages. Empirical and simulation calculation
results were analysed, showing frequent limitations in the PCM applications in construction,
such as their thermal capacity not being fully utilised, limited heat distribution ability
within the PCM, or limited ability to control the PCM.
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An interesting solution is to use the cascade heat storage system (CLHS), as described
by Shen et al. [125], in ventilation systems with phase change materials. This partially
solves the problem of the thermal overload of conventional thermal energy storage systems
containing a single PCM type. The test system allowed the risk of overloading the thermal
energy batteries to be reduced by 73.21%.

7. Development of Heat and Cold Storage Systems in Different Types of Climates

The intended purposes of using phase change materials, such as by adapting the
heat or cold demand curves to fit their reservoirs in thermal energy storage systems, are
factors that decide the effectiveness of the thermal energy storage systems. Depending
on the outdoor and indoor climate conditions or the need to acquire and store energy
from renewable sources, as in moderate climate conditions, or the need to prevent room
overheating in a subtropical climate, PCMs can be placed either on the indoor or the
outdoor side of the partition. The above relations are discussed by Lu et al. [126].

Due to reasons related to technology, the PCM ability to isothermally store heat is
usually used for short-term thermal energy storage systems, which limits the viability of
their use. The following papers provide examples of solutions to the issues of overcooled or
overheated rooms in different climate types. A method for preventing window overheating
is to place vertical grids of window packages between the glass panes, as described by
Lai et al. [127]. The empirical results obtained in China and the USA showed a reduction
in the cooling load of air-conditioned buildings by 37.8% and 24.8%, respectively.

Samandi et al. [128] propose the use of horizontal mobile roller blinds, which simulta-
neously provide better natural lighting in rooms and reduce costs. In addition to the ability
to store heat, the tested roller blinds can reflect part of the solar radiation to the interior
thanks to the PCM they contain.

Improved building window shading performance in warm climates has been achieved
with the use of controlled shading. The system described in [129,130] is based on changing
the blind position depending on the time of day, season, latitude, and light demand.
Chi et al. [131] show an example from India, demonstrating that the use of such a system
leads to a reduction in room cooling costs by 7.57%. A similar fixed outdoor blind solution
was tested in cold Chinese climate conditions [132]. The test results showed that the most
effective angle for outdoor window blinds was 90◦. The result of the tests was an energy
saving of 21.77% compared to the reference rooms.

The proper use of transparent partition shading systems with PCMs [31,32,133] can
reduce the costs of room heating or cooling. There are also modifications and modernisation
options that improve the thermal performance of transparent partitions with PCMs that
use electrochromic installations [134], solutions supported with air flow systems [135],
and greenery systems that stabilise the temperature [136].Vinga et al. [137] considered a
modification of the vertical greenery surfaces with a mobile window shutter system. The
results showed that windows combined with greenery systems enabled an 11.5% reduction
in the need for room cooling during the summer.

The essence of window and roller blind modernisations in buildings is the viability of
the modernisation across the entire building life cycle. Li et al. [108] provide an empirical
and numerical analysis of the viability of window modernisation with phase change
materials under Brazilian climate conditions. The analysis was performed using the Energy
Plus software, and the results demonstrated a significant reduction in the air conditioning
costs of the adjoining rooms when using external wooden shading systems.

Due to their purpose of providing transparency and light permeability, transparent
partitions are characterised by low thermal accumulation capacity. For this reason, their
temperature is sensitive to momentary changes in atmospheric conditions, external climate,
and room microclimate. Due to the solar radiation gains, they also exhibit high instanta-
neous efficiency, suggesting broad opportunities for successful modifications with phase
change materials. Furthermore, for the above reasons, PCM modifications of transparent
partitions may bring more palpable effects than the modification of opaque partitions.
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Consequently, another study [138] analysed nine different methods of applying PCMs
in transparent partitions. This was conducted in the inter-pane spaces using aerogels and
transparent thermal insulation. When discussing the advantages and drawbacks of each
solution, the authors noted the benefits of increasing the thermal inertia of windows and
showed the limited efficiency of these solutions during the winter season. On the other
hand, Qui et al. [139] present the technology and application limitations as well as the
detrimental visual aspects of applying different forms of PCMs to window structures.

When modifying transparent partitions with PCMs, their sensitivity to changing
outdoor climatic conditions restricts the viable usefulness of PCMs with specific phase
change temperature ranges. In this context, PCM usefulness is decided by the phase
change enthalpy value and the temperature range in which the change occurs. According
to some papers [63,64,134,139–143], it is viable to use PCMs with melting/solidification
temperatures within the 16–28 ◦C range. Ultimately, they depend on the properties of the
building element to be modified, the climate type, and the location of the PCM application.

Ensuring the right heat transfer rate between the PCM and the adjacent building
elements is one of the main issues in using them. In one study [144], the authors reduced
this problem by using honeycombed aluminium panels. This allowed them to increase the
thermal energy adsorption, removal, and storage potential in a PCM structure.

Another option for reducing the costs of thermal functioning of building rooms is to
use PCMs in the window blind structure. According to one paper [60], the year-long use
of blinds with a phase change material in the South Korean climate extended the thermal
comfort period by 34% and reduced the cooling load by 44%.

An intensified heat flow in a ventilated window design with a phase change material
was achieved in another study [143]. The tests were performed in the Copenhagen climate,
and they concerned an analysis of the permanent thermal energy capacity of 3.19 MJ of a
PCM applied as 5 mm, 10 mm, or 20 mm thick boards. The results showed that the most
thermally effective were the thinnest PCM boards.

Forced air flow as a mechanism to improve PCM heat distribution is important,
especially in warm climates. Under such conditions, transparent partitions with external
walls can cause building interior overheating. Li et al. [145], on the other hand, analysed
the calculated simulations of liquid flow in the inter-pane space of a window package
with a surface area of 9 m2. Feeding this system with the heat or cold obtained from
renewable sources allowed the stabilisation of the window temperatures throughout the
day. The deliberations concerned the renewable energy acquisition from multiple different
sources, such as low-temperature geothermal springs and active solar systems. The results
confirmed that a zero-heat growth in the test room was achieved. A similar solution is
described by Lyu et al. [146], and the results show a reduction of 43% in the amount of heat
transferred through the test window during the summer period.

Modifying conventional transparent partitions with phase change materials [63,66,147]
may result in the degrading of their thermal insulation properties during the night and on
cloudy days. An example described by Musiał [66] is a phase change battery applied in the
inter-pane space of double windows, enabling direct and indirect solar radiation gains to
be absorbed [66]; see Figure 10.

For this reason, another study [148] investigated a new composite of a PCM and silica
aerogel. The results showed that the aerogel and PCM packages were effective only in a
cold climate.
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Figure 10. Diagram of inter-pane PCM thermal energy battery functioning.

8. Economic Assessment of the Use of Heat Storage in the Building

One of the main criteria justifying the use of heat storage in buildings is the reduction
in financial costs related to the heating and cooling of the building. In addition to the
desire to reduce the costs of thermal functioning, thermal self-sufficiency is also important
in autonomous buildings. The thermal self-sufficiency is also important for autonomous
buildings. Faraj et al. [149] studied the economic benefits of using PCM in the walls, floor,
and roof of a test room. The results showed an economic benefit of USD 225 per year; so, it
was possible to determine the payback period of 6.82 years for a PCM room upgrade. This
result was obtained by using PCM simultaneously in all three components of the building
and applying it to active and passive systems.

Hou et al. [150] presented the test results of test rooms with PCM-applied walls. The
results of the financial analysis for the most effective PCM parameters and its location show
savings of 21.07%. Due to the cost of the PCM and its passive functioning, the investment
may only pay off after 25 years.

The thickness of the layer of PCM applied in the building structure has a major impact
on the efficiency of heat storage and the investment payback period. Elefky et al. [151]
presented an economic and energy analysis of the use of different thicknesses of PCM. The
results demonstrated that the most effective combination of PCM in a building component
was 70% PCM and 30% secondary component, which meant savings of 15%. Similar
conclusions were presented by Tafuni et al. [152], who showed the possible storage of
cold and heat in the stone deposits of greenhouses and glass extensions; the result was
a potential savings of 153 USD/MWh. On the other hand, Li et al. [153] presented the
results of the analysis of waste heat savings through the installation of a buffer tank in
the building. This allowed a 31% reduction in the thermal load and annual savings of 5%,
and the investment was paid off after 15 years. An alternative to the examples described
above may be the use of a hybrid, multi-source heat recovery and storage system [154–157].
According to Fu et al. [156], hybrid systems can store heat for up to 3–4 months, resulting
in savings of 16.9%. On the other hand, according to Taheri et al. [155], it is not the use of
phase change materials but a multi-source system of heat pumps with a pressure buffer
storage that allows energy cost reductions of up to 78.96%.

An important economic aspect is the supply of electric energy to active heat storage
systems. Shayan et al. [158] proved that the use of flexible photovoltaic panels on various
oval-shaped structures increased the return on the investment from 34.8% to 40.5%.
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The above papers show great opportunities to reduce the costs of heating and cooling
in buildings when using either phase change materials or hybrid, complex systems. The
least efficient method is the passive operation of pure phase change batteries, while the most
efficient solution is complex hybrid systems, which are not used frequently in single-family
residential buildings due to their high initial cost.

9. Discussion

This review of the current state of knowledge concerning thermal energy storage
systems dedicated to autonomous buildings highlights the current advantages, drawbacks,
and limitations of their applications. It must be noted that current heat and cold storage
solutions and technologies exhibit similar limitations in terms of the use of their potential.
The primary and not fully solved issue is the insufficient heat and cold removal system,
which limits their potential.

In the context of improving the thermal performance of autonomous buildings, there
is no sufficiently effective and easily available thermal energy storage and distribution
system that would use PCMs without a phase change or sorption. However, the goal of
the thermal autonomy of buildings can be achieved more easily by using a combination of
sorption and phase change thermal energy storage systems. To this end, high-performance
composite sorption systems modified with high specific surface area compounds, such
as activated carbon, need to be used in heat pump systems and heat and cold recupera-
tion and distribution systems. Additionally, sorption-based installation systems enable
effective, isothermal, medium- and long-term heat and cold storage over a broad range of
temperatures.

The use of phase change materials within their melting/solidification temperature
range can enable the stabilisation of the daily temperature fluctuations in transparent parti-
tions and can extend the time to consume the solar radiation energy absorbed. Additionally,
composite phase change materials with high heat conductivity values successfully increase
the thermal capacity of lightweight frame construction partitions.

It needs to be noted that an additional factor affecting the viability of using heat
and cold storage stems is the character and type of the outdoor climate and the designed
temperature inside the building rooms. In this context, PCMs applied in passive systems
achieve better performance in warm climates, noticeably reducing peak temperature values
and reducing the demand for cooling power.

However, in economic terms, the simple sorption systems and PCM result in savings
of around 20–25% of the heating and cooling costs in buildings.

To summarise the above conclusions, the most effective solution is currently a hybrid
combination of sorption and phase change thermal energy storage systems applied in those
locations and installations where they exhibit the greatest energy benefits.

At the same time, it needs to be noted that further development and improvement is
needed in storage systems for waste heat and the heat obtained from renewable sources;
this would enable them to be widely applied in construction.

According to the authors, the solutions that should be developed are multi-source
hybrid systems for supplying buildings with heat and cold. Other promising solutions are
systems for storing heat and electricity using buffer pressure tanks, as well as energy and
cooling storage systems for hydrogen turbines.
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Abbreviation

Symbol Name

ADBEIPCM Adaptive Dynamic Building Envelope Integrated with PCM
AHGR Average Heat Gain Reduction
AITR Average Indoor Temperature Reduction
AB Autonomous Buildings
CLHS Cascade Latent Heat Storage
COP Coefficient Of Performers
CO2 ES Associated CO2 Emissions Saving
ECS Energy Cost Saving
EPBD Energy Performance Building Design
FC Foamed Concrete
HDPE Shape-stabilized PCM
HP Heat pump
H-PCM High-temperature Phase Change Material
LCA Live Cycle Assessment
LCC Live Cycle Cost
LSCA Live Sustainability Cost Analysis
LSF Lightweight Steel-Framed
NZEB Net Zero Energy Buildings
PCM Phase Change Materials
PCM-FC Phase Change Material—Foamed Concrete
PGE Polyethylene Glycol
PV Photovoltaic panel
SGSP Salt Gradient Solar Pond
SSPCM Shape-Stable Phase Change Materials
STB Sorption Thermal Battery
TEG Thermoelectric Power Generator
TES Thermal Energy Storage
TLLR Thermal Load Levelling Reduction
ZB Zero Energy Buildings
ZZZZ Zero Carbon, Zero Energy, Zero Grid Connection, and Zero Energy Bills
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Abstract: Thermal energy storage (TES) based on molten salts has been identified as a key player
in the transition from fossil fuels to renewable energy sources. Solar Salt, a mixture of NaNO3

(60 wt%) and KNO3 (40 wt%), is currently the most advanced heat transfer and storage material used
in concentrating solar power (CSP) plants. Here, it is utilized to produce electricity via a Rankine
cycle, with steam temperatures reaching 550 ◦C. The goal of this study is to increase the operating
temperature of solar salt to over 600 ◦C, allowing it to be adapted for use in high-temperature
Rankine cycles with steam temperatures greater than 600 ◦C. Yet, this goal is impaired by the lack
of available thermodynamic data given the salt’s complex high-temperature decomposition and
corrosion chemistry. The study explores the thermodynamics of the decomposition reactions in
solar salt, with a focus on suppressing decomposition into corrosive oxide ions up to a temperature
of 620 ◦C. The results provide a new understanding of the stabilization of solar salt at previously
unexplored temperatures with effective utilization of gas management techniques.

Keywords: molten salt; nitrite formation; oxide formation; high-temperature chemistry; thermal
energy storage; concentrated solar power (CSP)

1. Introduction

Providing dispatchable renewable energy at a GWh scale has become increasingly
significant in the last decade. Thermal energy storage (TES) based on molten nitrate salts is
currently the standard solution in several concentrated solar power (CSP) plants to provide
dispatchable electricity during day- and night-times. Solar salt, a mixture of 60 wt% NaNO3
and 40 wt% KNO3, is a commonly used TES material for temperatures up to 565 ◦C [1–3].
The overall efficiency of the power block and storage capacity could still be enhanced if
the stability limit could be extended well above 600 ◦C. Yet, temperatures above 600 ◦C
lead to the formation of toxic gases (e.g., NOx) and corrosive decomposition products in
the salt, which are potentially harmful to, e.g., the container materials [4,5]. Additionally, it
has been demonstrated that contact of molten salt with alloy materials (e.g., Inconel 625,
45# carbon steel) is related to the evolution of NO and NO2 [6,7]. These toxic gases cannot
be released into the environment without further gas treatment [8]. The chemical nature of
solar salt has been intensively studied, and there is general agreement on a decomposition
mechanism with two reaction steps. Initially, the nitrate anion (NO3

−) will decompose to
form a nitrite ion (NO2

−) under the evolution of oxygen (O2) (Equation (1)).

NO−
3 � NO−

2 + 0.5O2 (1)

At temperatures beyond 565 ◦C, the NO2
− -ion will decompose to form oxide ion

species (e.g., O2
2−, O2

−, O2−) under the evolution of nitrous gases (e.g., NO, NO2, N2O).
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The following equilibrium reactions (Equations (2) and (3)) represent the most likely
possibility for the second degradation step of solar salt at elevated temperatures [9,10].

2NO−
2 � O2− + 2NO + 0.5O2 (2)

2NO−
2 � O2− + N2 + 1.5O2 (3)

So far, the first decomposition step of NO3
−-anions (Equation (1)) has been proven

valid [11,12]. For the second decomposition step, several reaction mechanisms were sug-
gested, and, for solar salt above 600 ◦C, the majority of them can be described by a
combination of Equations (2) and (3) [13–16]. Equation (2) is considered to include the
temperature-dependent gas–gas equilibrium reaction (Equation (4)), which lies on the side
of NO for temperatures above 300 ◦C [17].

2NO + 0.5O2 � 2NO2 (4)

Equation (3) is understood as a subordinated decomposition reaction related to Equa-
tion (2), although Yang et al. [6] reported that it is favorable from a thermodynamic perspec-
tive. However, in the studies of Wright et al. [9] and Olivares et al. [18], the N2 emission
was measured to be an order of magnitude less than the emission of NO. Owing to this
fact, Equation (2) is understood as the primary reaction path for nitrite decomposition
in the presented work. This reaction generally leads to the formation of corrosive oxide
ions coupled with the release of nitrous gases. The exact stoichiometry and mechanism,
however, still need to be confirmed experimentally.

The authors believe that the whole potential of solar salt as a TES medium, in terms
of its maximum operating temperature, has not yet been exploited. The main reason
for this limitation is the usage of a system configuration where the hot and cold tanks
of the TES system are openly connected to ambient air. In this case, NO3

− and NO2
−

concentrations equilibrate as a function of the present oxygen partial pressure, according to
Equation (1) [2,19]. However, nitrite decomposition (Equation (2)) is not stabilized since
nitrous gases are constantly flushed out of the tanks [8,20,21]. Consequently, oxide ion
formation can thermodynamically never reach equilibrium and should continue to increase
during the lifetime of the plant to an unacceptable level. This can potentially result in
aggravated corrosion, which is a crucial factor hindering TES with nitrate salts by moving
to higher operating temperatures [22–24].

Retaining reactive gases such as O2 and NO or NO2 in the system would effectively
prevent the decomposition of the nitrate salt, which has been partly demonstrated previ-
ously [25].

In this study, the presence of nitric oxide (NO) in the purge gas was proven to reduce
the rate of O2−-formation significantly [26,27]. Yet, a fully stabilized solar salt system with
a constant oxide ion concentration at 620 ◦C has not been presented in the literature. It has
been suggested that transport limitations and corrosive side reactions may have affected
the solar salt chemistry, leading to misinterpretation of chemical equilibria, especially on
small-scale experiments (e.g., sub-kg scale). In their kinetic study, Nissen and Meeker [11]
have already revealed that it is necessary to eliminate oxygen (and nitrite) mass transport
effects in order to achieve reproducible data, but they assumed that there were no errors
in the thermodynamic equilibrium data. However, in a more recent study [28], it was
found that above 600 ◦C, all of the present thermodynamic datasets for solar salt are
most likely afflicted by decomposition reactions or mass transport limitations and do not
reflect a thermodynamic equilibrium. In consequence, the interpretation of those results
leads to false thermodynamic predictions, especially on the high-temperature properties
of solar salt. However, the authors suggested that the data of Sötz et al. [12] generated
at temperatures below 550 ◦C are in fact applicable for elevated temperatures if side
reactions are reduced to a minimum. With this study, by more careful experimental design
improvements, the requirements for generating data without side reactions were met.
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These include the replacement of metal components of test rigs previously utilized for the
generation of high-temperature thermodynamic data with a fully ceramic experimental
setup. Additionally, experimental design improvements involved the appropriate selection
of process parameters (e.g., purge gas). A new experimental series with an improved
setup up to 620 ◦C and a thermodynamic evaluation is presented. For the first time, the
experiments demonstrate the impact of several nitrous gas species (NO, NO2, or N2O) as
well as N2 on the oxide ion-producing reaction up to 620 ◦C to identify the most relevant
reactions for the stabilization of solar salt.

2. Material and Methods

Solar salt (60 wt% NaNO3, 40 wt% KNO3) was produced by stoichiometric mixing of
NaNO3 (Merck, purity > 99%) and KNO3 (Merck, purity > 99%). For each experiment, an
autoclave test rig (described elsewhere [25]) was loaded with 150 g of solar salt contained
in an Al2O3 crucible. The in-house setup (see Figure 1a) was designed in such a way that
only the lower part of the autoclave is heated. Salt creeping up the crucible walls will
solidify in the cold part and fall back into molten salt. The reported setup was optimized
by substituting stainless steel components with full ceramic (Al2O3) components (see
Figure 1b). The autoclave test rig is temperature controlled with a maximum deviation
of ±4 ◦C. To fix the atmospheric composition, the salt is purged with a constant gas flow
(100 mL/min) adjusted by calibrated flow meters (EL-Flow; Bronkhorst high-tech B.V.,
AK Ruurlo, Netherlands). To avoid concentration gradients in the molten salt, every
experiment is stirred at 60 rpm if not mentioned otherwise. After melting the salt mixture at
300 ◦C under a flow of synthetic air (5.0 grade, Linde Gas), the auto sampling unit (detailed
picture in [25]) is mounted onto the autoclave test rig. Subsequently, the desired purge
gas flow is adjusted by mixing O2, N2, and a reference gas containing 2000 ppm NO (NO2,
N2O) in N2 (all 5.0-grade Linde gas). The concentrations of O2 (vol%), CO2 (ppm), NO2
(ppm), and NO (ppm) in the exhaust gas are continuously measured with the Emerson
X-SREAM analyzer (Model XEGP, Emerson Electric Co., St. Louis, USA). The salt is heated
to the target temperature (e.g., 600 ◦C, 620 ◦C). Upon reaching the target temperature, the
first salt sample is collected (t = 0 h). Over the course of the isothermal experiments (approx.
1200 h, ±2 ◦C), salt samples are extracted and analyzed by wet chemistry to monitor salt
composition. To investigate whether oxide ion formation is limited by mass transport, the
agitator speed is adjusted between 0, 60 (default speed), and 120 rpm.

To reveal the ion content of the salt samples, ion chromatography (IC; Metrohm
model 883 Basic IC plus) was utilized. About 125 mg of the salt sample was dissolved in
ultrapure water (conductivity < 0.055 μScm−1) and analyzed. As a result, the content of
nitrate and nitrite is given in absolute values based on a standardized calibration of the
IC method. A detailed description of the experimental procedure and calibration is given
elsewhere [28]. The oxide ion contents were determined by automated acid base titration
(Metrohm Titrando 800, Herisau, Switzerland) under an inert purge gas of N2 (5.0-grade
Linde gas). This technique is based on the reaction of basic oxide ions (e.g., O2−) in water to
form two hydroxide ions (HO−). By titration of HCl solution (0.01 M) until neutrality, the
amount of hydroxide ion can be determined. A detailed description is given in our previous
work [27]. The limit of detection (LOD) for oxide ions, represented as O2− in this work, was
below 0.01 mol% (20 ppm) with regard to salt composition. The measuring errors of nitrate
and nitrite content were ±0.3% and ±0.9%, respectively. For the detection of oxide ions,
the relative error at the LOD was ±14%, which is the maximum deviation and is applied
below the limit of quantification (LOQ > 0.07 mol%). Above the LOQ, the error was as low
as 2% and is shown as error bars for the oxide data points in the plots of this work. For
nitrate and nitrite, the error bars lay within the symbol size. Cation concentrations of all
experiments were monitored and remained unchanged over time and hence are not part of
the discussion. Anion concentrations are given and discussed in relative molar percentage
(mol%), where the sum of all anions detected (NO3

−, NO2
−, O2−) is equal to 100%.
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Figure 1. (a) Schematic image of the autoclave test rig with inside view of different components.
Hot section indicated by orange arrows. (b) Anion content over time of solar salt stored at 620 ◦C,
purged with synthetic air (closed symbols), and purged with synthetic air and 200 ppm NO (half
open symbols). Equilibrium composition is marked as horizontal lines. Picture of metal stirrer
(red) and ceramic stirrer (blue). Arrow with color transition from red to blue indicate the direction
of salt composition change with the optimization of the setup. * Red data points are republished
(Reprinted/adapted with permission from Ref. [26], 2020, International Solar Energy Society).

Equilibrium levels were calculated from anion content after the reaction quotient (ratio
between educt and product) obtained a stable value. For NO3

− and NO2
− (Equation (1)),

this is the case after approximately 300 h. Oxide formation rates are often afflicted with a
strong error, especially if a corrosion reaction cannot be excluded [28]. It has been shown
in a different study [27] that nitrous gases stabilize the molten salt, and an established
oxide equilibrium allows comparison between different experiments. The O2− equilibrium
(Equation (2)) takes approximately 500 h to be attained. After the respective time, the
median of the remaining data points is calculated and displayed as horizontal lines in the
graphs, which are defined as equilibrium composition.

3. Results and Discussion

The principle of oxide ion formation has been the subject of many studies using molten
nitrate salts for thermal energy storage. Unfortunately, despite decades of research, there is
no general agreement about one single reaction to describe the oxide formation in molten
nitrate salt. Missing data on the equilibrium composition of solar salt at elevated tempera-
tures prevents sophisticated predictions of the long-term salt composition development,
which is necessary for next-generation nitrate salt TES. In subsequent sections, the opti-
mized setup is introduced and its effect on the salt composition is evaluated. Further, the
role of N2 gas in the stabilization of solar salt is discussed. To generate insight into the
role of nitrous gases, for the first time, equilibrium data for solar salt purged with NO2
and N2O are presented. At 620 ◦C, the potential boundaries for the stabilization of molten
salt with NO purge gas are introduced. Finally, the generated data are evaluated from a
thermodynamic perspective, and process implications are made.
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3.1. Setup Optimization

In the above-mentioned studies, with increasing operating temperatures, the authors
experienced a significant alteration of the test rig, in particular the corrosion of the metal
agitator unit. Corrosion reactions involve redox reactions between nitrate/nitrite ions
and the alloying elements Fe, Cr, and Ni, leading to an increase in the impurity levels
(e.g., chromate (CrO4

2−) ions) in the molten salt but also changes to the decomposition
mechanism [27,29]. Consequently, the metal agitator (Figure 1) was exchanged for a full
ceramic (γ-Al2O3) 3D-printed propeller to prevent side reactions and, at the same time,
increase mixing efficiency by geometry optimization. To identify any changes due to the
optimized setup, this study comprises two experiments with identical parameter sets to
two experiments already published [26]. Figure 1 displays the results of salt composition
over time of two experiments with metallic (red, previous work [25]) and inert ceramic
(blue, this work) propeller setups.

Closed symbols in Figure 1 depict the data of experiments under a synthetic air
(20% O2) atmosphere at 620 ◦C. The nitrate and nitrite content of both experiments attain a
steady state after about 300 h, but for the experiment with the ceramic stirrer (blue), the
NO2

− content (11.9 mol%) is significantly lower compared to the data in red (13.5 mol%)
gained with the metallic stirrer. The oxide ion concentrations increased in both experiments,
as expected because the purge gas did not contain the gases (e.g., NO) necessary to obtain
an oxide ion equilibrium.

A similar result was found in the experiment with a purge gas of 20% O2 and 200 ppm
of NO (rest N2). The concentration of NO3

− and NO2
− (88.5 mol%, 11.5 mol%) for the

optimized setup (blue) reveals a lower amount of the decomposition product compared
to the red dataset (86.2 mol%, 13.7 mol%). In the case of the oxide ion concentration (in
red), the equilibrium concentration was measured to be 0.1 mol%; albeit, a slow increase
is still visible. Using the ceramic setup, the oxide ion concentration (in blue) stabilizes at
0.045 mol% under identical conditions.

This outcome is noteworthy in various aspects. The optimized setup not only stabi-
lized the conditions for the molten salt to reach equilibrium in all reaction steps but also
significantly decreased the fraction of decomposed salt due to side reactions with metallic
components, specifically a reduction of up to 50% in the concentration of oxide ions. If the
degree of salt decomposition is defined by the fraction of decomposition products (NO2

−,
O2−) versus pure nitrate salt, our results become clearer. With this definition, it can be
stated that the improvements to the experimental setup led to a lowering of the degree of
salt decomposition by 16%. This result can be explained by the reduction in side reactions,
which in the former publications led to higher decomposition product formation. Without
corrosion reactions, the concentrations of NO2

− and O2− (in steady state) present the pure
chemistry of solar salt at 620 ◦C and are now applicable for thermodynamic calculations.
Consequently, solar salt appears to be more stable under these conditions than suggested
by previous investigations. The next section includes results on the potential impact of
nitrogen gas on the oxide ion producing a reaction in molten solar salt.

3.2. Salt Stabilization without N2

In the before-mentioned study of Sötz et al. [26], an equilibrium description was devel-
oped based on experimental data and an intensive literature review. It was found that the
entirety of the published reaction mechanisms diverges in the fraction of nitrogen produced
in the course of the oxide ion formation. Based on comparing the listed thermodynamic
enthalpies and experimental results, a closed agreement for the following reaction equation
(Equation (5)) was found.

2NO−
2 � O2− + 0.5NO + 1.25O2 + 0.75N2 (5)

Because of the high stability of nitrogen at the prevailing conditions (1 atm, 620 ◦C), the
relevance of the nitrogen molecule in the stabilization of the molten salt is still questionable.
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To prove the effect of nitrogen on the oxide ion equilibrium position, a set of storage
experiments without nitrogen but with argon in the purge gas were performed in this study.
It is emphasized that this investigation was conducted prior to the system optimization.
Thus, this dataset is directly comparable to the published data of Sötz [26]. The result of the
anion composition development over time in comparison to the equilibrium values (red
lines) of the reference study is shown in Figure 2.

Figure 2. Anion content over time of solar salt stored at 600 (light green) and 620 ◦C (dark green)
purged with synthetic air (full symbols) and synthetic air with 200 ppm NO (half symbols). Compared
to the equilibrium values from Sötz et al., 2020 (red and light red lines), nitrogen was substituted
with argon in this work (green and light green symbols).

For all experiments, the same partial pressure of oxygen (0.2 atm) was present in
the purge gas. Consequently, the nitrate–nitrite equilibriums at 600 ◦C and 620 ◦C were
expected to be identical to the published values from Sötz [26]. As can be seen in Figure 2
(top and middle graphs), three out of the four experiments align well with the published
data performed in the presence of nitrogen gas (red line). Solely the experiment performed
at 620 ◦C in 20% O2 with argon showed a shift of the equilibrium composition towards
the product side of Equation (1) with 78.9 ± 0.9 mol% nitrate and 20.4 ± 0.5 mol% nitrite
compared to the reference at the same partial pressure of oxygen (86.4 mol% and 13.5 mol%).
Additionally, the same salt samples contained significant amounts of chromate ions (up to
0.5 ± 0.1 mol%), which is a known indicator for the presence of corrosion reactions during
the experiment [24]. This deviation can most likely be ascribed to more severe corrosion
reactions of the salt with a metal stirrer compared to the other experiments. In the bottom
graph of Figure 2, the oxide ion content is depicted. The experiment purged with 200 ppm
NO (20% O2 in argon) shows stable oxide ion concentrations after 700 h and is close to
the published data at 620 ◦C (0.10 ± 0.08 mol%). At 600 ◦C, the data with argon purge are
above the published results (0.06 ± 0.04 mol%) (dotted red line).

At 600 ◦C, another study [27] performed in the same test rig is available for comparison.
Here, after the regeneration of solar salt with identical experimental conditions, an oxide ion
concentration of 0.11 ± 0.02 mol% was obtained, which is above even the result at 620 ◦C
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(0.10 ± 0.08 mol%). These findings indicate that impurities and corrosion side reactions
inflict the oxide ion data with a significant error and at such a low concentration that data
need careful analysis. However, the results allow for a couple of conclusions concerning
the stabilization of solar salt. Firstly, the corrosion reaction did alter the nitrate–nitrite
equilibrium and clearly demonstrates the necessity of the optimization of the experimental
setup. Secondly, it was found that nearly equivalent oxide ion equilibrium values could be
achieved with and without the presence of nitrogen in the purge gas.

The latter result is in contradiction to the oxide equilibrium in Equation (5) where NO,
O2, and N2 are absolutely required for the stabilization of the nitrite decomposition. In con-
sequence, the postulated equilibrium description (Equation (5)) does not reflect the present
reaction mechanism of the experiments discussed in this paper. However, the detection
of N2 during the thermal decomposition of nitrate salt in several studies [9,18] remains;
therefore, it is likely that the decomposition of nitrite proceeds under NO (Equation (2))
as well as N2 (Equation (3)) emissions. From a thermodynamic perspective, Yang et al. [6]
stated that N2 evolution (Equation (3)) is more favorable than NO evolution. Thus, the
reverse direction of Equation (3), a regeneration of the salt with N2, is unlikely and can
be understood as an irreversible reaction path in the prevailing conditions. Consequently,
a stable oxide ion concentration over time, as shown in Figure 2, is only feasible if the
irreversibly produced oxide ions (as in Equation (3)) are compensated by NO regeneration
through Equation (2).

Apart from N2 and NO, the gases NO2 and N2O were also detected to be reaction
products of nitrate salt decomposition [9,18]. The next part of the study focuses on answer-
ing which nitrous gas species is the most relevant in controlling the stabilization of solar
salt at elevated temperatures.

3.3. Impact of NO, NO2, and N2O

The following set of experiments was performed with 20% O2 and 200 ppm NO
and NO2 or N2O in N2 at 600 ◦C or 620 ◦C. To accelerate the equilibration process, the
initial conditions were modified by either adding nitrite salt (10 mol%), purging with
pure nitrogen, or overheating (630 ◦C) the salt. However, the modifications did not affect
the final equilibrium composition of solar salt and are comparable to each other, as has
been stated by Nissen and Meeker [11]. To reveal the influence of the different nitrous
gases on the equilibrium composition, especially the oxide ion concentration, the anion
concentrations over time of the respective experiments are summarized in Figure 3.

The equilibrium concentrations for nitrate as well as for nitrite for experiments at
600 ◦C and at 620 ◦C are in close agreement. A thermodynamic evaluation and equilibrium
data are given in the upcoming Section 3.5.

