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ABSTRACT

In the modern age, photovoltaic panel (PV) is a popular option for solar energy

conversion. The PV panel’s efficiency considerably depends on the parameters

like dust or dirt on the surface and the cell operating temperature. As the cells

operating temperature exceeds more than 25 �C, the PV panel’s efficiency

decreases by 0.4% for every degree centigrade rise in temperature. The higher

cell operating temperature causes hot spots on the PV panel, drastically

reducing the PV panel’s life. There are different methods used for cooling of PV

panel, but the utilization of waste heat recovered for further application is not

reported. In this context, this research work proposes an active cooling system

using thermal grease and M.S chips for effective cooling of the PV panel, and

simultaneously heat rejected during cooling of the panel is being used for solar

thermal drying. The proposed active cooling system using thermal grease and

M.S chips showed promising results at 5.2 m/s air velocity. The average voltage

and average electrical efficiency of the cooled PV panel was improved by

* 4.0% and 12.3%, respectively, than the non-cooled PV panel. The cooled PV

panel’s cell operating temperature was reduced by 16.1 �C compared to non-

cooled PV panel, and 1400 g onion flakes were dried hygienically in time 10 h 30

min.

Nomenclature

PV Photovoltaic

STC Standard testing condition

TWh Terawatt-hour

ma Mass flow rate of air (kg/s)

v Velocity of air (m/s)

r Density of air (kg/m3)

w Width of duct (m)

h Height of duct (m)

m Parametric constant (m-1)
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Ac Area of panel (m2)

Achip Areas of chips (m2)

P Fin perimeter (m)

Tamb Ambient air temperature (�C)

Tin Cabinet inlet air temperature (�C)

Tex Exit air temperature (�C)

Tpb PV panel backside temperature (�C)

Trpb Reference PV panel temperature (�C)

Cp Specific heat capacity of air (kJ/kg)

Dh Hydraulic mean diameter (m)

hc Heat transfer coefficient (W/m2 �C)

k Thermal conductivity (W/m K)

l Dynamic viscosity 1.895 9 10-5 kg/m s

Acs Cross section area of duct (m)

1 Introduction

Solar power is abundantly available on the earth’s

surface free of cost, which naturally replenishes on a

human timescale. Most people worldwide live in

areas with irradiation levels of 500 W/m2 to 750

W/m2 per day. It is essential to conserve solar energy

and to convert it into useful forms. The world’s pri-

mary energy need is 157,063.7 TW h. The solar energy

striking on the earth’s surface is 173,000 TW, 10,000

times greater than the world’s total primary energy

need. The PV panel is the only promising option

available for converting sunshine directly into elec-

tricity. It is also preferred to operate the PV panel at

Standard Testing Condition (STC) for getting the

maximum efficiency, where cell operating tempera-

ture and irradiation are 25 �C and 1000 W/m2,

respectively. In countries like India, it is challenging

to maintain the cell operating temperature around 25

�C [1].

Onion is 3rd ranked vegetable most commonly

used worldwide. It is used in fresh and dried forms

for foods and medicine use. Due to high moisture

content, it is a semi-perishable commodity. That is

why the storage of fresh onion on the shelf for a more

extended period is not possible as it gets deteriorated.

India is the second largest onion producing country,

followed by China in the world. India’s total onion

production is 23.28 million tons, and Indian onions

are famous for their flavour [2]. Seasonally, there are

considerable fluctuations in onion rates; whenever

the onion production is high, onion rates fall.

Whenever there is a shortage in its supply, maybe

due to weather conditions or lower yield, its price

touches the sky. Sometimes onion prices, indeed,

bring a tear to human eyes. Rather than storing fresh

onions, the better option is to use dried onion flakes

or powder. Dried onion in any form can be directly

used as flavour additives in foods or herb mixes. It is

possible to reduce the moisture content from fresh

onion and dry it without losing its nutrients, colour,

aroma, and taste.

