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A Review on Recent Advancements in Indirect Solar Drying of Agricultural Products
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PAPER INBP ABSTRACT

Preserving food from harvest to consumer lesel challenge in the
. ) harvest technique that lowers moisture to levels suitable
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We sector. Drying is a cruciat post

0 olar drying is a traditional renewable
evelopeddalp the drying process and

e of the efficient drying methods that has

as developed into a desirable, effective, anc

environmentally responsible drying technique wi d with solar collectors and thermal storage. Fla

plates, evacuated tubes, and concentrated s

Eﬁﬁ‘r’]"g,ﬂ‘ifgy, heating or thermal storage systerithis stud review the improvement in the drying rate with different
Solar drying, air heating mechanisms. Flat plate collec d working fluid are employed to heat the air, whereas in
Indirect solar drying, evacuated tube collectors, the air is dj passiyptinthe tubes. Working fluids, air temperature,
Agricultural product, air velocity, and solar radiatjon arg” impe ryer parameters affecting the drying rate. The paper alsc
Drying models. discusses the usage of he : or continuous drying operations. The dryingetathe iedyced

through integration with lat storage technologies. Products that have been dried using indire
solar dryer and appropriate deyi odels are tabulated. Aspects of indirect solar drying and challenges in dryin
time reductiorare a

Doi: https://doi.org/10.30501/jree.2022.361949.1452

moisture levels and superior microbiological and nutritional

1. INTRODUCTION values [6]

ghe qualltfy. of agricultural prf?dUCtS deterio apidly Solar dryers are designed based on local climatic conditions for
aﬁgaéjr??ng a':g%?fé;:ggﬁf uase?jr Hﬂfl\\// e iqugrsaf%i drying specific productdMost agriculturalproducts require a
food preservation without compromiginth@ir nutritional temperature range of 58(_)_°C_ 1o get better qua{ of the
value. Drying is a traditional technig indrease the shelf life prO(_juct [7], [8]. The classification Of SOI&.“ dryers is presented
of agricultural products. The dryifig BRecess completes in two in F|gu_re 1 Solardrye_rs are categorized into three main groups:
; e ' A, . direct, indirect, and mixechode solar dryers. In the direct solar
major steps: first is water transfé the inside of the material dryer, the substance to be dehydrated is segpdo sunlight
:ﬁ;h:ursf:rcfzcsf tsrfgon?gievr\? 1 drying is an easier and coming from a transparent cover placed over it: Cabinet dryer
more effective way o : ervation that has been used and gre_enhouse solar dryer come.under.the dlrec§ solar drygr.
since ancient times. Bolar Jirying methods can be divided into When direct sqlar dryers are combined ywth solar air heaters, it
: : | drving doxted ener falls under mixedmode dryers. A variety of designand
tWO. major grou n natural drying ) 9y performance evaluation methodologies of mixed mode, natural
drying. In the ogen sy drying products are directly expos_,eq to circulation, forced circulation, and greenhouse type of solar
solar adiation. exposure of the produ_ct to solar radiation dryers are available in the literature [9]. The higher temperature
lor and nutritional value of éieed producf2]. inside the greenhouse solar dryer increases the dryingfrate o

chambek The us;y(;??oéssiI(:%rgliioo#eta\;v{[hhe rzli?rtclrne<'j1itecl,r>f;n?oblemthe product significantly. Nowadays, photovoltantilated
X : : prot greenhouse solar dryers are becoming popular for-Ergke
of envirommental pollution. The solar dryer is a great alternative

to overcome the limitations of traditional drying methods. It is agricultural product drying [10]. Tiwari and Tiwari studied

an efficient technology to fulfill thencreasing demand for g;enesr;g?gﬁ?pﬁgg It:i(r:ymg duSI}éStExmpelrri]:ﬁgrr]{ti;ev(\j/er\glgl)n?ju-iteenc;l
quality and longife healthy food [3][5]. Researchers have :

: . for drying grapes [11]. The crop cannot be dried duringsaff
developed solar dryers to avoid uncontrolled drying, exposure hours in the greenhouse dryer. To improve the efficiency of the
to direct sunlight, infection by insects, and exposure of :

) X ) greenhouse dryer and to provide heat continuously throughout
foodstuff to rain and dust. Indirect solar drying emsusafe the drying, it could béntegrated with a thermal storage system