In the bottom graph of Figure 3, the oxide ion concentration evolution over time of the
different experiments is shown. It is immediately visible that the oxide ion concentration
increases constantly (1E-06 mol%/h) for molten salt purged with 200 ppm N2O and that it
did not reach an equilibrium state. In order to obtain oxide equilibrium from the opposing
side in the 600 ◦C experiment (Figure 3, blue cross), the NO2 purge gas was subsequently
simply switched on after 300 h to initially increase oxide ion formation. In comparison
to solar salt purged with N2O, the oxide content without nitrous gases after 300 h was
at 0.090 ± 0.002 mol%, whereas with N2O purge gas after 300 h, it was significantly less
at 0.045 ± 0.008 mol%. For experiments purged with 200 ppm NO and NO2 at 600 ◦C
(light blue), the oxide equilibrium state was approached from initially higher values of
oxide ion, which subsequently became reduced via regeneration reactions (Equation (2)).
In particular, with NO2, the regeneration was quicker than with NO (Figure 3, dashed
line: 0.032 ± 0.008 mol%) and led to the lowest oxide ion content (Figure 3, dash dot:
0.016 ± 0.002 mol%) under these conditions. The same trend is visible for the experiments
at 620 ◦C, where the oxide equilibrium of salt purged with NO2 (0.029 ± 0.002 mol%) is
slightly below that purged with NO (0.045 ± 0.002 mol%).
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Figure 3. Anion content over time of solar salt stored at 600 ◦C (light blue) and 620 ◦C (dark blue) then
purged with 20% O2 and 200 ppm of either NO, NO2, or N2O. Horizontal lines mark the equilibrium
content of the respective experiment.

Based on these experiments, it was found that the stabilizing effect of N2O (20% O2
with 200 ppm N2O) on solar salt is significantly lower compared to that of NO and NO2.
However, with respect to the nitrate–nitrite equilibrium, similar results for all of the NOx
gases (at the same temperatures) were obtained. It is concluded that all NOx gas species
(200 ppm) reduce the extent of the nitrite decomposition (Equation (2)), which allows for
equilibration of the nitrate–nitrite reactions without the impact of oxide ion formation. This
is the first evidence for the suggestion in the literature [26,28] that above 600 ◦C, nitrite
decomposition needs to be suppressed to achieve a proper thermodynamic nitrate–nitrite
equilibrium (see Section 3.5, Equation (7)). When comparing 200 ppm of NO and NO2,
both lead to stable oxide ion concentrations at 600 ◦C and 620 ◦C, whereas NO2 gives lower
oxide ion values than NO.

Interestingly, a remarkable difference when analyzing the composition of the waste gas
of molten salt purged with NO and NO2 was detectable. The raw data are found in the sup-
plementary section, exemplary for two of the previously discussed experiments at 620 ◦C
with NO or NO2 purge gas (Figure S2). To validate the extent of the temperature-dependent
gas–gas reaction (Equation (4)) of NO, O2, and NO2, as mentioned in the introduction, a
blank experiment without salt at 620 ◦C and different NOx concentrations of 200–1200 ppm
was performed (Figure S2). For an inlet gas containing 200 ppm NO, 20 ± 5 ppm was
oxidized to NO2, whereas from an initial value of 200 ppm NO2, 50 ± 5 ppm was reduced
to NO after passing the hot chamber. During every molten salt experiment, the measured
concentrations of NO or NO2 in the exhaust gas typically settle at a steady value after a
few hundred hours, which is considered in the following discussion. The measured com-
position thereby correlates with the originally set purge gas composition (e.g., 200 ppm).
With 200 ppm NO purged molten salt (620 ◦C, 20% O2), a value of 174 ± 6 ppm NO and
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21 ± 5 ppm NO2 was measured (t = 700–1000 h). In contrast, the gas composition for
molten salt (620 ◦C, 20% O2) purged with 200 ppm NO2 contained 108 ± 5 ppm NO and
81 ± 5 ppm NO2 (t = 800–1100 h), which is not in agreement with the blank experiment
(Figure S2). However, the total NOx concentration (NO and NO2 combined) measured
matches that of the supply gas, which ensures no net consumption of nitrous gas species
during the experiments.

In general, solar salt with a constant composition of nitrate, nitrite, and oxide ions
was achieved with NO and NO2. This state is only feasible when forward and reverse
reactions (Equations (1) and (2)) occur at an equal rate. In other words, the decomposition
of solar salt is stopped by the simultaneous regeneration of the decomposition products
(NO2

−, O2−) with O2 and NO or NO2. This state is defined as an equilibrium where the
reactant concentration is constant, including the consumption and emission of gases. With
NO purge, this was the case, and the exhaust gas composition was almost the same as
the incoming gas (200 ppm NO) with some partial oxidation to NO2. In this regard, the
temperature-dependent gas–gas reaction (Equation (4)) of NO, O2, and NO2 comes into
play and was validated in a blank experiment without salt. In the hot reaction chamber
(620 ◦C), NO gas is stable but cools down (25 ◦C) on its way to the gas analyzer, and conse-
quently suffers from oxidation to NO2, which corresponds to the measured concentration
of 26 ± 5 ppm NO2. Without the consumption of NOx gas after passing the molten salt, it
is reasonable to assume that an equilibrium state was attained.

In the case of NO2, 107 ± 5 ppm NO is found after leaving the reaction vessel with
molten salt, which is significantly more than expected from the blank experiment (50 ppm,
Figures S1 and S2). In the following, a potential reaction mechanism is suggested to explain
the outcome of the experiments purged with NO2. NO2 gas is known to react with the
nitrite ion and form nitrate according to the following reaction in Equation (6) [30].

NO−
2 + NO2 → NO−

3 + NO (6)

Because the concentration of nitrite is typically two orders of magnitude higher (see
Figure 3) than oxide, it is statistically more likely for the NO2 molecule to react with a
nitrite ion than an oxide ion. In general, it is believed that reactions such as in Equation (6)
but also the reverse direction of the equilibrium reactions in Equations (1) and (2) are
dominantly occurring at a liquid–gas interface. This is because gas solubility in molten
salts is typically low due to the lack of intermolecular interactions [31]. After the reaction of
NO2 at the liquid–gas interface, NO molecules are subsequently formed via Equation (6).
It is reasonable to assume that a regeneration reaction of oxide ions (Equation (2)) with
NO, which is produced directly at the reaction interface, is more effective compared to NO,
which is obstructed by gas diffusion towards the reaction interface. This hypothesis could
explain why NO2 purge gas shows better performance compared to NO in the stabilization
of solar salt at 600 and 620 ◦C.

3.4. Boundaries for Solar Salt Stabilization

The next set of experiments was performed to identify potential boundary conditions
for the stabilization of solar salt with 200 ppm NO at 600 ◦C and 620 ◦C. Boundary con-
ditions are defined as critical process parameters that, under equilibration such as those
of solar salt in terms of stable nitrate, nitrite, and oxide ion content, are no longer feasible.
Thereby, the effect of higher nitrite concentrations (achieved by a reduction in the oxygen
partial pressure) on the position of the nitrite oxide equilibrium was investigated. At the
same time, 200 ppm NO was not varied to isolate the effect of the nitrite concentration on
the nitrite–oxide equilibrium. The results of the salt composition data are summarized in
Figure 4.
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Figure 4. Anion content over time of solar salt stored at 600 ◦C (light blue) purged with 200 ppm NO
in N2 and 20% (data from Figure 3, not shown for clarity), 10%, or 5% O2. Horizontal lines mark the
equilibrium content of the respective experiment.

Both experiments attained nitrate–nitrite equilibrium after 300 h (Figure 4, top and
middle), and this equilibrium composition was extracted for thermodynamic evaluation
(Table 1). An oxide ion equilibrium was accomplished with 5% and 10% O2 (200 ppm NO),
at 0.06 ± 0.01 mol% and 0.055 ± 0.008 mol%.

With these results, it becomes clear that the content of NO2
− changes the position

of the oxide ion equilibrium, according to Equation (2). However, the relation is not
exactly as written in the reaction mechanism (Equation (2)) because the oxide to nitrite
ratio theoretically should be constant at a single temperature, which is not reflected by the
experimental data (see Table 1). This behavior can potentially be explained by the strong
regeneration of NO and the resultant low equilibrium concentration of oxide ions, in which
case detection is hardly possible without a significant error. Still, the combined data from
Figures 3 and 4 are the first to link the oxygen and NOx partial pressure with a stable
oxide ion concentration at 600 and 620 ◦C. The results are summarized in Section 3.5. and
are recommended to be used for the modeling of salt composition evolution in any solar
salt-based system operating under similar conditions.

To challenge the stabilization of solar salt with 200 ppm NO, a set of experiments at
620 ◦C was performed. As a reference, for solar salt without stabilization, the reaction
chamber was purged with 100% N2. Additionally, the mixing velocity was varied, and
in another experiment, the effect of a pressurized system (1 bar overpressure) on the
stabilization of solar salt at 620 ◦C was investigated. The data are summarized in Figure 5.
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Table 1. Equilibrium nitrite to nitrate ratios and extracted ln(K1) values as well as oxide to nitrite ratios
at 600 ◦C and 620 ◦C. Oxid ion formation rate (mol%/h) is given for experiments not in equilibrium.

Temp. [◦C] PO2
[atm] cNOx[ppm]

[NO−
2 ]

[NO−
3 ]

[mol·mol−1]
ln(K1)

[O2−]

[NO−
2 ]

[mol·mol−1]

[O2−]
h

[mol·h−1]
Source

600

0.2 1.12 × 10−1 −2.9955 - - Bonk [25] & Sötz [26]
0.2 200 (NO) 1.00 × 10−1 −3.1016 6.56 × 10−3 - Sötz [26]
0.2 200 (NO) 1.30 × 10−1 −3.1756 3.72 × 10−3 - This work
0.2 200 (NO2) 9.18 × 10−2 −3.1928 1.90 × 10−3 - This work
0.2 200 (N2O) 8.85 × 10−2 −3.2300 - 1 × 10−6 This work
0.1 200 (NO) 1.24 × 10−1 −3.2389 4.99 × 10−3 - This work
0.05 200 (NO) 1.87 × 10−1 −3.1743 3.84 × 10−3 - This work

620

0.2 1.56 × 10−1 −2.6624 - - Sötz et al. [26]
0.2 1.36 × 10−1 −2.8030 - 2 × 10−6 This work
0.2 200 (NO) 1.56 × 10−1 −2.6601 7.40 × 10−3 - Sötz et al. [26]
0.2 200 (NO) 1.30 × 10−1 −2.8448 3.87 × 10−3 - This work
0.2 200 (NO) 1.22 × 10−1 −2.9064 4.10 × 10−3 - This work
0.2 200 (NO2) 1.18 × 10−1 −2.9390 2.60 × 10−3 - This work

Additional experimental design modifications

0 0 - - - 8 × 10−6 This work (pure N2)
0.2 200 (NO) 1.23 × 10−1 −2.9037 - 6 × 10−7 This work (1 bar rel.)
0.2 200 (NO) 1.28 × 10−1 −2.8639 - 7 × 10−7 This work (120 rpm)

0.05 200 (NO) 3.01 × 10−1 −2.6988 - 6 × 10−7 This work (0 rpm)

Figure 5. Anion content over time of solar salt stored at 620 ◦C. Purge gas was pure nitrogen (red
color), 20% O2 (blue color), 20% O2 200 ppm NO and 120 rpm mixing velocity (green color), 10%
100 ppm NO 1 bar overpressure (orange color), and 5% O2 200 ppm and 0 rpm (purple color). Linear
regression fit of the oxide ion formation severs as a guide to the eye with the respective slope (m).

The system purged with pure N2 shows the continuous decomposition of nitrate and
the formation of nitrite and oxide ions. Experiments purged with oxygen attain a stable
nitrate and nitrite composition after 500 h. With 5% O2 at 1200 h, fluctuations of the nitrate
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and nitrite content are visible and originate from pressure built up in the chamber due
to the clogging of a waste gas filter with salt powder. Despite the presence of nitrous
gases in the gas stream, no stable oxide ion concentration was attained over the course of
the different experiments. At 620 ◦C and 5% O2 (200 ppm NO), oxide ion concentration
increased over 3000 h. In the case of an accelerated mixing velocity (120 rpm), there was
no significant difference in the nitrate–nitrite equilibrium compared to the reference (with
identical purge gas) present (see Table 1), but the oxide ion composition did not reach a
stable value within 1000 h.

Despite the fact that none of the experiments reached an oxide ion equilibrium, a
close examination of the oxide ion formation in Figure 5 (bottom right) gives insights into
the effect of the parameter variation. The equilibrium values for the nitrate, nitrite, and
oxide ions of the experiment from Section 3.3. (Figure 3) at 620 ◦C (20% O2, 200 ppm NO)
are shown as dashed blue lines for comparison. At the start of the experiment, the oxide
formation rates of NO purged experiments under atmospheric pressure (Figure 5, green
and purple color; t: 0–75 h) are fast and close to those of the experiment purged with 20%
oxygen (blue color). Hereafter, the rates decrease and are approximated with the linear
regression fit. Interestingly, the pressurized experiment (orange color) did not show the
same behavior but remained low and constant over 1000 h. In this case, the final oxide
composition is close to the equilibrium composition of the reference (dotted blue line),
which could indicate that the experiment was not long enough to reach a stable oxide
ion composition.

The current data highlight the importance of proper gas phase management for the
stabilization of solar salt at 620 ◦C. As shown in Figure 5, in addition to the temperature,
the mixing velocity, the present pressure, and the specific overlaying gas, the atmosphere
is crucial for the equilibration process. Thereby, the dominant factor for the oxide ion
formation rate is the presence of nitrous gases rather than mixing velocity. Pressurizing the
test rig seems to have had a positive effect on the stabilization of the molten salt because
the oxide ion formation was immediately reduced to a low rate. These results could be
explained by the equilibrium in Equation (2). Here, the oxide ion formation correlates with
the emission of NO gas molecules, which in turn is suppressed if an external pressure, e.g.,
1 bar overpressure, is applied, but further studies are necessary for final proof. Additionally,
oxide formation rates with the same NO partial pressure are quite similar (Figure 5, bottom
right: 6 × 10−6 mol%/h) and are not affected by the nitrite ion concentration. This finding
agrees with the result of the previously mentioned study [28], where the oxide formation
rate did not correlate with the nitrite concentration but with the temperature. In addition,
in a similar way, the oxide ion equilibrium levels show a weak impact on the nitrite
concentration (Figure 4). As already mentioned, it seems likely that reactions with oxide
species and NO mainly take place at the liquid gas interface and should correlate with
the surface to bulk ratio. Due to the 100 g scale of the experiments, the surface to bulk
ratio is larger compared to a TES tank and even increases during the experiments from
12% to 25% due to sample extraction. Still, no significant effect of this change on the salt
composition was found, probably because the mixing of the salt was sufficient to prevent
any mass transport limitations. However, without mixing (Figure 5, purple color), oxide
ion concentration increased for over 3000 h, which could indicate the presence of a mass
transport limitation in the regeneration of oxide ions with nitrous gases. Especially at a
larger scale, where the surface to bulk ratio becomes orders of magnitude smaller (e.g., in a
TES tank), such mass transport effects could have an effect on the salt’s stability.

3.5. Thermodynamic Evaluation

In the previous study [28], the equilibrium values of nitrate and nitrite at temperatures
above 600 ◦C were postulated to be afflicted with a significant error because of oxide ion
formation. It was mentioned that solar salt purged with NO gas counters this effect by the
regeneration of decomposition products in the molten salt. To compare the thermodynamic
data of different studies, a van’t Hoff diagram is typically used, which consists of the natural
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logarithm of the equilibrium constant (K1) plotted against the inverse of the temperature.
According to Equation (7), the slope of a linear regression of the temperature-dependent
equilibrium constants allows for the extraction of Gibb’s free energy (ΔGR).

lnK1 = −ΔGR
RT

; with K1 =

[
NO−

2
][

NO−
3
]P0.5

O2
(7)

Figure 6 gives the nitrate–nitrite equilibrium data of several studies in comparison to
the new set of data of this study (see Table 1) for 600 ◦C (0.00115 K−1) to 620 ◦C (0.00112 K−1).
For completeness, all generated data are summarized in Table 1. For experiments where an
oxide ion equilibrium was attained, the nitrite to oxide ion ratio is given. Further studies
may relate this ratio to the oxide equilibrium constant (K2) and NOx partial pressure,
according to Equation (8).

K2 ∼
[
O2−

]
[
NO−

2
]y Py

NOx
(8)

Figure 6. van’t Hoff plots of nitrate and nitrite equilibrium individual data points (column 4, Table 1)
obtained in this work and shown in Figures 1–4, as well as literature data from Steinbrecher et al. 2021,
2023and Sötz et al. 2010, 2020, 2020a for comparison. Color code indicates oxygen partial pressure
of the individual experiments. Reprinted/adapted with permission from Ref. [27] 2021, MDPI, [12]
2019, Elsevier B.V., [32] 2020 Elsevier B.V., [26], 2020, International Solar Energy Society, [28] 2023,
Elsevier B.V.)

The rate of oxide formation for experiments without stable anion content over time is
given in mol% per h.

The solid line in Figure 6 is reprinted from the literature data of Sötz et al. 2020 [32]
and presents an upper boundary for the nitrate–nitrite equilibrium composition. This study
was performed with 1 g scale sample volumes and uncontrolled salt decomposition, or
more precisely, strong oxide ion formation. In a recent study [28], it was shown that above
600 ◦C, also at a 100 g scale, oxide ion formation leads to a shift of the equilibrium position
to the nitrite side and higher values of ln(K1) (Equation (7)). The dotted line is extrapolated
from low-temperature data from another study by Sötz et al. 2019 [12] without measurable
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amounts of oxide ions. This line is interpreted as the ideal nitrate–nitrite equilibrium
composition, without the influence of oxide ion formation and without mass transport
effects (at a mg sample scale). The entire dataset presented herewith (red symbols), which
was performed in an experimental setup with a reduced corrosion impact, now, indeed,
shows a significant shift towards lower values of ln(K1) compared to the published data
with steel components (black symbols). Consequently, the present paper confirms that solar
salt is more stable than previous studies suggested, and the reported reaction enthalpy
( ΔH = 95 kJ/mol) and entropy (ΔS = 85 J/molK) published by Sötz [12] are also accurate
for 600 and 620 ◦C. Another verification of this concept is given with the experiment
performed at 620 ◦C and 20% oxygen (without NO). Here, the ln(K1) value is the second
highest (−2.8030) of the study because oxide ion formation occurred unopposed. The
experiment with the highest ln(K1) value of −2.6988 was performed without mixing at
5% oxygen and 200 ppm NO. Even though oxide formation was reduced due to the low
concentration of oxygen and the eliminated stirrer, nitrite regeneration, the reverse direction
of Equation (1), was probably limited by oxygen mass transport, which is known to have
an impact on the reaction rate [11]. This result supports the theory that a molten solar salt
system that suffers either from mass transport issues, oxide formation, or both will give
ln(K1) values above the ideal equilibrium line (Figure 6, dotted black line).

The investigation carried out here leads to at least five major factors that determine
the stability of solar salt at temperatures beyond 600 ◦C:

• Corrosion reactions lead to increased salt decomposition and reduce solar salt stability.
• Nitrogen gas has a subordinate role in the stabilization of solar salt.
• Nitrous gases’ impact on salt stability increases from N2O to NO to NO2.
• At 600 ◦C, solar salt is stable over time when in contact with 200 ppm NO and an

oxygen partial pressure of at least 0.05 atm.
• At 620 ◦C, the surface to volume ratio seems to become of increasing importance, and

for stabilization, a higher concentration of NOx gas is advisable.

The presented data are highly relevant for large-scale TES units as well as for any
corrosion study performed at temperatures where oxide formation can be expected (e.g.,
600 ◦C). Figure 6 can serve as a stability indicator for solar salt. More precisely, the nitrate–
nitrite equilibrium data of this study are understood as the benchmark for a stable salt
composition. It was shown that any deviation towards larger values of ln(K1) indicates the
presence of congruent reactions. With this information, simple monitoring of the anion
composition will give deep insight into the long-term behavior (e.g., stability, corrosivity)
of any solar salt-based system.

4. Conclusions

One goal of this study was to obtain molten solar salt with stable oxide ion concen-
trations at 620 ◦C. By the successful practical exclusion of corrosion side reactions with
metallic components, a solar salt equilibrium, in terms of a stable nitrite and oxide ion com-
position, was attained compared to previously published work. In addition, the fraction of
the decomposition product in the equilibrium state at 620 ◦C was reduced by 16%, proving
solar salt to be more stable than previously anticipated. Nitrogen gas was identified as
having a subordinate role in the stabilization of molten salt and seemingly not taking part
in a regeneration reaction. Concerning the different nitrous gas species, their positive
impact on salt stability was found to increase in the order of N2O to NO to NO2. Mass
transport limitations were not proven with either an increased mixing velocity or excess
pressure. However, for static molten salt, indications were found that, at a larger scale,
where the surface to bulk ratio becomes smaller, this effect might come into play. This is
because regeneration reactions are thought to primarily occur at the liquid–gas interface,
whereas decomposition is considered a bulk reaction. In summary, the combined set of
data is significant for use in the development of high-temperature TES systems and molten
salt heat transfer applications, where parameters such as surface to bulk ratio and mass
transport change substantially. With this study, we deliver the first extended set of solar salt
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equilibrium data that are inevitably required in the future to understand and quantify the
corrosiveness of molten salt under certain atmospheric conditions. With this knowledge,
the operation of a solar salt-based TES unit at temperatures above 600 ◦C is realizable if the
salt and gas phase compositions are monitored and controlled carefully.
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rig at 620 ◦C without molten salt, purged with 20% O2 and different concentrations of NO2 (left) and
NO (right). NOx (cNO + cNO2) concentration measured from the exhaust gas versus the input gas
concentration; Figure S2: Concentration over time of NO and NO2 in the exhaust gas of the purged
reaction chamber containing molten solar salt. Experiment purged with 200 ppm NO2, 20% O2 (left)
and 100% N2 purged for the first 100 h, subsequently switched to purge gas with 200 ppm NO, 20%
O2 (100–1000 h; right).
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Abstract: Maintaining a stable temperature is critical in ensuring the longevity of perishable foods,
and frequent fluctuations due to short-range distribution conditions can negatively affect this stabil-
ity. To mitigate these variations, an innovative modular packaging system utilizing phase change
materials (PCMs) was employed in the transport and storage of horticultural products. This study’s
real-time thermal condition data, collected using a wireless data acquisition system inserted in the
packaging, demonstrated the efficacy of PCM in increasing temperature stability within the crates of
horticultural products. The field tests conducted over 8 h showed that PCM-equipped packaging
boxes exhibited a temperature variation of less than 1 ◦C, compared to non-PCM boxes, which saw
variations up to 3 ◦C. This marked reduction in temperature fluctuation signifies the potential of
PCM in improving thermal and logistics management in food conservation, thus reducing food
waste. However, it is essential to implement a system for PCM alveoli reuse to avoid adverse en-
vironmental impacts. Future research should focus on the PCM alveoli autonomy and quantity
requirements for specific conditions, and integrate sensors to monitor transport dynamics to enhance
the understanding of temperature stability in perishable food transportation.

Keywords: phase change materials; PCM; passive temperature control; temperature fluctuation;
perishable food products; food preservation

1. Introduction

Addressing the escalating food demands of an increasing global population is a
challenge of unparalleled importance. As per the Food and Agriculture Organization [1],
the world’s population is projected to hit 9.7 billion by 2050. Consequently, the need for a
sustainable and secure food supply is more critical than ever. Regrettably, nearly a third
of the food produced worldwide for human consumption, approximately 1.3 billion tons
annually, is wasted [2]. These wastage levels lead to serious financial and environmental
repercussions. They contribute to climate change through notable greenhouse gas emissions
during food production and distribution. Additionally, the decay of food loss and waste
releases methane, further worsening the situation [3–9]. Beyond these environmental
implications, food wastage undermines food security, as it signifies inefficient use of
resources dedicated to food production. Therefore, a reduction in food waste is a vital goal
in our pursuit of a sustainable and equitable food system [10].

Refrigeration is fundamental for food preservation. It reduces the growth of microor-
ganisms and enzymes, lengthening the shelf life of perishable products, ultimately reducing
food waste and sustaining food safety [11]. Thus, efficient storage and transportation of
food at regulated temperatures are key in minimizing food losses and promoting food
security [10].
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Prior studies indicate that temperature fluctuations during food transportation [8] and
storage [12–14] can be detrimental to food quality and shelf life. These fluctuations, caused
by a host of factors, including ambient temperature changes, subpar refrigeration, and
operational procedures, such as door openings, need to be controlled effectively to maintain
food quality. Despite some of these factors being unavoidable, our research proposes a
means to minimize their impact on temperature stability.

Thermal energy storage is primarily categorized into Sensible Heat Storage (SHS),
Latent Heat Storage (LHS), and Thermochemical Storage. While SHS is the most basic
form of energy storage, relying on the material’s specific heat capacity and density, it
offers limited energy storage. LHS, conversely, leverages phase transitions (solid to liquid,
liquid to gas, and solid to solid) for energy storage, resulting in a higher storage density
at specific temperatures. This is where phase change materials (PCMs) come into play.
Thermochemical storage, although having the highest energy storage capacity, grapples
with long-term stability issues in controlled environments and has a complex and costly
development process [15].

PCMs have garnered considerable attention in the field of refrigeration systems, par-
ticularly in the realm of preserving temperature stability [16,17]. This interest is primarily
owed to their remarkable latent heat capacity, which can be leveraged to maintain consis-
tent temperatures and, hence, enhance the preservation of food during transportation [18].
The potential of PCMs in curbing food waste and securing food quality has been rigorously
studied and is increasingly acknowledged as a promising solution [19].

As shown in Figure 1, PCMs can be broadly segregated into two main types: solid–
solid and solid–liquid, each exhibiting distinct thermodynamic properties. The former
includes materials such as polymers and polyalcohols, which undergo a phase transition
between different solid states. While this type of PCM has its applications, the solid–liquid
class is most frequently employed due to its significantly higher latent heat of fusion. This
facilitates greater energy storage and release during the phase transition process [15].

PCM
Fa y Acids

Solid-Solid

Solid-Liquid

Polymer

Polyalcohol

Organic

Inorganic

Eutec c

Esters

Salt Hydrates

Salt

Metallic compounds

Organic-Organic

Inorganic-Inorganic

Organic-Inorganic

Parafin Wax

Figure 1. Schematic representation of PCM categorization, adapted from [15].
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Solid–liquid PCMs can be further bifurcated into organic, inorganic, and eutectic
categories, each with unique characteristics and applications [20,21]. Organic PCMs en-
compass substances such as paraffin waxes, fatty acids, and esters. Inorganic PCMs, on
the other hand, primarily include salt hydrates, salts, and metallic compounds. Lastly,
eutectic PCMs are mixtures that form a unique composition that melts and solidifies at
a single temperature and can be comprised of organic–organic, inorganic–inorganic, or
organic–inorganic combinations. This diversification of PCM categories allows for a wide
range of potential applications, tailoring their usage according to the specific thermal
management requirements. Several studies have explored the thermal performance of
various fruit packaging crates [22–26]. Studies also analyzed the utility of PCM pouches for
active and intelligent packaging [27,28], and the measurement of temperatures and relative
humidity during the transportation of horticultural goods [8].

In [28], the authors deployed a transient three-dimensional computational fluid dy-
namics model to examine the application of PCM in packaging alveoli for fruit storage. This
study showed that such alveoli can effectively slow the heating rate of fruits when exposed
to non-ideal temperatures. The PCM, acting as a “thermal buffer”, was found to increase
the shelf life of the produce by maintaining optimal temperatures over extended periods.

Meanwhile, reference [24] provides experimental evidence of the thermal response
of two types of food alveoli, comparing their performance with and without the integra-
tion of PCM. The authors demonstrated that aluminum foil alveoli, in conjunction with
PCM, delayed the heating process effectively. These findings imply that PCM could be a
promising solution for the preservation of cold storage food products in packaging.

In [29], researchers undertook an in-depth investigation of the use of PCM panels in
a freezer subjected to repeated power loss over a 2-week period. The findings revealed
that freezers equipped with PCM panels helped to maintain product temperatures closer
to the optimal range, even during power loss incidents, leading to minimal impacts on
food quality. This research not only underscores the potential of PCM to enhance the
preservation of frozen food during power outages, but also evidences the potential for
PCM to enhance overall food quality in regular storage conditions.

These studies underline the potential advantages of integrating PCM into food pack-
aging for the preservation of perishable goods, making it a topic worth further exploration
in real-world conditions.

This study aims to apply insights from previous works to real-world situations, eval-
uating the effectiveness of PCM in maintaining temperature stability for horticultural
products during transportation. The transition from controlled environments to real-life
scenarios is crucial, as it tests novel technologies under practical conditions, revealing
challenges otherwise unseen. Specifically, for PCM, studying its performance in real-world
transportation provides evidence of its efficiency, fostering its broader adoption in food
preservation and helping mitigate food waste.

2. Materials and Methods

The study was conducted in the context of a distribution route originating from
ALBIFRUTAS, a company located in Castelo Branco, Portugal. The focus was to evaluate
the impact of PCM on maintaining temperature stability during the transportation of
horticultural products. The experimental setup involved crates of oranges, wherein half of
the crates were equipped with PCM-filled alveoli, and the rest were loaded with empty
alveoli, serving as controls.

2.1. PCM Alveoli and Crates

The crates used for the study boasted an innovative design with enhanced thermal
attributes, enabling improved temperature stability. Their modularity facilitated efficient
transportation, storage, and public sale display [22–26]. Fabricated from polypropylene,
each crate measured 600 mm in width, 400 mm in depth, and 90 mm in height. Figure 2
provides a visual representation of the crates: Figure 2a illustrates an assembled empty
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crate; Figure 2b shows the crate equipped with PCM alveoli; Figure 2c displays the crate
with PCM alveoli and an attached lid.

(a) (b) (c) 

Figure 2. Crate (a), with PCM alveoli (b), and lid (c).

The main novelty of these crates consists of the PCM alveoli, depicted in white in
Figure 2b, comprising a polypropylene macro-encapsulation of the RT5HC PCM. The
RT5HC PCM is an organic material, recognized for its high latent heat capacity and tight
temperature range, making it ideal for enhancing temperature stability during horticultural
goods’ transportation. The key properties of the RT5HC PCM are presented in Table 1.

Table 1. Properties of the RT5HC PCM [30].

Property Value

Melting temperature amplitude [◦C] 5 to 6
Congealing temperature amplitude [◦C] 6 to 5

Heat storage capacity ±7.5% [kJ/kg] 250
Latent and sensible heat in a temperature range of −2 ◦C to 13 ◦C [Wh/kg] 70

Density solid [kg/L] 0.88
Density liquid [kg/L] 0.76

Heat conductivity (both phases) [W/(m·K)] 0.2
Volume expansion [%] 13

Flash point [◦C] 115
Max. operation temperature [◦C] 30

As shown in Figure 3, the PCM alveoli were sized to fit the crate’s bottom, enhancing
temperature stability during the transportation of horticultural goods. In this experiment,
half the crates included alveoli filled with the RT5HC PCM, while the remaining crates
held empty alveoli for control comparison.

Figure 3. PCM alveoli.
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2.2. Cargo Distribution Characterization

The investigation involved monitoring crates filled with oranges, as depicted in
Figure 4. The crates, having been stored at approximately 5 ◦C overnight, were transported
to the ALBIFRUTAS warehouse. Here, they were placed among the cargo prepared for
real-time distribution.

Figure 4. Crate outfitted with PCM alveoli, loaded with oranges, and equipped with sensors for
data acquisition.

As illustrated in Figure 5, the crates were strategically positioned on the van’s floor,
adjacent to the right wall and near the rear door. Each of the two sets of crates, one with
PCM and the other serving as a control without PCM, were equally loaded with 48 oranges.

Figure 5. Placement of the experimental and control crates within the overall cargo configuration.

The cargo comprised a variety of horticultural products—fruits and vegetables—destined
for a range of establishments, such as restaurants, hotels, and local grocery stores. Figure 6
provides a visual representation of the diverse cargo arrangement. Notably, the cargo was
grouped based on client orders rather than produce type.
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Figure 6. Overall arrangement of the diverse horticultural produce within the van’s cargo area.

2.3. Distribution Vehicle and Refrigeration System

Examining the impact of common routines, such as the opening of doors for unloading
and the effect of sun exposure during transportation, is crucial for understanding the tem-
perature behavior within the crates. Thus, data can be gathered for the field performance of
the PCM alveoli. This information is fundamental in assessing the packaging’s effectiveness
in maintaining temperature stability, thus preserving the quality of the produce during
transportation and storage.

Data were gathered during a delivery run conducted by an IVECO Daily van, shown
in Figure 7, which belongs to the ALBIFRUTAS distribution company. The van was tasked
with the delivery of a wide variety of horticultural products to multiple establishments,
including restaurants and local grocery stores.

Figure 7. An IVECO Daily van from the ALBIFRUTAS fleet.

The vehicles are equipped with a Hwasung HT-250RT-ESC refrigeration system. How-
ever, as the measurements were conducted during the winter, the refrigeration system was
turned off. To minimize thermal losses and enhance temperature control under varying
external conditions, the vans are also fitted with insulation.

The delivery of the produce took place between 8:00 h and 14:05 h. The route, illus-
trated in Figure 8, traversed the northwestern region of Castelo Branco, Portugal.