Many researchers worked rigorously in the active

or passive cooling of the PV panel. Ahmad et al.

investigated experimentally natural cooling of the PV

panel attached with the aluminium finned plate. The

30 W PV panel was used for experimentation. It was

found that the efficiency and output power of the PV

panel was increased by 1.75% and 1.86 W, respec-

tively [3]. Fillip Grubisic Cabo et al. evaluated the

cooled PV panel’s performance by passive air cooling

with aluminium fins on the 50 W polycrystalline PV

panel’s backside. They tested different aluminium

fins geometry and found that perforated and ran-

domly positioned fins showed better temperature

decrement results [4]. Aly M A. Soliman et al.

experimentally investigated the impact of heat sink

cooling system on solar cell performance. To simulate

the solar irradiation, halogen lamp was used. They

studied both active and passive cooling. They

reported a 5.4% and 11% temperature reduction in

passive and active cooling, whereas efficiency and

power output were increased by 16% [5]. Catalin

George Popovici et al. studied numerical analysis of

PV panel air cooling using a heat sink. The angle

between the ribs and the base plate was modified.

The numerical model was done in ANSYS- fluent,

and results were presented for turbulent flow. They

reported that temperature was reduced by 10 �C, and

the power output was increased from 6.9 to 7.5% in

45� angled ribs over 90� ribs [6]. Actively air-cooled

PV panel gave better results than the non-cooled and

passively cooled PV panel [7–10].

Drying of products using solar energy can be

achieved by natural sun drying or indirect solar

drying. Natural sun drying has inherent limitations

such as unhygienic, dust and dirt contaminated

products, loss of nutrients, aroma and natural colour.

These limitations can be overcome using an indirect

solar dryer that produces dried products rich in taste,

aroma and nutrition than open sun drying. Many
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researchers conducted research on onion drying for

reducing the drying time, improvement in product

quality and efficiency of the system. Different onion

drying methods were used, like indirectly forced

convection drying, oven drying, microwave drying,

infrared drying, vacuum drying, and freeze-drying

[11]. Ciftciogly developed a cost-effective and effi-

cient prototype of the solar dryer with selective

coating. The authors reported the comparison of the

cost of heat for solar energy over natural gas, elec-

tricity and LPG. The system with renewable energy

technology showed 2, 4 and 5 times cost reduction

over the system with natural gas, electricity and LPG

[12]. Musembi et al. designed and fabricated an

indirect natural convection solar dryer. Experimen-

tation was carried out on 886 g sliced Apples of 2.5

mm thickness. Initial and final moisture content was

86% and 8.12%, respectively. The total time taken for

drying was 9 h 20 min, with average irradiation of

534 W/m2 [13]. Slimani et al. worked on a numerical

model of an indirect solar dryer system. The result of

the proposed model was found close to the experi-

mental model. Indirect solar dryers can provide the

required air temperature for the drying of various

agricultural products. They achieved 10.5%, 70% and

90% electrical, thermal and overall energy efficiency

at 0.015 kg/s mass flow rate [14]. S. Nabnean et al.

worked on a universal indirect solar dryer perfor-

mance with a heat exchanger and storage unit. The

cabinet size used was 1 9 3 9 1.4 m, where 100 kg

cherry tomatoes was dried in 4 days. The efficiency of

the solar dryer observed was 21–69%, with 1.37 years

of the payback period. The drying temperature was

varied from 30 to 65 �C. The dried products were

good in quality [15]. Anil Kumar et al. studied the

effect of the convective mass transfer coefficient on

onion flakes drying. For experimentation, 300 g, 600

g, and 900 g onion sets were used. The authors car-

ried out open sun & roof type onion drying methods

for 33 h and compared their performances. The

results showed that the rate of moisture evaporation

was more in greenhouse drying because of the energy

stored in it than that of open sun drying [16]. So Choi

investigated sensory characteristics and volatile

composition in onion powder. The powder was pre-

pared by convection heat transfer at temperatures 50

�C, 70 �C and 90 �C. At low-temperature drying

aroma of fresh onion was retrained [17].