[12].
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The second type of solar dryer is the indirect solar dryer. It the dominant and efficient drying method to maintain dried
consists of a solar collector, heat exchanger, and drying products clean and hygienic [14]L5]. Many experimental,
chamber. In an indirect solar dryer, the hot air heated at the numerical, and mathematical modeling studies have been
collector is at the dryig chamber. Indirect solar dryers usually carried out to evaluate the performance of the indirect solar
consist of forced convection mode. Various researchers havedryer. The drying rate of the agricultural crop is enhanced by
used a DC fan and blower that operates on the PV system [18].raising the air temperature to a considerably higlue. The

The quality of the product dried in an indirect solar dryer is product dried inside the dryer is protected from birds, animals,
improved because of bettesrdrol over the drying temperature  and humans [19]. However, the cost of the development of
and the absence of direct exposure to sunlight [13]. Of all the indirect solar drying technology for agricultural applications is
solar drying techniques, indirect solar drying has proven to be a major determining factor [20]
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The main purpose of the indirect solar dryer is tg
quality and color of the product to be dried 2ct the need for the review study. Section 2 describes the solarsdrye
environment by reducing the emission of haz gases. Theintegrated with the flat plate collector, evacuated tube collector,
indirecttype solar dryer has several adwggs/Ovel directand  solar concentrator, thermal storage systems, and auxiliary
mixed-mode dryers for drying fruits i ral products devices. Section 3 presents the mathematical models used to
tracted and dry products in indirect solar dryers. Section 4 presents the

prises mharstorage
periods of no sunlight. 2. DEVELOMPENT OF INDIRECT SOLAR DRYER

systems to ensure drying
Review studies on solar rs feported in the literature focus Based on the recent trend in the development of indirect solar
on the type of dryer, r arameters, product dried, and dryers, these are categorized into two major groups. The first is

cost reduction. No Study Jhas yet addressed the airngeati a dryer without thermal storage and the second is thizrmal

U C
development in indirect solar d %

mechanisms an f the collector and thermal fluid in storage.

maintaining the(drying temperature at an optimum level. In the . .

current study, rt has been made to review the dryers 2-1- Intégration with solar collector

integr ith flat"plate collectors, evacuated tube collectors, A solar collector is the main device in the indirect type of

ard so trators with and without a thermal storage solar drying. Solar collectors are employed to harness solar
system.\A flat'plate collector with a glass cover is the most energy and heat the working fluid. Flat plate collectors and
widely u$ed solar collector in indirect solar drying. Various evacuated tubeotiectors are commonly used solar collectors
researchers have reported that effective utilization of solar jn indirect solar drying. Recently, some researchers have used

energy and dection of appropriate thermal storage systems concentrated solar collectors to heat air [21].
significantly reduce the drying time. Integration of the solar

collector with the drying unit is a challenging task as it faces 2-1.1.Flate plate collector _

high installation costs and storage of excess thermal energyA flat plate collector heats the air to a low to moderate

harnessed during peaun hours. This study helps researchers temperature. Solar dryers with flat plate collectors with

select suitable solar collectors and thermal storage systems tohatural and forced convection systems are proven to be

increase the drying rate. suitable for drying various products. Koua et al. designed
and constructed an indirect solar dryer. Dryer consists of a
solar air collector system and a dying chamber in which



rectangular trays are arranged in the tree structure.
Wooden trays of size 95 cm X106 cm are separated by 15
cm from each other. Solar air collector system has
dimensions of 89 cm X 225 cm, which produces thermal
energy for drying coma beans. Shrinkage, density, porosity,
heat, and mass transfer coefficients of cocoa beans were
measured during the indirect solar drying process. The
experimental result showed that the cocoa beans had a final
porosity approaching 25%. Water removed dumg the
drying process was replaced by gas. The heat and mass
transfer coefficients increased from 1.92 X 104 to 8.08 X102
W/m2 K and from 1.88 X 107 to 7.88 X105 m/s,
respectively [22]. Zoukit et al. [23] developed a tunnetype
indirect solar dryer and established static and dynamic
characteristics under different weather conditions. An
experimental setup is shown in Figure 2. The Takagi
Sugeno fuzzy (TSF) model was implemented to predict the
temperature distribution in the drying chamber. This study

is highly informative to know the energy available inside
the drying chamber under different environmental
conditions.
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Figure 2. The experimental rig o

at
he

Demissie et al. [24] analyzed the
inside the dying chamber of a solar putational
Fluid Dynamics (CFD) model wasg d to predict flow
@ s of the trays. The
and’ numerical results was