Along this route, there were six stops, during which the doors were opened for unload-
ing cargo. This routine resulted in temperature fluctuations, as observed in the Section 3.
The weather in Castelo Branco during this period was sunny with no cloud cover, with
temperatures ranging from 1 ◦C (around 8:00 h) to 10 ◦C (around 14:00 h). The sun expo-
sure, coupled with the refrigeration system being turned off, created ideal conditions for
testing the potential of PCM as a solution to mitigate the impacts of unforeseen conditions
that are typical in real-world scenarios.
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5 km

Figure 8. Delivery run route.

2.4. Data Acquisition System and Final Test Assembly

The primary goal of this study is to emphasize the role of PCM in maintaining tem-
perature stability during transportation. To track temperature changes and systematically
interpret the collected data, a data measurement and transmission system was established.
The study will compare temperature fluctuations in crates with and without PCM, thereby
demonstrating the effectiveness of PCM in maintaining temperature stability.

2.4.1. Sensing Modules

The study measures the temperature and relative humidity around different horticul-
tural products during their transportation journey. Other approaches for agricultural and
agrifood parameters monitoring were followed in the past [31]. For this purpose, a SHT30
sensor, shown in Figure 9a, capable of reading the air temperature with a precision of
±0.3 ◦C, is utilized. The sensor is connected to a LOLIN D1 mini pro V2.0 microcontroller,
shown in Figure 9b, through a LOLIN SHT30 v2.1.0 shield. The system is powered by a
3.7 V 500 mAh lithium battery, as shown in Figure 9c. This setup is assembled as shown in
Figure 9d and housed in a 3D-printed protective box showcased in Figure 9e. The sensor
box is designed with numerous perforations, ensuring adequate ventilation. This feature
facilitates a direct interaction between the sensors and the ambient air, thereby enabling
precise and accurate measurement of the atmospheric conditions. More details can be
found in [32].

The sensors are numbered from 1 to 20 to ensure easy identification, as shown in
Figure 10. Alongside this, the sensors are also labeled with a smaller number. That is the
sensor reference used in the data communication system.
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(a) (b) (c) (d) (e) 

Figure 9. Sensing Module Components: Temperature and humidity sensor (a), microcontroller (b),
battery (c), assembled sensing module (d), and sensing module box (e).

Figure 10. Sensor placement among produce.

2.4.2. Data Communication System

The sensing modules are connected to a gateway, shown in Figure 11a. This gateway
includes an Industruino microcontroller and a GSM/GPRS module, enabling real-time data
transmission with GPS location tracking. The readings are collected and transmitted every
five minutes and can be accessed live through the iTrack platform, specifically designed for
this purpose. The overall system schematics are illustrated in Figure 11b.

(a) (b) 

Array of 
sensors Gateway

ServerInterface

Figure 11. (a) Gateway module and (b) System diagram.

2.4.3. Temperature Monitoring and Data Communication System

The sensing modules’ proximity to the horticultural products ensures accurate tem-
perature readings, providing a more precise representation of the conditions during the
distribution journey. For a clearer understanding of the results, Figure 12 illustrates the
testing setup and the positioning of crates and sensing modules during the experiments.
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18A
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Figure 12. Arrangement of the crates, sensing modules, alveoli, and horticultural products as
explained in Table 2.

Table 2. Elements of the testing arrangement.

Component Description

A Crate lid
B Crate
C Orange
D Empty alveoli
E PCM alveoli

3, 5, 6, 7, 8, 12, 13, 14, 18 Sensing module

The components displayed in Figure 12 are detailed in Table 2. The sensor reference
number corresponds to the sensor ID in the iTrack platform.

Sensor positions within the crate are outlined in Table 3.

Table 3. Sensor position within the crates.

Rear Side Front Side

Crates with PCM alveoli
3 5
6 7

Crates with empty alveoli 8 12
13 14

Ambient temperature (cargo area) 18

The sensor placement within the crates is vital for results analysis since the rear sensors
are more exposed when the rear doors are open. Furthermore, sensors near PCM alveoli
or empty alveoli are expected to have different temperature readings. The comparison of
ambient temperature with the measurements within the crates underscores the importance
of monitoring temperature within produce crates for precise monitoring of food decay. The
lid on the top crate aids in ensuring a more uniform temperature is measured across the
column of crates.
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3. Results

Crates equipped with PCM alveoli were observed to maintain more consistent temper-
atures during transportation than those without. Temperature spikes were noted during
unloading events. Figure 13a,b compare temperature measurements between crates with
PCM alveoli and those with empty alveoli. The graphs demonstrate temperature stability
in crates equipped with PCM alveoli during transportation.
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Figure 13. Temperature readings in crates containing alveoli with (a) and without (b) PCM.

To analyze the stability of temperatures between crates with PCM and empty alveoli,
the averages of all temperature readings in the PCM alveoli and empty alveoli were plotted.
A four-measurement simple moving average was applied to mitigate the visual impact of
temperature spikes during unloading, allowing for an easier overall visual comparison.
Figure 14a,b display the average temperature and four-measurement moving average
comparisons for both types of alveoli.
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Figure 14. Comparison of average temperatures (a) and four-measurement moving average tempera-
tures (b) for the van cargo area, in crates with alveoli containing PCM and empty alveoli.

4. Discussion

The results clearly demonstrate that the application of PCM alveoli in crates signif-
icantly enhances temperature stability during transportation. In Figure 14a, there is a
noticeable difference of approximately 2 ◦C by the journey’s end, marking a considerable
deviation. Furthermore, the 4-measurement moving average of the temperatures shown
in Figure 14b indicates that the temperature of the produce in crates with PCM alveoli
remains mostly within the melting temperature range of the selected PCM (5 ◦C to 6 ◦C).
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This implies that the phase change process within the alveoli was not finished by the end
of the journey. It is important to consider that the temperature spikes caused by the stops
move the four-measurement moving average temperatures.

In contrast, there is considerable variation among crates with empty alveoli, as de-
picted in Figure 13b. However, Figure 13a highlights a relative uniformity among the
temperature measurements within the crates containing PCM alveoli, when the temper-
ature fluctuations caused by the door openings during unloads are not considered. This
uniformity suggests that PCM’s thermal buffering capacity significantly contributes to
temperature stability within the crates.

Of note, while the peak amplitudes during unloads are similar for crates with and
without PCM, there is a distinct difference in temperature recovery post-unloading. Crates
with PCM tend to return to temperatures near 5 ◦C after each stop, whereas those with-
out PCM show a significant increase in temperature. This observation underscores the
effectiveness of PCM in limiting temperature fluctuations, particularly in scenarios where
external conditions may introduce thermal stress, such as during unloading.

This study, in line with previous research, supports the necessity of temperature
monitoring directly among the food products, as opposed to single-point measurements,
such as sensor 18. The results highlight that temperature readings of the cargo area alone
are inadequate for accurately representing the conditions experienced by the perishable
food products within the crates. Therefore, direct measurement within the crates is crucial
for effective monitoring of food storage quality during transportation.

5. Conclusions

The results from this study clearly highlight the efficacy of utilizing PCM in ensuring
temperature stability during the transportation of horticultural products. Comparisons
between average temperature readings in crates equipped with PCM alveoli and those with
empty alveoli underscore the significant benefits of using PCM in maintaining consistent
adequate temperatures. As a result, the incorporation of PCM alveoli can significantly
improve the quality of food storage, leading to a reduction in food loss and waste.

This research emphasizes the advantages of PCM integration in maintaining tem-
perature stability within the transportation crates. The data suggest that the widespread
implementation of PCM across all transported crates could enhance overall temperature
control within the cargo area, mitigating temperature spikes caused by door openings
and achieving faster temperature stabilization post-unloading. Nonetheless, additional
research is necessary to substantiate these findings and to fully explore the potential of PCM
in large-scale applications for improved temperature control in produce transportation
and storage.

However, the benefits of using PCM come with certain caveats. The use of PCM
alveoli in a reusable manner is a significant point to address. The environmental impact of
discarding used PCM alveoli can potentially outweigh the benefits of increased preservation
if a system for collecting and reusing them is not implemented. These alveoli could follow
the same reuse cycle that reusable horticultural crates follow.

Future research should aim to determine the autonomy of the PCM alveoli and inves-
tigate the required quantity of PCM for specific produce types, distribution routes, and
climatic conditions. Increased frequency of temperature readings, while reducing sensor
battery life, could offer more detailed insights into temperature fluctuations, particularly
during unloading events. This will necessitate a careful balance between sensor battery life
and the accuracy of temperature readings, potentially utilizing a dynamic measuring rate
in correlation with van movement and cargo area luminosity.

To this effect, integrating an accelerometer and a light sensor could provide valuable
data on van movement and door opening events, respectively. Correlating these occur-
rences with temperature fluctuations could yield a more comprehensive understanding of
how transportation events impact temperature stability.
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Abstract: The overheating of heat pipes, poor transfer of heat across the absorber and finned heat
pipes, and inability to provide hot water in the late evening hours are major problems associated with
conventional heat pipe vacuum collector systems. The amalgamation of highly conductive storage
material between the absorber tube (heat collecting surface) and the heat pipe is an effective way
to overcome these problems. In this study, a stearic acid amalgamated vacuum tube solar collector
system was designed and fabricated and its thermal output compared with a conventional vacuum
tube system without storage material under the same environmental conditions. The experimental
results showed that the amalgamation of stearic acid as storage material enhanced the thermal output
of the solar system compared to the conventional one. The desired heat gain of the solar system
with storage material increased by 31.30, 23.34, and 18.78% for Test 1_40 ◦C, Test 2_45 ◦C, and Test
3_50 ◦C, respectively. The technoeconomic analysis showed that almost 118.80 USD in revenue could
be earned by the proposed solar system at the end of 15 years. The total running cost of ELG and the
developed solar system was observed to be 202.62 and 86.70 USD, respectively. On average, the cost
of hot water production using the solar system and ELG was found to be 0.0016 and 0.004 USD/L,
respectively. The value of LEC was found to be 0.062 USD/electricity unit, which was much lower
than the LEC value of ELG (0.116 USD/electricity unit). The value of NPW (73.73 USD) indicated
high acceptability of the proposed system. The payback time is lower than the life of the system,
indicating its suitability for use in the commercial sector. Therefore, the proposed solar system is
highly recommended over conventional water heating systems in urban and rural areas.

Keywords: energy; vacuum tube solar water heating; technoeconomic investigation; thermal energy
storage material

1. Introduction

Due to global warming and changes in the ecosystem due to the increasing use of
fossil fuels, it is necessary to shift to more efficient renewable energy systems. Among the
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nonconventional energy sources, solar energy is the best candidate due to its free cost and
abundant availability. The adoption of solar energy for the production of useful energy can
save millions of tons of carbon dioxide emissions into the atmosphere every year [1]. In
the USA and European Union, approximately 18 and 14% of total energy, respectively, is
required to complete domestic hot water demand for bathing, cooking, cleaning, etc. [2]. A
report by the Indian New and Renewable Ministry (IMNRE) showed that hot water demand
in the domestic sector in India is exponentially increasing, from 129 million/day in 2017 to
double that amount in 2022 [3]. This large demand for hot water is fulfilled using electricity
or fossil fuels. Due to vacuum insulation, low heat losses, low initial/maintenance cost,
high thermal efficiency, and highly selective coating, vacuum tube solar collectors have
become popular compared to other options available for solar water heating. Vacuum
tube collectors are extensively used in the industrial and residential sectors due to these
peculiar features.

Vacuum tube collectors are categorized into three categories based on their design:
U-tube, heat pipe, and thermosiphon. Among these designs, the heat pipe is one of the
most advanced and efficient due to comparatively low heat losses, low thermal stratifica-
tion, high heat dissipation, etc. The performance of this type of collector can be further
enhanced by modifying its design, such as making changes to the heat pipe working
fluid and integrating heat storage material. The integration of storage material in a heat
pipe system is one of the convenient and economical ways to not only enhance its per-
formance but also supply useful heat during cloudy or non-sunny times. In this regard,
Pawar et al. [4] experimentally examined the performance of a heat pipe vacuum tube
water heater integrated with heat storage material entrenched with copper. They also
compared the performance of the proposed collector with traditional solar water under
the same environmental conditions and found that the highest energy efficiency values of
the developed system and the conventional system were 85.64 and 36.91%, respectively.
The authors also reported that after sunshine hours, the difference in the fin temperature
between the developed system and the conventional system was 36.1 ◦C. Algarni et al. [5]
studied the impact of the integration of nano-boosted heat storage material on the thermal
output of a vacuum-tube-type solar water heater. The authors reported that the integration
of 0.33 wt.% copper/storage material with a solar water heater increased its thermal output
by 32%. The authors also found that a solar water heater integrated with copper/storage
material could deliver hot water of 50 ◦C for almost 2 h longer than a conventional solar
water heater. Essa et al. [6] compared the thermal output of a heat pipe solar water heater
with and without helical fins. The authors observed that for 0.665 and 0.5 kg/min flow
rate of water, the improvement in the energy efficiency of the system with helical fin com-
pared to the system without helical fin was 13.6 and 15%, respectively. Olfian et al. [7]
analyzed a serpentine-type vacuum tube water heater employed with heat storage material
to store extra heat during the daytime. They selected three different diameters (6, 8, and
10 mm) of U-tube to transfer absorbed heat from the sun to flowing water. The authors
concluded that the U-tube measuring 6 mm diameter showed the highest improvement
of 13.5 and 25% in outlet temperature and liquid fraction, respectively. Li et al. [8] carried
out a thermal performance and optimization analysis of a serpentine-type vacuum tube
solar water heater embedded with thermal accumulating material. They observed that
a high flow rate of water through the solar water heater reduced the hot water supply
period. They also found that the water heater with heat storage material was able to
supply hot water at 35 ◦C for approximately 160 min more than the system without storage.
Wu et al. [9] identified the impact of specific heat capacity, density, thermal conductivity,
phase change heat, and melting temperature of thermal accumulating material on the
thermal output of vacuum tube water heaters. The results of the study revealed that storage
material with high melting temperature was advantageous to upsurge the performance
of the developed system. They also observed that a vacuum tube embedded with storage
material with a density of 425 kg/m3 increased the heat collection time compared to storage
material with a density of 1700 kg/m3. O’Neil and Sobhansarbandi [10] compared the
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performance of a heat pipe solar water heater and a U-tube solar water heater with and
without storage material. The experimental results revealed that the U-tube type collector
had higher thermal efficiency and hot water temperature compared to the heat pipe system.
Senobar et al. [11] studied the thermal output of a vacuum tube system embedded with
a heat storage medium (paraffin wax). The results showed that the heat transfer rate in
the selected PCM increased 2–3 times more than pure PCM by employing copper metal
foam into its structure. Bouadila et al. [12] conducted a comparative thermal analysis of
three solar collector systems, in which the first one was the control collector, the second
one had a re-insulated manifold, and the third one had a manifold enclosed by paraffin
wax as the heat storage medium. The authors found that utilization of insulation around
the manifold decreased the thermal losses from 8.18 to 6.05 W/m2 K, enhanced the en-
ergy from 41 to 66%, and enhanced the exergy from 15 to 20%. Furthermore, the energy
and exergy efficiencies of the third system were observed to be higher than the second
system due to the reduction of overall heat losses. Kumar et al. [13] studied the impact of
the integration of nano-boosted thermal accumulating material on the thermal output of
the collector. The authors found that daily exergy and energy efficiencies of the system
with nano-boosted PCM enriched by 13.72 and 28.78%, respectively, in comparison to the
system integrated with pure PCM. Uniyal et al. [14] reviewed modifications in the latest
designs, amalgamation of phase change material, and financial assessment with various
vacuum-tube-based water heaters. They also addressed the problem of pure phase change
materials and suggested mixing nanoparticles with pure PCM to enhance the heat transfer
rate. Raza et al. [15] determined the different solar water heater potential in seven different
districts of India. They found that the area of the solar collector should be determined in
such a way that it can absorb solar fraction of almost 50%. The payback time of the selected
collectors was in the range of 5–15 years. The simulation results showed that the state
of Gujrat in India is one of the most appropriate locations to install solar water heaters.
Olczak et al. [16] compared the performance of vacuum tube and flat plate solar collectors
in terms of solar energy production. They observed that the solar energy productivity of the
vacuum tube collector was much higher than the flat plate collector for the same absorbing
area. The authors utilized a vacuum tube collector based solar water heater in mainly
colder regions as they produce stable production of thermal energy. The results of the
experimental investigation revealed that the efficiency of the vacuum tube collector with
and without heat storage material was 58 and 38%, respectively. Jachura and Sekret [17]
performed environment effect evaluation on a vacuum tube collector system and found
that a PCM amalgamated collector reduced the harmful impact on the surrounding area by
17–24% in comparison to the collector without PCM.

As can be seen from Table 1, researchers have extensively carried out research work
on vacuum-tube-based water heaters and improved the thermal output of the conventional
solar water heater by incorporating phase change material with vacuum tube systems of
different designs. In most of the investigations, authors either used pure paraffin wax
and its nano-boosted composites as heat storage material. In some studies, the authors
determined the economic practicality of the system before and after the amalgamation of
thermal accumulating material. However, the economic viability of stearic acid as heat
storage material amalgamated novel water storage heater combined with a vacuum tube
collector system has not been investigated.

An economic assessment of the proposed solar collector system recommended its
commercial and domestic utility in society. It was noted that almost 118.8 USD in revenue
could be earned by the proposed solar system at the end of 15 years. On average, the cost of
hot water production and LEC with the proposed solar system was found to be much less
than ELG. Furthermore, the payback time was lower than the life of the system, making it
suitable for use in the commercial and domestic sectors.

In addition to this, the proposed system reduced the issue of overheating in ther-
mosiphon heat pipes, and its performance was enhanced by the incorporation of conduc-
tive stearic acid as the thermal energy storage material. This modified collector was also
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compared to the conventional system. The energy efficiency of the proposed solar water
heater improved by 18–31% compared to the heat pipe system without storage.

Table 1. Comparison of the proposed study with previous studies.

Author (s) Year Type of System Parameters Calculated
Increment in Energy

Gain

Essa et al. [18] 2018 Serpentine Energy and thermal output
investigation 6.8–21.9%

Olfian et al. [19] 2020 Serpentine
Thermal and system efficiency

measurement and impact of
operation temperature

13.6–15%

Kumar et al. [13] 2021 Heat Pipe
Effect of different percentages of
nano-boosted PCM and first and

second law analysis
3–5%

Wong et al. [20] 2022 Heat Pipe Heat transfer and thermal
efficiency investigation 3–5%

Wu et al. [9] 2022 Serpentine Impact of PCM’s properties and
thermal efficiency analysis 4.31%

Kumar et al. [21] 2022 Water in Glass
Effect of different percentages of
nano-boosted PCM and energy

and exergy investigation
7%

Proposed Study Experimental
Energy, Exergy, and Economic

Analysis
18–31%

2. Description of Experimental Setup and Methodology

The developed setup units were tested in the outside environment of Jammu and
Kashmir, India. To judge the impact of heat storage material on the thermal output of the
vacuum tube solar collector system, a conventional collector was also tested in parallel
with a developed solar collector under the same environmental conditions. In this study, a
solar collector (VTSC-I) was embedded with stearic acid as storage material, while a tube
was left without storage material (VTSC-II).

As shown in Figure 1, in both systems (VTSC-I and VTSC-II), the hot water loaded
tank was integrated with a heat pipe vacuum tube system to diminish the overall heat
loss from the system. The water storage tank for both VTSC-I and VTSC-II could store up
to 3.5 L of water. The experiment was conducted for three consecutive days for different
temperature limits of hot water (40, 45, and 50 ◦C). During the first day, the highest limit of
water in the header was set as 40 ◦C. On this day, water was allowed to heat from its initial
temperature until it reached 40 ◦C, then drained out and stored in a tank for further usage.
At the end of the day, the calculation was carried out according to the total collected hot
water of 40 ◦C. The same methodology was adopted for temperature limits of 45 and 50 ◦C.

As shown in Figure 2, the temperature sensors T1, T2, and T3 for VTSC-I were located
at the bottommost, middle, and topmost portions of the insulated water tank. On the other
hand, T4, T5, and T6 for VTSC-II were located at the bottommost, middle, and topmost
portions of the insulated water tank. The temperature of the heat storage material filled
inside the tube of VTSC-I was measured by T7 and T8, while the temperature of the internal
air of vacuum tubes of VTSC-II was measured by T9 and T10. The temperature of the
outside air was determined by T11. The properties of stearic acid embedded with a vacuum
tube collector are given in Table 2. Table 3 presents the description of the specification of
the experimental setup.
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Figure 1. Schematic arrangement of the proposed vacuum tube collector systems.

Figure 2. Solar radiation and ambient temperature variation with respect to time.
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Table 2. Properties of stearic acid.

Property Value/Specification

Color Caramel white

Melting temperature range 60–62 ◦C

Latent heat range 185–190 J/g

Specific heat at 75 ◦C 2.45

Density at 75 ◦C 1.19

Purity 99.8%

Table 3. Specification of the proposed systems.

Item Specification/Value

Number of vacuum tubes 1

Aperture area of collector 0.080

Diameter/length of an evaporator of heat pipe 9.5/1600 mm

Diameter/length of the condenser of heat pipe 14/63 mm

Material of heat pipe fin Aluminium

Diameter of water storage header 130 mm

Length of water storage header 270 mm

Insulation on water storage header Rockwool

3. Heat Transfer and Economic Analysis

This section provides the heat transfer and economic analysis of the design system
and its comparison with an electrical heating system.

3.1. Heat Transfer Analysis

In the vacuum tube collector system, the incident solar insolation was gathered by the
VTSC (vacuum tube solar collector) and transformed into heat energy by the absorber tube.
After that, the heat energy collected by the absorber tube was transferred to phase change
material or internal air for the systems with and without storage, respectively. Then, heat
was conveyed to the finned heat pipe. Finally, heat was transferred to water flowing in
the manifold through heat pipes. The incident energy gathered by the inner absorber of
the tube was fragmented into two portions. The primary portion of the gathered heat was
conveyed to the surrounding area as heat loss, while the other portion of collected thermal
energy was conveyed to water in the puffed insulated manifold through a heat pipe.

To compare the thermal output of the developed and conventional solar collector
systems under the same environment, the useful energy collected by each collector was
calculated as follows [22]:

Quf = ρwf ×
.

Vwf × CP,wf × (Twf,o − Twf,in) (1)

where ρwf (kg/m3) is the working fluid density;
.

Vwf (m3/s) is the working fluid flow rate;
CP,wf (kJ/kgK) is the working fluid specific heat; Twf,o (◦C) is the working fluid outlet
temperature; and Twf,in (◦C) is the working fluid inlet temperature.

For evaluation of the energy efficiency of the individual collector (developed or con-
ventional solar collector system), incident solar radiation was determined by the following
relation [22]:

Qin = GT × Acr × Δτ (2)

where GT (W/m2) is the instantaneous solar insolation, and Acr (m2) is the area of the collector.

123



Energies 2023, 16, 4291

The daily energy performance (ηEP) of the solar water heating structure can be deter-
mined by the following equation [23]:

ηEP =
ρwfCP,wf

Acr
∑

.
Vwf × (Twf,o − Twf,in)

GT
(3)

3.2. Economic Viability Analysis

In the present study, along with heat transfer analysis, economic feasibility and finan-
cial benefits of the developed collector compared to a conventional solar water heater and
an electric water heater were also studied. This analysis is advantageous in terms of the
practical deployment of the project in the residential and commercial sectors.

As per the literature survey, three important factors help to assess the financial benefits
and economic feasibility of any business model: levelized energy price (LEP), net present
worth (NEPW), and payback time (PT). These three economic factors can be evaluated
through the following relations.

The levelized energy price for solar water heater can be calculated by taking a propor-
tion of the annual uniform charge from the produced hot water in the same year [24]:

LEPN =
YUN

AHPN
(4)

where YUN ($) is the uniform cost of the system for the Nth year, and AHPN (L) is the hot
water production for the Nth year.

The uniform cost of the solar water heater includes yearly bank installments against
debt for the installation of the system, maintenance and operation cost, and auxiliary energy
cost during non-sunny days [24]

YUN = YIN + MON + AEN (5)

where YIN ($) is the yearly installment for the Nth year; MON ($) is the maintenance and
operation cost for the Nth year; and AEN ($) is the auxiliary energy cost for the Nth year.

According to [25],

YIN = CI × DEr ×
(

1
NLife

+

(
NLife − N

NLife

)
× itr

)
(6)

where CI ($) is the capital investment in the system; DEr (%) is the debt/equity ratio; NLife
(year) is the life of the system; and itr (%) is the bank interest rate.

AEN =
(

ER −
[
(Ns × GT × Acr × Δτ× ηth)× (1 − dr)

N
])

× EPN (7)

where ER (kWh/year) is the energy required; Ns (days/year) is the number of clear sunny
days per year; dr (%) is the degradation rate of the performance of the collector; and EPN
($/kWh) is the electricity price for the Nth year.

The net present worth (NEPW) provides the total income made by the installation
of the business project. It is a very crucial factor whose value decides the viability of the
installed project. The project is not acceptable if the NPEW is negative, otherwise, the
project can be accepted [25].

NEPW = −CI + ∑N
N=0

CFLN

(1 + DEr)
N (8)

where CFLN ($) is the cash flow for the Nth year.
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Another important factor of the financial analysis is the payback time, which is benefi-
cial for assessing the associated risk of initial capital investment of a project. This parameter
indicates how much of the time invested in the system can be recovered [26].

PBT =
∑N

N=0 CFLN

CI
(9)

4. Results and Discussion

This section presents and discusses a complete analysis of the different experimental
outcomes. Measurable data are used to compare the energy efficiency and performance
improvement ratio of a manifold cum water storage tank integrated single evacuated tube
water heater with and without heat storage material. The subsections of this section are
devoted to addressing the variation of input and output variables: solar radiation, water
inlet, energy analysis, outlet temperature, and a useful amount of heat acquired by working
fluid under different test situations and economic viability.

4.1. Disparity in Outside Air Temperature and Solar Energy for Different Test Days

Figure 2 depicts the disparity in outside air temperature and solar energy with respect
to time for different test days. Each test was conducted in its unique setting. It can be
observed from the figure that changes in solar radiation were relatively consistent between
different test days. However, the intensity of solar radiation varied marginally on each of
the three days, with the most variance occurring in the evening hours. According to the
data, which were collected with the help of a solarimeter, solar radiation was at its highest
in the morning and at its lowest in the afternoon. The investigations were conducted during
periods of clear, bright weather conditions in April 2022.

The average daily maximum solar radiation was 1072 W/m2 on day 1 (Test 1_50 ◦C),
1101 W/m2 on day 2 (Test 2_45 ◦C), and 1108 W/m2 on day 3 (Test 3_40 ◦C). As an addi-
tional note, the average daily solar radiation incident on the collector area was 24.34 MJ/m2

on day 1, 26.03 MJ/m2 on day 2, and 26.61 MJ/m2 on day 3. Figure 2 also shows the vari-
ation in ambient temperature with respect to time for all three test days. The average
ambient temperature was 36.71, 37.41, and 37.16 ◦C for days 1, 2, and 3 respectively. It can
be seen that the highest value of ambient temperature for all tests surpassed 40–43 ◦C in the
afternoon. The temperature variation shows the composite dry environmental conditions
in which the experiment was performed.

4.2. Disparity in Hot Water Temperature of Control and Testing Systems

In the present investigation, the integrated header for both the control (reference)
system (without thermal accumulating material) and the testing system (embedded with
storage material) was built to be able to store 3.5 L of water. For Test 1_50 ◦C, the freshwater
was assimilated inside the integrated storage tank of the vacuum tube system and heated
until it reached 50 ◦C. Then, it was emptied and gathered in an insulated tank so that it
could be used for domestic applications. A similar procedure was carried out for water
temperatures of 45 ◦C (Test 2_45 ◦C) and 40 ◦C (Test 3_40 ◦C).

Figures 3–5 show the tank water temperature variations for the control and testing sys-
tems for Test 1_50 ◦C, Test 2_45 ◦C, and Test 3_40 ◦C, respectively. During each experiment,
the freshwater in the 31–32 ◦C temperature range was filled in the tank (header). From
Figure 3, it can be observed that there were four refills (14 L) for the reference system and
five refills (17.5 L) for Test 1_50 ◦C. Due to the utilization of highly effective heat storage
material (stearic acid), the testing system yielded a higher amount of heat compared to the
reference system (without PCM).
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Figure 3. Hot water temperature variation inside the manifold of both systems for Test 1_50 ◦C.

Figure 4. Hot water temperature variation inside the manifold of both systems for Test 2_45 ◦C.

Figure 5. Hot water temperature variation inside the manifold of both systems for Test 3_40 ◦C.
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The integration of PCM has several advantages, one of which is that it accumulates
an excessive input thermal energy in the form of latent thermal energy in the course of its
phase change and then discharges that heat in the late evening hours. Because the testing
system employed phase change material, it could operate during the late evening hours
when solar radiation was no longer available.

As shown in Figures 3 and 4 for both the reference and test systems, the variation in
hot water temperature during Test 2_45 ◦C was similar to Test 1_50 ◦C. The freshwater
(used for refill) temperature range was determined to be between 29 and 32.5 ◦C. Both the
reference and test systems were found to be operational from 8:30 to 19:30. For Test 2_45 ◦C,
the water was changed five times in the control system and six times in the developed
testing system. The total amount of hot water (at 45 ◦C) provided by the control system
was 17.5 L, whereas the amount of hot water provided by the developed testing system
was 21 L.

The stored water temperature variations in the manifolds of the reference and test
systems for Test 3_40 ◦C are shown in Figure 5. In both setups, the water was heated to
40 ◦C in a single-tube header before being drained and stored as hot water. As shown
in Figure 5, the 40 ◦C hot water was changed nine times in the reference system and
12 times in the testing system. As per the calculation, 31.5 L of hot water was provided
by the control system, whereas 42 L of water was collected from the testing system. The
operation hours for the control and developed testing systems were determined to be 08:30
to 19:30. Hence, the testing system with thermal accumulating material could provide more
hot water for an extended period after sunset than the control system without thermal
accumulating material.

4.3. Temperature Variation in Internal Air and Heat Storage Material for Different Tests

This subsection discusses the variability in temperature inside the vacuum tube of
both testing and reference systems for different tests under consideration (as shown in
Figures 6–8). To conduct the experiment, stearic acid (the phase change substance) was
poured into the testing system’s tube, while the reference system tube was left empty. It is
important to keep in mind that the designated PCM started melting at about 10:00 a.m. The
PCM in the lower section had completed the phase transition process and was experiencing
significant temperature increases, while the PCM in the upper section was still undergoing
it. It was determined that the temperature of the PCM was consistently less than the air
within the vacuum tube of the control (reference) system because PCM has a higher heat
requirement for phase shift.

Figure 6. Temperature variation inside the vacuum tube of both systems for Test 1_50 ◦C.
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Figure 7. Temperature variation inside the vacuum tube of both systems for Test 2_45 ◦C.

Figure 8. Temperature variation inside the vacuum tube of both systems for Test 3_40 ◦C.

Solar energy is accumulated within the heat storage material, and it is later transferred
to the working fluid (water) when solar irradiation is weak or not available. Hence, in
contrast to the situation in which PCM is absent, hysteresis takes place. The amalgamation
of the thermal accumulating material with the developed testing system enables a reduction
in the tube’s highest temperature during high solar radiation. Moreover, this additional
heat can be used to provide hot water during non-sunny hours.

4.4. Variation of Set-Wise Useful Heat for Different Tests at 50, 45, and 40 ◦C

The useful amount of heat collected by the reference and testing systems for Test
1_50 ◦C, Test 2_45 ◦C, and Test 3_40 ◦C conditions is shown in Figures 9–11.
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Figure 9. Set-wise useful amount of heat collected from both systems for Test 1_50 ◦C.

Figure 10. Set-wise useful amount of heat collected from both systems for Test 2_45 ◦C.

Figure 11. Set-wise useful amount of heat collected from both systems for Test 3_40 ◦C.

Figure 9 shows the amount of heat collected by water in different sets for day 1 to
reach the set limit of temperature (50 ◦C) in both systems. It was observed that four sets
of 50 ◦C were completed by the reference system with heat gain values of 258.95, 226.76,
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223.83, and 185.801 kJ. In comparison, five sets of 50 ◦C (water temperature limit to refill)
were completed by the testing system with heat gain values of 248.71, 212.13, 217.98, 222.37,
and 168.24 kJ. The quantities of heat collected by water in both systems in different sets for
day 2 to achieve the desired limit of temperature (45 ◦C) are depicted below in Figure 10.

The findings showed that the reference system completed five sets of 45 ◦C with heat
gain values of 201.89, 168.24, 204.82, 182.87, and 223.83 kJ, respectively, for each set. In
comparison, the testing system completed six sets of 45 ◦C with heat gain values of 193.11,
184.33, 212.13, 178.48, 160.93, and 242.85 kJ for each set.

Similarly, Figure 11 shows the amounts of heat collected by water in both systems in
different settings on day 3 to reach the target temperature limit (40 ◦C). The result showed
that the reference system completed nine cycles (45 ◦C water temperature) with heat gain
values of 105.33, 95.09, 90.70, 106.79, 98.02, 136.05, 109.72, 90.70, and 143.37 kJ for each cycle.
In comparison, the testing system performed 12 cycles of 45 ◦C water temperature with
heat gain values of 103.87, 131.67, 111.18, 117.04, 102.41, 98.02, 106.79, 111.18, 83.39, 112.65,
83.39, and 181.41 kJ for each cycle.