It was noted from the literature that active and

passive cooling are two methods used for cooling of

PV panel. In passive cooling, air flows over the back

surface naturally, while in active cooling, forced air

passes over the backside surface of the PV panel

using an external source like a fan or blower. Though

active water cooling gives better results, its signifi-

cant limitations are the amount of water required for

cooling, which gets evaporated, and the cost associ-

ated with water pumping [18–21]. Almost all active

air cooling methods used an Aluminium heat sink for

better heat dissipation; this adds 4 Kg/m2 weight in

the system, thus causing bending of the large size

photovoltaic panel [22–25].

The increased cell operating temperature than STC

hampers on PV panel efficiency resulting in lower

power output. The monocrystalline cell’s efficiency is

about 16–20%, which means about 80% of falling

solar energy is not converted into electricity. Most of

the falling solar energy gets converted into the ther-

mal form, which goes into the waste. This energy can

be utilized for drying onion flakes, which will

increase its shelf life [26–32]; this is the motivation

behind this research.

In this context, it aimed to cool the PV panel with

an efficient cooling system, which will improve the

power output of the PV panel and use the waste heat

recovered while cooling in hygienically drying onion

flakes. It was also aimed that the active cooling will

not add much more weight to fulfilling the research

objectives. The experimental testing setup was

developed to cool the PV panel with the active cool-

ing system using thermal grease and M.S chips. The

waste heat extracted during active cooling was

directly used to dry the onion flakes hygienically. The

PV panel cooling was carried out at different airflow

rates, for analysing the airflow rates effect on the PV

panel efficiency and onion flakes drying time. The

condition for the higher overall electrical and drying

system efficiency was searched out critically and

reported with detailed analysis.

2 Effect of Cell operating temperature
on PV panel efficiency

A solar panel is an assembly of various components,

as shown in Fig. 1. Initially, an anti-reflective coating

is applied to the solar cells, which reduces solar light

reflection and helps in the cell efficiency increment.

The cells are then sandwiched in the layers of the

encapsulant, made up of Ethylene Vinyl Acetate
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(EVA), which prevents solar cells from water and dirt

and provides adhesion between solar cells. At the

top, toughened glass four times stronger than regular

glass was fitted, and this protects solar cells against

harmful external factors like water, vapour and dirt.

At the backside, poly vinyl chloride (PVC) is used,

which protects the panel against environmental

damage, provides electrical insulation and offers

durability to a PV panel.

As sun rays strike the solar cell, the photons excite

the electron in cells. The electron utilizes part of the

energy, and the rest of the energy is mostly converted

into thermal energy. The thermal energy causes

increased solar cell temperature, due to which output

voltage drops drastically, resulting in reduced power

output. Figure 2 shows the effect of cell operating

temperature on PV panel output voltage. At 25 �C cell

operating temperature, the output voltage is 46 V,

which reduces to 41 V at 60 �C. It is noted from the

latest literature survey that cell operating tempera-

ture is the critical factor in the efficiency reduction of

the PV panel. The effect of dust, dirt and accumula-

tion can be minimized by cleaning the PV panel

periodically, and the cell operating temperature can

be reduced by continuous cooling of the PV panel.

It is necessary to keep the cell operating tempera-

ture as minimum as possible to achieve more excel-

lent PV panel efficiency. Table 1 shows the thermal

conductivity of various components of the PV panel.

The thermal conductivity of the encapsulant and

polymer sheet used at the PV panel backside is very

low; this is why temperature around the cell increa-

ses. Therefore, it is essential to increase heat dissi-

pation from the PV panel’s back surface. It is possible

only with the help of some unique system that will

accelerate the heat transfer.

2.1 Active air cooling system using thermal
grease and M.S Chips

For accelerating heat transfer from the back panel

surface, thermal grease and M.S chips were used.

