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methods and scope of future research.
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1. Introduction

The extensive use of fossil fuels causing harmful impacts to the earth by global warming and climatic changes which
diverts the entire world to use eco-friendly power generation methods[1][57]. Recent adoption of renewable energy
power generation technologies has been limited mainly by the intermittence nature of sources with respect to
availability [2] [3] [24]. So, the development of effective energy storage system has been mandatory for mitigating
the barriers of utilizing environmental friendly renewable energy sources [4]. Even though the innovations of
researchers are helping to implement zero emission energy in to commercialization, which are uncompetitive with
fossil fuels utilization in terms of its all-time availability, cost and performance [5]. Sometimes, the cost of energy
storages used for overcoming the limitations of nature source are expensive which makes the cost of green energy
higher than the conventional power.

Among the available energy storage methods, Thermal energy storage (TES) provides reliable, environmental and
economical friendly solutions for energy storage [6] [7] [8]. The cost of TES are inexpensive because of the usage of
natural materials as storage media, those materials are abundant in nature, less maintenance and provides long life
span [9][10][11][12][26][47]. TES stores thermal energy in the forms of Sensible heat, Latent heat and Thermo-
chemical [47].

Conventionally, solid materials are preferred to use in sensible heat energy storage method because of easy
handling, low cost and stability [47]. The natural silica in the form of sand has a chances to use in TES by sensible
heat storage concept. Sand has been found on 6% of earth’s land surface and have constituents of silica, feldspar,
micas, carbonates and pyroxenes [31] [32]. Generally, the specific heat capacity of the sand ranges between 750 to
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1200J/kg°C [41] and has high thermal conductivity of 7.7W/m.K(quartz) [50]. Sands are classified in to four
categories as silver sand, medium sand, filter sand and coarse sand based on its gain size [37].
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Figure 1 — Bulk density kg/m3 of sands [37]
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Figure 2 — Types of Sand [37]

2. Properties of Sand
2.1 Thermal Conductivity

Thermal conductivity of sand has been low in nature due to its physical availability in granular form and point of
contact between the grains [24]. Poor thermal conductivity of sand makes it useful as an insulation material to
prevent heat loss from any thermal system. However, researchers developed innovations for using sand as a
material for storing energy by sand coating, inclusion of granite powder, mixing waste metal chips, mixing water
and adding waste rubber tyres material [27][28][48]. Change in physical properties of sand during the process of
drying and wetting because of the seasonal variations also affect thermal conductivity of the soil [57][59][60]. Soil
having air presence in between of particles gaps shows less thermal conductivity compared to soil grains bonded
together by using clay or other binding materials[57][58]. Zhang et al [61] concluded from investigation that raise
of density of soil by increasing its moisture content does not have significant impact on improvement of thermal
conductivity.

Nikiforova et al [49] conducted thermal conductivity experiment on Sand, Clay and Loam using Russian thermal
conductivity measuring instrument “MIT-1.0”. Author experimented the type’s soil with variable humidity
conditions to study the behaviour of thermal conductivity. The conductivity of sand has been increasing with
varying humidity and density combinations as shown in below figure. Results of the experiment confirmed that
addition of moisture in to the sand increases the density which causes raise in the conductivity of the sand
remarkably [57]. The below figure shows variation in conductivity with respect to change in density. Thermal
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conductivity of any type of soil in dry state varies from 0.23-0.35 W/Mk because of the non-uniform contact
between the particles. Adding water in to dry soil to the particular limit helps to raise thermal conductivity, beyond
the limit addition of water makes soil to dissolve in water.
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Figure 3 — Change of Sand Density with Change in Humidity [49]

It has been observed that presence of moisture in soil bonds the particles together causes thermal conductivity to
raise by increasing surface area of the soil. Clay sands are having high surface area compared to sandy soils due to
the presence of fine particles which make them to absorb water in it. Absorption of excess water in to clay reduces
thermal conductivity [58].