4.5. Disparity in Daily Thermal Energy Input/Output and Energy Efficiency of the Proposed
Systems for Different Tests

Every thermal system’s energy efficiency depends on the quantity of absorbed/lost
heat. In the current study, the testing system was embedded with heat storage material,
while the reference system was without heat storage material or internal air between the
absorber and finned heat pipe. The PCM possesses improved thermal properties than
internal air. As a result of this, it was observed that the heat transfer rate across the
blackened inner tube and the aluminum finned heat pipe was significantly higher, which
resulted in a reduction in the overall heat loss and an increase in the generation of heat that
can be used.

Figure 12 depicts the fluctuation in usable energy obtained by water and incident
energy with error bars on the aperture area of a single evacuated tube. For Test 1_50 ◦C,
the testing system obtained 1069.45 kJ of usable energy from water, whereas the reference
system gained 895.35 kJ. Similarly, the desired thermal outputs acquired by working fluid
(water) for the testing and control systems were 1171.86 and 975.82 kJ, respectively, for Test
2_45 ◦C and 1343.03 and 981.67 kJ, respectively, for Test 3_40 ◦C. The total energy incident
on the aperture area of the single tube was 1840.34, 1968.53, and 2012.35 for Test 1_50 ◦C,
Test 2_45 ◦C, and Test 3_40 ◦C, respectively.

Figure 12. Daily heat input and outputs of both systems at 50, 45, and 40 ◦C.

Figure 13 shows the daily thermal (energy) performance of both systems (testing and
reference) for different tests. As a result of the experimental research, it was determined
that the daily thermal (energy) efficiency of the developed testing system was 66.78, 59.82,
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and 44.58% for Test 1_40 ◦C, Test 2_45 ◦C, and Test 3_50 ◦C, respectively. In contrast to this,
the daily energy efficiency of the control (reference) system was 50.86, 48.50, and 37.53% for
Test 1_40 ◦C, Test 2_45 ◦C, and Test 3_50 ◦C, respectively. The ratio of augmentation in the
testing system’s daily thermal efficiency was determined to be 31.30, 23.34, and 18.78% for
Test 1_40 ◦C, Test 2_45 ◦C, and Test 3_50 ◦C, respectively. Thus, it could be concluded that
the utilization of thermal accumulating material in the developed testing system resulted
in an improvement in the daily energy efficiency for all tests.

Figure 13. Daily thermal (energy) efficiency and enhancement ratio for different tests at 50, 45, and
40 ◦C.

The main goal of any water heating system based on solar energy is to offer water
of the desired temperature even during cloudy, rainy, or non-sunny hours. Often, this is
possible with the installation of a collector that is bigger than necessary, thus allowing the
storage of additional hot water in an insulated tank. This increases both the overall cost
and the heat loss from the water container.

Hence, the utilization of heat storage material in the water heating system proposed
in this study along with the provision of hot water during periods of non-sunny hours
enhances the system’s output at a lower price. In contrast, commercial solar water heaters
are incapable of producing hot water at these periods. Hence, the use of potential PCMs is
a realistic option in solar water heaters.

4.6. Outcomes of Technoeconomic Analysis

In the present section, the economic practicality of the designed and developed vac-
uum collector systems is discussed and its results compared with the traditional thermal
energy supplying system i.e., electric geyser (ELG). It may be noted that the economic prac-
ticality of the developed system was assessed by taking into consideration the economic
factors of the local solar market of India. These economic factors are given in Table 4.

The loan cost, O&M cost, auxiliary energy cost, and gross solar system cost variation
of the proposed solar collector system are depicted in Figure 14. It was found that the loan
cost decreased over the years due to decreasing interest, whereas the maintenance and
operational cost was found to increase due to increase in inflation. Similarly, the auxiliary
energy cost was found to increase with time. This is because the auxiliary energy cost is
dependent on the price of electricity, which is increasing with time. In a nutshell, gross
solar system costs increased over the years due to the dominance of increasing O&M costs
and auxiliary energy costs over decreasing loan costs. On average, the annual cost of a
solar system was found to be 5.43 USD after 15 years of operation.
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Table 4. Economic factors of the local solar market in India.

Factors Value Unit

Initial investment on proposed collector [27] 375 USD/m2 area

Maintenance and operational cost of system [27] 1 %

Loan interest rate [28] 9 %

Loan term 15 years

Debt ratio 90 %

Price of electricity [27] 0.081 USD/unit

Life of system [28] 15 years

Rise in electricity price [27] 10 %/year

Discount/reinvestment rate [29] 5 %

Inflation rate [30] 4.5 %/year [27]

Rate of degradation of thermal energy 0.50 %/year

Average daily solar insolation based on the
selected days during experiments 6.76–7.39 kWh/m2

Average daily energy efficiency based on
experiment 44–67 %

Number of sunny days [31] 300 days/year

Figure 14. Variation of loan cost, O&M cost, auxiliary energy cost, and gross solar system cost.

The variation of hot water generation cost by solar and ELG, the fuel cost of the
ELG system, and revenue earned by a solar system with reference to ELG are depicted in
Figure 15. This figure also indicates the calculated value of the levelized cost of energy,
the net present worth, and the payback time of the solar system after its 15 years of
operation. The revenue earned by the solar system was observed to have increased due
to the continuously increasing electricity prices. It was noted that at the end of 15 years,
almost 9504 INR revenue could be earned by the proposed solar system. The annual fuel
cost of the traditional thermal system (ELG) exponentially increased due to the tremendous
increase in electricity prices. The total running cost of ELG and the developed solar system
was observed to be 202.62 and 86.70 USD, respectively.
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Figure 15. Variation of revenue, annual fuel cost, and cost per liter for the proposed systems.

On the other hand, the cost of hot water production using both the solar system and
ELG increased with time due to the increase in electricity prices. On average, the cost of hot
water production with the solar system and ELG was found to be 0.0016 and 0.004 USD/L,
respectively. Therefore, the proposed solar system is highly recommended over ELG-based
water heating systems in urban and rural areas.

After simulation through EES software, the three important economic factors were
also evaluated to measure the economic practicality of the proposed system, i.e., levelized
cost of energy (LEC), net present worth (NPW), and the payback time (PBT). The value of
LEC was found to be 0.062 USD/electricity unit, which was much lower than the LEC value
of ELG (0.116 USD/electricity unit). As shown in Figure 15, the value of NPW (73.73 USD)
indicates the high acceptability of the proposed system. Furthermore, the payback time
was less than the life of the system, making it suitable for use in the commercial sector.

5. Conclusions

The overheating of heat pipes, poor transfer of heat across the absorber and finned
heat pipe, and inability to provide hot water in the late evening hours are major problems
associated with conventional heat pipe vacuum collector systems. The amalgamation of
highly conductive storage material between the absorber tube (heat collecting surface)
and the heat pipe is an effective way to overcome these problems. In this study, a stearic
acid amalgamated vacuum tube solar collector system was designed and fabricated and
its thermal output compared with a conventional vacuum tube system without storage
material under the same environmental conditions. The experimental results showed that
the amalgamation of stearic acid as storage material enhanced the thermal output of the
solar system compared to the conventional one. This study’s experimental results led to
the following conclusions.

� The testing system with PCM could produce hot water during late evening hours
(non-sunny/night hours) and improve the collector’s thermal output.

� The amount of total usable heat output produced by the testing system with PCM was
179.10, 196.04, and 361.36 kJ more than the system without storage for Test 1_50 ◦C,
Test 2_45 ◦C, and 19.44% Test 3_40 ◦C, respectively.

� The maximum energy efficiency of the two systems was 66.78 and 50.86% for Test
3_40 ◦C.

� The improvement in the energy efficiency of the testing system was 37.67% for Test
1_50 ◦C, 19.37% for Test 2_45 ◦C, and 19.44% for Test 3_40 ◦C compared to the
reference system.
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� The amount of additional hot water received from the testing system was 3.5 L for
Test 1_50 ◦C and Test 2_45 ◦C and 10.5 L for Test 3_40 ◦C.

� It was noted that at the end of 15 years, almost 118.8 USD in revenue could be earned
by the proposed solar system. The total running cost of ELG and the proposed solar
system was observed to be 202.62 and 86.70 USD, respectively.

� On average, the cost of hot water production with the solar system and ELG was
found to be 0.0016 and 0.004 USD/L, respectively. Therefore, the proposed solar
system is highly recommended over conventional water heating systems in urban
and rural areas.

� The value of LEC was found to be 0.062 USD/electricity unit, which was much
lower than the LEC value of ELG (0.116 USD/electricity unit). The value of NPW
(73.73 USD) indicated high acceptability of the proposed system. Furthermore, the
payback time was lower than the life of the system, making it suitable for use in the
commercial sector.
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Abstract: A sustainable approach to ensuring the thermal regulation of space is reliable with phase
change materials (PCMs) operating at 15–25 ◦C. Henceforth, there is a need of a search of binary
and ternary eutectic PCMs operating at desirable phase transition temperatures of 15–25 ◦C, high
energy storage enthalpy (180–220 J/g), improved thermal conductivity and better absorptivity of
solar energy. In this current research, we developed a ternary eutectic inorganic salt hydrate PCM
intended for a low-temperature thermal regulation system. Based on the eutectic melting point
theory, the phase transition temperature and proportion of sodium carbonate decahydrate (SCD),
sodium phosphate dibasic dodecahydrate (SPDD) and sodium sulphate decahydrate (SSD) were
determined. As per the calculated proportion, ternary eutectic PCM was experimentally prepared.
Furthermore, to enhance the thermal property, graphene nanoplatelets (GNP) were dispersed at
weight concentrations of 0.4%, 0.7% and 1.0%. The prepared nanoparticle-dispersed PCMs were
characterized using an optical microscope, Fourier transform infrared (FT-IR) spectroscopy and a
thermal conductivity meter, and a differential scanning calorimeter (DSC) was used to evaluate the
morphology, chemical stability and thermal properties. The results showed increases in thermal
conductivity and optical absorbance by 71.5% and 106.5%, respectively, with GNP at 1.0% weight
concentration. Similarly, the degree of supercooling and transmissibility was reduced by 43.5% and
76.2% correspondingly. The prepared composite PCM is expected to contribute towards cooling, with
an intention to contribute towards sustainable development.

Keywords: salt hydrate; phase change materials; graphene nanoplatelets; thermal energy storage

1. Introduction

The desire to resolve the problem of excess carbon emissions that cause global warming
and serious environmental threats has led to developing and utilizing clean and renewable
energy sources. Due to the intermittent nature of renewable energy sources like solar, wind
and hydropower, there exists an imbalance between the energy demand and supply. Based
on the active research over the past decade, it is observed that thermal energy storage
(TES) systems are more likely to resolve the mismatch of energy supply and demand
by effectively utilizing solar energy. Among the three (latent heat storage, sensible heat
storage and chemical heat storage) [1] general categories of TES techniques we would
focus more on latent heat storage. The benefits of latent heat storage using phase change
materials (PCMs) are more reliable as they need neither to be controlled as in the case
of chemical heat storage nor undergo the hindrance of less energy density as in sensible
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heat storage. Based on the composition, PCMs are mainly categorized as organic (paraffin,
fatty acids and sugar alcohols), inorganic (salt hydrates) and eutectic (mixture of organic–
organic, organic–inorganic or inorganic–inorganic) [2]. A few notable hindrances with
organic PCMs are low thermal conductivity, flammable nature and high cost. In the case
of inorganic PCMs, their thermal conductivity is high compared to that of organic PCMs,
they are non-flammable, have larger energy storage density and are cheaper [3]. Eutectic
PCMs are a tailored material, where the melting point and the thermal property of the PCM
are designed as per the designated application. Due to the non-flammable and economic
benefit of inorganic PCMs, they are more preferred for space (building) heating and cooling,
solar water heating systems, waste heat recovery units and in energy regulation units.

Considering the advantage of eutectic PCMs in formulating the eutectic composition
as per the requirement of energy storage application, numerous research works have been
carried out. A few outstanding contributions are discussed briefly to identify and elaborate
the uniqueness of the current research work. Cheng et al. [4] conducted an experimental in-
vestigation with a ternary eutectic nitrate composite PCM LiNO3.3H2O − KNO3 − NaNO3
by dispersing expanded graphite nanoparticles. The results showed a maximal melting
enthalpy of 159 J/g with thermal conductivity of 4.565 W/m·K with 20% of modified
expanded graphite nanoparticles. Although the phase transition temperature of the de-
veloped ternary composite PCM was 21.66 ◦C, the heat storage enthalpy was much lower.
Like in the previous work, Tian et al. [5] developed a ternary eutectic carbonate salt operat-
ing at a very high temperature of 725 ◦C. The composite mixture of the ternary salt was
(Li2CO3 − Na2CO3 − K2CO3) with heat of fusion equal to 160 J/g. Based on Gibbs energy
of fusion, Wang et al. [6] developed a high-temperature (420 ◦C) ternary eutectic PCM with
salts of LiF − Na2CO3 − K2CO3. The designed high-temperature ternary PCM was applied
for heat transfer fluid for effective TES. Liang and Chen et al. [7] developed a ternary eutec-
tic PCM (K2HPO4.3H2O− NaH2PO4.2H2O− Na2S2O3.5H2O) for cold storage application
operating at a temperature of −14 ◦C, with latent heat capacity of 127 J/g. The research
investigation was focused on the role of thickening and nucleating agents in resolving the
phase instability and the supercooling issue. Sun et al. [8] conducted a TES experiment for
buildings by developing a ternary eutectic salt hydrate mixture using 95% of CaCl2.6H2O,
4% of NH4Cl and 1% of SrCl2.6H2O with a phase transition temperature of 23.5 ◦C. In an-
other research work, a ternary eutectic PCM was developed for air conditioning and build-
ing cooling [9]. The ternary eutectic PCM (Zn(NO3)2.6H2O − Mn(NO3)2.4H2O − KNO3)
was designed to operate at 20 ◦C with a melting enthalpy of 110 J/g. This investigation
also focused on determining the right nucleating agent for the developed PCM.

In other work, Zhang et al. [10] developed a lauric–myristic–palmitic acid ternary
eutectic PCM at a eutectic mixture proportion of 55.24/29.74/15.02 operating at a tem-
perature of 31.5 ◦C. To further enhance the thermophysical property, they expanded the
graphite nanoparticles’ weight concentration to 5.5% and achieved thermal conductivity
of 1.67 W/m·K with compensation in latent heat. An organic-PCM-based ternary eutectic
composite operating at a phase transition temperature of 17 ◦C was developed with 64.8%
capric acid, 22.6% myristic acid and 12.6% palmitic acid [11]. Melting latent heat and
thermal conductivity of the developed CA–MA–PA ternary eutectic PCM were 131.7 J/g
and 0.149 W/m·K, respectively. To further enhance the thermal performance, 10% exfo-
liated graphite was dispersed and resulted in an increase of thermal conductivity to 20%
with compensating the heat storage ability. Similarly, in another research work [12], a
ternary eutectic composite of capric acid, palmitic acid and stearic acid was investigated by
dispersing expanded vermiculite at a 30% weight concentration. The developed ternary
eutectic PCM CA–PA–SA was designed to operate at a temperature of 19.3 ◦C with melting
enthalpy of 117 J/g. For its thermal stability and noncorrosive properties, Ke et al. [13] de-
veloped a fatty-acids-based ternary eutectic PCM. Ternary eutectic PCMs were opted based
on his earlier research work and were (a) CA–LA–PA (63.37/31.56/5.07), (b) CA–LA–SA
(65.32/32.54/2.14), (c) CA–MA–PA (71.82/18.86/9.32), (d) CA–MA–SA (72.65/21.17/6.18)
and (e) CA–PA–SA (83.82/10.19/5.99). The melting point and latent heat values of all
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the prepared form-stable PCMs were determined to be 15–35 ◦C and 120–139 J/g corre-
spondingly. Luo et al. [14] developed a form-stable ternary eutectic PCM by impregnation
(CA–PA–SA) into nano SiO2. The developed form-stable ternary PCM was designed to
operate at the temperature range of 17–26 ◦C with latent heat of 100 J/g. The intended ap-
plication of the PCM was to store solar radiation and provide better thermal regulation of a
building during the winter season. He et al. [15] developed two ternary eutectic PCMs with
(a) lauric–myristic–palmitic acid (59/26/15) and (b) lauric–myristic–paraffin (51/28/21)
operating at melting points of 32.3 ◦C and 31.5 ◦C. The enthalpies of the developed ternary
PCMs were 160 J/g and 172 J/g, respectively. Based on the current literature analysis, it
can be inferred that most of the developed low eutectic PCMs are used directly in various
TES applications without inclusion of any further additives or nanomaterials. Likewise, a
recent advancement in material science has led to the usage of carbon-based nanomaterials
with higher thermal conductivity to be dispersed with the base PCM for enhancing the
thermal property. Depending on the unique shape and structure, carbon nanomaterials are
of 1D, 2D and 3D. Among them, 2D graphene nanoplatelets and nanomaterials offer better
thermal enhancement due to higher specific surface area, ability to better accommodate
foreign materials at the gaps of layers, and higher thermal conductivity. The major focus of
the research work was to experimentally compare their performance with respect to the
number of thermal cycling over a longer duration of operation. In the literature it can be
found that the predominantly used PCM for developing a new ternary eutectic PCM was
organic fatty acids, and there is a void of research works performed with inorganic PCMs,
especially with low-temperature salt hydrates.

The current research investigation focuses on the design and development of a low-
temperature ternary eutectic PCM with a mixture of inorganic salt hydrate sodium car-
bonate decahydrate (SCD), sodium phosphate dibasic dodecahydrate (SPDD) and sodium
sulphate decahydrate (SSD). The ternary eutectic mixture proportion and melting point
of SCD/SPDD/SSD PCM was designed using Schrader’s equation, followed by experi-
mental synthesis and analysis of their thermal properties. Melting (21.3 ◦C) and latent
heat values (202.2 J/g) of the ternary eutectic PCM determined using differential scanning
calorimetry (DSC) were in accordance with the numerically calculated values (Tm = 21.5 ◦C
and ΔHm = 207 J/g) at the eutectic mixture. It was detected that graphene nanoplatelets
(GNPs) exhibited a two-dimensional flat and thin plate-like structure with high surface
area. GNP nanomaterials are unsystematically organized with spacing between alternate
layers that enhance the intermolecular force of attraction when dispersed with a eutectic
composite. GNPs are more likely to contribute to the base ternary eutectic salt hydrate
PCM by improving the thermophysical characteristics, particularly (a) melting enthalpy, (b)
conductive nature by developing thermal networks and (c) enhanced optical absorptivity
of solar radiation owing to the dark appearance. For further enhancement of thermal
properties, the developed ternary eutectic PCM SCD/SPDD/SSD were dispersed with
GNP to prepare three composite mixtures at weight concentrations of 0.4%, 0.7% and
1.0%. Chemical stability using Fourier transform infrared spectroscopy (FT-IR), optical
absorptivity using ultraviolet visible spectroscopy (UV–vis), thermal conductivity using
thermal hot bridge instrument and thermophysical properties like melting point, latent heat
storage and degree of supercooling using a DSC instrument were characterized. Finally,
to analyze the heat transfer rate between the developed ternary eutectic PCM and the
GNP-dispersed ternary eutectic PCM, a numerical simulation using ANSYS software was
conducted based on their thermal conductivity with variation in heat input. The developed
ternary eutectic PCM was expected to improve the application of the inorganic salt hydrate
PCM for thermal regulation of buildings and is more likely to contribute to the Sustainable
Development Goals (SDGs)
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2. Materials and Methods

2.1. Materials

The salt hydrates PCMs used in the current research investigations were sodium
carbonate decahydrate (SCD), sodium sulphate decahydrate (SSD) and sodium phosphate
dibasic dodecahydrate (SPDD). All the three inorganic salt hydrate PCMs, SCD with Tm
31 ◦C, SSD with Tm 33 ◦C and SPDD with Tm 37 ◦C were procured from Sigma Aldrich,
Germany. Nanoparticle graphene nanoplatelets (GNPs) with a surface area of 300 m2/g,
bulk density of 200–400 kg/m3 and particle size of <2 μm were acquired from US research
Nanomaterials Inc. to further improve the thermal properties of the developed ternary
eutectic PCMs.

2.2. Determination of Thermal Properties of Ternary Eutectic PCMs

The mixture of three different salt hydrate PCMs at different proportions formed
ternary eutectic salt hydrate PCMs. For any PCM, Tm is isothermal in nature, and while
developing a new eutectic PCM (mixing two or more pure PCMs with different Tm), a
constant solitary melting point is very important. Henceforth, we adopted a numerical
method to determine the proportion at which the salt hydrate PCMs (SCD, SSD and
SPDD) had to be added for a common phase transition temperature of the developed
ternary eutectic PCM. Based on the literature and reliability of Schrader’ equation, we used
Equation (1) derived as per phase equilibrium theory to determine the eutectic Tm and
the eutectic mixture ratio. This numerical method reduced the number of tests required to
determine the common melting point and is also an economical technique. As Schrader’s
equation [16] is well applied for a eutectic mixture of two components, we considered
the property of two pure salt hydrate PCMs individually (component A and component
B). Using Equation (1), we determined the eutectic melting point and their composition
to develop a binary eutectic salt hydrate [17]. Later, considering the properties of the
designated binary salt hydrate PCM as a single salt (component A), we included the third
pure salt hydrate PCM (component B) to prepare the ternary eutectic salt hydrate PCM.
Likewise, we used Equation (2) to determine the phase transition enthalpy of the designed
ternary eutectic salt hydrate PCM [18].

Tm =

[
1
Ti

− R· lnXi

ΔHm,i

]−1
(1)

Heu = Teu·
n

∑
i=1

[
Xi·Hi

Ti
+

{
Xi·

(
Cpli − Cpsi

)· ln
Teu

Ti

}]
(2)

In the equations above, Tm is the phase transition temperature of the eutectic mixture
in K, Ti represents the phase transition temperature of individual salt hydrates (A, B, C)
in K, the proportion of the individual salt hydrate mixture is represented as X in mole
fraction. ΔHm and ΔHeu specify the melting enthalpy of pure and eutectic salt hydrate
PCM, respectively, in kJ.kmol−1, and R is the universal gas constant 8.314 kJ·mol−1·K−1.
Cp represents the specific heat capacity in solid and liquid phases, respectively, in KJ/kgK.

2.3. Preparation of Ternary Eutectic PCMs

This section elaborates the step-by-step process of preparing the ternary eutectic PCM,
and the nanoparticle-dispersed ternary eutectic salt hydrate PCM. The designed ternary salt
hydrate PCMs of composition SCD/SPDD/SSD at weight fractions of x/y/z were prepared
through melting followed by sonication. Figure 1 illustrates the step-by-step synthesis
process of the ternary eutectic PCM, and the process of dispersing GNPs with a base ternary
eutectic PCM. Based on the numerical design, we obtained the ternary eutectic composition
of SCD/SPDD/SSD with the weight ratio of 44.8/21/34.2 and a melting point of 21.5 ◦C.
At first, we melted 4.48 g of SCD salt hydrate PCM in a beaker using a hot plate maintained
at 45 ◦C. Furthermore, 2.1 g of SPDD was added to the liquid phase SCD, and we obtained
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a binary eutectic PCM (SCD/SPDD) with a melting point of 26.5 ◦C. As a final point, we
mixed 3.42 g of SSD salt hydrate to the binary eutectic PCM, and hereby we prepared the
designed ternary eutectic PCM (SCD/SPDD/SSD). To further enhance the thermal property
of the prepared ternary eutectic salt hydrate PCM, GNPs were dispersed at different weight
concentrations (0.4 wt%, 0.7 wt% and 1.0 wt%) and coded as SCD/SPDD/SSD-0.4GNP,
SCD/SPDD/SSD-0.7GNP and SCD/SPDD/SSD-1.0GNP correspondingly. At the end, the
composite samples were sonicated using an ultrasonicator bath (EASY 60H, ELMASONIC)
for 30 min to ensure uniform dispersion of GNPs with the ternary eutectic PCM.

Figure 1. Synthesis of ternary eutectic salt hydrate PCM, with crystal structure visuals of pure salt
hydrate PCM.

2.4. Instruments and Characterization Techniques

To characterize and experimentally evaluate the developed low-temperature ternary
eutectic PCMs, we used a few sensitive instruments. The morphology of the individual pure
salt hydrate PCMs was observed using an optical Stemi Microscope (Model STEMI2000,
ZEISS). The microstructure of GNPs was examined with a scanning electron microscope
(SEM) TESCAN VEGA 3. FT-IR spectroscopy (Perkin Elmer, Waltham, MA, USA) was used
to detect spectral peaks of the ternary eutectic PCM and its composites with GNP. The
wavenumber range of 400 to 4000 cm−1 was chosen to study the chemical composition,
as the mid IR spectrum wavelength ranges between 2.5 and 25 μm. Optical absorbance
and transmittance of the prepared sample in the solar spectrum region were examined
using UV–vis spectroscopy (Model: LAMBDA 750, Perkin Elmer, USA). The readings were
taken from a wavelength of 200 to 1400 nm at solid state. DSC instrument (DSC 3500 Sirius,
NETZSCH) was used to analyze the melting temperature and latent heat properties of
the TPCM composite. DSC melting and cooling curves were inspected between −15 and
45 ◦C under a N2 atmosphere with a heating rate of 5 ◦C/min to determine the heating
and cooling enthalpy, phase transition temperature and degree of supercooling. The base
PCM and the developed nanocomposite PCM were numerically analyzed by ANSYS R16.0.
All curves were plotted in Origin 2020 software.

3. Results and Discussion

A combination of numerical and experimental characterization was carried out in the
current work. This research investigation was focused on developing a ternary eutectic salt
hydrate PCM, designed to operate in low-temperature thermal energy regulation units.
Here we designed, developed and characterize the synthesized ternary eutectic PCM with
GNPs to ensure their chemical stability, optical absorptivity and thermal properties.

3.1. Design and Development of Ternary Eutectic Salt Hydrate PCM

Eutectic PCMs hold the advantage of tailoring the melting point of PCM as per the
desired application. Here, a novel low-temperature ternary eutectic mixture PCM consisting
of SCD, SPDD and SSD was designed numerically, followed by experimental synthesis
and characterization for space cooling. Schrader’s Equation (1) was chosen to numerically
evaluate the eutectic weight ratio of the individual salt hydrate for obtaining a common
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phase transition point. At first, we considered the thermal properties of salt hydrate SCD
(Tm = 31 ◦C; ΔHm = 210 J/g) and SPDD (Tm = 37 ◦C; ΔHm = 227 J/g) to evaluate the binary
eutectic phase transition temperature (Teu). The fraction of salt hydrate (Xi) in Equation (1)
was varied to determine Teu. On evaluation, it was observed that a binary eutectic mixture
of SCD and SPDD exhibited a common phase transition temperature at 26.1 ◦C. Figure 2a
represents Teu of SCD/SPDD at different weight proportions, and it can be inferred that
Teu (26.1 ◦C) was obtained with 32% of SPDD and 68% of SCD. The obtained eutectic point
is a temperature at which the individual component both starts to melt and undergoes
phase transition. Eutectic phase transition temperature is always lower than the phase
transition temperature of the individual component, owing to the increase in impurity
(inclusion of another component), where entropy generation increases and tends to reduce
the melting point of the mixture [19,20]. Both individual components undergo a decrease in
temperature and converge at a common point, which is the eutectic point. Likewise, using
Equation (2), we determined the heat storage enthalpy of the developed binary eutectic
PCM. Figure 2b depicts the variation in the latent heat value of pure salt hydrate PCM and
binary eutectic PCM at different weight compositions. On further calculation, the latent
heat of the binary eutectic PCM was determined to be 210 J/g.

Figure 2. (a) Phase transition point of SCD/SPDD binary salt hydrate PCM; (b) heat storage enthalpy
of SCD/SPDD binary salt hydrate PCM.

Considering the binary eutectic PCM SSD/SPDD (Tm = 26.1 ◦C; ΔHm = 210 J/g) as a
unique salt hydrate PCM (individual component) and pure SSD (Tm = 33 ◦C; ΔHm = 217 J/g)
salt hydrate PCM (second component), we adopted Equations (1) and (2) to calculate the
eutectic melting point, composition ratio and latent heat for the ternary eutectic PCM.
Figure 3a,b describes the variation in melting point and latent heat of the eutectic PCM,
with variation in proportion of the component. On evaluation, it was observed that the
ternary eutectic mixture of SCD, SPDD and SSD exhibited a common phase transition
temperature at 21.5 ◦C. From Figure 3a it can be inferred that the eutectic phase transition
temperature 21.5 ◦C was obtained at 34.2% of SSD and 65.8% of SCD/SPDD. SCD/SPDD
exhibited a eutectic melting point at 68% of SCD and 32% of SPDD. Henceforth it was
determined that the composition of the developed ternary eutectic PCM was 34.2% SSD,
44.75% SCD (65.8% of 68%SCD) and 21.05% SPDD (65.8% of 32%SPDD). Likewise, for
SCD/SPDD/SSD (34.2/21.05/44.75), the latent heat value was determined to be 207 J/g.
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Figure 3. (a) Phase transition point of SCD/SPDD/SSD binary salt hydrate PCM; (b) heat storage
enthalpy of SCD/SPDD/SSD binary salt hydrate PCM.

3.2. Morphological Behavior

The microstructure and morphology of the developed inorganic-salt-hydrate-based
ternary eutectic PCM was examined using an optical microscope. Figure 4 shows the
optical image visuals of pure salt hydrate SCD, SPDD and SSD for a better understanding
on the crystal structure (bulk, coarse and fine). SCD salt hydrate displayed very fine salt
crystals of uniform size, whereas SPDD salt hydrate PCM consisted of bulk and coarse
salt crystals with irregular shape. Although SPDD is a dodecahydrate molecule, due to a
high melting temperature (37 ◦C), the salt hydrate is complete in the solid state, without
exhibiting any water molecule presence in the surface like SCD. On keen observation it
could be inferred that the developed binary eutectic PCM (SCD/SPDD) and the ternary
eutectic PCM (SCD/SPDD/SSD) replicated a uniform morphology in terms of the crystal
structure and grain size and ensured a proper dispersion. High hydrated molecules of
SCD/SPDD/SSD were also understandable from the optical visual image. The morphol-
ogy and microstructure of nanoparticle GNPs were examined using a scanning electron
microscope (SEM), and the images are provided in Figure 4. It can be inferred that GNP
nanomaterials had two-dimensional irregular multiple layers of a sheet-like structure with
some voids and gaps between subsequent layers. Nevertheless, we depicted the digital
image of the base ternary eutectic PCM and GNP-dispersed ternary eutectic PCM for better
consideration of the dispersion of GNP with the developed ternary eutectic PCM.

3.3. Chemical Stability

On investigating the developed ternary eutectic PCM under a FTIR spectrometer, the
wavelength position and intensity of the absorption band imitated the characteristics of
molecular structure, which is significant in understanding the presence of a chemical group.
FTIR spectral curves of the developed ternary eutectic PCM (SCD/SPDD/SSD) and its
composites with different fractions of GNP can be observed from Figure 5. In all the tested
samples, we could observe wide and sharp spectral peaks with varying intensity. The wide
peak around wavenumber 2900–3600 cm−1 represented the O-H stretching vibration due to
the crystallization of water molecules [21]. Sharp peaks at wavenumber 990 cm−1 denoted
the PO-H [22] bending vibration, ensuring the presence of the SPDD salt hydrate. The sharp
peak at 1077 cm−1 represented SO4

2− [23], with asymmetric stretching vibration ensuring
the presence of the SSD salt hydrate. The other higher intense sharp peak at 1383 cm−1

represented CO3
2− [24], indicating the asymmetric stretching vibration confirming the

presence of the SCD component. Additionally, GNPs under exposure to the FTIR spectrum
do not produce any peaks within the IR range, which ensures the non-IR active nature
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of GNPs [25]. In all the spectral curves of GNP-dispersed ternary eutectic PCM, no new
absorption peaks were generated, and there were no missing peaks that were observed
in the ternary eutectic PCM. This spectral curve as obtained from FTIR ensured that no
chemical reaction occurred between the developed ternary eutectic PCM GNP at different
concentrations due to any physical interaction.

Figure 4. Crystal structure visuals of pure and eutectic salt hydrate PCM using an optical microscope;
microstructure and morphological image of graphene nanoplatelets; and digital image of base ternary
eutectic composite and GNP-dispersed ternary eutectic composite.
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Figure 5. FTIR spectral curves of ternary eutectic PCM and GNP-dispersed ternary eutectic PCM.

3.4. Optical Property Analysis

The developed ternary eutectic PCM was designed to be operated for thermal regula-
tion of buildings. PCM melting at 21.5 ◦C can be preferably used for building heating as
well as building cooling. In general, for building heating, heat energy from solar power is
absorbed and stored in the PCM, and later this energy is released into the heating space
for thermal regulation [26]. On analysis it is noted that most of the inorganic materials are
transparent and transmit more solar radiation than absorption. Hence in this section, the
optical property of the developed ternary eutectic salt hydrate PCM was experimentally
investigated under UV–vis spectroscopy. Figure 6a,b shows the absorbance and trans-
mittance curves of the developed ternary eutectic salt hydrate PCM along with GNP at
different weight concentrations with variation in ultraviolet–visible light waves.

