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1 Introduction

Solar energy is potentially available around 300 days annually in India. Solar energy
utilization has increased in the past few decades due to the awareness of global
warming by burning of fossil fuels for our thermal needs. Solar energy is primarily
in the form of heat and readily available to heating applications with a selective energy
conversion technique. Even though a diluted form, solar energy is effectively used
with solar flat plate collectors toward low-temperature applications. Solar drying is
popular in agriculture. The significant drawbacks of the open sun dryer are the longer
dryer time, manual work and food quality affected by the varying solar radiation as
well as atmospheric pollutants and weather. Mass production of dry products is in
demand due to the excess production and low consumption. Solar dryer has typically
employed a flat plate collector with or without secondary reflectors, dryer cabin where
the food grains to be placed, the blower in the forced convection dryers. Absorber
surface is one of the essential aspects to increase the temperature of flowing air.
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Fig.1 Schematic layout of solar dryer and the possible locations of employing PCM in the collector
and drying chamber

Absorber tubes are preferable in the liquid collectors due to higher specific heat and
density. Extraction of heat energy by an air medium that is passing through the solar
collector. Figure 1 shows the possible ways of employing PCM in solar air heater
and dryer.

Heat transfer enhanced mainly due to an increase of collector area. The researchers
tested various absorber designs. Reflectors and concentrators attached to solar dryer
reduced the drying time and improved the efficiency of dryer [1]. Solar photovoltaic
panels used to power the fans to make the airflow to be a forced convection dryer.
Further, the chimney integrated into solar dryer improved the buoyancy of hot air
through the food grains [2]. Sun-drying involves the open sun-drying at the place of
harvest (in-situ) and elsewhere after post-harvest. Solar dryers are operating active
and passive modes. Natural circulation of hot air occurs in the passive systems due
to the buoyancy effects of air. In active systems, a blower circulates the airflow to
the collector and dryer. The passive integral type of solar dryers is classified further
into cabinet dryers and greenhouse dryers. PCM are used in the thermal management
systems [3]. The operating temperature of suitable PCM for a dryer is around 60 °C.
The selective PCMs are fatty acids, paraffin wax, salt hydrates, and eutectics. PCM
possesses higher energy density than sensible storage systems. Thermal conductivity
of PCM is the main drawback to the large-scale commercial deployment. In this
article, the recent advances of solar dryer with PCM are discussed.

2 Previous Studies

Several researchers have been investigated solar dryers in the past decades. Varying
solar intensity requires thermal energy storage (TES) to provide the required heat
to applications. Sreerag and Jithish [4] investigated the solar dryer with PCM. The
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incorporation of PCM provides a continuous heat supply to dryer chamber through
the heat discharge from the PCM. Agarwal and Sarviya [5, 6] studied PCM-based
heat exchanger to provide hot air to dry the food products. Most of the studies of
dryers with PCM involve paraffin and salt hydrates for drying of food products.
Vasquez et al. [7] demonstrated the use of the proper TES control system with solar
drying, the potential of energy savings could be around 80% when compared to
conventional drying. Jain et al. [8] developed mixtures of fatty acids to melt in the
range of 40—60 °C to solar dryers. Agarwal and Sarviya [9] characterized commercial-
grade paraffin wax to utilize as PCM in solar dryer instead of technical grade PCM
through differential scanning calorimetry. Commercial-grade PCM is found to be
a cost-effective PCM for solar dryers. The energy stored in PCM is mainly latent
heat-based. Solar collectors frequently involve an absorber surface, which exchanges
the heat to the air.