2.2 Grain Size

Grain size of sand particles are having great influence on Thermal performance by varying conductivity, porosity,
permeability, mineralogy and specific surface area [50]. Ahn et al [51] conducted experiment on silica sand of
different porosities and particle size to study its impacts on thermal conductivity using ASTM D5334-14. Author
experimented three samples of silica sands having mean particle sizes 0.84, 0.33 and 0.16mm and found that
thermal conductivity has been decreased with particles having high porosity and low proportions of fine particles.
Although thermal conductivity has been decreased with particles having low porosity and high proportions of fine
particles mixtures [52] [53] [54] [55] [56]. Farzi et al [63] conducted experiment to study the effect of grain size by
using four different sands as energy storage in conventional solar stills to produce water during night time. Author
constructed four conventional solar still and sand grains of sizes 6.9, 2.8, 1.1 and 0.7 mm for energy storage. Results
of the experiment concluded that 2.8mm grain size enabled high efficiency and productivity of water during night
time compared to the other sands. Farzi confirmed that optimization of sand has been mandatory for the balance of
porosity and heat transfer property of sand.

3. Applications of Sand in Energy sector

Sand has been used in energy sector for various applications including usage of sand as an energy storage
media, Additive for phase change material, Heat transfer medium, and as Anode in electrochemical batteries.

3.1 Sand as Energy storage material

Usage of sand as an energy storage material has been increasing in concentrated solar thermal power plant (CSP)
because of its sensible heat storing capacity and high melting point of 1700°C [13][14]. Generally, molten salts are
preferred to use in CSP for the temperature ranges of 260°C and 565°C, but after frequent cycle of operations use of
these materials causes damage to the flow pipes and storage container [16][39][40]. To overcome these issues high
quality materials are required for the construction which makes the system to be costlier further [10] [17].
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Inexpensive energy storage has been developed by choosing naturally and easily available material as storage
media. Sand has been used as a storage material for energy storage but low thermal conductivity property of sand
has been a limiting factor for its wide usage in energy sector [7]. Pure Quartz are one type of sand having high
specific heat, thermal conductivity and capable to operate above 1000°C without any change in its properties [15].
Silica sand naturally available on earth are mainly constitutes of silica and oxygen and remains in solid state till
1800°C of operating temperature [18]. Impure sands are the mixtures of sand, clay, organic matter and other
impurities created by nature and manmade. These materials operated up to the temperature range of 500°C
because of its mixed thermos-physical properties [19].

Haggag et al [39] conducted experiment on heat storing capacity of desert sand by considering charging, storage
and discharge of energy from the storage system. Results indicated that storage efficiency of the system as 62.4%
and discharge efficiency of the system 61% for the operating temperature ranges of 1000°C.

3.2 Waste Foundry Sand as Composite Phase change material

Anagnostopoulos et al [38] suggested a methods of recycling Waste Foundry Sand (WFS) by creating a Composite
Phase Change Material (CPCM) using additives sodium nitrate (NaNo3). Presently, USA and china are the leading
generators of WFS with quantity of 70 million tonnes. Out of which only a small quantity has been recycled
remaining were disposed in landfills that has been a one of the major issue for the safety of environment. Method of
developing CPCM using WFS with additives creates a chance for using them back in energy storage applications.
Developed CPCM exhibits thermal and physical stability till the operation temperature of 400°C.

3.3 Solar Thermal Energy Storage (STES)

Mahfoudi et al [35], conducted experiment on solar thermal energy storage system by using dune sand of Algeria.
Quartz, Fe,03, CaCog, Al.O; and heavy materials are major constitutes of dune sand. Grain size of the sand has been
an important parameter to influence the heat storage capacity of the sand [36]. The results of experiment
conducted by author [35] concluded that the number of tubes employed in charging storage material plays major
role in energy storage of the system. Optimization of tubes will enhance the performance of storage system further
to improve heat transfer both in charging and discharging.

3.4 Air — Sand Heat Exchanger (ASHE)

ASHE generally used to store heat energy in sand and to utilize it when air heating or water heating is needed.
Warerkar et al [20] conducted experimental and analytical research to develop cost effective energy storage system
using coarse sand. Results of the experiment concluded that effectiveness of heat exchanger (HE) raises for smaller
grain size of less than 3mm. Grain size of sand further limited to 1mm for fluidized bed flow in heat exchanger. Al-
Ansary et al [21] conducted experimental work on ASHE for raising temperature of compressed air to operate gas
turbine. Results indicated that the grain size of silica or olivine sand never had influence on the heat transfer rate
but raise in sand velocity greatly impact the heat transfer rate.