Figure 6. Solar spectral (a) absorbance and (b) transmittance of GNP-dispersed ternary eutectic PCM.
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As can be seen in Figure 6a, the absorbance intensity of the developed ternary eu-
tectic PCM SCD/SPDD/SSD (0.62 absorbance) was stronger in comparison with that of
the individual salt hydrate PCM SCD (0.43 absorbance), SPDD (0.14 absorbance) and
SSD (0.15 absorbance) in all regions (UV and visible). The higher optical absorptivity of
SCD/SPDD/SSD could be ascribed to the stickier nature of the developed ternary PCM
with higher content of water molecules. The crystal structures also contributed towards
repeated scattering within the PCM and enhanced the absorptivity. In addition, the im-
provement in optical properties with dispersion of GNPs was further inferred. Spectral
curves of GNP-dispersed SCD/SPDD/SSD at nanoparticle concentrations of 0.4%, 0.7%
and 1.0% illustrated absorbances of 1.02, 1.18 and 1.28, respectively. Increases in opti-
cal absorptivity of GNP-dispersed ternary PCM were ascribed to the dark nature of the
GNP-dispersed composite. The dark nature decreased the transmissibility of the PCM
and improved the absorptivity. Besides absorbance, the transmissibility behavior of the
developed ternary PCM is depicted in Figure 6b. The lower the transmittance, the better
the absorbance. On further assessment, the optical absorptivity of the ternary salt hydrate
PCM reduced from 21.8% to 8.4%, 6.7% and 5.2% for GNP weight concentrations of 0.4, 0.7
and 1.0, respectively. Greater absorptivity improves the solar energy input and contributes
to higher TES at a comparatively faster rate.

3.5. Thermal Conductivity

PCM for any application is selected based on the heat energy storage potential and
the rate at which the thermal energy charging takes place. Thermal conductivity indicates
the rate at which the heat transfer occurs in any materials. In general, inorganic PCM
offers improved thermal conductivity compared to that of organic PCM. Although this
research work focuses on inorganic PCMs, to further increase the thermal properties of the
developed ternary eutectic salt hydrate PCM, we dispersed 2D GNPs at concentrations of
0.4%, 0.7% and 1.0% to evaluate the thermal property enhancement.

As the developed ternary eutectic PCM was designed to operate at a low temperature,
we used a transient hot-bridge thermal conductivity meter to find the thermal conductivity
of the GNP-dispersed ternary eutectic PCM and the pure salt hydrate PCMs. The room
temperature was maintained at 15 ◦C to ensure a solid state of the sample while conducting
the characterization experiment. Figure 7 shows the bar plots of pure salt hydrate SCD,
SPDD and SCD; developed ternary eutectic PCM SCD/SPDD/SSD and GNP-dispersed
ternary eutectic PCM at different compositions. In solid materials, the significant cause for
thermal conductivity is the movement of free electrons; however, inorganic salt hydrates
have fewer free electrons as most of the electrons remain confined to the ionic crystal
lattice [3]. Hence in inorganic salt hydrates, thermal conduction occurs due to crystal
lattice vibration. Figure 7 depicts the thermal conductivity of base salt hydrate PCM SCD,
SSD and SPDD as 0.441 W/m·K, 0.458 W/m·K and 0.513 W/m·K, respectively. As a new
ternary eutectic PCM was developed, it was of utmost importance to evaluate the thermal
conductivity of the synthetic PCM with their individual mixtures. The thermal conductivity
of the synthesis PCM was 0.473 W/m·K, which was a nominal value between the thermal
conductivity of SCD and SPDD, which could be ascribed to the distribution of the base salt
hydrate. Furthermore, GNPs were dispersed at weight concentrations of 0.4%, 0.7% and
1.0% to advance the thermal conductivity of the synthesized PCM. It can be inferred that
0.4%, 0.7% and 1.0% of GNPs enhanced the thermal conductivity of the ternary PCM by
31.7%, 48.6% and 71.5%, respectively. The increment in thermal conductivity was ascribed
to higher thermal conductivity of the GNPs and their higher surface area, which develops
a well-connected thermal network for enhanced heat transfer rate [26]. On the whole,
comparing the thermal conductivity (0.811 W/m·K) of SCD/SPDD/SSD-0.7GNP PCM
with that of organic PCM (0.2 W/m·K), there was an increment of nearly 300%.
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Figure 7. Thermal conductivity of GNP-dispersed ternary eutectic salt hydrate PCM.

3.6. Melting Temperature, Latent Heat Storage and Degree of Supercooling

PCM are preferred for TES owing to their ability to store higher energy within a small
mass of PCM. Inorganic PCMs also offer the benefits of higher latent heat potential com-
pared to that of organic PCMs. This section consolidates and compares the experimentally
determined melting point, latent heat and degree of supercooling of the GNP-dispersed
ternary eutectic PCM. To begin with, we compared the latent heat (207 J/g) value and melt-
ing temperature (21.5 ◦C) of the numerically designed ternary eutectic PCM in Section 3.1
with those of the experimentally determined PCM using a DSC instrument. Figure 8 shows
the experimentally determined endothermic peaks of pure salt hydrate PCM (SCD, SPDD
and SSD) and the binary eutectic PCM (SCD/SPDD). With further calculation it could be
inferred that the latent heat values of SCD, SSD and SPDD salt hydrate were 208.2 J/g,
216.2 J/g and 226.1 J/g, respectively. All the experimental latent heat values were like the
numerical values used for designing the binary and ternary eutectic PCMs. Similarly, the
latent heat value of the binary eutectic PCM was 210.3 J/g, which was like the numerically
calculated latent heat (210 J/g). The melting temperature of the binary eutectic PCM was
inferred to be 25.6 ◦C and closely resembled the Tm of SCD/SPDD binary eutectic PCM
designed based on Schrader’s equation. Figure 9a shows the experimentally tested en-
dothermic peak of the SCD/SPDD/SSD ternary eutectic PCM with heat storage potential of
203.2 J/g and a melting point of 21.3 ◦C. It was also observed that the eutectic points of the
developed binary and ternary eutectic PCMs were lower compared to that of the individual
salt hydrate, which was ascribed to the increase in impurity, where entropy generation
increased and reduced the melting point of the mixture. It was also noticed that the latent
heat value of the ternary eutectic PCM was slight lower than the numerical calculated
value; the explanation to be noted is the increase in free energy (ΔG◦) due to the impure
solid (mixture of two or more components), causing entropy generation resulting in a slight
reduction of latent heat of the prepared eutectic PCM. This experimental investigation
ensured the reliability of Schrader’s equation in developing a new eutectic PCM for TES.
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Figure 8. Heat storage enthalpy of pure salt hydrate PCM and binary eutectic salt hydrate PCM.

Figure 9. Heat storage enthalpy of GNP-dispersed eutectic salt hydrate PCM; (a) melting curve and
(b) cooling curve.

DSC curves in Figure 9 depict the heating and cooling pattern of the ternary eutectic
PCM and the GNP-dispersed ternary eutectic PCM. Three parameters to be discussed and
inferred are (a) melting point, (b) heat storage enthalpy and (c) degree of supercooling.
The developed ternary eutectic PCM was a combination of three different salt hydrates
with melting points ranging between 31 and37 ◦C. Nevertheless, the synthesized eutectic
PCM exhibited a single melting peak, which ensured the solid-to-liquid phase transition
with uniform dispersion of the salt hydrate and the reliability of Schrader’s equation. The
ternary eutectic PCM’s (SCD/SPDD/SSD) melting began at 21.3 ◦C, which was more like
the numerically calculated eutectic point. The lower eutectic point of the developed PCM
was due to the increase in impurity of the composition. On dispersion of GNPs, the melting
point of the PCM increased slightly as the nanoparticles contributed towards higher thermal
conductivity. Nevertheless, the phase transition temperature of the GNP-dispersed ternary
eutectic PCM as in the range of 21.7–22.2 ◦C and is preferred for the thermal regulation of
buildings.
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Subsequently, the melting enthalpy and cooling enthalpy of the GNP-dispersed ternary
eutectic PCMs were portrayed well in Figure 9a,b. It could be inferred that the melting
enthalpies of the developed PCM with 0.4%, 0.7% and 1.0% of GNPs were 217.2 J/g,
209.1 J/g and 194.9 J/g, respectively. Latent heat describes the stronger intermolecular
force of attraction between the PCM molecules. On the whole, the inclusion of nanopar-
ticles with PCM increases the intermolecular attraction between the molecules of PCM
and nanoparticles and accounts for storing higher heat energy. The increase in latent
heat of the GNP-dispersed PCM was ascribed to the higher surface area of GNPs, which
improved the intermolecular force of attraction between the nanoparticle and the ternary
eutectic PCM. Nevertheless, the nanoparticle also replaced the mass of the PCM, and the
material’s ability to store heat energy drops at a higher concentration. Hence, at a low
concentration of nanoparticles, the intermolecular interactions are dominant, and at a
higher concentration, the drop in latent heat is accounted for by the mass of nanoparticles
replacing the mass of PCM [27]. Likewise, the cooling plot in Figure 9b depicts that about
162.4 J/g, 155.6 J/g and 154.3 J/g of energy could be extracted from the energy that was
stored during phase transition of the GNP-dispersed PCM from the liquid to solid state.
On evaluation, the energy storage efficiency was 75.56% for the base ternary eutectic PCM,
75.46% for SCD/SPDD/SSD-0.4GNP, 74.0% for SCD/SPDD/SSD-0.7GNP and 78.4% for
SCD/SPDD/SSD-1.0GNP.

One more important parameter to discuss with salt hydrate PCMs is their degree of
supercooling (difference in temperature between the actual freezing point of PCM and
the point at which PCM actually freezes). The major hindrance with usage of salt hydrate
PCMs is their concern towards the issue of supercooling. During the phase transition of
PCMs from liquid to solid state, they are expected to freeze at the temperature at which
the PCM starts melting. With most salt hydrates failing to crystallize at their melting
point, it reduced the heat storage ability. In this experimental investigation, the degree
of supercooling was calculated as the difference in temperature between Tmelt and Tfreeze.
From Figure 9a,b it was found that the degree of supercooling of the ternary eutectic PCM
and its GNP-dispersed composite at concentrations of 0.4%, 0.7% and 1.0% were 13.1 ◦C,
8.5 ◦C, 8.3 ◦C and 7.4 ◦C, respectively. Although nucleating agents were not included
in this investigation, GNPs performed the role of the nucleating agent and reduced the
degree of supercooling by 35.2%, 36.655% and 43.52% with 0.4%, 0.7% and 1.0% weight
concentrations, respectively.

3.7. Numerical Analysis of Ternary Eutectic PCM

A separate heat transfer analysis on the ternary eutectic PCM and GNP-dispersed
PCM was conducted based on different heat energy input supply as in Figure 10. In this
evaluation, we created a circular 2D enclosure to better understand the energy storage
unit. Initially, we considered a circular PCM layer with their circumference open to a heat
sink for constant heat input. The 2D PCM enclosure was maintained at a temperature of
20 ◦C, and the heat sink temperature was varied as 25, 30 and 35 ◦C, which was above
the melting point (>21.6 ◦C) of the GNP-dispersed ternary eutectic PCM. We analyzed
the developed ternary eutectic PCM with thermal conductivity of 0.473 W/m.K and 1.0
weight concentrated GNP-dispersed ternary eutectic PCM with thermal conductivity of
0.811 W/m.K.
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Figure 10. Boundary condition depiction of heat transfer investigation; (a) ternary eutectic PCM layer
and (b) GNP-dispersed ternary eutectic PCM layer.

This numerical analysis as per the boundary condition in Figure 10 emphasizes the
thermal energy propagation over the ternary eutectic PCM and GNP eutectic PCM. The heat
transfer with temperature contour plots of the base and GNP-composite ternary eutectic
PCMs with input heat energies of 40, 45 and 50 ◦C is shown in Figure 11. We conducted a
steady-state heat transfer analysis for a circular PCM layer, with heat supply throughout
the circumference layer. As the developed ternary eutectic PCM was specifically opted
for low-temperature analysis, we supplied a low heat input with a temperature range
of 40, 45 and 50 ◦C. Two major parameters to discuss are the thermal property of the
PCM layer and the variation in supplied heat. It can be inferred from Figure 11a–c that
with an increase in input energy source, the heat transfer and depth of penetration varied;
however, the temperature change between the PCM and heat input was very minimal. The
color scale depicts the heat penetration of the PCM. Likewise, enhancement of thermal
conductivity with GNP dispersion further improved the heat penetration rate, which is
clearly understandable from Figure 11 d–f. On analysis it was observed that for effective
heat penetration the input source needed to be enhanced predominantly.
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Figure 11. Temperature contour plots of ternary eutectic PCM with heat source of (a) 40 ◦C, (b) 45 ◦C
(c) and 50 ◦C; and of 1.0 GNP-dispersed ternary eutectic PCM at heat input source of (d) 40 ◦C,
(e) 45 ◦C and (f) 50 ◦C.
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4. Conclusions

Energy storage using a eutectic salt hydrate is reliable with tailored thermal properties
as per the desired application. In this current research work, a ternary eutectic salt hydrate
PCM was designed numerically and developed experimentally to characterize its thermal
properties. Ternary eutectic PCM SCD/SPDD/SCD showed a phase transition temperature
of 21.5 ◦C, latent heat storage of 207 J/g, thermal conductivity of 0.473 W/m·K and
optical absorptivity of 0.62 with a lower degree of supercooling compared to that of the
individual salt hydrate. The developed ternary eutectic PCM was further investigated
with dispersion of GNP and different weight concentrations. The results showed an
increase in thermal conductivity and optical absorbance by 71.5% and 106.5%, respectively.
Likewise, the degree of supercooling and transmissibility were reduced by 43.5% and 76.2%
correspondingly. The GNP-dispersed composite ternary eutectic PCM was chemically
stable and also exhibited a better enhancement in thermal and optical properties. The
integration of PCMs with buildings to regulate effective utilization of thermal energy will
contribute towards sustainable development.
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Abstract: Concentrating solar power (CSP) and thermal energy storage (TES) based on molten salts
still lacks economic feasibility, with the material investment costs being a major drawback. Ferritic
stainless steels are a comparatively cheap class of materials that could significantly contribute to
cost reductions. The addition of aluminum to ferritic steel can result in self-passivation by forming
a compact Al2O3 top layer, which exhibits significantly higher corrosion resistance to solar salt
compared to the Cr2O3 surface layers typically formed on expensive structural alloys for CSP and
TES, such as austenitic stainless steels and Ni-base super alloys. However, to date, no ferritic stainless
steel combining Al2O3 formation and sufficient structural strength is available. For this reason, cyclic
salt corrosion tests under flowing synthetic air were carried out on seven Laves phase-forming,
ferritic model alloys (17Cr2-14Al0.6-1Nb2.6-4W0.25Si), using “solar salt” (60 wt. % NaNO3 and
40 wt. % KNO3). The Al content was varied to investigate the influence on the precipitation of the
mechanically strengthening Laves phase, as well as the impact on the formation of the Al-oxide
top layer. The W and Nb contents of the alloys were increased to examine their influence on the
precipitation of the Laves phase. The salt corrosion experiments demonstrated that simultaneous self-
passivation against a molten salt attack and mechanical strengthening by precipitation of fine Laves
phase particles is possible in novel ferritic HiperFerSCR (salt corrosion-resistant) steel. Microstructural
examination unveiled the formation of a compact, continuous Al2O3 layer on the surface of the model
alloys with Al contents of 5 wt. % and higher. Furthermore, a stable distribution of fine, strengthening
Laves phase precipitates was achieved in the metal matrix, resulting in a combination of molten salt
corrosion resistance and potentially high mechanical strength by a combination of solid solution and
precipitation strengthening. These results show that high-strength ferritic alloys are suitable for use
in CSP applications.

Keywords: thermal energy storage; concentrating solar power; protective Al2O3 scale; salt corrosion
resistance; strengthening Laves phase precipitation

1. Introduction

Currently, extensive research is being conducted in the field of renewable energy [1–3].
The continuous innovation and optimization of solar tower power plant technology is
helping to ensure that it can play an important role in the transition to a sustainable and
low-carbon energy future. Solar tower power plants constitute a promising renewable
technology for large-scale power and process heat generation [4]. These power plants use a
field of mirrors (heliostats) to concentrate sunlight onto a central receiver mounted on the
top of a tower. The concentrated solar energy is then used to generate high-temperature
heat, usually by heating a heat transfer fluid, such as molten salt or pressurized steam.
This heat is then used to drive a turbine and generate electricity. Solar thermal power
plants typically use molten salts for heat transfer and storage [5]. The so-called “solar
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salt” is a combination of 60 wt. % NaNO3 and 40 wt. % KNO3 [6]. In the case of nitrate
salts, partial dissociation occurs at higher temperatures, before they finally completely
decompose at further increasing temperatures [7]. The overall efficiency of commercially
operated solar thermal power plants is currently limited by the thermal stability of the
solar salt, which makes process temperatures above 600 ◦C difficult to achieve [8]. Even at
these temperatures, increased corrosion of metallic components occurs, requiring careful
material selection [7]. Although the cost of solar thermal power plants has decreased by
about 68% over the last 10 years [9], further cost reductions are needed to make solar
thermal power plants competitive with other regenerative (wind, PV) and fossil energy
technologies. An important aspect of cost reduction is the materials’ cost and durability.
Ferritic alloys, which primarily consist of iron and chromium, offer a more cost-effective
alternative for certain components in CSP, compared to commercially used nickel-based
alloys. The abundance and widespread availability of iron contribute to the lower price of
ferritic alloys. Additionally, chromium, the main alloying element in ferritic alloys, is more
affordable compared to nickel, molybdenum, and other expensive alloying elements used
in nickel-based alloys.

The development of Al2O3-forming stainless steels with high mechanical strength
offers the potential for cost-effective structural material solutions. In the development of
a cost-effective alternative, it is also important to ensure that it has good resistance to the
heat transfer fluid used.

The aim of the presented alloy development was to combine the strengthening by
precipitation of intermetallic Laves phase particles, known from ferritic “HiperFer” [10,11]
alloys, with the formation of a salt corrosion-resistant oxide surface layer. Laves phases
form a large class of intermetallic compounds that have tended to be considered detrimental
phases to avoid [12]. However, with proper control of the precipitation process, Laves
phases can serve as strengthening particles [10,11,13–15]. The main Laves phase-forming
elements, W, Nb, and Si, strongly influence the mechanical properties by modifying the
solid solution and precipitation strengthening effects.

By using model alloys, each weighing 100 g, alloying elements such as Al, Nb, and
W were varied to investigate the influence of alloy chemistry on Al2O3 formation, and the
precipitation of fine, long-term stable Laves phase particles in the ferrite matrix. Following
the corrosion experiments, a detailed microstructure investigation was carried out with
qualitative and quantitative evaluation of the particle size distribution (FE-SEM) and
chemistry (EDX), as well as surface layer formation (FE-SEM).

2. Materials and Methods

2.1. Materials and Preparation

In this study, seven ferritic model alloys, each weighing 100 g, were investigated. The
Al content was varied to investigate its effect on the precipitation of the Laves phase and the
formation of the Al-oxide top layer. The W and Nb contents were also increased to examine
the impact on the precipitation of the Laves phase. W, Nb, and Si were used for combined
solid solution and precipitation hardening. In FeCrAl alloys, Nb is an essential component
in the precipitation of the Laves phase [11,16,17]. Additionally, it hinders the occurrence
of intergranular corrosion by preventing the formation of chromium carbides along grain
boundaries [18]. The addition of W facilitates solid solution hardening and enhances
the volume fraction of the Laves phase [17]. The intermetallic Laves phase particles,
(Fe,Cr,Si,Al)2(Nb,W), significantly enhance the mechanical strength of these alloys [19].
Moreover, the addition of Si promotes the formation and stabilization [20,21] of the Laves
phase, consequently increasing the service life of FeCrAl steel components. This is achieved
by improving the adhesion of the protective oxide layers [22].

The model alloys were prepared under argon in a cold levitation crucible at normal
pressure using high-purity raw materials. Investigations were then carried out to determine
the homogeneous distribution of the alloying elements in the model alloys. The distribution
of the alloying elements was largely homogeneous, and no segregations were detected after
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annealing for homogeneity. The chemical compositions of the model alloys (analyzed by
inductively coupled plasma optical emission spectroscopy (ICP-OES); C, S, and N analyzed
by infrared absorption) are presented in Table 1.

Table 1. Chemical compositions (wt. %) of the ferritic model alloys.

Alloy Designation C S N Cr Al W Nb Si Fe

2 Al 0.0032 <0.0017 <0.0003 17.25 1.904 2.58 0.61 0.21 R
3.5 Al 0.002 <0.0022 <0.0003 17.25 3.41 2.93 0.7 0.259 R
5 Al 0.0011 <0.002 <0.0003 17.3 4.917 2.74 0.638 0.224 R
8 Al 0.0054 <0.002 <0.0003 17.1 7.84 2.79 0.671 0.255 R
14 Al <0.001 <0.0022 <0.0003 17.0 13.9 2.78 0673 0.258 R
4W 1Nb 3.5Al 0.0026 <0.0018 <0.0003 17.1 3.56 4.04 1.05 0.236 R
4W 1Nb 5Al 0.006 <0.0022 <0.0003 17.2 5.04 4.22 1.09 0.247 R

After performing solution annealing, specimens with dimensions of 10 mm × 10 mm
× 1 mm were extracted from the melts using electrical discharge machining. In accordance
with ISO 17245:2015 [23], the surfaces and edges of these specimens were meticulously
ground using 600-grit SiC paper to ensure consistent initial conditions in terms of surface
roughness. Subsequently, the specimens were cleaned with ethanol and dried using hot air.

In air, temperatures of at least 1000 ◦C or higher are normally required for the formation
of a protective α-Al2O3 layer on metal surfaces of FeCrAl alloys [24,25]. At temperatures
above 1350 ◦C, significantly accelerated oxidation kinetics can occur, primarily driven by
the formation of iron oxides [24]. To investigate the corrosion attack of the solar salt on
a preformed Al2O3 layer, one sample per model alloy was annealed at 1100 ◦C for one
hour in laboratory air. This temperature was selected to avoid uncontrolled precipitation
of particles of the Laves phase, which can occur below 1050 ◦C [20]. Figure 1 shows an
SEM image and a photograph of each model alloy before exposure to solar salt. In the
pre-oxidized model alloys 4W 1Nb 3.5Al and 4W 1Nb 5Al, coarse Laves phase precipitates
were still present. Due to the increased W and Nb contents, pre-oxidation temperatures
of more than 1100 ◦C were apparently necessary to avoid uncontrolled precipitation of
the Laves phase. After the heat treatment experiments, suitable pre-oxidation parameters
(1175 ◦C/1 h) could be determined for these two model alloys, too. Samples treated with
the optimized pre-oxidation parameters will be aged in solar salt in future work.

Figure 1. Scanning electron (SEM) micrographs (top left: inlay light optical photographs showing
specimen surface color) of the cross-sections of the specimens before corrosion testing.
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2.2. Experimental Methods

Discontinuous salt corrosion testing of alloy specimens was carried out by placing
them inside salt-filled alumina crucibles for a total of 2000 h at 600 ◦C in a tube furnace under
the flow of synthetic air, with a flow rate of 10 sl/h. For this study, a mixture consisting
of 60 wt. % NaNO3 (supplied by BASF SE, Ludwigshafen, Germany) and 40 wt. % KNO3
(supplied by Haldor Topsoe, Lyngby, Denmark) was prepared. As the solar salt creeps out
of the specimen containers with the aging time, fresh solar salt was replenished every 500 h
to ensure continuous coverage of the alloy specimens. The specimens were weighed every
250 h to calculate their individual mass changes according to DIN 50905-1 [26]. Further
details regarding the equipment and testing methodology for salt corrosion behavior can
be found in [12].

High-resolution scanning electron images (SEM) with a resolution of 4096 × 3072 pixels
were acquired to determine the particle size distribution and the widths of the particle-free
zones at grain boundaries, which are characteristic features of HiperFer-type steels [20,21,27],
as well as below the surface oxide layer. The images were quantitatively analyzed using
the OLYMPUS Stream Desktop software package, and the method described by Lopez
et al. [21], which has been successfully applied to Laves phase-strengthened alloys, was
employed.

3. Results and Discussion

3.1. Discontinuous Corrosion Testing

For the model alloy with the lowest Al content of 2 wt. % (2 Al), a strong mass increase
of about 0.875 mg/cm2 was observed in the first 250 h (cf. Figure 2a). In the case of
pre-oxidized 2 Al, the mass loss was even higher at about 1.625 mg/cm2. From 500 h until
the end of the experimental period of 2000 h of aging in solar salt, only net losses were
observed, ranging from 0.167 mg/cm2 to 0.792 mg/cm2. These mass losses, which were
even higher in the case of pre-oxidized 2 Al, result from spallation of the oxide layer and
indicate insufficient adhesion to the base material. Obviously, the Al content of 2 wt. %
is too low to form a protective top layer. The fact that Al is simultaneously consumed by
the precipitation of Laves phase within the ferrite matrix may worsen the situation. In
comparison to the 2 Al alloy, the mass gain of the 3.5 Al steel was relatively low, especially
for the pre-oxidized 3.5 Al. The slight increase in mass gain for the 3.5 Al alloy in the first
500 h indicates uniform, slow oxide film growth. This could also be observed for the model
alloys with an increased Al content up to 5 wt. % Al (cf. Figure 2b) and for the model alloys
with increased W and Nb contents (cf. Figure 2c).

When considering the mass changes of the model alloys with varying Al content, it
was demonstrated that pre-oxidation had a detrimental effect, as seen by the increased
mass change in the case of the 5 Al alloy and the increased mass losses in the case of the
14 Al alloy.

The increase in W and Nb contents in combination with an increase in Al content from
about 3.5 wt. % to about 5 wt. % seemed to result in a lower mass change (cf. Figure 2c).
After the first 250 h, the mass increase of 4W 1Nb 3.5Al (1.083 mg/cm2) was about three
times higher than that of 4W 1Nb 5Al (0.417 mg/cm2). Regarding 4W 1Nb 3.5Al and 4W
1Nb 5Al alloys, pre-oxidation resulted in similar mass changes, but compared to the other
model alloys, 4W 1Nb 3.5Al exhibited a comparatively higher mass increase.

Comparing the weight changes of 4W 1Nb 3.5Al and 4W 1Nb 5Al, it can be concluded
that the increased W and Nb contents, due to the interaction of oxide layer growth and
Laves phase precipitation, also required an increased Al content to obtain a slow-growing
oxide layer.
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(a) (b) 

(c) 

Figure 2. Weight changes of corrosion specimens during discontinuous annealing in solar salt at
600 ◦C: (a) low Al content, (b) high Al content, and (c) high W and Nb contents.

When considering the higher-grade model alloys, a clear influence of the Al content
on the mass change was observed (cf. Figure 2a,b). An Al content of 3.5 wt. % and above
ensured a consistently low mass change. With increased W and Nb contents, an Al content
of 5 wt. % was necessary for this effect. Therefore, higher W and Nb contents require higher
Al contents to ensure sufficient availability of Al for the formation of a stable Al2O3 top
oxide layer, indicating further potential for optimization of strength (due to higher W and
Nb contents [24]), while maintaining high salt corrosion resistance. At an Al content of
14 wt. %, the mass change behaved significantly differently compared to the other model
alloys. Over the entire test period of 2000 h, there were only small mass increases of up to
0.208 mg/cm2. In the case of the pre-oxidized variant, there were small mass losses of up
to 0.291 mg/cm2 over the entire testing period.

SEM surface examination results, including associated light photographic images
of the specimen surfaces, are presented in Figure 3. In the photographs of the specimen
surfaces, the oxide layer appears reddish-brown for specimens with Al contents up to
3.5 wt. % and increased W and Nb contents, indicating an Fe-rich oxide layer. For Al
contents from 5 wt. % to 14 wt. %, the sample surfaces appear grayish-beige, indicating
an Al-containing oxide layer. For model alloys with Al contents up to 3.5 wt. %, on which
bulky multi-layer Na-Fe-oxides formed, SEM exhibited indications of spallation, but no
superficial cracks. These findings are consistent with the weight change curves presented
in Figure 2. With a higher Al content, the oxide layer had a fine-grained morphology with
fewer bulges, consisting of mixed Na-Fe-oxide forming on top of a mixed Al-Cr-Fe-oxide
layer. The pre-oxidized specimen exhibited a coarser oxide layer, which was marked by
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the presence of surface bulges. Only mixed Al-oxide without bulges of Na-Fe-oxides was
detected on the 14 Al alloy. In the sample cross-section of the 14 Al alloy (cf. Figure 4), a
protective, continuous Al2O3 layer with a thickness of about 40 nm formed after 2000 h at
600 ◦C in solar salt. In contrast to the other model alloys, the 14 Al specimen did not form a
uniform distribution of small Laves phase particles in the base metal during aging in solar
salt. The Al2O3 layer of the pre-oxidized 14 Al was about 30 nm-thick, with comparatively
large Laves phase precipitations underneath.

Figure 3. SEM micrographs of the specimen surfaces after discontinuous corrosion tests in solar salt
for 2000 h at 600 ◦C (top left: inlay light optical photographs showing specimen surface color).

Figure 4. SEM micrographs of the specimen cross-sections after discontinuous corrosion tests in solar
salt for 2000 h at 600 ◦C.

The EDX element mappings of the cross-sections of expressive model alloys are
displayed in Figures 5–7. For the model alloys with lower Al contents of up to 3.5 wt. %
(cf. Figure 5), the oxide formed in three layers: an intermediate layer composed of Cr-
Na-Fe-oxide was formed between an upper layer consisting of Na-Fe-mixed oxide and a

158



Energies 2023, 16, 4084

lower layer of Cr-Al-oxide on the steel base. This type of three-layer oxide film formation
is already known from previous salt corrosion experiments with ferritic FeCrAl alloys [12].
Coarse AlN precipitates could be found below the oxide layer. As expected, intermetallic
phase precipitates composed of Fe, Cr, Al, and W were observed in the base material. For
the pre-oxidized 5 Al alloy, the oxide film formation was similar to the lower Al content
variants (cf. Figure 6). For 5 Al, the multilayer oxide formation was only observed in the
few bulky areas. In the flat areas, a thin and compact Al2O3 layer was found in the case of
the 5 Al alloy.

Figure 5. Energy-dispersive X-ray element mappings of the cross-sections of the specimens with a
low Al content of 3.5 wt. % after discontinuous corrosion tests in solar salt for 2000 h at 600 ◦C.

Figure 6. EDX element mappings of the cross-sections of the specimens with high Al contents of
5 wt. % and 8 wt. % after 2000 h of discontinuous corrosion testing in solar salt at 600 ◦C.

Furthermore, AlN precipitates were detected below the multilayer oxide areas only. In
contrast, below the thin, flat Al2O3 layers of the 8 Al alloys, no AlN precipitates were found.
However, the disadvantage of pre-oxidation became evident when examining the 8 Al alloy
with and without pre-oxidation. The oxide layer formed by pre-oxidation appeared to be
incomplete, allowing the solar salt to permeate through. Consequently, internal oxidation
by Na occurred. Pure Na-oxide, visible on top of the Al2O3 layer of the 8 Al alloys, could
also be salt residues left behind during sample preparation. For the model alloys with
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increased W and Nb contents, the surface oxide also formed in layers, similar to the alloys
with a low Al content (cf. Figure 7).

Figure 7. EDX element mappings of the cross-sections of the specimens with high W and Nb content
after discontinuous corrosion tests in solar salt for 2000 h at 600 ◦C.

It is remarkable that a protective Al2O3 layer formed on top of the model steels during
annealing in solar salt at the intermediate temperature of 600 ◦C, even in the absence of
pre-oxidation in air, as previously observed in corrosion experiments in solar salt with
a similar alloy composition and aging temperature [9]. The formation of Al2O3 at lower
temperatures can be attributed to the interplay between the alloy composition and the
corrosive environment containing oxygen. Increasing the Al content provides a greater
availability of Al for oxide formation. Moreover, the presence of high Cr and Al contents
in the alloy triggers the so-called third element effect [28]. As Cr exhibits a lower affinity
for oxygen compared to Al, it facilitates the reduction of oxygen influx into the base metal,
allowing Al to diffuse to the metal surface without precipitating as an internal oxide.
Subsequently, once Al has diffused to the metal surface, it rapidly undergoes oxidation
due to the presence of an oxygenated, corrosive environment that effectively wets the
material surface.

These results imply that the alloy concept with all the tested variations of Al, W, and
Nb has the potential for self-passivation upon exposure to solar salt. The reason for the
Al2O3 formation at lower temperatures could be an interplay between the alloy composition
and the oxygen-containing, corrosive environment.

3.2. Laves Phase Precipitation

Exemplary SEM micrographs of Laves phase precipitation in the 2 Al, 5 Al, 8 Al, 4W
1Nb 3.5Al, and 4W 1Nb 5Al model alloys after discontinuous corrosion tests in solar salt
for 2000 h at 600 ◦C are presented in Figure 8. To assess the stability of the Laves phase
particles during operation, the mean particle size and the widths of particle-free zones
along high-angle grain boundaries were determined after exposure to solar salt for 2000 h
at 600 ◦C (cf. Table 2). Associated size distribution histograms (particle frequency, i.e.,
fraction of particles within corresponding equivalent circle diameter ranges in relation to
the overall number of particles counted) are depicted in Figures 9 and 10.