Krishnan and Sivaraman [10] showed the thermal efficiency of solar dryer with
TES was improved by 50% than that of the conventional dryer. The effect of thermal
storage was observed to sustain the required temperature for 3 h after sunset, and then
it decreased gradually. El Khadraoui et al. [11] investigated a solar dryer with the
PCM cavity. PCM cavity introduced in the dryer to act as a solar energy accumulator.
The temperature of the drying chamber was observed to be 4—16 °C higher than
ambient all over the night due to PCM. A model was used to predict the drying
kinetics and observed a reduction of drying time with PCM by 50% compared to the
dryer without PCM [12, 13]. Kaewpanha et al. [14] investigated 28.35 kg of paraffin
wax-based dryer to dry chilies during weak sunshine. Yadav and Chandramohan [15]
investigated the effect of air velocity during phase change of PCM. Melting improved
by higher airflow velocity, and the discharge process requires a lower air velocity to
supply hot air at 68 °C. High flow velocity was not recommended for heat retrieval
from PCM. Swami et al. [16] investigated a solar dryer with two PCM to dry fish. The
selection of a PCM-based dryer is to make the drying of fish around a temperature of
62 °C. Temperature control inside the drying chamber was attained with the help of
the TES unit. Yadav et al. [17] investigated the hot air coming from solar collectors
with PCM for drying applications, and drying process was observed to be continued
up to 10.00 pm due to heat stored in PCM. The preferable air flow velocity was
1-4 m/s for charging PCM and about 1 m/s for discharging PCM. Airflow velocity
influenced heat transfer. Bhardwaj et al. [18] investigated sensible and latent heat
materials and showed the PCM doubled the moisture removal rate. Elbahjaoui and
Qarnia [19] investigated alumina oxide-based paraffin wax for the flat plate solar
collectors. Reyes et al. [20] observed the overall efficiency of dryer with PCM in a
range of 56-76%. Vasquez et al. [21] studied a dynamic model of a solar dryer for
agricultural products with TES, using paraffin wax.

Babar et al. [22] studied the absorber temperature profile in the dryer to employ
PCM. The average temperature of the chamber was observed to be 23.5% more
because of PCM. Identification of thermal zones is essential to employ the PCM
to act as a thermal energy reservoir for drying. Iranmanesh et al. [23] showed the
overall drying efficiency with PCM was 39.9%. The incorporation of PCM to solar
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dryer improved the overall drying efficiency. Azaizia et al. [24] demonstrated PCM-
based dryer was around 7.5 °C higher than the non-PCM dryer throughout the night.
Reduction of moisture content of pepper about 95% was observed 30 h, 55 h, and
75 h for the non-PCM dryer, PCM-based dryer, and open sun dryer, respectively.
The greenhouse solar dryer with PCM proves effective in drying.

Saw tooth-shaped absorber, along with PCM in the TES system, was investigated
by Babu et al. [25]. The sawtooth shape absorbed solar radiation effectively, and
the attached paraffin storage tank stores latent heat for a long time. A total of 20
aluminum pipes of 1 mm thick are used to provide hot water from 6 to 8 am. Srivas-
tava and Shukla [26] carried out an experimental validation on solar dryer with PCM.
The dryer with PCM stored heat and the drying is done for a long time with temper-
ature regulation [27]. The temperature of PCM remains high after several cycles of
operations. To make a solar air dryer reliable, the heat pipes were used during the
day, containing water inside and in PCM [28]. The heat pipe helped to maintain a
small temperature difference to PCM by making a flat plate solar air dryer contain
heat pipes and PCM.