Thermal grease is a thermally conductive but elec-

trically insulating material; it reduces the air pockets

between two surfaces and acts as the glue. It is a

composition of matrix material like epoxies, silicon or

acrylates and filler materials like boron nitride or zinc

oxide. The filler material is 70–80% by mass and

raises the base material thermal conductivity from 0.2

to 6.0 W/m K. In this research work, silicon and

carbon-based thermal grease with thermal conduc-

tivity of 5.0 W/m K were used. The backside area of

PV panel used for experimentation was 2 m2. As the

heat transfer depends on the surface area, the back-

side area of PV panel was increased with the help of

micro M.S steel chips of IS 2830. The thermal

Fig. 1 Construction of solar PV panel

Fig. 2 Effect of temperature on PV panel’s output voltage

Table 1 Thermal Conductivity of various components of PV

panel

Component Thermal conductivity (W/m K)

Glass 1.8

Anti-reflective coating 32

Photovoltaic cell 148

Encapsulant 0.35

Back sheet 0.2
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conductivity of M.S chips materials used was 60.0

W/m K, and the average chip size was 3 9 0.2 9 2

mm. A thin layer of 1 mm thermal grease was

applied at the backside of the PV panel, and then M.S

chips were uniformly smeared on it, as shown in

Fig. 3. Then the chips were gently pressed so that

they get in contact with the back surface of the PV

panel. Thermal grease serves in the firm adhesion of

chips with the PV panels back surface and helps in

accelerating the heat transfer. The high-velocity air

from the blower flows over the thermal grease and

M.S chips, which took away the heat with it, and the

cell operating temperature of the PV panel gets

lowered.

2.2 Complete experimental Setup

Figure 4 shows the complete experimental setup. A

320 W solar PV panel is fitted on the duct and steel

structure at a latitude angle of 16.7� due south. As the

sunshine strikes on the PV panel, it starts converting

it into electrical energy. A significant portion of solar

rays gets converted into heat, partially reflected in the

atmosphere, and partly absorbed by the PV panel. A

30 W blower passes continuously ambient cold air in

the duct, which flows over the PV panel’s back sur-

face, on which thermal grease and M.S chips are

applied. Two exhaust fans of 4W capacities fitted at

the outlet of the duct help to accelerate airflow from

the duct to the drying cabinet. 80 mm diameter pipes

are used to carry the hot air from the duct to the

drying cabinet. Hot Air enters into the drying cabinet

from the inlet provided at the bottom and flows over

the onion flakes, kept in the trays for drying. Hot air

takes away the moisture from the product with it,

and it is released in the ambiance through the outlet

provided to the drying cabinet. A cage is hanged to a

load cell in which drying trays are kept with spread

onion flakes. The load cell helps in continuous mon-

itoring of the onion flake’s weight reduction.

2.3 Instrumentation and sensors

For continuous measurement of the observations, a

customized data logger system was used. It consisted

of the three significant components such as trans-

mitter, receiver and sensors, as shown in Fig. 5.

Anemometer was used for airflow measurement, and

LM 35 analog sensors were used for the various

temperatures measurement. Irradiation was mea-

sured with the help of a pyranometer sensor. All the

sensors were connected to the data logger system,

which continuously monitored and recorded the

sensor’s data.

3 Experimental testing, results
and discussion

The experimental setup shown in Fig. 4 was tested

continuously on clear sky days from 15th February to

25th May 2020. The observation of irradiation, vari-

ous temperatures, air velocity, voltage and the cur-

rent was observed and recorded on trial days by

varying the system working conditions.

3.1 Performance analysis of PV panel

For analysing the effect of active cooling using ther-

mal grease and M.S chips on the PV panel efficiency,

observations of 8th April 2020 and 9th April 2020 are

discussed in detail. The testing on 8th April was

carried out in the absence of an active cooling system,

while on 9th April, testing was done with the active

cooling system at air velocity 5.2 m/s.