gave insight into the

difference between experi
found to be less than 2%
temperatrre distribution | amber. Bhor et al. [25]
studied the performasnce o r tunnel dryers for fish drying.
Experiments were conducted on drying salted and unsalted fish

and compare it en sun drying. The maximum
temperature obtained in ghdrying chamber was 5%6.
Moist conte uced in the upper and lower parts of the

and 19.63% (d.b.), respectively, within 35
drying time was reduced by 5 hours in comparison
with opel sun drying. Friedman's test evahmatiiemonstrates

the performance of both dryers. The average moisture removal
rates of 70.075.4% and 85186.8% were observed for natural
and forced convectionrespectively. Experimental results
showed a better drying rate in the forced convection mode.
Kilanko et al. [27] evaluated the performance of a novel natural
convection solar dryer. Aluminum foil was used as an insulator
in the dryer compartment. The aaitor is made of galvanized
sheet and glass mounted on the top of the dryer. The setup was
used for drying pepper. Experiments were conducted for drying
200g of pepper which was weighed periodically to measure
weight loss. During the experimental studyyéo t eratures
and humidity in the drying chamber were obser ithin the
e

early morning hours. However, after 10 al rature of
)
el

the chamber reached higher thangthe The average
moisture content of 81.3% w.b. was remove m the pepper
during the experiments. The aver %@n of 28.4% was
achieved with the removal of 8238% w.[p" maisture content.
Montero et al. [28] constr

brid solar dryer and
analyzed the drying kinetic§ of

rious agro industrial by
products in different peratio s. Air heated by the flat
plate collector heating

passed into a edipi@ drying
chamber. The dryeggcomprisés a galvanized iron chimney that
allows easy remgval

sture from the drying chamber. The

dryer consists s. 2 lalive pomade was loaded in
ents were carried out. The result showed
ons in drying time based on the convection
rced convection mode, air speed inside the
/s and the average mass flo@.824 kg/s were

. Banout et al. [29] compared the effect of direct and
olar drying on the essential oil quality of Sacha
ulaptro (Eryngium foetidum L). A direct solar dryer having
ying chamber dimensions 1200 mm wide, 1600 mm length
and 600 mm height was employed. Natural circulation indirect
solar dryer has a cylindrical drying chamber with 500 mm
diameter and 1100 mm height. The drying chamber is
connected to a solar collector to take hot air. A solar drying test
was conducted anthe main constituent of the Sacha culantro
essential oil was determined. The indirect solar drying method
was found to be better, given that a dried product had excellent
chemical composition and better appearance.

Deshmukh et al. [30] investigated therformance of a dryer
for drying ginger. A natural circulation solar dryer with three
trays was developed in the study. The drying chamber was
coated and thermally insulated with asbestos sheets to reduce
heat loss. The air was heated during its flow dlgfothe solar
collector and then passed into the drying chamber to remove
moisture. A vent was provided at the top to facilitate the
removal of moist air. During the test, the average temperature
inside the drying chamber reached 57 oC. The average drying
time required for drying gibber was observed to be 8 hrs, which
was much less than open sun drying. Sunil et al. [31]
investigated the performance of an indirect solar dryer for

retention)6f color and texture and improved the overall quality drying fenugreek leaves in the natural convection mode. The
of the dried fish. Sallam et al. [26] compared the performance developed indirecsolar drying system consists of double
of direct and indirect solar dryers having the same dimensions 9lazed flat plate solar collectors of 0.60 m2. The drying
in natural and forced convection modes. Transgaren Chamber has two plywood trays of dimensions 60 mm X 30 mm
polyethylene film was used to cover the direct solar dryer, while X 60 mm. The drying temperature at the collector outlet was
the indirect solar dryer was covered with black polyethylene ©Observed to be in the range of 49.45%°C. Drying time of
film. Each dryer consists of six perforated galvanized steel trays the fenugreek leaves was reduced-@tours from 13 hours in
with the dimension of 1.00 X 0.90 X 0.04 m, and spacing ©Pen sun drying. o

between them was maintained at 0.12 m. Experiments were J- J. Flores et al. [32] developed an indirect solar dryer

conducted under the same atmospheric conditions to analyzePrototype integrated with a flat plate solar water collector. An
intermediate heat exchangeasvinstalled which is connected