Atalay [29] compared a pebble-stone-based packed-bed with PCM storage in a
solar dryer. The efficiency of the PCM-based dryer is minimal to the packed bed-
based dryer, but the economic point of view packed-bed was about 10% lower. PCM
usually is encapsulated into a container to increase the surface area available to
the heat transfer. The container size and fin dimensions [30] and orientation play
an essential role in the charging of PCM [31], and the arrangement of PCM is
also essential to obtain the maximum benefits of TES [32, 33]. An increase in air
temperature reduced the power consumption, but the mass flow rate increased the
power [34]. A solar dryer using engine oil and PCM improved drying by 43.75%
[35]. Khouya [36] investigated the method of reduction of drying time using several
methods to dry the hardwood solar kiln. The drying time reduces with the decrease
in thickness of wood-boards and increase in collector area. The use of TES reduces
the drying time up to 60%. Lamrani and Draoui [37] showed a packed-bed storage
reduced the drying time by about 15% and reduces the payback period by 33%. Four
different concentrations of aluminum nanoparticle such as 0%, 0.5%, 1.0% and 1.55
with paraffin were used as heat energy storage element in hybrid-solar dryer [38].
The percentage reduction of drying time of dryer with and without PCM is illustrated
in Fig. 2.
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Heat energy storage capacity was improved for increased nanoparticle concentra-
tion up to 1.0% in PCM. As economics point of view, the 1.0% alumina with PCM
was recommended, for drying agro-product, due to its reversibility. Ndukwu et al.
[39] demonstrated wind-powered solar dryer with glycerol as PCM with lower drying
time under the ambient temperature of 24—50 °C and humidity of about 10-52%.
Poblete and Painemal [40] determined thermal efficiency of solar dryer with and
without TES was 37.8% and 22.2%, respectively. The salient points are discussed in
the next section.

3 Discussion

Utilization of PCM in dryer certainly improves the moisture removal rate from the
food grains and agricultural crops. The dryer with PCM is observed to be safe
and does not deteriorating the quality of food. Sometimes, the packed-bed storage
using sensible heat materials like pebbles is observed economically effective when
compared to PCM. However, the productivity due to longer duration for heat storage
and compactness of the dryer is promising in the case of PCM. PCM with sensible
heat medium and composite PCM were found to be useful to observe the faster rate
of heat transfer in the TES. Most researched PCM with solar dryer is observed to
be paraffin wax due to its optimum operating temperature of dryers and the organic
nature as well as cost-effectiveness. The summary of the performance enhancement
of solar dryer with PCM (paraffin wax) is given in Table 1.

The solar dryer with TES produced higher temperature and lower RH in dryer.
Fluid flow velocity is to be optimized for the TES-based solar dryers to attain an
effective drying rate. Due to low-temperature operation of solar dryers, copper tubes
are preferring PCM side to enhance the heat transfer. TES unit is used as a supple-
mentary heat source, storage for after sunshine hours, and thus, TES plays a vital role
to improve the overall drying performance of solar dryers. Due to low-temperature

Table 1 Performance enhancement of solar dryer with paraffin wax as PCM

Performance enhancements References

Lower discharge velocity of air was required to provide the Yadav and Chandramohan [15]
heat

TES unit acts as a temperature control Swami et al. [16]

Suitable air velocity for charging and discharging of PCM was | Yadav et al. [17]
1 to 4 m/s and 1 m/s, respectively

Overall efficiency was in the range of 56-76% Reyes et al. [20]

PCM-based dryer showed a temperature of 7.5 °C more than | Azaizia et al. [24]
that of the non-PCM dryer

Drying efficiency of solar dryer with PCM was observed to be | Iranmanesh et al. [15]
39.9%
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operation, nanoparticles are added as thermal conductivity enhancers to PCM. The
PCM behavior is to be improved to reach large-scale commercial applications of
solar dryers with PCM.

4 Conclusions

From the literature, the PCM used in solar dryer was studied by several researchers.
The major conclusions are given below.

e PCM inclusion improved the drying performance of solar dryers. The reduction
of drying duration was possible up to 60%.
Solar dryer with PCM is found to be safe for foods.
PCM container selection plays a vital role in providing heat transfer augmentation
and the safety against the leakage of liquid PCM into the air.

e Heat pipes inside the PCM are a useful enhancement method used in the PCM-
based solar dryer.
Solar PV panels are used as the preheating sections for the solar dryers.
The airflow velocity influences the PCM behavior and drying rate. Higher and
lower air velocities are desirable for heating and cooling of PCM, respectively.
The air velocity could be optimized to obtain a longer drying time.

e The solar dryers with TES are used for several applications ranges from domestic
to industrial purposes.

e Hybrid applications like wind and biomass-powered solar dryers are observed to
be fully reliant on renewable sources of energy.
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