Figure 6 shows the irradiation-solar time charac-

teristic of 8th April and 9th April. The curve of both

days follows a perfect bell shape. The observation

was taken from 7.25 am to 17.00 pm. The irradiationFig. 3 Thermal grease and M.S chips applied on the backside of

the PV panel
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increased from the morning and continued till the

local solar noon at 12.26 pm. The average and maxi-

mum irradiation observed on 8th April was 692

W/m2 and 977 W/m2, respectively, while on 9th

April, it was 668 W/m2 and 932 W/m2 , respectively.

The Maximum irradiation observed was 977 W/m2

and 932 W/m2 on 8th and 9th April, respectively. The

total Sun energy fell on the PV panel’s 2 m2 surface

areas was 13,156 W and 12,330 W on 8th and 9th

April.

Figure 7 shows the ambient air-solar time charac-

teristic of the testing days. As irradiation increased,

ambient air temperature also increased linearly. The

difference between the two curves was observed as

the fallen irradiation level on both days was different.

On 8th April in the morning, the temperature

Fig. 4 Complete experimental

setup: (1) 320W solar panel,

(2) MPPT controller, (3) DC

blower, (4) duct, (5) drying

cabinet, (6) data logger and (7)

20 W reference panel

Fig. 5 Data logger and

sensors used for measurement
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observed was 20.7 �C, which reached a maximum of

39.1 �C, while the average ambient temperature

observed was 34.3 �C. On the 9th April, the maxi-

mum and average ambient temperature observed

was 41.0 �C and 36.3 �C, respectively.

Figure 8 shows the PV panel back surface tem-

perature-solar time characteristic of 8th and 9th

April. On 8th April, the observation was taken

without an active cooling system by keeping a PV

panel in the natural environment. While on 9th April,

the PV panel was tested with an active cooling sys-

tem using thermal grease and steel chips. Initially, the

ambient air and PV panel back surface temperature

were the same, but as irradiation increased, it also

increased rapidly. The maximum PV panel back

surface temperature reached 70.9 �C on 8th April. On

9th April, due to active cooling, the maximum PV

panel back surface temperature was limited to 55.4 �C
at the same time, the non-cooled PV panel tempera-

ture observed was 71.5 �C. In the 9th April’s testing,

the actively cooled PV panel’s cell operating tem-

perature was successfully reduced by 16.1 �C than

non-cooled PV panel temperature. The average tem-

perature difference observed between cooled and

non-cooled PV panels was 12.8 �C. The active cooling

system using thermal grease and steel chips showed

good temperature decrement in PV panel back sur-

face (Cell operating) temperature.

Figure 9 shows the voltage-solar time characteristic

of the actively cooled and non-cooled PV panel. The

temperature adversely affects the voltage output

resulting in decreased power output of the PV panel.

On 8th and 9th April, the maximum voltage

Fig. 6 Irradiation-solar time characteristics

Fig. 7 Tamb-solar time characteristics

Fig. 8 Tpb-solar time characteristics

Fig. 9 Voltage-solar time characteristics
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produced by the non-cooled and cooled PV panels

observed was 36.1 V and 37.6 V, respectively, while

the average voltage observed was 35.1 V and 36.5 V

on the 8th and 9th April, respectively. Due to the

active cooling system, the average voltage output of

the cooled PV panel was increased by 1.4 V over the

non-cooled PV panel.

Figure 10 shows the current-solar time character-

istic of the cooled and non-cooled PV panel. As cur-

rent is directly proportional to fallen irradiation

value, cell operating temperature does not severely

affect it. Therefore, both the curves are nearly

matching with each other. The non-cooled and cooled

PV panel’s maximum current observed was 6.9 A and

6.7 A, whereas the average current observed was 4.9

A and 4.8 A. The small difference in the average

current of non-cooled and cooled PV panels clearly

shows that the temperature increment higher than 25

�C does not reduce the current; instead, it is increased

marginally.

Figure 11 shows the power generated by the PV

panel. The power generated by the panel showed a

linear relation with irradiation. The maximum power

developed by non-cooled and cooled PV panels was

observed at 226.7 W and 268.2 W, respectively, on 8th

April and 9th April. The non-cooled and cooled PV

panel’s average power was found to be 166.3 W and

189.5 W, respectively. At the same irradiation level,

932 W/m2, the power generated by non-cooled and

cooled PV panels was 222 W and 265 W, respectively.