to the thermal storage and drying chamber. A flat plate cross
flow-type heat exchanger was installed to prevent the mixing
of water and air. Wet air from the drying chamber was removed
via electric fans. Solar dryer was &tfor 32 wet molds of the
ceramic at the air velocity of 903#hr in a drying chamber.
Moisture content was reduced by 27% to 1% in 9 days, which
has 73% of the drying time of the plaster molds. E Lkhadraoui
et al. [33] carried out an experimental anadysif a solar
greenhouse dryer. The forced convection drying system
consisted of a flat plate solar collector and a chapeped
greenhouse. Two centrifugal fans were provided to exhaust
moist air from the greenhouse. Drying tests were carried out on
red pepper and Sultana grape. Experimental results were
compared with the open sun drying method. The drying times
of red pepper and grape were reduced to 7 and 17 hrs,
respectively. Economic analysis revealed a very small payback
period. The payback period wimind to be 1.6 years, which is
quite shorter than the life of the dryer.

Gulandaz et al. [34] evaluated the performance of a mixed s & 2 '
mode solar dryer for drying paddy seeds. The modified solar i . iCvi ing of fenugreek a in
drying system had a flat plate solar collector with tracking i
adjustment. The drying unit had four compartments: each
compartment comprises two trays made of a wooden frame. Ergin et al. devglopedyéen indirect solar dryer in which even
The drying chamber was placed below the solar collector. The drying temp maintained. A drying temperature of
though solar radiations received by the
the range of 39.35 t0949°C. The germination viability of the varying continuously over the day. An artificial
seeds dried in a solar dryer was 97.5%. odel was implemented to maintain the outlet

Hegde et al. [35] designed and constructed adost indirect ir tamp re constant. Purnomo & Indarti [37] investigated
solar dryer. Solar collectors with two different configurations ad kinetics of sambungnyawa leaves in a modified
were employed to heat the air required for dgyiln the first i solar drgr. Modifications were done to increase the
configuration, air flows between the glass cover and I Service time of the dryer. A wind ventilator was provided at the

plate and in the second configuration, air flows betwe p of the modified dryer to create negative air pressure and
increase the airflow in the drying chamber. Mathematical
modeling presented by Vernpaoved to be the best equation.
Experimental results showed double production rate of
Simplicia with an improved dryer.
top flow configuration, whereas the effici i bottom  Zaredar, Effatnejad, and Behnam [38] constructed a cabinet
flow configuration was found to be 3 .Zl%na dried at 1 type indirect solar dryer. Castillo Téllez et al. [39] presented an
m/s was foud best in color, taste, an a experirmental study of solar drying of stevia leaves in an indirect
d indirect drying unit solar dryer operating in natural and forced convection modes.
corrugated double passA drying chamber is where hot air was delivered from the array
The drying chamber  of flat plate solar collectors. The temperature of the air entering
comprised three stainless I sh trays. A DC fan the drying chamber reached a maximum value of 57°C at
provided in the air supply suppliesrambient air to the solar average solar irradiance of 930 Wm
air heater. Then, th a r was supplied to the drying Mahapatra and Tripathy [40] compared the performance of
chamber through thel duct,\as shown in Figure 3. Experiments direct, indirect, and mixedhode solar dryers in the natural
were performed in@ 2 kg of fresh fenegrim each tray. convection mode. The indirect solar dryer hagirging
The average value ofthe convective heat transfer coefficient for chamber and flat plate collector covered with a glass cover for
natural and for vection modes varied from 2.90 to 6.91 effective air heating, as shown in Figure 4. Experiments were
W/m2 the first day and 0.45 to 0.79 W/AC on the performed to dry 0.005 m thick slices of carrot. The
secon ing. mathematical model of Wang and Singh was found better than
direct andmixed-mode solar dryers. Indirect solar dryers were
found to be more efficient than direct and mixadde solar
dryers. Drying times were found to be 40.91% and 7% longer
than those in direct and mixedode solar dryers, respectively.

collector. The second configuration provide
higher drying temperatures in comparison Wwitl
configuration. The efficiency rate of 27.5% was &

Shrivastava & Kumar [36] develope
that consisted of a drying cha
solar air heater, and an aiuppl




experimental analysis showed a noticeable reduction in the
drying time for wood.