Near-surface particle-free zones were found exclusively in the 5 Al and 8 Al pre-
oxidized variants. In the case of the 8 Al alloy, on the other hand, a narrow region of much
finer Laves phase precipitates below the oxide layer was encountered (cf. Figure 8). In the
other samples, the particle size remained stable along the depth of the material. Due to
pre-oxidation and with the increasing Al content, the particle-free zones in the bulk material
expanded along the high-angle grain boundaries, which is typical [29] for HiperFer-type
steels. Since Al2O3 is more stable than Cr2O3, there was reduced consumption of Al and Cr
through surface oxidation. As a result, a larger amount of Al and Cr were available for the
growth of the Laves phase in the pre-oxidized model alloys. In the untreated model alloys,
the oxide layer formed during the corrosion experiment and consumed Al and Cr from the
surface near the alloy matrix. This inhibited the nucleation and growth of Laves particles
near the surface, as seen in 5 Al, 8 Al, and 8 Al pre-oxidized specimens. However, as the
depth within the material increased, then consumption of Al and Cr at the surface no longer
significantly affected the Laves phase formation, which consequently led to equalization of
the particle sizes.
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Figure 8. SEM micrographs of Laves phase particle population after discontinuous corrosion tests
in solar salt for 2000 h at 600 ◦C. The dashed lines mark the areas of the particle-free zones at the
grain boundaries.

Table 2. Mean equivalent circle diameters with standard deviations of Laves phase particles (inves-
tigated area depth: 100 to 600 μm), width of the particle-free zone near the surface (down to 6 μm
depth), and at high-angle grain boundaries within the bulk material (depth of the investigated area:
100 to 600 μm) in the model alloys after discontinuous corrosion tests in solar salt for 2000 h at 600 ◦C.

Alloy Designation
Mean Equivalent

Circle
Diameter (nm)

Precipitation-Free
Zone (Near Surface

Area) (nm)

Precipitation-Free
Zone (Bulk

Material) (nm)

2 Al 64.46 ± 30.18 - 484.66 ± 71.83
2 Al pre-ox. 81.01 ± 34.24 - 856.24 ± 355.28
3.5 Al 65.74 ± 27.11 - 552.20 ± 85.87
3.5 Al pre-ox. 83.38 ± 46.65 - 1056.31 ± 257.09
5 Al 90.12 ± 47.78 1792.88 ± 264.80 757.44 ± 180.37
5 Al pre-ox. 93.99 ± 40.95 - 3223.66 ± 171.27
8 Al 226.06 ± 101.42 - 1856.02 ± 475.22

Figure 9. Equivalent circle diameter distributions of precipitates in the model alloys (determined
over an area of approximately 1450 μm2 each) after 2000 h of discontinuous corrosion testing in solar
salt at 600 ◦C.
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Figure 10. Equivalent circle diameter distributions of precipitates in the pre-oxidized model alloys
(determined over an area of approximately 1450 μm2 each) after discontinuous corrosion tests in
solar salt for 2000 h at 600 ◦C.

Looking at Figure 9 and Table 2, the Laves phase precipitates also tended to coarsen
with the rising Al content. Pre-oxidation of the specimens before corrosion testing slightly
enhanced this effect (cf. Figure 10). The pre-oxidation of the alloys with increased W and
Nb contents led to particularly strong coarsening, because of the obviously unsuitable
pre-oxidation parameters, which led to nucleation, growth, and/or incomplete dissolution
of the Laves phase during pre-oxidation. The increase in W and Nb contents per se caused
a decrease in the equivalent circle diameter. However, it is striking that at an elevated
content of 14 wt. % Al, no Laves phase precipitates were detected after corrosion testing in
solar salt. In principle, increasing the Al content seems to lead to coarsening and reduction
of the number of Laves phase precipitation. Since the Laves phase precipitation can be
influenced by heat treatment parameters [30], it can be assumed that higher temperatures
are necessary for particle precipitation at an Al content of 14 wt. %.

4. Conclusions

Salt corrosion experiments were carried out at 600 ◦C for 2000 h on seven ferritic
model alloys with different Al, W, and Nb contents. The key conclusions of the practical
research presented here can be summarized as follows:

• For a low Al content of up to 3.5 wt. %, spallation of the formed surface oxide occurred.
The oxide formed in three layers: an intermediate layer of Cr-Na-Fe-oxide between
an upper layer of Na-Fe-mixed oxide and a bottom layer of Cr-Al-oxide adjacent to
the steel substrate. Coarse AlN precipitates could be found below the oxide layer for
an Al content of up to 5 wt. %. As expected, strengthening intermetallic Laves phase
precipitates of Cr, Fe, W, Nb, and Al formed in the base material. Pre-oxidation proved
detrimental due to increased mass changes and coarse, discontinuous oxide layers.

• The 14 Al formed a protective, continuous Al2O3 layer with a thickness of about 40 nm,
but did not form small Laves phase particles in the base metal during aging in solar
salt. For this reason, it is not considered a good candidate for structural applications,
despite its superior salt corrosion resistance.

• Increased W and Nb contents necessitated a higher Al content to obtain slow-growing ox-
ide layers, because of the interaction of oxide layer growth and Laves phase precipitation.

• Protective Al2O3 layers formed in solar salt at a moderate temperature of 600 ◦C, even
without prior oxidation in air at a high(er) temperature. The alloying concept (in all
the tested variations of Al, W, and Nb contents) exhibited potential self-passivation
upon exposure to solar salt.
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• The amount of strengthening Laves precipitates in the size range from 20 to 60 nm
clearly correlated with increased W and Nb contents. Changes in the Al content in
the range from 2 to 5 wt. % had a minor impact on the number of particles in the size
range from 20 to 100 nm and are thus considered advantageous in terms of mechanical
strength. In contrast, an Al content of 8 wt. % favored increased particle growth and
should be avoided.

As a final summary, it can be stated that the presented HiperFerSCR steel type is a
promising candidate for a significant reduction of investment costs in molten salt technology.
It combines self-passivation in solar salt, mechanical strength, and low cost. For this reason,
it could provide an enabling material solution for improving the competitiveness of CSP
and TES equipment. However, it should be noted that despite extensive research efforts
on the corrosion resistance of molten salts for solar energy applications, the underlying
corrosion mechanisms are still not fully understood. Long-term tests or tests in practical
operation are still necessary to ensure the reliability of the entire CSP-TES system.
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Abstract: In this study, a PVT-based solar-assisted ground source heat pump (SAGSHP) system
with a small size borefield as the long-term heat storage component was energetically evaluated.
The mathematical model of the system was formulated in TRNSYS and three cities with distinctive
climates were chosen: Athens (Greece); Melbourne (Australia); and Ottawa (Canada). The parametric
analyses were carried out for 10 years by varying the number of the PVT collectors and the size of the
earth energy bank (EEB). The evaluation of the systems was made via two energy indicators, and
the heat flow across the EEB was analyzed. The under-consideration system was found capable of
establishing self-sufficiency as regards the energy consumption (renewable power fraction RPF > 1)
for all locations. Namely, for Athens, any system with more than four PVT collectors, and for
Melbourne, any system with more than eight PVTs was found with an RPF higher than 1, regardless
of the EEB size. For Ottawa, self-sufficiency can be achieved with PVT arrays larger than 12 collectors
for small EEBs, and with eight collectors for larger EEBs. The storage capacity was found to be an
important parameter for the energy performance of the system. In particular, it was determined
that, as the storage capacity enlarges the RPF and the seasonal performance factor (SPF) of the
system improves, mainly due to the reduction of the electricity consumed by the heat pump and the
auxiliary heating. Moreover, a larger storage capacity facilitates solar heat production by enlarging
the available heat storage volume and by maintaining the EEB at relatively low temperatures.

Keywords: PVT; GHE; SAGSHP; GSHP; PVT-SAGSHP; EEB

1. Introduction

Manmade pollution and climate change are the greatest challenges of today. Combus-
tion of conventional fuels releases greenhouse gases into the atmosphere, and these are
considered to raise the average global temperature. A solution to this issue may be to use
more renewable energy systems (RESs) and to displace fossil fuel-based systems. RESs are
implemented in the household sector by providing thermal and electrical energy. Solar
assisted heat pumps (SAHPs) [1,2] and shallow ground source heat pumps (GSHPs) [3–5]
are both promising space heating technologies. The combination of the aforementioned
systems is called solar-assisted ground source heat pump (SAGSHP) [6,7]. The first attempt
to assess the SAGSHP systems dates back to the 1970s, with the innovative work conducted
by Metz [8], from that time, the attention on this technology has increased.

The combination of the solar and geothermal systems can promote long-term, or
interseasonal, heat storage. Despite the fact that SAGSHP systems dominate the market at
the current stage, the idea of interseasonal solar heat storage goes back to 1939. Thus, the
first attempt to store summer solar heat was made by MIT’s solar house [9]. The storage
container was a horizontal insulated cylindrical steel water tank of 68 m3. A house of 45 m2

was built, and the storage water temperature was 90 ◦C at the end of the charging period
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and dropped to 55 ◦C in February. The area of the solar collectors was 33 m2, thus the
storage capacity of the system was about 1.6 m3 m−2. Since then, many seasonal thermal
energy methods have been invented [10–15]. The majority of the utilized interseasonal
thermal energy storage (TES) methods store the heat sensibly via water tanks or lakes [16]
and into the soil via borefields as well. TES systems based on soil as the sensible heat
storage material are becoming popular because they can be used on systems with heat
pumps, thus the storage temperature can be relatively low (no excessive heat loss) and the
construction cost is lower than that of a water tank. For the soil-based TES, a geothermal
heat exchanger (GHE) is required, this type of system is called the borehole thermal energy
storage (BTES) system [15,17,18] and the majority of the SAGSHP systems are based on this
method for long-term-heat storage.

Up to now, the majority of the experimental [19–22] or theoretically [23–26] studies
on SAGSHP systems are made with a variety of components, layouts, operation-control,
and for different weather conditions. The solar collectors used for the studies on SAGSHP
systems vary from flat plate collectors (FPC) [27] to PVTs [28], and the GHE includes
BHEs [29] and very shallow borefields [22,30,31]. All these types of components can be
combined in many configurations in addition to numerus layouts (hydraulic connection of
systems) [32–34]. In conclusion, SAGSHP systems are multiple-aspect projects, and their
design is unique for every case.

A special configuration of SAGSHP systems is the one with PVT collectors, which
has the ability to coproduce heat and power. Bertram et al. [28] investigated a PVT-
based SAGSHP system with a concentrical BHE built in Munich. PVT collectors and one
photovoltaic panel were placed alongside with the goal to assess their energy production.
With a two-year trial data referring to their performance, the PVT collector was more
productive by 4% than the photovoltaic as regards to the power, and the system’s seasonal
performance factor (SPF) was found to be 4.2. A trial based on PVT utilization was carried
out by Wright et al. [35], the study shows a newly built dwelling designed in accordance
with zero carbon emission regulations. A similar study with a PVT-based SAGSHP system
was coupled with a novel borefield and presented by Mendoza et al. [36]. The borefield
was very shallow and it was installed beneath the building with the goal of restricting
the surface heat losses. A pilot system was designed and implemented by De Montfort
University with the aim of assessing its performance energetically for the UK Midlands
climate [22]. The seven PVT collectors and a borefield of 16 BHEs with only 1.5 m of depth
were its main components. With the experimental data, the SPF of the system was found to
be 2.51 out of 20 months of operation.

Computer-based work has been carried out for the Netherlands’ climate, aiming to
evaluate the contribution of PVTs paired with a conventional GSHP system [37]. The
study was carried out with the TRNSYS simulation platform [38]. The outcomes were
that: 96% of the electricity demanded by the SAGSHP system was offered by the PVTs;
and the heat energy requirements were covered by the GHE to 83% of its total demand. A
theoretical study with a low exergy concept was conducted to appraise the performance of
a PVT-based SAGSHP system [39]. Via simulations carried out with TRNSYS, the SPF was
estimated to be 6, which is a significantly high value.

A study was carried out to assess the contribution of PVTs added to a conventional
GSHP system by considering many parameters [40]. In particular, the evaluation was made
of the system’s energy and financial performance for a block of flats in Stockholm. The
primary results were a reduction of 18% in the borefield’s size and a 50% decrease in the
distance among BHEs. Both above-mentioned reductions assist the economy of the system.
It is important that the system was benefited by the PVTs’ addition and performed with
an SPF equal to that of the conventional GSHP system (without PVTs). The reduction in
the GHE’s size, paired with PVTs, against the GSHP system is translated into a reduced
initial capital investment. A trial was conducted, seeking to find out the advantages of
having flat plate solar collectors paired with a GSHP system [41]. A low-rise building built
in Milton (Canada) was monitored as regards to its energy demand. Data from the building
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was utilized and, along with the SAGSHP system, were modeled in TRNSYS. The storage
capacity of the systems was one of the important parameters. The storage capacity with
the best energy performance of the system was that with 4.7 m of BHE per m2 of FPC.
With the optimum storage capacity, the required total length of the BHE was determined
to be shorter by 32 m. This reduction can be achieved by installing 6.81 m2 of FPC. The
economy of the systems was appraised via the net present value (NPV) index for a 20-year
period. It can be concluded that the SAGSHP has a somewhat higher NPV compared to the
conventional GSHP system.

SAGSHP may be an alternative solution for space heating systems by being based on
renewable energy sources and by facilitating interseasonal solar heat storage. Thus, in this
paper, a novel PVT-based SAGSHP system was studied energetically as a space heating
system solution for low-rise dwellings in three locations: Athens (Greece); Melbourne
(Australia); and Ottawa (Canada). The novelty of the system is based on the very shallow
borefield (2 m deep), which may potentially reduce the construction cost of the GHE by
avoiding costly deep drilling. The investigated borefield is the long-term solar heat storage
component of the system. The system’s mathematical model was built in TRNSYS by
having the main parts of the system validated via experimental data. Based on the built
model, parametric analyses were conducted with the variation of the PVT collectors and the
size of the GHE (Earth Energy Bank, EEB). Through the simulation results, the systems were
evaluated by two energy indexes. The evaluation of the SAGSHP system is an essential
task, with the aim of identifying the contribution of the long-term heat storage component
to the energy performance of the system.

2. Methodology

In the current study, a PVT-based SAGSHP system is evaluated energetically for three
cities with distinctive climates. The three cities are: Athens, Greece (37.54◦ N, 23.44◦ E),
with a Mediterranean climate Csa; Melbourne, Australia (37.40◦ S, 144.50◦ E), with a
temperate oceanic climate Cfb; and Ottawa, ON, Canada (43.40◦ N, 79.19◦ W), with a warm
summer continental climate Dfb (Köppen–Geiger [42,43]). For all three cities, the SAGSHP
system was installed to provide thermal energy for a low-rise single-family dwelling for
space heating and domestic hot water (DHW). Figures 1 and 2 show the mean ambient
db air temperature and the monthly global horizontal solar energy, respectively, for all
locations. Data from Meteonorm for the typical meteorological year (TMY) were utilized
for these figures.

Figure 1. Monthly mean dry bulb ambient air temperature for all three cities. (Derived from
TMY2, Meteonorm).
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Figure 2. Monthly global horizontal solar energy for all three cities. (Derived from TMY2, Meteonorm).

The main components of a SAGSHP system are the PVT array, the earth energy bank
(EEB), and the heat pump. The EEB is comprised of the GHE and the adjacent soil volume,
in other words, this is the long-term solar heat storage element of the system. The analysis
of the system along with the dwellings is illustrated in Section 2.1, while the topology of
the system is shown in Figure 3. A combined mathematical model of the SAGSHP system
and of the dwelling was formulated in the TRNSYS simulation platform [38]. With the
developed model, simulation-based parametric analyses were conducted by varying the
size of the PVT array and of the EEB. Based on that, twenty-five simulations were carried
out for each city, with five different sizes of the PVT array and five different sizes of the
EEB, Section 2.1.

Figure 3. SAGSHP system’s layout: 1. DC to AC inverters; 2. Solar system pump; 3. Four-way
deviator; 4. Solar-soil charging pump; 5. Three-way deviator; 6. Space heating auxiliary heater; 7.
Temperature control valve; 8. DHW auxiliary heater.
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For the evaluation of the systems, a 20-year period was considered by executing
simulations with hourly steps. The considered period over which the analysis takes place is
substantial to get accurate results, especially about the transient behavior of the soil during
the initial years of operation. The meteorological data provided by Meteonorm formulated
according to the Typical Meteorological Year (TMY) format was inserted into the model.
The results from simulations were utilized to energetically assess the SAGSHP system. Two
energy indexes were found to be adequate for the analysis (Section 2.2), and these can
provide a holistic view regarding the performance of the system.

The operation of the proposed system is briefly described in Table 1. The implementa-
tion of the control was made via Type 40 of TRNSYS, which provides the ability to program
a microcontroller as inputs to Type 40, where: the collectors’ exiting brine temperature;
the adjacent to the BHEs’ mean ground temperature; and the space hating (SH) and DHW
thermostats. It is important to note that the system was responsible for covering the SH
demand first and then DHW. Moreover, the additional thermal energy was provided (if
needed) via two elements installed at each consumption point, SH and DHW (Figure 3).

Table 1. The system’s main operation modes. Where: D.V is deviation valve; PHE is plate heat
exchanger; and HP is heat pump.

Operation Mode Description Control

PVTs-GHE-Heat Pump-Load

Both PVTs and GHE are the
thermal energy sources of HP.
The PVT outlet temperature is

6 K higher than the soil
temperature (EEB)

D.V 3 and 5 (Figure 3) are
engaged to drive the brine via

the GHE and PHE. Pump 2
operates for the delivery of

solar heat. Pump 4
is bypassed

GHE-Heat Pump-Load

The system operates as a
conventional GSHP. Low solar
irradiance or solar heat cannot
be utilized. The ΔT between
the PVT outlet temperature
and that of the soil is lower

than 6 K

D.V 3 and 5 (Figure 3) are
responsible for delivering heat
to HP by bypassing the PHE

and pump 4

PVTs-GHE

Solar heat is delivered to the
EEB for storage. SH or DHW

are not required. The PVT
outlet temperature is 6 K

higher than the soil
temperature (EEB)

D.V 3, 5 (Figure 3) and pump
4 deliver the solar heat to

the EEB

2.1. The Energy System and the Dwelling

The studied system is inspired by pilot experimental work carried out by DMU [22,36].
The model of the pilot project with minor modifications was implemented in TRNSYS [44].
Moreover, the major components of the system, such as the PVTs and the borefield, are
validated via experimental data from DMU’s project and additional experimentation [44,45].
Due to the already made assessment of the system’s mathematical model, the analysis of
the system is overviewed. However, basic information is presented below regarding the
mathematical model of each component, with the aim of facilitating the comprehension of
the presented study.

The mathematical model of the PVT collector is based on Sakellariou and Axaopou-
los [45] transient model, which is an evolution of the steady state energy balance model
introduced by the Hottel and Whillier [46]. The useful heat rate produced by the PVT
collectors can be estimated by the general solution of Equation (1), which is the transient en-
ergy balance equation of the collector [45]. The transient model has been validated through
experimental data [45] by achieving RMSD of 0.66% to 4.22% for the temperature of the
fluid exiting the collector and from 4.15% to 14.9% for the power production. Moreover,
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the model was formulated as a new TYPE (component) in TRNSYS for the needs of the
parametric analysis. In Table 2, the main parameters of the PVT collectors used for the
current study are listed.

(Mcp)C
dTpm

dt
= SAC − ·

Qu − ·
Pe −

·
Qloss (1)

where, in Equation (1): Tpm is the collector’s absorber mean temperature (K); t is time (s);
(MCP)C is the heat capacity of the collector; S is the absorbed irradiance (W m−2); Ac is
the collector’s area (m2); Qu is the useful heat rate produced by the collector (W); Pe is the
power produced by the PV cells (W); and Qloss are the heat loss rate of the collector (W).

Table 2. Main system parameters.

Subsystem Details

PVTs
PVT arrays: 4, 8, 12, 16, and 20 collectors.
Peak power 235Wp. Absorber’s area 1.58 m2 [45]. Inclination 30 degrees.
South or north (Melbourne) facing fixed.

Borefield

4, 8, 12, 16, and 20 BHEs with a very short length of 2 m.
Soil thermal conductivity 1.5 W m−1 K−1

Soil heat capacity (clay) 2400 kJ m−3 K−1

Spacing between BHEs at 2 m.

Heat pump

Nominal heat capacity 6 kWTH for Athens and Melbourne, 8 kWTH
for Ottawa.
Operation envelope is −10 ◦C to 25 ◦C for the evaporator and 30 ◦C to 55 ◦C
for the condenser.
Nominal power 1.5 kWe for Athens and Melbourne, 2 kWe for Ottawa.
Flowrate evaporator side 1200 kg h−1 for Athens and Melbourne,
1720 kg h−1 for Ottawa.
Flowrate condenser side 700 kg h−1 for Athens and Melbourne, 1400 kg h−1

for Ottawa.

With regard to the mathematical model of the geothermal heat exchanger, this was
formulated via Hellström’s Duct Ground Heat Storage Model (DST) [47]. The solution
provided by the DST model is estimated by superimposing two numerical calculations
and one analytical calculation of the heat conduction equation in the soil (TYPE 557 from
TRNSYS). The proposed heat exchanger has been validated via four months of experimental
data. The RMSD of the model against the data was found to be 4.43% for the GHE outlet
temperature. Concerning the GHE used at the current study, it is a very shallow borefield,
2 m deep, with a distance among the BHEs of 2 m. It has to be noted that the size (volume,
VEEB) of the EEB is related to the number (Nbor), the length of the borehole heat exchangers
(Lbor) and the distance between boreholes (Dbor) according to Equation (2). The borefield
was 1 m underneath the dwelling without any thermal insulation, and the main parameters
of the GHE are listed in Table 2.

VEEB = Lbor · Nbor · π · (0.525Dbor)
2 (2)

For the heat pump, a new TYPE was formulated in TRNSYS. The heat pump’s new
type was developed to account for the performance data according to EN 14511 and the
delivered heat, forming the GHE and PVTs. The performance data of the heat pump are
sourced from a well-known German manufacturer. The operation envelop of the heat
pump is from −10 ◦C to 25 ◦C for the evaporator and from 30 ◦C to 55 ◦C for the condenser.

The hydraulic connection between the PVTs and the GHE was implemented to be
in-series, via the plate heat exchanger, as is shown in Figure 3. The heat from PVTs was
used by the system when the PVT’s exit bribe temperature was 6 K higher than that of
the EEB (soil temperature adjacent to BHEs). The evaporator of the heat pump supplied
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heat by solar and/or the ground (EEB) loop. If no heat was demanded by the dwelling,
the heat from PVTs was stored in the EEB (Table 1). The dwelling’s heat transfer system
was an under-floor heating system, with heat pump providing water at 31 ◦C. As regards
the DHW, this was based on an immersed heat exchanger in the DHW tank supplying
water from the heat pump at 45 ◦C. As regards the electric energy yield of PVTs, this was
delivered totally to the power grid by accepting an overall loss of 10%. The aforementioned
loss accounts for joule cable losses and the efficiency of the inverters. Moreover, an annual
drop of 1% in the PVTs’ electrical efficiency was considered. The above operation modes of
the system are listed in Table 1.

As regards the simulation scenarios, these were carried out with five sizes of PVT
arrays paired with five sizes of EEB. For PVT arrays of 4, 8, 12, 16, and 20 collectors (strings
of four PVTs connected hydraulically) and with EEB of 4, 8, 12, 16, and 20 BHE; in total,
25 simulations for each city. For each string of PVTs, a flowrate of 100 kg h−1 was applied
(25 kg h−1 PVT−1) and 8 m of thermally insulated piping was assumed for every string.
Table 3 illustrates all the PVT arrays along with the borefields and the volume of the EEB
and the corresponding storage capacity (SC) for each pair. The storage capacity is the ratio
between the heat storage volume of the EEB and the PVT collectors’ area. In other words,
here the SC depicts the ratio between the storage volume–capacity and the apparatuses of
the heat production.

Table 3. Storage capacity [m3/m2) as product of the heat storage volume allocated to the EEB and
the utilized PVT arrays.

4 BHE
VEEB (28 m3)

8 BHE
VEEB (56 m3)

12 BHE
VEEB (83 m3)

16 BHE
VEEB (111 m3)

20 BHE
VEEB (139 m3)

4 (PVTs) 4.43 8.86 13.13 17.56 21.99

8 (PVTs) 2.22 4.43 6.57 8.78 11.00

12 (PVTs) 1.48 2.95 4.38 5.85 7.33

16 (PVTs) 1.11 2.22 3.28 4.39 5.50

20 (PVTs) 0.89 1.77 2.63 3.51 4.40

As regards the dwelling, this was assumed to be a two-story building with a total
occupation area of 100 m2 for a single family of four. It was hypothesized that the dwelling
was built according to the national energy-saving regulations for residential buildings
applied in each country. The dwelling’s model was developed in TRNSYS via TYPE 56,
and the layout was common for all cities. Moreover, it was assumed that both stories were
maintained at a mean air db temperature of 19 ◦C all day round (during the heating season).
The DHW needs of the dwelling were set to be 35 L per day per person (140 L day−1

for a family of four) at 45 ◦C. The volume of the DHW tank was set to be 200 L and the
consumption profile of DHW was based on the well-known f-Chart method [48]. The
main parameters of the heating load (space heating and DHW) are listed in Table 4 for
all locations. Concerning the space heating load (Table 4), this was estimated through
the TYPE 56, which can provide the user with the hourly thermal energy demand of the
building. Similarly, the DHW load was estimated by the difference between the water main
temperature at the given time and the DHW set temperature of 45 ◦C multiplied by the
hourly water demand. The water main temperature was provided by the weather TYPE 15
of TRNSYS. The auxiliary space heating and DHW systems were set to consume electricity
when necessary. This is an acceptable solution for a relatively small-sized system, especially
one in which electricity is already available.
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Table 4. Dwellings and DHW main parameters values for all three cities.

Part Athens Melbourne Ottawa

Exterior walls
U-value

0.45
W m−2 K−1

R
eg

ul
at

io
n

fo
re

ne
rg

y
ef

fic
ie

nc
y

on
bu

ild
in

gs
[4

9] 0.375
W m−2 K−1

A
us

tr
al

ia
n

co
ns

tr
uc

ti
on

co
de

vo
lu

m
e

tw
o

[5
0]

0.32
W m−2 K−1

N
at

io
na

lE
ne

rg
y

C
od

e
of

C
an

ad
a

fo
r

Bu
ild

in
gs

[5
1]

Ground floor
U-value

0.80
W m−2 K−1

0.444
W m−2 K−1

0.45
W m−2 K−1

Exterior roof
U-value

0.40
W m−2 K−1

0.244
W m−2 K−1

0.21
W m−2 K−1

Windows
U-value

2.60
W m−2 K−1

2.60
W m−2 K−1

1.60
W m−2 K−1

Windows to
walls ratio 0.15 0.15 0.15

Infiltration 1 ACH 1 ACH 0.5 ACH

Consumption
of DHW 140 L day−1 at 45 ◦C 140 L day−1 at 45 ◦C 140 L day−1 at 45 ◦C

Annual heating
load

3393 kWh
(19 ◦C)

7150 kWh
(19 ◦C)

5240 kWh
(19 ◦C)

Annual DHW
load

1445 kWh
(45 ◦C)

1667 kWh
(45 ◦C)

2185 kWh
(45 ◦C)

2.2. Energy Metrics

The energy performance evaluation of the system was carried out through two energy
indicators. The first index is the ratio between the delivered electricity from PVTs and the
electricity consumed (in total) by the system. In other words, the renewable power fraction
(RPF) [52] depicts the level of the energy self-sufficiency of the system (Equation (3)). It
is worth mentioning that, in the current study, household consumption is not considered
(kitchen, fridge, etc.). The RPF is a ratio which gets on its numerator the electricity delivered
to the power grid by the PVTs (EPVT_u), while the denominator receives all the system’s
consumption. In more detail, the power consumption of the system is the heat pump (EHP),
the consumption of the circulation pumps (Eparasitic), and the auxiliary heat (Eaux). In this
study, Qaux and the Eaux represent the same amount of energy, by assuming the conversion
factor from electricity to heat equal to 1. Lastly, it is important note that an RPF higher than
one indicates an energetically self-sufficient system.

RPF =
20

∑
i=year

[
EPVT_u

EHP + Eparasitic + Eaux
]i (3)

As the second energy indicator, the seasonal performance factor (SPF) is chosen. In
the present work, the 4th boundary for the estimation of the SPF is implemented according
to the [53]. By that, all the consumption up to the heat to be delivered from the sources to
the dwelling are considered in the denominator of Equation (4). The SPFH4 states the ratio
between the delivered heat (Qcond) by the system and the system’s consumed electricity,
Equation (4).

SPF =

20
∑

i=year
(Qcond)i

20
∑

i=year
(EHP + Eparasitic + Eaux)i

(4)

172



Energies 2022, 15, 7906

3. Results and Discussion

The simulation results are presented and discussed in three sections, which correspond
to three different aspects and energy indicators: the renewable power fraction (Section 3.1);
the seasonal performance factor (Section 3.2); and the heat flow on the EEB (Section 3.3).

3.1. Renewable Power Fraction

The investigated PVT-based SAGSHP system has the capability to coproduce heat and
power. In this regard, power production is interrelated to heat production and, particularly,
to the temperature at which the heat is stored in the EEB. The EEB is the long-term thermal
energy storage component of the system. As the storage temperature increases, the soil
temperatrue negatively influences the power production of the PVT array by increasing
the PV-cell temperature [54]. A valid method to evaluate the overall energy performance of
the system equipped with PVTs is to utilize the RPF (Section 2.2), this indicator has been
used successfully in many cases [52].

In Figure 4, the RPF for Athens is illustrated as a function of the storage capacity.
Based on the results, the system, out of all its size variations, obtains an RPF of about
0.4 to 4.7. All RPF values higher than 1 indicate a self-sufficient system, as regards its
annual electricity anergy consumption. Thus, all systems with a PVT array of 8 PVTs and
larger are self-sufficient for Athens, regardless of the size of the EEB. That is justified by
the tabulated results in Table 5, which show the consumption and the generated electricity
for the systems with all PVT array variations paired with a borefield of 12 BHEs. The
results of Table 5 refer to the midline of Figure 4 (the third from the bottom). As it can be
seen in Table 5, the electricity produced by PVTs is proportional to the size of the array.
As regards the consumption, that of the heat pump (EHP) is larger across all scenarios
and drops as the PVT array enlarges. The reduction is caused by the larger amount of
augmented solar heat production, which charges the EEB with more heat and, due to that,
raises the average temperature of the soil. The higher temperature of the soil positively
influences the performance of the heat pump by elevating the temperature of the brine
entering the evaporator. As is well known, the higher the evaporator temperature, the
higher the performance of the heat pump, and this lowers the consumption of electricity by
the compressor. The second significant consumption of the system is that of the auxiliary
heat (Eaux_SH, Eaux_DHW), the consumption also reduces as the PVT array enlarges. This
improvement is made by the system’s capability to have more available heat, thus the
requirement for auxiliary heat is reduced.

Figure 4. RPF for Athens as function of the storage capacity.
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Table 5. Annual electric energy (E) consumed on the SAGSHP system and the annual electricity and
heat produced by the PVTs, along with the heat provided by the heat pump for Athens.

4 PVTs X 12
BHEs

8 PVTs X 12
BHEs

12 PVTs X 12
BHEs

16 PVTs X 12
BHEs

20 PVTs X 12
BHEs

EHP (kWh/year) 1797.3 1699.3 1572.1 1550.9 1456.7

Eparasitic (kWh/year) 5.3 8.5 10.6 12.6 13.5

Eaux_SH (kWh/year) 1188.0 668.4 376.6 122.6 105.3

Eaux_DHW (kWh/year) 119.6 85.9 78.3 81.5 68.1

EPVT (kWh/year) 1576.6 3149.5 4722.1 6293.4 7860.7

QPVT (kWh/year)heat 880.2 1604.8 2150.1 2648.2 2885.6

QHP_cond
(kWh/year)heat

3145.1 3665.3 3957.3 4211.3 4148.6

A trend that can be identified in Figure 4 is that the enlargement of the storage capacity
improves the RPF of the system for all PVT arrays. Moreover, it can be seen that the larger
storage capacity enhances the RPF as the PVT array enlarges. Therefore, for the system
with four PVTs, the RPF increases by about 0.2 from the smallest EEB (four BHEs) to the
largest one (20 BHEs), versus the system with 20 PVTs, where the largest EEB improves the
RPF by 0.9 from the smallest one. The asset of having large EEBs lies in the fact that the
available solar heat from the PVT collectors can be stored and used later, on the evaporator
of the heat pump or by reducing the electricity consumed by the systems, as is discussed in
the previous paragraph.

Figure 5 illustrates the RPF for Melbourne for all the investigated scenarios. The
obtained RPF for Melbourne varies from about 0.2 to 3 for the smallest to the largest system,
respectively. The RPF for Melbourne exhibits similar trends to those described for Athens,
the RPF increases as the PVT array and the EEB enlarge. As regards the self-sustainability
of the system, this can be obtained with the PVT array having more than eight collectors.
The storage capacity for all scenarios with 20 collectors remained lower than 5 m3 m−2,
but in this range, the system increases the RPF by about 0.8. In other words, the systems
with 20 PVTs can produce 80% of their annual electric energy consumption by installing
the largest EEB against the smallest one. The contribution of the storage capacity to the
RPF diminishes as the number of collectors reduces.