The difference in power generated was observed

because the cell operating temperature at the same

irradiation level was 69.5 �C and 53.9 �C, respectively.

The cooled PV panel’s power output was improved

by 43 W at the same irradiation level due to an active

cooling system. The total power generated by the

non-cooled PV panel and cooled PV panel was 1.6

kWh and 1.9 kWh on 8th and 9th April, respectively.

Figure 12 shows efficiency-solar time characteris-

tics of the cooled and non-cooled PV panel. There

was a considerable difference in both the cooled and

non-cooled PV panel efficiencies. The average elec-

trical efficiency observed experimentally for the

actively cooled PV panel at 5.2 m/s air velocity and

non-cooled PV panel was 14.6% and 13.0%, respec-

tively. Therefore, in the actively cooled PV panel at

5.2 m/s air velocity, average electrical efficiency was

increased by 12.3% compared to the non-cooled PV

panel. The non-cooled PV panel’s efficiency was

observed minimum when the panel’s cell operating

Fig. 10 Current-solar time characteristics

Fig. 11 Power generated-solar time characteristics

Fig. 12 Efficiency-solar time characteristics
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temperature was higher at 12.30 pm. A clear drop

was seen from 9.0 am to 16.0 pm, where the non-

cooled PV panel temperature increased at maximum.

Hence the active cooling system showed extra added

benefits in efficiency improvement of the cooled PV

panel over the non-cooled PV panel.

3.2 The drying system using waste heat
recovered

For hygienically drying of the onion flakes, waste

heat recovered while cooling was directly utilized. At

the time of active cooling of the PV panel test, drying

tests were simultaneously carried out by varying the

mass flow rate of the hot air. For one drying test, the

air velocity was kept constant; the drying tests were

carried at different air velocities from 3.2 to 5.4 m/s

for analysing its effect on system performance. The

fresh onion bulbs were peeled and then finely chop-

ped in the form of flakes, and they were uniformly

spread in the trays as shown in Fig. 13. The drying

observations at 5.2 m/s air velocity on 15th and 16th

May 2020 are discussed in detail here.

The onion flakes drying at 5.2 m/s air velocity was

carried on two successive days, 15th and 16th May

2020, in sufficient sunlight. The onion flakes were

kept for drying in the dryer cabinet for 7 h 10 min

(10.17 am to 17.27 pm) on 15th May, which gets

incompletely dried. The incompletely dried onion

flakes were again kept for drying on 16th May, which

took 3 h 20 min (9.10 am to 12.30 pm) for complete

drying. Figure 14 shows the irradiation-solar time

characteristic of 15th and 16th May. The maximum

irradiation observed was 962 W/m2 and 956 W/m2

on 15th and 16th May, respectively. The sufficient

sunlight for drying was observed from 10.17 am to

17.27 pm on 15th May.

Figure 15 shows the various temperatures-solar

time characteristic of 15th May. The ambient air

temperature, cabinet inlet air temperature, exit air

temperature, and PV panel back surface tempera-

tures during the test period were observed in the

range 31.6–37.6 �C, 41.0–52.4 �C, 39.6–47.0 �C and

41.0–56.4 �C, respectively. During the test, the air

velocity was kept constant at 5.2 m/s. The cabinet

inlet air temperature was increased linearly in pro-

portion to the PV panel back surface temperature.

Initially, there was a massive difference in cabinet

inlet air temperature and exit air temperature obser-

vation, which gradually decreased further.

Fig. 13 Onion used as raw material for drying

Fig. 14 Irradiation-solar time characteristic
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Figure 16 shows the temperature-solar time char-

acteristics of 16th May. The ambient temperature,

cabinet inlet air temperature, exit air temperature,

and PV panel back surface temperatures during the

test period were observed in the range 29.7–37.6 �C,

39.1–50.5 �C, 37.6–48.0 �C and 42.0–54.9 �C, respec-

tively. In the last 3 h 20 min, the lower difference in

inlet air temperature and the exit air temperature was

observed, as most of the moisture was removed in the

first 7 h 10 min.