A solar dryer developed by Goud et al. [46] considta V-
shaped corrugated absorber plate, as shown in Figure 5. One
end of the absorber plate was connected to the drying chamber
and another to the trapezoidal duct. DC fans fitted to the duct
were powered by a PV panel. Experiments were conducted to
detemine the drying kinetics of the product and estimate the
thermal performance dryer. The collector and drying
efficiencies were achieved in the range of 74.1380% and

9.15%26.06%, respectively. We managed We better

improvement in the forced conw@mn mode than atural
convection mode.
The Physicechemical and sensory @rope @ ild berries,
wild canola, and wild bell dried in indirectydryers showed
significant improvement over thos &i open sun.
Indirect solar drying is a lowogtiland effective option to

increase the shelf life of perisla

-~

icultural products [47].

Chimne

s [40] "
Ullah et al. [41] studied the drying behavior of asparagus
(Asparagus Officinalis L.) in an indirect natural conve
solar dryer with a flat plate solar collector. Drying tests
conducted in different mongtfor drying 78 and 48
samples. A maximum moisture removal rate
obtained in July. Lakshmi et al. [42] conducted
performance analysis of mixed mode and indire
solar dryers. Abi Mathew and Thangavé

diabetic medicinal products in an ingdirecty : i ; T : H R L
solar dryer. Flat plate collector effici and“dryer efficiency P = R —
were found to be 15% and 7%, respecti Ash content in the Figure 5. Indirecttype solar dryer with V corrugated absorber

product dried in the dryer was @ .% d to be lower because it surface coupled with the trapezoidal duct [46]
O

was not contaminated by sur dust particles. i . . . -
Haque et al. [44] devel dryers based on local The drying temperature is the crucial paramgteteciding the

requirements and expectatibns o dry’agricultural products. A Performance of the dryer and the quality of the product dried.

collector covered by I heet was seamlessly integratedNiform temperatures in the drying process significantly

into the drying chamberThe temperature in the drying reduce 'Fhe drying time of t_he product. Nasri [48] developed a
beQS higher than the ambient solar chimney dryer for drying bananas and peaches. dve n

chamber was . A ) . o
temperatureThe avefage efficiency of collector and drying design of the indirect chimney solar dryer is presented in Figure
3%, respectively, at the average solar 6 The chimney acts as a drying chamber that comprises trays

radiati /m2SimoTagne et al. [45] deveped a to dry the product. The bottom end of the chimney is connected
mathe al model to predict the drying behavior of wood in (0 & Solar collector to pass the hot air through it. The manxi
an indifect solar dryer. Results of the numerical and (€mMperature inside the chimney increased t0%7.5
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Figure 6. Solar chimney dryer
Etim, Eke, and Simonyan [49] observed that air inlet area, efficiency w,
shape, and quantity of products dried significantly affected the and Nwai
drying efficiency of the indirectral direct solar dryers. Das and  dryer r
Akpinar [50] integrated an automatic tracking solar air collector £depigte
with the twacabinet indirect solar dryer. Drying efficiency was
calculated at three different fan speeds to determine the effe
of airflow rate on the dryig performance. Maximum diyiRg.

AN
tained at a fan speed of 1690 rpm. Mutabilwa

[51Pdeveloped a forced convection indirect solar
with a doubfgass flat plate solar collector as
igure 7. Drying tempéuee and airflow inside the
predicted using the CFD model. A dryer achieved a
temperature of 72°C with operational efficiency of

m=0.0260kg/s
T=311K

[—» ] y 0.580m

<

0.534m "

A\

Figure 7. Schematic of DPSC banana solar dryer [51]
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A. Lingayat, Chandramohan, and Raju [52ported exergy The drying system consists of a solar air colleco auxiliary

and energy efficiency of indirect solar dryers at 21.57% and heater, a drying chamber, and a circulating fan. Figure 8 shows
17.73%, respectively. Sharma, Srivastava, and Singh [53] the components of the dryer. A control unit was provided to
constructed lowcost solar dyers from locally available material regulate the temperature inside the drying chamber.
for drying agricultural products. The maximum temperature Experiments were performed at 60, 70, and 80 C temperatures,
obtained under natural and forced convection was 72°C and andair flow rates were maintained at 150 and 3@hnThe
203°C, respectively. results showed that energy consumption increased with speed
An innovative indirect solar dryer with an auxiliary heating and drying temperature.

system was investigated by Hssaini et al. [54] for drying figs.