Figure 5. RPF for Melbourne as function of the storage capacity.
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In Table 6, the electric energy consumption and the electricity produced by the PVTs
for the systems with 12 BHEs and all PVT arrays for Melbourne are listed. As can be
noted, the demand for electricity by the heat pump (EHP) is the larger consumption for
almost all scenarios. The only exception is for the array of four PVTs, where the auxiliary
energy (Eaux_SH, Eaux_DHW) is larger than that of the heat pump. It is worth mentioning
that auxiliary consumption is significantly high, and it is assumed that this is provided by
electricity. It turned out that this amount of auxiliary energy should be considered during
the design of the system, with the aim of achieving higher self-sustainability. Other than
that, the auxiliary heat is reduced rabidly as the solar heat from PVTs (QPVT) contributes
more to the system by elevating the average temperature of the soil and increasing the
available heat in the EEB.

Table 6. Annual electric energy (E) consumed on the SAGSHP system and the annual electricity and
heat produced by the PVTs, along with the heat provided by the heat pump for Melbourne.

4 PVTs X 12
BHEs

8 PVTs X 12
BHEs

12 PVTs X 12
BHEs

16 PVTs X 12
BHEs

20 PVTs X 12
BHEs

EHP (kWh/year) 3351.5 3277.5 2987.1 2735.4 2600.9

Eparasitic (kWh/year) 12.3 21.4 28.0 30.5 32.8

Eaux_SH (kWh/year) 3366.9 1618.7 691.6 458.7 405.5

Eaux_DHW (kWh/year) 319.4 252.0 175.7 164.5 156.5

EPVT (kWh/year) 1629.5 3257.6 4878.6 6495.0 8088.7

QPVT (kWh/year)heat 2234.3 4437.2 6116.3 6322.5 8072.7

QHP_cond (kWh/year)heat 6365.2 8113.4 9040.5 9273.4 8966.6

In Figure 6, the RPF for Ottawa is illustrated as a function of the storage capacity. The
largest value for Ottawa is recorded as 2.1 for the largest system and the lowest as 0.25 for
the smallest one, respectively. The obtained RPF for Ottawa can be marked as significantly
lower than that of Athens (Figure 4), with the main cause being the hard winter (Figure 1).
Low temperatures implicitly influence the space heating load and the temperature of the
soil, thus, consequently, heat loss from the EEB. The self-sufficiency for Ottawa can be
distinguished into three sections: (a) for small EEBs of four and eight BHEs with PVT arrays
larger than 12 collectors are required; (b) the case of 12 BHEs, where the system gets RPF
larger than 1 from the array of 12 PVTs; and (c) for the larger EEBs of 16 and 20 BHEs, all
PVT arrays equal and above 12 collectors are capable of RPF larger than 1.

Figure 6. RPF for Ottawa as function of the storage capacity.

175



Energies 2022, 15, 7906

The annual electric energy consumption for Ottawa is listed in Table 7, along with the
generated electricity from PVTs for the system with 12 BHEs and all PVT arrays. Similarly
to the results for Athens and Melbourne, the annual consumption of the heat pump is the
largest consumption of the system throughout all the scenarios, followed by the auxiliary
heat, which reduces significantly as the PVT array enlarges.

Table 7. Annual electric energy (E) consumed on the SAGSHP system and the annual electricity and
heat produced by the PVTs, along with the heat provided by the heat pump for Ottawa.

4 PVTs X 12
BHEs

8 PVTs X 12
BHEs

12 PVTs X 12
BHEs

16 PVTs X 12
BHEs

20 PVTs X 12
BHEs

EHP (kWh/year) 3469.7 3438.9 3469.2 3354.0 3192.0

Eparasitic (kWh/year) 4.1 7.6 11.4 13.9 16.1

Eaux_SH (kWh/year) 2694.1 1908.5 1129.3 928.9 778.3

Eaux_DHW (kWh/year) 442.1 328.9 277.1 278.3 248.2

EPVT (kWh/year) 1628.2 3263.1 4897.2 6519.4 8144.7

QPVT (kWh/year)heat 768.1 1596.4 2509.9 2972.5 3473.6

QHP_cond (kWh/year)heat 4618.3 5403.9 6183.2 6383.5 6534.2

3.2. Seasonal Performance Factor

The SPF depicts the ratio between the heat delivered by the heat pump and the elec-
tricity consumed by the system (annually kWhheat/kWhelectricity). In the current analysis, it
is assumed that the electricity from PVTs does not contribute to the SPF (Section 2.2). This is
not exact regarding the performance of the system, but with this index, useful information
can be gained regarding the heat production by the heat pump. In addition, by subtracting
the EPVT in the denominator from the consumption, the SPF receives an infinity value for
RPF larger than 1, and that does not provide any useful information. In this regard, Figure 7
illustrates the SPF for Athens and for all PVT and BHE arrays. The obtained SPF for Athens
was found to be 0.65 for the smallest system and up to about 2.6 for the largest one. The
SPF is influenced significantly by the storage capacity, with the higher values improving
the energy performance of the system with specific PVT arrays. Table 5 illustrates many
energy aspects—the results for Athens and for the system with 12 BHEs and all available
PVT arrays. These results stand for the mid line of Figure 7 and, as it can be seen, the larger
the PVT array, the higher the SPF. By reading Figure 7 in conjunction with Table 5, for the
EEB of 12 BHEs, the heat provided by the heat pump (QHP_cond) increases as the PVT array
enlarges. Concurrently, the consumption of all these decreases as the number of collectors
increases, with the only exception being the parasitic energy (Eparasitic), which is negligible
compared to the others. Additionally, for a specific EEB, as the PVT array enlarges, the
improvement in the SPF is due to the additional solar heat. In more detail, from the array
of 4 PVT to this of 8, the SPF increases by 0.5, but for the larger number of collectors, the
incrementation of the SPF drops.

Figure 8 illustrates the SPF for all investigated scenarios of PVTs and BHEs for Mel-
bourne. The SPF for Melbourne was found to vary from about 0.6 to 3.4 for the smallest
and the largest systems, accordingly. Overall, the SPF calculated for Melbourne is higher
than that for Athens, this is justified by the substantially higher QHP_heat (Table 6) delivered
for Melbourne compared to that for Athens (Table 5). The high heating load of Melbourne
drives the heating system (heat pump) to deliver more heat, which depletes the stored heat
in the EEB and reduces the soil temperature. Consequently, this facilitates the capability
of the system to deliver more solar heat and to store this in the ground. Given this, it
can be stated that the ability of the system to provide heat is restricted by the demanded
heating load: no or low load, the soil temperature stagnates and the solar energy cannot be
stored further.
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Figure 7. Annual seasonal performance factor as function of the storage capacity for Athens.

Figure 8. Annual seasonal performance factor as function of the storage capacity for Melbourne.

As regards the SPF for Ottawa, this is illustrated by Figure 9 in the simulation scenarios.
Based on the simulation results, the SPF was estimated to be from 0.5 to about 1.8 for the
system with the smallest PVT array and EEB to the largest PVT array paired with the largest
EEB. The high EHP along with the significant large Eaux (Table 7) are the major factors for
the relatively low SPF.

Figure 9. Annual seasonal performance factor as function of the storage capacity for Ottawa.
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3.3. Heat Flow on the EEB

In Figures 10–12, the monthly heat flow across the EEB for the 6th year of simulation
for all cities and for the system with 12 PVTs paired with 12 BHEs (EEB = 83 m3) is
illustrated. The 6th year is chosen with the need to get results referring to the EEB after the
initial transient period as regards the soil temperature, which, for the current analyses, was
the post-three period after initiation. These figures show three monthly thermal energy
values related to the EEB: the heat provided by the solar heat exchanger (QSHE), the heat
transferred from the solar loop to the ground loop via the plate heat exchanger (Figure 3);
the heat transferred to (+) and from (−) the soil (QGHE) via the GHE (borefield); and the
heat loss from the EEB (QGHE_loss) to the adjacent soil mass (which can be loss and gains
as well).

Figure 10. Monthly heat flow across the EEB for Athens, for the scenario of 12 PVTs paired with
12 BHEs and for the 6th year of simulation.

Figure 11. Monthly heat flow across the EEB for Melbourne, for the scenario of 12 PVTs paired with
12 BHEs and for the 6th year of simulation.
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Figure 12. Monthly heat flow across the EEB for Ottawa, for the scenario of 12 PVTs paired with
12 BHEs and for the 6th year of simulation.

As illustrated in Figure 10, for Athens, the solar heat QSHE is provided to the systems
all year long, with the most productive month being September. The solar heat production
remains high during the heating season as well due to low soil temperatures, which
augments the operation of the PVTs. As regards the solar heat stored in the EEB, this is the
positive part of the QGHE and takes place from April to November, with the highest value
being September. From December to March, the heat stored in the ground is provided
as additional heat to the solar on the heat pump, this is the negative part of the QGHE.
Moreover, the stored heat in the ground is utilized disproportionally during the heating
season, from the about 1000 kWh transferred into the ground during the charging period,
only about 200 kWh is used during the heating period. This discrepancy is due to two major
causes: the EEB suffers from heat loss QGHE_loss, which follows the storage production
pattern and is proportional to the soil temperature of the EEB; and secondly, the offered solar
heat QSHE is substantial during winter, thus it can be used directly with no need to extract
the stored amount. It is worth noting that, during the heating season, the EEB receives heat
from the adjacent soil mass (negative loss), which contributes to the available heat.

Figure 11 shows the heat flow across the EEB for Melbourne and for the systems
of 12 PVTs installed with 12 BHEs. Similarly to the results for Athens, the solar heat
production can be considered all year round for Melbourne. The most productive months
are September and October, which are spring months for Melbourne. The high levels of
solar heat (Table 6) production all year round are caused by the high heat demand, which
discharges the EEB and, by that, reduces the soil temperature. With a low temperature
regime in the soil, the solar heat production augments (more frequently reaching the ΔT of
6 K between the PVTs and the soil). The storage period of the solar heat for Melbourne can
be seen to be from October until April; similarly, the discharging period (heating season)
extends from May to September. The stored solar heat (+QGHE) and the heat discharged
from the EEB (−QGHE) are balanced, with about 500 kWh of heat to be stored and the same
amount to be discharged. The heat loss of the EEB follows the pattern of the heat from the
GHE, with positive and negative values to be balanced annually.

Ottawa has the coldest climate among the study locations (Figures 1 and 2). The
relative heat flows across the EEB for the system in Ottawa are graphed by Figure 12. The
solar heat QSHE is produced throughout the year, by having the highest value in July and
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significantly lower production during the winter months. The heat storage period is from
April to October, and from November to March, the heat is discharged from the EEB. The
heat storage is uneven for the heat drug from the EEB, which indicates excessive heat loss
during the charging period, which reduces the available heat of the EEB.

4. Conclusions

In the present work, a PVT-SAGSHP system is investigated regarding its energy per-
formance for three cities with distinctive climates: Athens (Greece); Melbourne (Australia);
and Ottawa (Canada). The mathematical model of the system along with the three build-
ings was formulated in TRNSYS and parametric analyses were carried out. The major aim
was to get quantitative information regarding the influence of the system’s performance by
the size of its long-term storage component (EEB) and the PVT array.

The self-sufficiency of the system as regards the annual energy was evaluated via
the RPF; values larger than 1 indicate self-sufficiency. The highest RPF was found for all
locations with the largest system (20 PVTs and 20 BHEs). The highest RPF was found at 4.7,
3, and 2.1 for Athens, Melbourne, and Ottawa, respectively. Athens and Melbourne were
found to be self-sufficient with all PVT arrays larger than four collectors and four collectors,
respectively, regardless of the size of the EEB. As regards Ottawa, the self-sufficiency was
found to be related to the size of the EEB, thus, for small EEBs (four and eight BHEs), more
than 12 PVTs are needed, for the larger EEB, any PVT array larger than eight collectors is
substantial. Moreover, it was found that as the storage capacity enlarges, the RPF improves,
and this augmentation is amplified as the number of PVT collectors grows.

Similarly to the RPF, the SPF was found to be improved as the storage capacity of the
system increased. For both indices, the improvement was caused by the reduction of the
electricity consumed by the heat pump; the reduction of the auxiliary heat; the increase
of the solar heat produced by the PVTs; and the generally higher heat availability in the
EEB. Melbourne was found to have the highest values of SPF across all locations. The
systems with the highest SPF were found to be for all the cities, with 20 PVTs and 20 BHEs,
namely, 2.6, 3.7, and 1.8 for Athens, Melbourne, and Ottawa, accordingly. The greater SPF
for Melbourne than the other two locations was due to a larger heating load, which drove
the heat pump to deliver more heat.

Solar heat was found to be delivered throughout the year for all cities, with the largest
amount being delivered during summer for Athens and Ottawa, while for Melbourne, this
was at the end of spring. For the systems with 12 PVTs and 12 BHEs located in Athens and
Ottawa, the solar heat stored in the EEB was found to be unbalanced with the heat being
discarded during the heating season. For Athens, the excessive heat was dissipated into the
adjacent soil mass as heat loss, whereas, for Ottawa, it was all utilized within the heating
period. For Melbourne, the charging and discharging of heat from the EEB was found to be
about balanced annually. The heat loss and gains were found to follow the same pattern
as that of the charging and discharging of the EEB. Heat loss is taking place during the
charging months where the ground temperature is higher than that of the adjacent soil
mass, whereas heat gains are entering the EEB during the heating months when the soil
temperature in the EEB drops.
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Nomenclature

Ac PVT collector area, m2

E electricity, kWh
PVT_i electricity generated by PVT, kWh
PVT_u electricity delivered to the power grid, kWh
Q heat, kWh
RPF renewable power fraction, -
SPF seasonal performance factor, -
Abbreviations

BHE borehole heat exchanger
DHW domestic hot water
EEB earth energy bank
FPC flat plate collector
GHE geothermal heat exchanger
GSHP ground source heat pump
PV photovoltaic panel
PVT photovoltaic and thermal collector
SAGSHP solar assisted ground source heat pump
SAHP solar assisted heat pump
TES thermal energy storage
Subscripts

aux auxiliary
cond condenser
ev evaporator
HP heat pump
parasitic system’s parasitic electricity

References

1. Ozgener, O.; Hepbasli, A. A review on the energy and exergy analysis of solar assisted heat pump systems. Renew. Sustain. Energy
Rev. 2007, 11, 482–496. [CrossRef]

2. Buker, M.S.; Riffat, S.B. Solar assisted heat pump systems for low temperature water heating applications: A systematic review.
Renew. Sustain. Energy Rev. 2016, 55, 399–413. [CrossRef]

3. Sarbu, I.; Sebarchievici, C. General review of ground-source heat pump systems for heating and cooling of buildings. Energy
Build. 2014, 70, 441–454. [CrossRef]

4. Atam, E.; Helsen, L. Ground-coupled heat pumps: Part 1—Literature review and research challenges in modeling and optimal
control. Renew. Sustain. Energy Rev. 2016, 54, 1653–1667. [CrossRef]

5. Shukla, S.; Bayomy, A.M.; Antoun, S.; Mwesigye, A.; Leong, W.H.; Dworkin, S.B. Performance characterization of novel
caisson-based thermal storage for ground source heat pumps. Renew. Energy 2021, 174, 43–54. [CrossRef]

6. Nouri, G.; Noorollahi, Y.; Yousefi, H. Solar assisted ground source heat pump systems—A review. Appl. Therm. Eng. 2019, 163,
114351. [CrossRef]

7. Naili, N.; Kooli, S. Solar-assisted ground source heat pump system operated in heating mode: A case study in Tunisia. Renew.
Sustain. Energy Rev. 2021, 145, 111144. [CrossRef]

8. Metz, P.D. Development of a validated model of ground coupling. In Proceedings of the American Section of the International
Solar Energy Society Conference, Phoenix, AZ, USA, 2–6 June 1980.

9. Givoni, B. Underground longterm storage of solar energy—An overview. Sol. Energy 1977, 19, 617–623. [CrossRef]
10. Pinel, P.; Cruickshank, C.A.; Beausoleil-Morrison, I.; Wills, A. A review of available methods for seasonal storage of solar thermal

energy in residential applications. Renew. Sustain. Energy Rev. 2011, 15, 3341–3359. [CrossRef]
11. Xu, J.; Wang, R.Z.; Li, Y. A review of available technologies for seasonal thermal energy storage. Sol. Energy 2014, 103, 610–638.

[CrossRef]
12. Braun, J.E.; Klein, S.A.; Mitchell, J.W. Seasonal storage of energy in solar heating. Sol. Energy 1981, 26, 403–411. [CrossRef]
13. Yang, T.; Liu, W.; Kramer, G.J.; Sun, Q. Seasonal thermal energy storage: A techno-economic literature review. Renew. Sustain.

Energy Rev. 2021, 139, 110732. [CrossRef]
14. Dahash, A.; Ochs, F.; Janetti, M.B.; Streicher, W. Advances in seasonal thermal energy storage for solar district heating applications:

A critical review on large-scale hot-water tank and pit thermal energy storage systems. Appl. Energy 2019, 239, 296–315. [CrossRef]
15. Mahon, H.; O’Connor, D.; Friedrich, D.; Hughes, B. A review of thermal energy storage technologies for seasonal loops. Energy

2022, 239, 122207. [CrossRef]
16. Bott, C.; Dressel, I.; Bayer, P. State-of-technology review of water-based closed seasonal thermal energy storage systems. Renew.

Sustain. Energy Rev. 2019, 113, 109241. [CrossRef]

181



Energies 2022, 15, 7906

17. Chapuis, S.; Bernier, M. Seasonal storage of solar energy in borehole heat exchangers. In Proceedings of the 11th International
IBPSA Conference, Glasgow, UK, 27–30 July 2009; pp. 599–606.

18. Lanahan, M.; Tabares-Velasco, P.C. Seasonal thermal-energy storage: A critical review on BTES systems, modeling, and system
design for higher system efficiency. Energies 2017, 10, 743. [CrossRef]

19. Dai, L.; Li, S.; DuanMu, L.; Li, X.; Shang, Y.; Dong, M. Experimental performance analysis of a solar assisted ground source heat
pump system under different heating operation modes. Appl. Therm. Eng. 2015, 75, 325–333. [CrossRef]
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Abstract: This study proposes a novel dual-PCM configuration with outstanding solidification
response in a horizontal shell-and-tube energy storage system. To demonstrate that the proposed
PCM configuration is superior in its thermal responses, results from a range of numerical simulations
are presented and compared between different configurations of dual-PCM. As the melting/solidus
point is a crucial factor for the solidification rate, dual PCMs are chosen such that the average of their
melting point is equal to the melting point of the single-PCM in the reference case. Additionally, equal-
area sectors are considered for all cases to ensure the same quantities of PCMs are compared. The
temporal liquid fraction and temperature contours reveal that solidification is delayed in the upper
half of the system due to strong natural convection motions. Therefore, a dual-PCM configuration is
offered to improve the solidification rate in this region and accelerate the full solidification process.
Results show that placing a PCM with a lower solidus point in the lower half or an annulus-shaped
zone around the cold tube can save the full recovery time up to 8.51% and 9.36%, respectively. The
integration of these two strategies results in a novel and optimum design that saves the solidification
time up to 15.09%.

Keywords: phase change material; energy storage; dual-PCM; solidification; heat exchanger; numerical

1. Introduction

There is a growing environmental concern regarding the increasing usage of fossil
fuels, and solar energy has gained much attention as an important substitute [1]. An
impending problem with the application of solar energy is that its supply fluctuates with
weather conditions. Thermal energy storage (TES) systems have been introduced as an
attractive way to store solar energy [2,3]. Three methods of energy storage could be applied
in TES systems: sensible (change in the temperature of the storage material), latent (change
in the phase of storage material), and chemical (by reversible chemical reactions). Phase
change materials (PCMs) are highly used in latent thermal energy storage (LTES) systems
due to their high latent energy capacity [3–5]. A TES system with PCM can store 5–14 times
more energy than a system using suitable storage materials of the same volume [6]. The
usage of PCMs has received widespread interest, with clear evidence demonstrating the
important roles they have in the storage and recovery of solar energy [7,8], energy savings
in buildings [9–11], and electronics cooling [12,13].

Although PCMs have high energy storage capacity, their poor thermal conductivity is
a major challenge, especially in solidification, where the conduction heat transfer is mainly
dominated, and natural convection is less effective. Therefore, novel techniques could
be used for an accelerated solidification or melting of the PCMs. Eccentric configuration
of the tubes in horizontal TES systems has been identified as an efficient, economical,
practical, yet simple technique to improve the rate of phase change process [14]. Senthil [15]
experimentally investigated the effect of heat transfer fluid (HTF) tube orientation in a
horizontal TES unit filled with PCM. Three types of HTF tube (concentric, eccentric, and
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inclined) were examined, while water was selected as the HTF with the temperature of 60 ◦C.
The inclined configuration was found to be more efficient due to revealing 21.42% lesser
charging duration compared with the regular concentric configuration. In a numerical study,
Kadivar et al. [16] investigated the effect of tube eccentricity in a horizontal PCM-based TES
unit. They conducted an optimization to find the radial and tangential eccentricities of the
inner tube (HTF tube). The optimized geometry improved the charging time up to 7.1 time
faster but worsened the discharging time up to 3 times slower than the reference concentric
case. Alnakeeb et al. [17] investigated the effects of the inner flat-tube eccentricity of a TES
unit on the melting performance of the PCM. They carried out numerical simulations to
examine different eccentricities and aspect ratios of the inner flat-tube and discovered that
the best melting performance resulted from the circular tube with the smallest eccentricity
value. Although some studies have been conducted to improve the melting performance of
single PCM in TES systems, to the best of authors’ knowledge, this technique (eccentric
configuration of tubes) has not been attempted to improve the energy recovery in a TES
unit (which is associated with the solidification rate of PCM).

Furthermore, the use of multiple PCMs with different melting temperatures has been
shown to significantly improve the energy storage and recovery process, which has gained
increasing attention in recent years [3,12,18–20]. However, when a single-PCM is used,
the rate of melting or solidification in different regions of the TES is different due to the
non-uniform distribution of the natural convection induced vortexes. Thus, a non-uniform
distribution of solid–liquid interface and temperature results. Consequently, a weak stor-
age/recovery performance results. Therefore, an optimum configuration of multiple PCMs
with different melting temperatures could alleviate this problem. For example, the solidifi-
cation process is delayed in regions with strong convective motions. Therefore, placing a
PCM with a higher solidus point in these regions can help to compensate for the negative
effect of natural convection. The benefit of applying multiple PCMs with varying melting
points is studied by Farid et al. [21,22]. They discovered an improved thermal response
in a TES system when several PCMs with different melting temperatures are housed in
cylindrical capsules, compared to a conventional system with a single PCM. In our latest
work [12], the advantage of employing multiple PCMs was also reported. It was found
that employing a pair of PCMs (n-Eicosane/RT44) results in a better thermal performance
of the heat sink than employing only one PCM (n-Eicosane or RT44). Siyabi et al. [23]
employed experimental and numerical approaches to investigate the benefit of multiple
PCMs for a better heat transfer rate in a shell-and-tube heat exchanger. They reported
that the case with multiple PCMs is the best arrangement due to the shorter melting time.
Mozafari et al. [3] investigated the effect of different arrangements of dual PCMs in a
triplex tube heat exchanger, when subjected to simultaneous charging and discharging.
They developed a new dual-PCM design which improved the thermal energy storage and
recovery as 37.93%, and 21.06%, respectively, compared with the reference case with single
PCM. This performance was also found to be further improved to 76.9% in storage and
32.9% in recovery by adding 3% nanoparticles to the PCMs. Although some researchers
have studied multiple PCMs in the TES system, to the best of the authors’ knowledge, there
is no reported study to offer an optimum configuration of PCMs for the energy recovery in
a horizontal shell-and-tube heat exchanger.

Despite the poor thermal conductivity of PCMs, a common problem in the solidification
of some phase change materials (such as salt hydrates, sugar alcohols, and alkanes) is super-
cooling [24,25]. In supercooling, the PCM solidifies below its typical solidus temperature,
limiting its thermal stability in long-term applications. In the present work, paraffin-based
PCMs were selected to avoid the supercooling effect during the solidification.

In this study, PCM solidification in a horizontal shell-and-tube heat exchanger was
numerically investigated for different dual-PCM configurations for the first time. An
annular geometry was preferred for the heat exchanger due to the high surface-area-to-
volume ratio. The full solidification time was comparatively investigated for different
dual-PCM configurations. This study aimed to develop a new dual-PCM design for
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improved heat recovery of the TES system. Numerical simulations were carried out to
investigate the thermo-fluidic characteristics of the PCMs during solidification. Dual-PCM
configurations that yielded faster solidifications were further optimized through parametric
studies. This novel design would benefit wide TES applications in industrial waste heat
recovery, solar energy utilization, energy saving in buildings, and cold energy storage
systems.

2. Problem Description

Figure 1 shows the schematic of the current storage unit, which includes three con-
centric copper tubes, where ri = 6.35 mm and ro = 24.13 mm. The HTF passes through
the inner tube while the outer tube is insulated. Single PCM or different configurations of
dual-PCMs are housed in the middle annulus. The inner tube is assumed to be isothermally
cooled with a constant temperature of 300 K. Therefore, the solidification grows initially
from a layer around the inner tube. The thermophysical properties of PCMs and the copper
tube are summarized in Table 1.

Figure 1. Schematic of the TES unit in the current study.

Table 1. Properties of materials employed in this study [26].

Material k ( W
m ·K) Cp ( kJ

kg ·K) L ( kJ
kg ) Ts (K) Tl (K) ρ (kg/m3) β ( 1

K ). μ (N· s
m2 )

PCM-1 (RT-55) 0.2 2 170 324 330 770 0.0005 0.0264
PCM-2 (RT-60) 0.2 2 160 328 334 770 0.0005 0.0288
PCM-3 (RT-65) 0.2 2 150 331 338 770 0.0005 0.03

Copper 400 0.38 — — — 8920 — —

Firstly, simulations were conducted to examine the solidification rate for a different
arrangement of dual PCMs (Figure 2). To have a fair comparison, the PCM sectors in
all dual-PCM configurations had equal areas. In addition, the selection of PCMs was
done such that the effect of other parameters (properties of PCMs) on the comparison
results were minimized. For example, the average values of melting temperature and
latent heat in dual-PCM cases (PCM-1 and PCM-3) was equal to the melting temperature
and latent heat of single-PCM (PCM-2) in the reference case (case-1), as could be seen in
Table 1. Furthermore, all the PCMs had the same density of 770 kg/m3, the same thermal
conductivity of 0.2 W/m·K, and the same specific heat of 2 kJ/kg·K.
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Figure 2. Computational domains in the current study; (a) case-1, (b) case-2, (c) case-3, (d) case-4,
(e) case-5, (f) case-6.

3. Numerical Method

3.1. Initial Boundary Conditions and Assumptions

In this work, a transient 2D model was developed to study the PCM solidification
in a shell-and-tube heat exchanger. The natural convection effect inside the liquid PCM
was taken into account. The storage unit was considered to be initially fully melted
(Tinitial = 353 K), which could be expressed as:

t = 0 → ur = 0, uθ = 0, T = Tinit = 353 K (1)

For the symmetric cases (all cases except case-2), only the right-half of the unit was
considered in the computational domain. A constant temperature of 300 K was considered
for the inner tube, while the outer tube was insulated (zero heat flux). The boundary
conditions can be expressed as follows:

r = ri → ur = 0, uθ = 0, T = TCHFT = 300 K
r = ro → ur = 0, uθ = 0, ∂T

∂r = 0
θ = ±π/2 → ∂ur

∂θ = 0, uθ = 0, ∂T
∂θ = 0 (cases1, 3, 4, 5 & 6)

(2)

For the borders between the PCM zones (illustrated with thick dashed lines in Figure 2),
the thin wall approximation was applied to allow the heat exchange from one zone to the
other. At these boundaries, the temperature was directly mapped by coupling the two sides
of each border together as follows:

border walls

⎧⎨
⎩

TPCM(i) = TPCM(i+1)
ur = 0
uθ = 0

(3)
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The above equation means that the rate of heat leaving the (i)th PCM layer across the
interface is equal to the rate of heat entering the (i + 1)th layer along the same direction.

In this numerical work, natural convection and heat conduction coexisted during the
PCM solidification. The following assumptions were made:

• The liquid phase was laminar, incompressible, and Newtonian.
• The radiation heat transfer was not considered in the system.
• Volume change of PCM during the solidification was neglected.
• Isotropic and homogeneous materials were considered for the tubes.
• The HTF was assumed to keep a constant temperature.
• The thickness of tubes was ignored due to the relatively higher thermal conductivity

of the material.
• Viscous dissipation and slip velocity on the boundaries were ignored.

3.2. Governing Equations

In the present study, continuity, momentum, and energy equations were employed as:
(I) Continuity equation

∇. V = 0 (4)

(II) Momentum equation

ρ(
∂ur

∂t
+ V.∇ur) = −∇P + μ∇2ur + ρg sin θ + Sur (5)

ρ(
∂uθ

∂t
+ V.∇uθ) = −∇P + μ∇2uθ + ρg cos θ + Suθ

(6)

(III) Energy equation

∂

∂t
(ρH) +∇.(ρVH) = ∇.(k∇T) (7)

where h and ΔH represent sensible enthalpy and latent heat, respectively (H = h + ΔH).
The term ∇.(ρVH) is the transport of latent-heat evolution. Momentum sink was de-
fined as:

Sur = −C(1 − λ)2 ur

λ3 + δ
(8)

Suθ
= −C(1 − λ)2 uθ

λ3 + δ
(9)

where C is the mushy zone constant (set to 105 in this study), led to the best match with
predictions of Khodadadi et al. [27]. δ = 0.001 is a small constant to avoid zero in the
denominator. The enthalpy h was defined as:

h = hre f +
∫ T

Tre f

CpdT (10)

where hre f is the reference enthalpy at (Tre f = 273 K). Melting heat was calculated based
on latent heat L, i.e.:

ΔH = λL (11)

λ denotes the liquid fraction of PCM during the solidification process, between the
solidus and liquidus temperatures (Ts < T < Tl . ):

λ =

⎧⎪⎨
⎪⎩

0, T ≤ Ts
T−Ts
Tl−Ts

Ts < T < Tl

1, T ≥ Tl

(12)
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The Boussinesq approximation was used to account for the natural convection motions
inside the liquid PCM, considering the variation in density. Thus, the density of liquid
PCM could be expressed as:

ρ =
ρm

β(T − Tm) + 1
(13)

where ρm indicates the original density of liquid PCM, β is the thermal expansion coefficient,
and Tm = (Ts + Tl)/2. Ts and Tl are the solidus and liquidus temperatures, respectively.

3.3. Numerical Procedure

The current study aimed to predict the solidification of PCM in a shell-and-tube heat
exchanger. ANSYS FLUENT 21.1 software was used to conduct numerical simulations.
The enthalpy-porosity approach [28] was employed to compute the solidification of PCM,
wherein the porosity in each cell was set equal to the liquid fraction in that cell. Finite
Volume Method (FVM) was used with high-order quadratic upstream interpolation for
QUICK scheme [29] to discretize the governing equations. The pressure-based method was
applied to solve the heat and fluid flow equations. The pressure staggering option (PRESTO)
scheme was employed for pressure correction during the iterative solution process. The
semi-implicit method for pressure linked equations (SIMPLE) algorithm recommended
by Patankar [30] was also applied for pressure-velocity coupling. The under-relaxation
factors for the momentum, pressure, and energy were set as 0.5, 0.3, and 1, respectively.
Convergence criteria for continuity and momentum equations were set as 10−4, while it
was set as 10−6 for the energy.

3.4. Validation and Verification

In this section, the simulation method was validated against the experimental reports
of Al-Abidi et al. [31]. For this aim, the initial and boundary conditions were set based
on the reported data in the reference study [31]. For this validation, the phase change
process of paraffin (RT82) was numerically examined in a triplex tube heat exchanger. The
comparison plot is illustrated in Figure 3, where a good prediction of temperature during a
period of 65 min could be seen.

Figure 3. Validation of the numerical method against the experimental results reported by
Al-Abidi et al. [31].

The effects of mesh size and time-step on the numerical results were thoroughly
examined. Figure 4 shows the result of grid independence examination, where transient
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liquid fraction was predicted for dual-PCM configuration of case-6. Various number of cells
(from 6000 to 22,800) were examined in the numerical simulations, and it was observed that
increasing the number of cells to higher than 11,900 did not make any significant change
in predicted values of liquid fraction. Therefore, computational domains with 11,900 cells
were selected for the predictions. The time step was also found to be set to 0.1 s for an
accurate prediction.

Figure 4. Effect of grid size on the transient liquid fraction in TES with configuration of case-6.

4. Results and Discussion

Computational Fluid Dynamics (CFD) was employed to examine the heat transfer
and fluid flow behavior of PCMs during a heat recovery process in the shell-and-tube heat
exchanger.

4.1. Comparison of the Configurations

In this section, six cases (refer to Figure 2) were investigated through the discussion
on their liquid-fraction and temperature analysis. Next, the configuration with the fastest
solidification response was refined with a parametric optimization.