Figure 17 shows the weight reduction of the onion

flakes concerning time. The continuous weight mea-

surement was done with a load cell. The cage was

attached to the load cell where onion flakes loaded

drying trays were kept; this completely reduced

product handling for weight measurement resulting

in the hygienic drying. Due to the load cell, it was

possible to open the cabinet two times initially for

loading and at the end for unloading after drying.

1400 g onion flakes were kept initially in the tray for

moisture removal on 15th May. During the initial 3

hours, the moisture removal rate was higher as the

moisture contained in onion flakes was also higher;

further, the moisture removal rate gradually reduced.

In the first hour of drying, total of 189 g of moisture

was removed from the onion flakes. On 15th May,

after 7 h 10 min, the onion flakes weight was 509 g

that means a total of 891 g of moisture was removed

after 7 h 10 min. On 16th May, the incompletely dried

onion flakes weight was 460 grams, which were

reduced to 232 g after 3 h 20 min of drying. The total

time taken by the onion flakes for complete drying

from 1400 to 232 g was 10 h 30 min. The dried onion

flakes were found rich in colour, taste and aroma.

Table 2 shows the summarized results of the dry-

ing system tested at 5.2 m/s. Initially, more amount

of heat energy was utilized for moisture removal due

to higher moisture content in the onion flakes.

However, the heat needed for moisture removal got

reduced when the moisture contained in the onion

flakes decreased. At a higher irradiation level, it was

observed that more latent heat was available for

drying. On 15th May in 7 h 10 min, almost 77% of the

moisture was removed. The rest moisture is released

in 3 h 20 min on 16th May. As the onion flakes con-

tain 84% of moisture, theoretically, total latent heat

Fig. 15 Temperatures-solar time characteristic

Fig. 16 Temperatures-solar time characteristic

Fig. 17 Weight reduction-drying time characteristic
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required for removal of 1168 grams of moisture is

2558 kJ, while experimentally, it took 2757 kJ.

The effect of air velocity on PV panel efficiency was

also analysed thoroughly by testing the system at

different airflow; for each trial, constant air velocity

was maintained till the product gets completely

dried. Table 3 shows the summarized results of the

testing by varying the air velocity from 3.0 m/s to 5.4

m/s. During every trial, the PV panel’s average

electrical efficiency, the time required for drying,

average drying system efficiency, and average total

system efficiency were observed. At air velocity, 3.0

m/s the average voltage of the panel observed was

35.5 V, and the average power produced by the PV

panel was 179.4 W. Time taken for complete drying

was 13 h 57 min. The average PV panel electrical

efficiency and average total system efficiency were

observed to be 13.5% and 9.9%, respectively. As the

air velocity increased, the electrical and drying

parameters were also improved. The higher velocity

of the air helped in taking away the maximum heat

from the backside of the PV panel, resulting in better

cooling of the PV panel. More excellent results were

observed at 5.2 m/s air velocity, where the average

voltage observed was 36.5 V. The average PV panel

electrical efficiency and average total system effi-

ciency were observed to be 14.6% and 13.2%,

respectively. Time taken by the onion flakes for

drying was reduced to 10.30 min.