Figure 8. Experimental setup and schematic diagramlof indirect solar dryer [54]
Geete, Singh, and RathofB5] studied the effect of solar = Goud et 58] experimentally investigated the drying
f

en chiand okra in an indirect solar dryer.
ations were carried out to compare the drying time
ality of the dried product with open sun drying. It was
at the average drying ratio of green chili to okra was
4303 and 0.9788 kg/h, respigely. Abdelnour et al. [59]
veloped a fuzzy logic controller to restrict the temperature
inside the drying chamber in the drying process. Performance

collector roughness on the performance of the dryer.
Experiments were conducted with Grade 150 and Grade 3
surfaces to analyze the effect on collector efficiency and cabine
temperature. The results showed a maximum ector
temperature of 74 ° C and a cabinet temperature of
a grade 300 surface. Maximum energy efficiency of 35.
was achieved with a rough surface.

olar  performance was recovered in less thami@utes after the

dryer. Solar air collector with 38hape absorber used temperature variation. Gupta et al. [60] concluded that drying
for air heating. Hot air passed from the ng of the green tea in a photovoltatbermal (PVT) collectebased solar
collector into the drying chamber. ultsjof the drying dryer was an excellent choice to maintain quality.

0 5 °C at the Galago and Chandramohan [61] compared the performance of
pe e of 57.27 ° during natural and forced convection indirect solar dryers for drying
ficiency of the system ivy gourds, as shown in Figure 9. Results of an experimental
ato and brinjal drying, study revealed that the forced convection mode was better than
respectively. Zriba, Guell a emni [57]ra out an the natural convection mode. Average specific energy
experimental and numerical/study to predict the drying kinetics consumption ratesvere 1.549 and 1.144 k\Wkg and the

and drying time of to es. ensions of the drying chamber specific moisture extraction rates were 0.645 and 0.875 kg/kW
were optimized fromfthe numerical study. h, respectively, in the natural forced mode.

O

experiment revealed an average te
collector outlet and the chamber tem

was 31.4% and 25.16% d
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3%ffo cts in the first, second, and third columns of the

2.1.2. Evacuated tube collector velo solar dryer, respectively. Drying efficiency was
ved 19% with 65% solar energy utilization. Nabnean et al.

agricultural products. However, limited studies are av
the solar dryer with an evacuated tube solar ctilte Misha
al. [62] evaluated the drying performance of gs@lssisted
matic of the

consists of a solar collector, a storage tank, a dtogsheat
exchange and a drying chamber. Three fsltale experiments
were conducted to dry cherry tomatoes from 8.00 am to 6.00
pm. The moisture content of the cherry tomatoes was reduced
from 62% (wb) to 15% (wb) within 4 days at an average air
temperature of 5C durirg drying.

the water in the tube and, then, hot water passe alneat
exchanger to heat the air. Experiments wi d out to dry

oil palm fronds. Drying time was red&@%, 44%, and

<
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Figure 10. Schemnyé m of the advanced solar drying system with an evacuated tube [62]
Daghigh and Shafieian [64] deSignedfa dotfblection solar found accurate to predict the moisture removal rate for mango
drying system with a heat pi C ollector. The evacuated slices.
tube heat pipe was usd atywa and employed as a Arun Sandeep et al. [67] dewpled a numerical model to

secondary working flui atef insulated storage tank predict the drying time in the indirect solar dryer at different air
was provided betwegn theysolar collector and heat exchanger.temperatures and moisture levels. Heat and mass transfer
Energy and exer alysis was carried out to evaluate theequations with finite difference methods were solved using
performance o ying system. Inanother study, computer code in MATLAB. The developed dryingpdel is

Daghigh and fieign [65] developed a solar dryer integrated applicable only to spherical shape products. The authors report
with a ipe uated tube solar collector. A heat recoverya good agreement between numerical and experimental results.
yed to enhance the performance of the drying2 1.3. Solar concentrator

ater was used as working fluid and its fresst R

Liu et al. [68] employed a parabolic trough concentrator to
supply the heat for tobacco dryindjir was circulated through

the V-shape metallic cavity receiver. Improvement in
efficiency was found by increasing the opening width of the
absorber. Naemsai, Jareanjit, and Thongkaew [69] investigated
the performance of solar dryers with heat recoved/ramheat
recovery systems. The developed greenhouse dryer consists of
two rooms. The drying product was kept in the evaporator
room, whereas heating was carried out in the condenser room.
Implementation of a heat recovery system reduced the drying
time by2 hours with an efficiency rate of 33.2%. Some studies