Cérdenas et al [23] investigated the integration of sand based heat exchanger with compressed air energy storage
(CAES). Author considered delivery pressure of 250bar, which was achieved through multi stage compression
process. Generally, Intercoolers are used in between the compressors to remove heat energy from air by
maintaining constant pressure for the reduction of work consumption of next compressor because of the expansion
of air due to additional heat addition by the compression process. Cardenas planned to store that removed heat
energy in sand to utilize it for preheating the incoming ambient air to remove moisture for the assurance of long
system operation by avoiding corrosion. Indirectly, preheating of ambient air helps to improve the efficiency by
reduction of electricity involved in the compression process. As a result of this research, Authors concluded that
remarkable change in efficiency observed at low cost investment by coupling CAES and Sand heat exchanger using
sand silica.
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Figure 4 — Multistage compression with sand based storage system [23]
3.5 Sand based energy generation

Poulose et al [22] suggested the method of using sand as a replacement material in pumped hydro energy storage.
Author proposed to use small balls made from bulk density materials of sand (1602 kg/m3) or other waste
engineering materials (2427 kg/m3). These materials are kept to elevated position above the turbine using excess
solar power produced. When need arises to meet peak energy demand, the balls are allowed to come down from
elevated place towards turbine setup. Balls coming from elevation make a high impact on turbine shaft by hitting
which makes the turbine shaft to rotate to produce electricity using generator.

3.6 Sand in Electro-Chemical Batteries

Wang et al [45] conducted experiment by using desert sand — carbon composite as anode by connecting sand
particles through carbon framework derived from polystyrene. Authors concluded that application of sand-carbon
anode in Lithium batteries performed over 200 cycles with high stability and reversible capacity of 555mAh. Deng
et al [46] developed a novel electrolyte of “Soggy sand” for Zinc-Ion batteries by combining the advantages of solid-
liquid electrolyte to overcome the limitations of traditional aqueous Zinc-ion batteries. Application of Soggy Sand
exhibits stabilized operation after 500 cycles of operation.

4. Limitations

Though the sand has been providing environmental friendly solutions to the environment, it has not been
commercialized because of its technology and infrastructure lagging and high investment costs. Sand does not
exhibit high density energy storage compared to lithium-ion batteries, which makes less attraction towards it. Also,
high time consumption for charging and large land requirement for construction of sand battery are not favorable
for widespread usage [42]. Sand properties has been subject to variations based on the working atmosphere and its
moisture conditions. Since, the hazards of electrochemical storage methods are over shadowed by its advantages
which doesn’t allow investors to take risk on developing high scale energy storage using sand. Moreover, the main
sources of energy for charging sands are from waste heat or solar energy are intermittent in nature.
Implementations of optimization and enhancement techniques are mandatory to overcome the above mentioned
limitations.
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5. Enhancement of Thermo-Physical Properties of Sand

Researchers among the world are conducting research for the widespread usage of sand in energy generation, usage
and storage application to create energy and economic efficient systems by enhancing properties of sand. Thermal
conductivity has been an important factor for selecting the material for heat transfer applications [26]. Thermal
conductivity of sand increases with decrease in porosity which creates close contact between sand granular [33].
Further thermal conductivity raises with increment in grain size and quartz content. Sand has poor thermal
conductivity because of its size and form which are limiting the wide usage of sand in energy storage applications.
In order to enhance sand conductivity further, sand coating process are adopted in few applications but not suitable
for mass quantity and longtime requirement. Chung et al [27] suggested coating for quartz sand to improve its
thermal absorptivity in solar applications. Garcia-Plaza et al [28] conducted experiment on sand coating process
and observed improvement in efficiency from 60% to 80%. Creation of composite sand by mixing other heat
conductive material with sand has been considered as an advantageous method, but the additive material should
not be costlier and no value for it in terms of usage and money.

Karell et al [29] suggested a method of creating composite sand by using waste scrap mixtures collected from metal
workshops as an inexpensive solution. Tetteh, S et al [30] conducted an experiment to investigate the improvement
in conductivity of brown silica sand by adding aluminum, brass and mixed metal chips by layered and uniform
methods of arrangement in a rectangular container of size 380x230x380 mm. Author compared COSMOL
simulation results with real time experimental results and found 5% deviations in between them. Also, authors
concluded that the addition of metal chips of 20% with sand exhibits effective improvement in thermal conductivity
compared with 5% and 10% addition.