4.1.1. Liquid-Fraction and Temperature Analysis

Figure 5 presents the liquid-fraction contours in three time-stages of discharging of the
TES. The evolution of solid–liquid interfaces for all cases indicated that solidification started
from the neighbor of the cold inner tube and grew in a radial direction but mostly toward
the lower zones. This is due to the strong natural convection induced motions in the upper
zone. A buoyancy force drove the hot liquid toward the upper regions since it had a lower
density than the cold liquid. Therefore, strong natural convection movements in the upper
zone cause delayed solidification in this region. Moreover, a lower range of temperature
could be seen in the lower zones of temperature contours illustrated in Figure 6. However,
this solidification non-uniformity could be reduced or increased by arranging two different
PCMs with different melting-solidification points. Due to higher solidus temperature,
PCM-3 showed a faster solidification response than PCM-1 and PCM-2. This could be seen
in contour plots of case-2 at Figure 5, where PCMs were housed in left and right sections
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with the same condition against gravity. Figure 6 reveals that the temperature was mostly
changed in layers along the radial direction, indicating the dominance of heat conduction
over natural convection, especially in the lower zone.

Figure 5. Liquid-fraction contours of the studied cases at different time-stages.

Figure 6. Temperature contours of the studied cases at different time-stages.

At the time-stage of 90 min, the liquid fractions of 0.65, 0.079, 0.108, 0.0437, 0.114, and
0.0421 are reported for cases 1–6, respectively. Case-4 and case-6 reveal better solidification
responses according to the liquid-fraction evolutions (refer to Figure 5). PCM-3 (which
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had the quickest solidification response) was housed in the upper half of the unit in case-4.
Therefore, the strong natural convection in the upper half was compensated with the quick
response of PCM-3 at this zone. As a result, both PCMs fully solidified almost at the same
time. Case-6 favored another strategy with the same goal, such that PCM-1 (which had a
relatively delayed solidification) was placed around the cold tube and PCM-3 was placed
in the outer zone. Therefore, the solidification process finished almost at the same time in
both PCMs.

4.1.2. Heat Transfer Analysis

Transient evolution of liquid fraction is presented in Figure 7 for all studied cases so far.
For dual-PCM cases, the average liquid fraction of two PCMs were counted. The required
time for a full solidification process was found to be 116, 126.5, 134.5, 108, 128, and 109
min for cases 1–6, respectively. Although case-4 revealed the quickest response, Figure 7
shows that case-6 revealed the lowest values of the liquid fraction among the cases most
time during the discharging. For example, the liquid fraction of case-6 at time-stages of 30
and 60 min was 0.509 and 0.191, respectively, while case-4 showed higher liquid fractions
of 0.553 and 0.247. Figure 7 reveals that the solidification process could be accelerated up to
6.89% or 6.03% when effective configurations of dual-PCM (case-4 or case-6) were preferred
over a single-PCM in a shell-and-tube heat exchanger.

Figure 7. Liquid-fraction evolution for studied cases.

Equation (14) expresses the storage heat contribution (SHR) in the TES system, which
is the ratio of the latent stored energy to the maximum amount of latent energy that could
be stored in the unit:

SHR =
Latent heat stored in the TES

Maximum heat storage capacity o f TES
(14)

Figure 8 shows temporal plots of SHR for all of the studied cases so far. It could be
seen that quick, full solidifications could be achieved when both PCMs were almost equally
involved in the energy recovery during the whole discharging process (case-4 and case-6).
Case-6 revealed the most consistent SHR share of PCMs during the discharging process
so that both PCMs went through the solidification process almost equally and were fully
solidified with only 4 min time difference. On the other hand, in dual-PCM cases with
slow solidification responses (cases 2, 3, and 5), inconsistent solidifications were observed
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according to the data provided in Figure 8. For example, PCM-1 was fully solidified after
46 min, while PCM-3 was fully solidified after 128 min discharging in case-5.

Figure 8. Transient variation of SHR for the studied cases.

4.2. Optimum Configuration of Dual-PCM

A good TES system should reveal a quick response in storage and recovery of the
thermal energy. As discussed in Section 4.1.2, case-4 and case-6 showed better responses
in recovering latent heat in the storage unit. Case-6 had the radial distribution advantage
where the PCM with delayed solidification (PCM-1) was placed around the cold tube,
leading to an almost uniform rate of solidification in both PCMs. On the other hand,
housing a quick-solidifying PCM (PCM-3) in the upper half of the unit (where strong
natural convection motions prevent a quick solidification) provided an almost consistent
recovery in both upper and lower halves. Therefore, two important points must be taken
into account for an optimum design of a shell-and-tube system in energy recovery:
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1. Arrangement of PCMs in the radial direction, such that PCM with lower solidus point
is placed around the cold tube.

2. Filling the upper half of the unit with the PCM with a higher solidus point.

Considering these points, the configuration of case-6 could be improved if a downward
eccentricity is applied for the sector tube (Figure 9). Thus, the optimum eccentricity of
the sector tube is suggested in a parametrical study for accelerated energy recovery in the
shell-and-tube storage system.

Figure 9. Eccentric configuration of the sector tube.

Figure 10 presents the transient reduction in liquid fraction for eccentricities of 3, 4, 5,
and 6 mm. A unit with e = 6 mm needs the shortest time (98.5 min) for a full solidification
process. It indicates that the new design (case-7: e = 6 mm) accelerates the full solidification
process by 15.09% compared with the reference case with a single PCM. The liquid fraction
evolution is also compared between cases 1, 4, 6, and 7 in Figure 11. It could be seen that
case-7 shows the fastest solidification. The novel design accelerated the solidification time
up to 8.51% and 9.36% compared with case-4 and case-6, respectively.

Figure 10. Transient liquid fraction for different eccentricities of the sector tube.
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Figure 11. Comparison of transient liquid fraction between some selected cases.

Liquid-fraction and temperature contours at different time-stages are illustrated in
Figure 12 for different eccentricities. Only three eccentricities of 0, 3, and 6 mm were
selected due to the close similarity of cases. The evolution of contour plots shows that by
increasing the eccentricity, a higher portion of PCM-1 (the PCM with delayed solidification)
was placed in the lower region, then its delayed solidification was compensated with the
advantage of being in the area with weak natural convection. Temporal contour plots
clearly show how an eccentricity of 6 mm could improve the solidification rate in both
PCMs during the heat recovery process.

Figure 12. Histories of liquid fraction (right halves) and temperature distribution (left halves) for
different eccentricities.
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4.3. Melting Performance of the New Design

To complement the TES system explored in this study, the new design that shows
great reduction in the full solidification time was investigated for melting processes as well.
The optimum design was compared with the melting performance of the reference case
in order to have a brief evaluation of the heat storage process. For this aim, the HTF with
hot constant temperature of 353 K was passed through the inner tube, while the outer tube
was thermally insulated. The system was initially kept at a temperature of 300 K. Figure 13
presents the liquid-fraction variation of case-1 and case-7 (optimum design) during the
melting process. The full melting times for case-1 and case-7 were reported as 128 and
127 min, respectively, indicating a slight improvement (of 0.8%) in the melting performance
of the optimum design.

Figure 13. Melting evolution comparison between the reference case and the new design.

5. Conclusions

The heat recovery was studied in the solidification of PCMs in a shell-and-tube storage
system. Different configurations of dual-PCM were comparatively investigated against a
single-PCM configuration. In each dual-PCM configuration, the storage unit was divided
into equal-area sections including: left/right sections, lower/upper sections, and annulus-
shaped sections. The numerical results show that good arrangements of dual-PCM can
improve the energy recovery compared with a traditional unit with a single-PCM. The
results can be summarized as follows:

• Applying dual-PCM configurations instead of a single-PCM configuration does not
necessarily improve the solidification performance inside a horizontal TES system,
but effective arrangements of PCMs with different solidus points could improve the
energy recovery performance.

• Placement of a PCM with a higher solidus point at the upper half and a PCM with a
lower solidus point at the lower half of the system could significantly accelerate the
solidification time (case-4), up to 6.89% compared with the reference case (case-1 with
a single-PCM).

• When dual-PCMs were radially arranged in the storage unit (annulus-shaped sections)
such that the PCM with a lower solidus point is placed around the cold tube (case-6),
the energy recovery time improved up to 6.03% compared with the reference case.

• A better recovery response in the TES system could be achieved when both design
advantages of case-4 and case-6 are taken into account by applying a downward
eccentricity to the sector tube of the radial configuration. Therefore, a novel design
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with 6 mm eccentricity was introduced to accelerate the solidification time up to
15.09%, 8.51%, and 9.36% compared with cases 1, 4, and 6, respectively.

• Although this paper was focused only on solidification performance of the PCMs in a
shell-and-tube storage unit, evaluation of the melting process showed a slight storage
improvement for the new design compared with the reference case.

The numerical results in this study are limited to the horizontal shell-and-tube storage
units and PCMs used. Such study should be extended to other types of storage containers
and further conclusions could be discovered by adding finned structures.
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Nomenclature

C Mushy zone constant
Cp Specific heat (J/kg·K)
d Diameter
g Gravity acceleration (m/s2)
h Specific enthalpy (J/kg)
k Thermal conductivity (W/m·K)
L Latent heat of fusion (J/kg)
P Pressure (Pa)
S Momentum source term (N/m3)
t Time (s)
T Temperature (K)
Tl Liquidus temperature (K)
Ts Solidus temperature (K)
u Velocity in r direction (m/s)
v Velocity in θ direction (m/s)
r Radial coordinate
Greek symbols
ρ Density (kg/m3)
β Thermal expansion coefficient (K−1)
μ Dynamic viscosity (kg/ms)
θ Angular coordinate
δ Constant small number
λ Liquid fraction
Φ Volume fraction
Subscripts
i Inner tube
init Initial
l Liquid PCM
o Outer shell
ref Reference
s Solid PCM
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Acronyms
CFD Computational fluid dynamics
FVM Finite volume method
HTF Heat transfer fluid
LTES Latent thermal energy storage
PCM Phase change materials
PRESTO Pressure staggering option
SIMPLE Semi-implicit method for pressure linked equations
TES Thermal energy storage
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Abstract: In recent years, heat storage technology has attracted wide attention in the fields of
renewable energy storage for its relatively high melting point, high heat storage capacity and economy,
Na2CO3 and eutectic salt mixtures containing Na2CO3 are promising candidates in the field of solar
energy storage. In this paper, a molecular dynamics (MD) simulation of Na2CO3 was conducted
with the Born–Mayer potential function. The simulated solid–liquid phase change temperature is
1200 K, and the error is 5.4%. The heat capacity at constant pressure (Cp) is higher in liquid than
in solid, the average Cp of solid is 1.45 J/g and that of liquid is 1.79 J/g, and the minimum error is
2.8%. The simulation results revealed the change rules of density and thermal expansion coefficient
of Na2CO3 in the process of heating up, and these changes were analyzed by radial distribution
functions (RDF) and angular distribution functions (ADF). Moreover, the RDF and ADF results show
that the atomic spacing of Na2CO3 increases, the coordination number decreases, and the angle
distribution between atoms becomes wider as the temperature rises. Finally, this paper examined
the microscopic changes of ions during the phase transition of Na2CO3 from solid to liquid. It is
concluded that the angle change of CO2−

3 in the liquid state is more sharply. This study improves
the understanding of the thermodynamic properties and local structure of Na2CO3 and provides
theoretical support for Na2CO3 heat storage materials.

Keywords: molecular dynamics; Na2CO3; local structures; thermodynamic properties; phase change

1. Introduction

With the development of society and the progress of science and technology, the energy
demand is increasing year by year, and the waste of energy is becoming more and more
serious. The overexploitation of fossil energy (coal, oil, etc.) has not only led to the energy
crisis but also caused serious pollution problems [1,2]. Solving the energy crisis has become
a global consensus. Therefore, it is urgent to seek renewable energy [3–5]. Heat storage
technology is an important part of renewable energy, and heat storage materials play a key
role in heat storage technology [6]. Due to the intermittency and instability of solar and
wind power generation, as well as the peak and trough of power consumption during the
day and night, it is urgent to develop efficient energy storage technologies [7–10].

Phase change materials (PCMs) are the core of energy storage technology. For PCMs,
the absorption and release of heat energy are carried out during the charging and dis-
charging process, which is accompanied by melting [11]. In the aspect of solar energy
utilization, PCMs can directly convert solar energy into sensible heat and phase change
latent heat of materials. There is a wide range of applications for organic, inorganic salts
and their hydrates in low temperature applications of solar energy such as building space
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insulation and cooling [12]. In the aspect of medium and high temperature applications
of solar energy, except for parabolic trough systems with relatively low working temper-
atures (use nitrate, 673.15 K to 773.15 K, thermal decomposed above 773.15 K), there are
two other major methods used to use solar energy, which both have higher maximum
working temperatures. One method is a solar tower surrounded by thousands of small
mirrors. The upper limit temperature of the solar tower is 773.15 K to 1223.15 K. The other
method, a solar dish, is a large reflective parabolic dish which has a receiver set on its focal
point. The upper limit temperature of the solar dish is 973.15 K to 1473.15 K. However,
chloride salts, which corrode pipes, heat exchangers, tanks and other thermal components
at high temperatures, are difficult to apply despite their high melting point [13]. Due to its
relatively high melting point and high heat storage capacity and economy, Na2CO3 and
eutectic salt mixtures containing Na2CO3 are promising candidates in the field of solar
energy storage [14,15].

Good thermal characteristics such as wide working temperature range, large heat
capacity and excellent thermal stability make the molten salt an ideal material for thermal
energy storage [16–19]. Some salts used in the heat storage industry are displayed in
Figure 1 according to their thermophysical properties. It shows that the phase change
temperature of nitrate is low, and the low phase change temperature, which limits its
application range; the latent heat of NaCl and MgCl2 is high, but chloride is very corrosive.
When used for a long time, it will cause great pollution to the system and environment.
Therefore, carbonate with low corrosivity has obvious advantages. Among various carbon-
ates, Li2CO3 has high latent heat, but its cost is too high, and it is difficult to be widely used,
and low-cost heat storage materials such as Na2CO3 have received extensive attention from
researchers. Nobuyuki [20] and Feng [21] studied phase change materials (PCMs) with
Na2CO3 as the heat storage medium. However, the macroscopic thermophysical properties
of molten salt are determined by its microstructure. By studying the microstructure of
molten salt, you can gain a deeper understanding of its thermophysical properties as well as
explore its molecular motion state at high temperatures [22], which has important guiding
significance for further studying the variation law between thermophysical properties and
temperature of molten salt.

Figure 1. Comparison of thermophysical properties of some salts [23–26].

The change law of local structure and thermodynamic properties of salts can be ex-
plored by the Molecular Dynamics (MD) simulation [27]. Wang [22] studied the transport
characteristics of liquid chloride and explained the local structure and transport character-
istics of chloride at high temperatures. Du [28] and Ding [29] simulated the thermophysical
properties of Na2CO3 in a liquid environment by the MD method and described the chang-
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ing trends of microstructure and thermophysical properties of carbonate in the liquid state.
However, the local microstructure and thermophysical properties of Na2CO3 in solid and
during the transformation from solid to liquid have not been studied, which will help us to
deeply understand the thermophysical properties of Na2CO3.

In this study, we used MD simulation to study the thermophysical properties (phase
change temperature, heat capacity at constant pressure (Cp), and density, etc.) of Na2CO3
in solid-state and the process of solid-state transformation into the liquid state and verified
the reliability of the model by comparing with the experimental data and literature results.
Through the simulation of local microstructure (radial distribution functions (RDF) and
angular distribution functions (ADF)), the law of local structure transformation of Na2CO3
during heating and the relationship between local transformation and thermophysical
properties were clarified.

2. MD Simulation Methods and Experimental Details

2.1. Interaction Potential and Parameter Setting

In the MD simulations of this study, the effective pair potential was a Born–Mayer
type combined with a Coulomb term, which was proposed by M.P. Tosi [30,31] in 1964.
The thermophysical properties of molten salts are often calculated using this effective
potential [32,33]:

U
(
rij

)
=

zizje2

rij
+ b

(
1 +

zi
ni

+
zj

nj

)
exp[α

(
σi + σj − rij

)
] (1)

where, rij is the distance between the centers of two particles i and j; α (3.45 Å) and
b (4.865 kcal/mol) are constants, representing the softness parameter and the pre-exponential
term, respectively. Furthermore, zi is the valence of ion i, ni is the number of ion’s electrons
in the outer shell, e is the electronic charge unit and σi is the ion’s effective radius. In this
study, the parameters of the relevant potential model for Na2CO3 simulation are listed in
Table 1, which were obtained by Janssen [34].

Table 1. Parameters of Na2CO3 in MD simulation.

Atom Na C O

z(e) 1.00 1.54 −1.18
n 8.00 2.46 7.18

σ(Å) 1.07 1.10 1.33

In this paper, the open-source program LAMMPS is used as the MD simulation tool,
and the model Na2CO3 refers to the work of Arakcheeva [35]. The lattice structure constants
of Na2CO3 are shown in Table 2, and a cubic box containing 1500 ions is used as the MD
simulation system. O, C and Na are distributed in a ratio of 3:1:2 in the box.

Table 2. The lattice constant of Na2CO3.

Salt a, b, c (Å) α, β, γ (◦)

Na2CO3 8.851, 5.240, 6.021 90.000, 101.080, 90.000

A Nose–Hoover thermostat was used to balance the simulation system under the
NVT ensemble, followed by a range of temperatures from 300 K to 1600 K. The short-range
interaction cutoff distance was set at 15 Å, which is half the simulation box length, to
maintain a constant number of particles. The particle numbers were maintained by a
periodic boundary condition. The method of eliminating truncation error in K-space was
based on the Ewald summation, an accuracy of 1.0 × 10−4 was achieved in the calculation
of force. Initial velocity follows a Gaussian distribution and is randomly distributed. The
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Verlet algorithm was used to solve the Newton equation of motion and the time step was
set to 1 fs. To ensure a good statistical representation of the required characteristics, it has
been run 5 million times in the NPT ensemble environment.

2.2. Evaluation of Properties
2.2.1. Phase Change Temperature and Heat Capacity at Constant Pressure

In this study, the self-diffusion coefficient (D) was used to verify the phase change
temperature of Na2CO3 [36,37]. The D increases as temperature rises, which means that
the fluidity of particles increases gradually [38,39]. Einstein’s law describes D as Equation
(2), where M(t) is the mean square displacement (MSD) which was shown in Equation
(3), where ri is the position of ion i at different temperatures. The sign of phase change
is marked by a significant change of D, and with the change of temperature, the D curve
appears a turning point [40,41].

D =
1
6

dM(t)
dt

(2)

M(t) = 〈|ri(t + t0)− ri(t)|2〉 (3)

Heat capacity at constant pressure (Cp) is determined by the change of enthalpy with
temperature, and the Cp of Na2CO3 can be calculated as shown in Equation (4), where H is
the enthalpy, T is the temperature.

Cp = (
∂H
∂T

)
p

(4)

2.2.2. Density and Thermal Expansion Coefficient

From initial NPT simulations, the densities ρ of Na2CO3 could be determined by the
following Equation (5), where n is the particle number, N is the total number of atoms
in the simulation box, NA denotes the Avogadro constant, M is the molar mass of the
simulated molten salt, and VE is the equilibrated volume of the simulation cell at the given
temperature in the NPT ensemble simulations. The thermal expansion coefficient depends
on the volume changes with temperature, and Equation (6) is used to evaluate it, where T
is the temperature, V is the volume of the simulation box, ρ is the density, the subscript P
indicates the constant pressure and β is thermal expansion coefficient.

ρ =
NMNa2CO3

nNAVE
(5)

β =
1
V

(
∂V
∂T

)
P
= −1

ρ

(
∂ρ

∂T

)
P

(6)

2.2.3. The RDF and ADF of Na2CO3

The RDF and the ADF [28], which are defined by Equation (7) and Equation (10), can
be used to describe eutectic salt’s local microstructure.

The RDF expression is shown in Equation (7), where Nij(r) was the number of j-type
ions inside a spherical cavity with a radius of r centered on i-type ion, and ρj was the ideal
number density of j-type ion around i-type ion, and rmin was the position of the first peak
valley of the RDF. It could be calculated from the RDF through the following formula as
Equation (8),

gij(r) =
1

4πr2ρj

[dNij(r)
dr

]
(7)

Nij(r) = 4πρj

∫ r

0
gij(r)r2dr (8)

Because RDF and coordination number can only describe the probability of atomic
pairing, they do not contain the orientation information between atoms. To analyze the
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local structure further, the ADF of Na2CO3 can be characterized. The ADF expression is
shown in Equations (9) and (10), where r is used to represent the atomic spacing, n(θ) is
the number of the angle i-j-k in the range between θ and θ + Δθ, and N is the total number
of the angle i-j-k in the sphere, and based on the corresponding RDF, rmin represents the
position of the first peak valley.

θijk = arccos

(
rij + rik − rjk

2rijrik

)
(9)

p(θ) =
1
N

dn(θ)
dθ

× 100 (10)

2.3. Experimental details

The phase change temperature and Cp were measured by differential scanning calorime-
try (DSC) and thermal gravity analyzer (STA449F5, NETZSCH, Selb, Germany). The weight
of sample was 15 ± 2 mg. The phase change temperature was tested with an alumina
crucible, and the Cp was tested with a platinum–rhodium crucible. The test environment is
N2, and the temperature was heated from 500 K to 1100 K at the heating rate of 10 K/min.

3. Results and Discussion

3.1. Thermophysical Properties of Na2CO3
3.1.1. Phase Change Temperature and Specific Heat Capacity of Na2CO3

There is a corresponding relationship between the value of MSD and the atomic self-
diffusion coefficient (D). The MSD has a linear relationship with time, and its slope has a
relationship with D as Equation (2). The MSD curves of Na2CO3 at different temperatures
are shown in Figure 2a, from which we can know that the slope of MSD increases gradually
as the temperature rises, which shows that the movement of Na2CO3 atom increases grad-
ually with the increase of temperature. Figure 2b shows that the self-diffusion coefficient
(D) has a turning point at 1200 K obviously. Figure 3 shows the phase change temperature
tested by Na2CO3, it shows that the phase change temperature is 1135 K, and the simulation
error is 5.42% compared with the experimental test.

Figure 2. Simulation results of Na2CO3: (a) MSD change with time; (b) D change with temperature.
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Figure 3. Phase change temperature tested by Na2CO3.

By simulating the enthalpy and temperature, the Cp of Na2CO3 can be determined.
Figure 4a shows the average Cp between 500–1100 K is 1.45 J/(g·K). As shown in Figure 4b,
the Cp of Na2CO3 (500~1100 K) obtained by simulation calculation is basically consistent
with the results of experimental tests and literature reports [42], the Cp of Na2CO3 has a
peak value between 700~800 K, and this peak may be caused by crystal transformation.
The Cp of liquid Na2CO3 is shown in Figure 5. It can be seen that the Cp is 1.79 J/(g·K). As
shown in Table 3, the minimum error between the simulated and experimental values of Cp
is 2.8%, and the maximum error is 16.26%, which has good fitting results. The simulation
shows that the enthalpy of Na2CO3 increases as temperature rises, and the specific heat
capacity (Cp) is higher in liquid than in solid.

Figure 4. Heat capacity at constant pressure (Cp) of solid Na2CO3: (a) simulation; (b) experimental
(reference and MD).
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Figure 5. Simulation results of heat capacity at constant pressure (Cp) of liquid Na2CO3.

Table 3. The solid Cp of Na2CO3.

Temp.
K

Simulation Cp
J/(g·K)

Test Cp J/(g·K)
Error (with Test)

%

500–600 1.34 1.27 5.22
600–700 1.43 1.47 2.80
700–800 1.50 1.59 6.00
800–900 1.23 1.43 16.26
900–1000 1.49 1.43 4.03

1000–1100 1.48 1.30 12.16
500–1100 1.45 1.42 2.07

3.1.2. Density and Thermal Expansion Coefficient of Na2CO3

The density–temperature curve in the Na2CO3 simulation system is shown in Figure 6.
It shows that the density is about 1.8 g/cm3 at 500 K. In the range of 500 K to 1100 K, the
density decreases linearly with the temperature. Its density decreases rapidly and tends to
be stable after 1400 K when the temperature is greater than 1200 K.

Figure 6. The density of Na2CO3 at different temperatures.
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Table 4 shows the simulated calculation values of the thermal expansion coefficient
of Na2CO3 in different temperature ranges. The thermal expansion coefficient of Na2CO3
is 2 × 10−4 K−1 between 500~900 K. The thermal expansion coefficient of Na2CO3 is
3.5 × 10−4 K−1 between 1000~1200 K. When the temperature is higher than 1200 K, the
change of thermal expansion coefficient intensifies, and the maximum thermal expansion
coefficient appears between 1200~1400 K and is 22 × 10−4 K−1. The thermal expansion
coefficient drops to 7 × 10−4 K−1 when the temperature is greater than 1400 K. It shows
that the thermal expansion coefficient increases sharply, and the density decreases rapidly
during phase transition.

Table 4. Coefficient of thermal expansion of Na2CO3 at different temperatures.

Temp. (K) 500~900 900~1000 1000~1200 1200~1400 1500~1600

β (10−4 K−1) 2 1 3.5 22 7

3.2. Local Microstructure
3.2.1. The RDF of Na2CO3

The relationship between the microstructure and temperature of Na2CO3 is the key
to the study, and RDF can be used to reveal the change law of Na2CO3 in the process of
solid–liquid phase change. The variation laws of RDF function and coordination number of
Na2CO3 at different temperatures are illustrated in Figure 7, and Table 5. As the temperature
rises, the long-range peak (the peak after the fourth peak) of the RDF curve weakens and
disappears, and the short-range peak (the first four peaks) of the RDF curve widens. The
long-range ordered structure of Na2CO3 crystal will gradually collapse to disappear as the
temperature rises. Whenever the temperature falls below 1200 K, there is a long-range peak
in the RDF curve, and the solid Na2CO3 crystal presents a long-range ordered structure;
when the temperature is 1200~1500 K, the long-range peak of the RDF curve disappears
and only the short-range peak (the first four peaks), and the liquid Na2CO3 presents a
long-range disordered and short-range ordered structure. During the solid-liquid transition
of sodium carbonate, the RDF curve changes in growth range peak and short-range peak.
When the solid-state changes to the liquid state, the long-range peak disappears, and the
short-range peak widens. Moreover, the degree of short-range peak broadening increases,
and the order of short-range structure becomes worse as the liquid temperature rises.

Table 5. Characteristic parameters for local structures of Na2CO3.

Temp.(K) Na-Na Na-C Na-O C-C C-O O-O

rmax (Å)

500 3.47 3.65 2.57 3.74 2.48 3.56
700 3.56 3.65 2.57 3.74 2.48 3.56
900 3.56 3.65 2.48 3.74 2.39 3.56

1100 3.56 3.65 2.48 3.83 2.39 3.65
1200 3.65 3.65 2.48 3.83 2.39 3.65
1300 3.56 3.74 2.48 3.83 2.39 3.65
1400 3.65 3.74 2.48 3.83 2.39 3.65
1500 3.65 3.74 2.48 3.83 2.39 3.65

rmin (Å)

500 5.18 5.09 3.38 5.00 3.29 5.09
700 5.09 5.18 3.47 5.18 3.38 5.09
900 5.09 5.18 3.47 5.09 3.38 5.18

1100 5.18 5.18 3.56 5.09 3.38 5.18
1200 5.18 5.18 3.56 5.18 3.38 5.18
1300 5.18 5.18 3.56 5.18 3.38 5.18
1400 5.27 5.27 3.56 5.18 3.38 5.18
1500 5.36 5.27 3.56 5.18 3.47 5.18
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Table 5. Cont.

Temp.(K) Na-Na Na-C Na-O C-C C-O O-O

N (rmin)

500 9.83 4.88 4.86 4.53 5.12 14.42
700 9.48 5.12 5.09 4.75 5.31 14.47
900 9.03 4.94 4.86 4.31 5.07 14.33

1100 8.98 4.70 4.86 4.22 4.91 13.71
1200 8.97 4.51 4.77 4.48 4.87 13.47
1300 8.68 4.44 4.69 4.35 4.82 13.17
1400 8.80 4.55 4.59 4.15 4.73 12.85
1500 8.26 4.40 4.50 4.09 4.78 12.52

Figure 7. The RDF and coordination number of Na2CO3: (a) Na-Na; (b) Na-C; (c) Na-O; (d) C-C;
(e) C-O; (f) O-O.
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As shown in Figure 7 and Table 5, the rmax at the first peak of the RDF curve of
Na2CO3 increases as the temperature rises, which shows the distances between Na-C,
Na-Na, C-C, and O-O in the Na2CO3 system increase as the temperature increases, and in
the process of solid–liquid transition, the coordination number curve shows an obvious
right shift trend, and the coordination number of atoms decreases. This also explains
that the molar volume of Na2CO3 increases as the temperature rises, resulting in the
decrease of its density, the increase of thermal expansion coefficient and the change of
other thermophysical properties. When the temperature is higher than 900 K, rmax hardly
changes. As the temperature increases, the peak width becomes wider, which shows that
the C-O stretching vibration and the out-of-plane bending vibration of C are increasing,
and it means that the bond energy and the kinetic energy of CO2−

3 also increase as the
temperature rises.

3.2.2. The ADF of Na2CO3

To learn more about the microstructure of sodium carbonate, the ADF of Na2CO3 at
different temperatures was calculated and characterized on the basis of RDF simulation
analysis, and the interatomic angular distribution and temperature variation of sodium
carbonate were studied.

The Na-C-Na angular distribution function of Na2CO3 at different temperatures is
shown in Figure 8a. At 500 K and 700 K, there are four obvious peaks in the angular
function of Na-C-Na at 50◦, 90◦, 140◦ and 170◦. When the temperature rises to 900 K, the
angular function becomes two peaks (about 50◦ and 100◦) and the peak shape becomes
wider, and especially the intensity of the second peak decreases. It shows that the angle
between Na-C-Na has changed significantly in this process. According to the literature [43],
the solid-state phase transition of Na2CO3 occurs at 723 K (phase β to phase α), which may
cause the peak value of the angular distribution function to be changed.

Figure 8. The ADF of Na2CO3: (a) Na-C-Na; (b) O-C-O; (c) C-C-C.
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When Na2CO3 is solid, the angle distribution range of Na-C-Na is 40–180◦. It trans-
forms from solid-state to liquid state as the temperature rises, the angle distribution range
of Na-C-Na expands to 30–180◦, and the peak shape becomes wider and weakens. After the
solid–liquid transformation, the angle distribution range of Na-C-Na of sodium carbonate
expands significantly, which is also consistent with the report in the literature [24].

Figure 8b shows the angular distribution function of O-C-O in Na2CO3 at different
temperatures. The angular function has two peaks in the range of 60–100◦ and 150–180◦.
When the temperature increases from 500 K to 900 K, the peak shape and peak intensity
become significantly wider and weaken, and the change of peak shape and peak intensity
becomes weaker when the temperature is over 900 K. In the solid-state, the included angle
distribution range of O-C-O is 70–100◦, while when the system temperature rises and
becomes liquid, the included angle distribution range of O-C-O extends to 50–100◦. As
shown in Figure 8a,c, the change of angle between Na-C-Na is basically consistent with
C-C-C.

This phenomenon shows that the atomic motion in Na2CO3 becomes more and more
intense as the temperature rises, the activity range expands, the periodicity of the arrange-
ment becomes worse and leading to the widening of the angular distribution, which is
consistent with the change of the angular distribution function of Na2CO3 at different
temperatures. The angular distribution of Na2CO3 in the liquid state is wider than that in
the solid state. With the increase of liquid temperature, the order of its short-range structure
becomes worse. When it becomes the liquid phase, the atomic activity range is larger, the
periodicity of the arrangement becomes worse, and the distribution of the included angle
between atoms continues to expand, but the change of the angular distribution in the liquid
phase gradually slows down with the increase of temperature.

4. Conclusions

In this paper, molecular dynamics (MD) software LAMMPS was used for modeling
and simulation. Thermodynamic properties and local structure of alkali carbonate Na2CO3
have been simulated by means of MD method with an effective pair potential model. The
main conclusions are as follows:

(1) The self-diffusion coefficient (D) of Na2CO3 increases as the temperature rises, and
the D changes significantly with temperature during solid-liquid transformation. The
simulated solid-liquid phase change temperature is 1200 K, and the error is 5.4%.

(2) The enthalpy of Na2CO3 increases as temperature rises, and the specific heat capacity
(Cp) is higher in liquid than in solid. The Cp has a peak in the temperature range of
700~800 K. The average specific heat capacity of solid is 1.45 J/g and that of liquid is
1.79 J/g, the minimum error is 2.8%.

(3) When the Na2CO3 transforms from solid to liquid, the thermal expansion coefficient
changes suddenly and the density decreases rapidly. The calculated expansion coeffi-
cient shows that the expansion coefficient was the largest in the solid-liquid phase
transformation (1200~1400 K), and the maximum expansion coefficient was 22·10−4 K−1.

(4) The RDF and ADF results show that the atomic spacing of Na2CO3 increases, the
coordination number decreases, and the angle distribution between atoms becomes
wider as the temperature rises. When the solid state changes to the liquid state, the
long-range peak disappears and the short-range peak widens in the RDF curve, the
distribution of the included angle between atoms widens and the periodicity of the
arrangement worsens. The degree of short-range peak broadening increases, and the
order of short-range structure becomes worse, as the temperature of the liquid rises.

(5) The microscopic changes of ions during the phase transition of Na2CO3 from solid to
liquid shows that the angle change of CO2−

3 in the liquid state is sharper.
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