|. [66] evaluated the performance of indirect forced
convection solar dryers at different drying air temperatures. Air
was heated using an evacuated tube solar air collector and
passed it the drying chamber from two inlet ports. An
auxiliary electric heater and an automatic control system were
provided to maintain constant temperature airflow inside the
drying chamber. Experiments were conducted for drying 24 kg
of sliced mango to analyzbe performance of the dryer and
drying kinetics. Experimental results showed 30.9% to 33.8%
variation in the average drying efficiency. Page's model was



on indirect solar drying have found that the rate of moisture

removal increased due to external reflectors, which focus on
solar radiation on a transparent glass cover provided at the top
of the dryirg chamber [70].

2.2. Integration with thermal storage

Researchers have worked to maintain drying duringsoiff
hours uniform and constant. Thus, indirect solar dryers are
integrated with the thermal storage unit and auxiliary devices
to supply hot air catinuously. Thermal energy is stored in the
form of sensible and latent heat. Sensible heat has lower
thermal energy density than latent heat [71]. A literature study
on the indirect solar dryer with thermal storage focuses on
thermal storage material,yding time, and temperature attained

in the drying chamber.

Integration of solar dryers with biogas, heat pump, and thermal
storage materials eliminates the impact of varied climatic and
uncontrolled  environmental  conditions on  drying
characteristics. Itlao allows the maintenancé a widedrying
temperature which is suitable for hesnsitive products [72].
Thermal storage materials are incorporated into solar drying
systems to supply constant temperature [73]. Thermal energy
accumulators can maintaihd temperature of 1P5°C above

the ambient temperature. Phase change material such a
paraffin wax significantly increases the drying cost and
efficiency of smallscale dryers [74]. Komolafe et al. [75]
investigated the performance of solar dryers undéusral and
forced convection modes integrated with the thermal storag
system. The experimental setup is shown in Figure 11. Grav
was used to store the heat collected from the solar collector.
Experiments were conducted on a 4 kg solar drying
determine the diffusivity of moisture, activation energy,
mathematical modeling of drying locust bea

ng, Among t
eleven thin layedrying models, the Lewis mode found t
be best for describing the drying characteristics g¢f lo beans

Figure 11. Experimental setup of the forced convection solar
drying system indicating the position of the temperature and
humidity sensors 1. Blower, 2. Solar collector, 3. Reflector, 4.
Data acquisition system, 5. Weighing balance, 6. Thermostat,
7. Drying chambe 8. Temperature and humidity sensors, and

9. Chimney [75]

Prakash, Kumar, and Laguri [76] developed a novel greenhouse
dryer integrated with thermal energy storage. Thermal storage

was applied on the ground in three different ways. In the first
case, tk ground was kept bare. In the second case, the ground
floor was covered with PVC while in the third, the floor was
coated with black
color. Energy, exergy, and environmental analysis of the dryer
was carried out under less than three floor conditions
throughout a year. From the experimental results, it was found
that a PVCcovered floor was better because of its high thermal
storage capacity. The payback period of the dryer was only 1.11
years in the active mode condition.
Ndukwu et al. [77] conducted amergy and exergy’analysis of
solar dryers combined with thermal storage. e, thermal
storage potential of sodium sulfate decahydrate afd sodium
o

chloride was evaluated for dry red ghilieg sult revealed
that moisture content was reduced from, 72.28%

with sodium sulfate decahydra Ns [ chloride,
respectively. The average dryi fficie of 18.79% was
achieved with a carbon emissi tonnes per year

Yadav et al. [78] performed numerical analysis on thermal
storage deviceis indirect sgla iNg. The device consisted of
two concentric tubes i the central tube was a copper
tube and the outer tabe was a plastic tube. The gap between the

concentric tubes,wa with paraffin wax and air passed
through the inrle ube. Computational fluid dynamics

p and 10.1

(o)

nalysis w ie t to estimate heat loss gained by the air.
The anal re show that drying can be done up to 10.00
pm wj t Se of an auxiliary heat source.

ha
irec

. [79] aimed to reduce tiirying time in an

ar dryer by integrating it with sensible heat storage.

is shown in Figure 12. The drying behavior of camel
as studied under different environmental conditions.
e average thermal efficiency of the solar catleduring the
thermal charging of pebbles decreased. However, efficiency
time after the sunset increased to 70 minutes with an increase
in the mass of pebbles from 15 to 50 kg. Indirect drying thermal
efficiency reached 18.34% and 15.72% in July and Ndem
respectively.