Han et al [37] conducted an experiment to develop novel thermal energy storage using sand by improvising its
property and efficiency through saturation of sand with high conductive fluid (XCELTHERM® 600 hot oil).
Results of the experiment concluded that improvement in thermal conductivity of the sand by 2 to 3 times and
enhancement in efficiency by 18% compared with sand based storage system.

Davenport et al [41] conducted thermal stability test on silica sand by heating it to 1200°C for 500 hour under air
and hydrated air atmospheric conditions in /Blue MTM box furnace. Results of the experiment and XRD analysis
confirmed that no significant changes observed in the properties of silica and ensure the usage of sand as a stable
form storage media for thermal energy.

6. Prediction and Optimization of Sand properties

Researchers conducted thermal conductivity predictions of soil using theoretical and empirical models. Compared
to Theoretical Models(TM), Empirical Models (EM) are easy to predict based on the actual results of experiment.
Theoretical model uses mathematical relations of thermal properties [57]. Prediction using TM are requires more
accurate data and sometimes it has been a complex process to predict because of the use of complex formulas. Also,
possibility of error in prediction with respect to the actual operation data with respect to changes in soil properties
due to environment, climate and operational factors. EM models are easy to predict, but the results are not taken as
a benchmark to compare the performance of other types of soils.

Vyas et al [42] suggested to optimize the property of sand utilized in the storage system for the effective and
enhanced operation of the system. Also, author compared sand storage system with other methods and concluded
that this system has been a cheaper option compared to other storage system for the operation temperature of
1000°C. Rizvi et al [43] reviewed the method of optimizing thermal conductivity of sand using hard and soft
computational methods. Author mentioned that Effective Thermal Conductivity (ETC) depends on water content,
mineral composition, density, particles size and environmental factor of the sand. Soft computational methods
includes Deep Neural Networks (DNN) using machine learning concept provided faster and reliable optimization
with limited datasets. Hard computing uses Thermal Lattice Element Method (TLEM) using numerical methods
provides accurate predictions even with complex datasets. Abera et al [44] optimized efficiency of sand based solar
thermal energy storage using COMSOL analysis and concluded that charging efficiency of the system improvised to
13.7% compared to the non-optimized systems efficiency.
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Fei et al [62] optimized Effective Thermal Conductivity (ETC) of sand using a novel methods of combining
advanced imaging techniques and machine learning concept of Artificial Neural Networks (ANN). Author
optimized thermal conductivity of four types of sand by considering changes in porosity, size, shape, connectivity
and mineral content of sand particles. Results of the analysis indicated that inclusion of particles physics helps to
optimize the ETC more effectively compared to other methods which are focusing only few parameters related to
thermal conductivity. In this method, author used weighted coordination number (WCN) to include the impact of
particle connectivity and contact area to predict effective thermal conductivity (ETC).

7. Conclusions

Sand has good physical properties for high temperature operating conditions around 1000-1500°C without causing
any damages to the equipment’s of CSP compared to the molten salt limitations. Adoption of sand in energy storage
applications helps to develop cost effective and eco-friendly storage for solar as well as waste heat recovery utilities.
The natural properties of sand provides opportunities to use it for different applications in energy sector as an
insulator, energy generator, heat exchanger, additive for phase change material, anode material in electrochemical
batteries. Thermal conductivity and Grain size of sand are very important factors for the performance of sand in
energy storage, these properties need to be selected and optimized with respect to application and operating
conditions. Further enhancement in sand properties by thermos-physical treatment and addition of external agents
make it to use it further in power industry to develop cost effective systems. Addition of waste metal chips with
sand shows consistency in efficiency of energy storage compared to other methods, the external metal agents are
unusable for other expensive applications. Optimization has been used as an effective tool to ensure the
development of effective sand based energy storage system to meet long durability and large scale installation. It
has been observed that prediction and optimization using modern software’s are essential in choosing sand, mixing
agents, porosity levels, moisture conditions necessary for Sand based energy storage to achieve the world’s target of
Zero Emission by 2050 by harvesting and storing green energy.
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