Figure 12 The solar dryer: Setup front view [79]

Tarigancarried [80] carried out a numerical analysis of solar
collectors and drying chambers for dryinggricultural
products. The dryer was provided with a backup biomass
burner andhiermal storage. The analysis results did not show a
significant difference in the temperature of the outlet air by
increasing the number of glass covers from one to two. The
CFD simulation of the drying chamber showed the average
drying air temperature &6 °C.
Essalhi et al. [81] developed an indirect solar dryer with thermal
storage to keep the drying chamber temperature more than the
ambient temperature during eftinshine hours. As a result of
drying, the humidity in the grapes decreased from 79y8%.
to 20.2% (w.b.) in 120 hours. Thermal storage systems
significantly reduced daily drying time.
ShamekhiAmiri et al. [82] investigated the drying behavior of G
lemon balm leaves in an indirect solar dryer with a double glass |~
cover solar air collectorFirst, air flows through the gap ‘
between the two glass covers and, then, into the second glass i a -
cover and black plate packed with wire meshes. Hot air ranging Figure 13, Indirect an% mode solar dryers with phase
ng t

~

R P

from 38 °C to 68 °C enters the drying chamber. Increasing the erial [83]
air flow rate from 0.006125 m3/s 01734 M3/s showed a
20% improvement in the collector thermal efficiency.

Mall and Singh [83] carried out a comparative analysis of Kondared
indirect and mixeemode solar dryers shown in Figure 13. Inan dryer in ith the phase change material. The
indirect solar dryer, the drying chamber was connectediisse ~ €Xpel up is shown in Figure 14. Aeleped forced

to a solar air collector in which the phase change material wag{Convec rying system consists of two solar collectors and a
stored. The moisture content of the coriander leaves wa$diying mber. The secondary collector contains phase
reduced from 88.02% to 9.68% in 3 hours and 3 hours 15 material paraffin wax as thermal storage material.
minutes in the indirect and mixed mode solar xperimental results showed a 12% increase in collector
respectively. The ovall drying efficiency of indirect so iciency because of thermal storage. Annual drying hours
dryers was found higher than that of mixmode sglar dryers.\,_ increased by 65%nd the quality of the dried product was
Bhendwade and Dube [84] reported that wing the found to be excellent. The payback period of the dryer was
application of thermal storage materials in solar rs, their calculated as 2.56 years, which is significantly less than the life
efficiency increased from 40.29% 60.40%. (20 years) of theryer.

Ve &

evaluated the performance of the solar
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Figure 14.Experimental setup of solar dryer integrated with thermal storage [85]



Ndukwu et al. [86] developed an indirect solar dryer integrated drying chamber. Drying time for plantain sl&ceas reduced by
with a flat plate collector and biomass furnace. In the 107 21hrs, compared to drying under the open sun. The thermal
experimental setup presented in Figube d flat plate collector efficiency of the solar collector was 21.89%. Moisture content
covered with glass consists of blgg&inted granite rock was reduced from 66 % w.b to 15 % w.b of plantain slices with
pebbles, which act as heat storage material. Flue gases cominghe average drying efficiency of 14.64%.

from the furnace pass through the copper tubes provided in the

N\
S
N

Figure 15. Schematic view of th
Singh and Malldesigned [87] tested the perfo
indirecttype solar dryer with phase change ma

prototypenof the indirect solar dryer with biomass furnace [86]

ance of the payback period by about 15% and 33%, respectively.
Paraffin Thermal storagemakes the solar drying system a techno
wax was used as thermal storage matenal e economically feasible and attractive technology.

continuous supply of energy for drying es. The Subramaniam, Sugumaran, and Athikesavan [89] developed a
drying time was reduced by 5 hours due t¢ tHe release of latentsolar dryer coupled with thermal storage shown in Figure 16.
and sensitive heat from the phase chang ial after sunsetWater and waste oil are used as active workindinms and
Lamrani and Draoui [88] carried o numerical study t AI203 Nanofluids are used as thermal storage materials. For

a

investigate the thermal performa the”indirect solar dryer the dryer with thermal storage, the energy output was maximum
integrated with a packed bed energy storage system.at a flow rate of 0.035 I/sec compared to the flow rates of 0.045

Thermal storage backup @o rying time of wood and and 0.065 I/sec.