3.3 Formulas used for calculations

Heat energy utilized for moisture removal ðkJÞ
¼ ma � cp � ðTin � TexÞ ð1Þ

Dry cabinet efficiency

¼ Heat energy utilized for moisture removal

Heat energy available for drying in the dryer cabinet

ð2Þ

Coolingsystemefficiency

¼HeatenergytakenawaybytheairfromPVpanelbackside

TotalheatenergyavailableatthePVpanelbackside

ð3Þ

Dh ¼ 4 � ððw� hÞ=2wÞ ð4Þ

Re ¼ ðq� v�DhÞ
l

ð5Þ

Dittus Boelter EquationNuDh ¼ 0:23 � Re0:8 � Pr0:4

ð6Þ

Nu ¼
hcDh

k
ð7Þ

Table 2 Result summary of

dryer system testing at 5.2 m/s Date Time

period

Time in

minutes

Average

irradiation

G

(W/m2)

Average teperatures

(�C)
Heat energy

utilized for

moisture

removal (kJ)
Tamb Tin Tex TPb

15th May 2020 10.17 -11 am 43 797 33.0 45.4 40.5 49.8 246

11–12 am 60 904 34.8 48.5 43.1 53.3 396

12 - 1 pm 60 943 36.0 50.7 45.5 55.5 333

1–2 pm 60 882 37.4 51.1 46.6 55.3 406

2–3 pm 60 764 37.7 50.3 46.4 54.0 349

3–4 pm 60 561 37.2 44.9 42.2 47.4 275

4–5 pm 60 381 36.9 43.8 41.7 45.3 216

5–5.27 pm 27 217 36.8 41.5 40.3 41.7 59

16th May 2020 9.10–10 am 50 632 31.1 42.7 40.9 46.0 152

10–11 am 60 788 33.4 46.4 44.3 50.6 135

11–12 am 60 875 35.3 49.3 47.0 53.8 104

12–12.30 pm 30 938 36.7 49.6 47.0 54.6 83

Total time 10 h 30 min Total latent heat (kJ) 2757
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Qfin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P� h� k� Acs

p

� ðTin � TambÞ

� tanhðmlÞ þ ðh=kmÞ
1 þ ðh=kmÞ � tanhðmlÞ ð8Þ

m ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h� P

k� Acs

s

ð9Þ

Qwithout fins ¼ hc � A� ðTin � TambÞ ð10Þ

Heat transfer through thermal grease areaHTg

¼ hc � ðAc ¼ AchipsÞ � ðTin � TambÞ ð11Þ

QTotal ¼ QWith fins þQWith thermal grease ð12Þ

Fin effectiveness ¼ QTotal=QWithout fins ð13Þ

By using above mathematical relation 1–13 [33],

values of different parameters were calculated. For

2*0.1 m cross section of duct, the hydraulic diameter

of duct (Dh) was 0.2 m, Reynolds number (Re) and

Nusselt number (Nu) were 60734.1 and 133.8

respectively, and convective heat transfer coefficient

(hc) was 18.3 W/m2 �C.

For M.S chips of size 3 9 0.2 9 2 mm, the value of

constant parameter ‘m’ found was to be 57.0 m-1,

while the heat transfer through a single fin (Qfin) was

0.032 W. Total area ‘Achips’ of the 17,000 fins, which

were uniformly spread over the 2 m2 surface, was

0.01 m2 where heat transfer through fins was 552 W,

while total heat transfer through thermal grease and

fins was found to be 1105 W. Heat transfer through

the panel to air without fins and thermal grease was

555 W. The fin effectiveness was * 2.0, which shows

that fins helped in accelerating the heat transfer from

the PV panel backside thus yielding more heat

energy available for drying of onion flakes. Due to

this, overall system efficiency was also improved.

4 Conclusion

In this experimental research, the effect of the active

cooling systems on the PV panel’s performance

improvement and utilization of residual heat recov-

ered for the hygienic drying of the onion flakes was

investigated. For active cooling of PV panel, thermal

grease and M.S chips were added only with 0.75 kg/

m2 weight, significantly less than aluminium fins.

The results for the actively cooled PV panel showed a

significant improvement over the non-cooled PV

panel. The effect of air flow rate on the PV panel’s

electrical efficiency, drying time and total system

efficiency is experimentally investigated, and more

promising results were obtained at 5.2 m/s air

velocity. The maximum temperature at the PV

panel’s rear surface in the cooled and non-cooled PV

panels observed was 55.4 �C and 71.5 �C, respec-

tively. In an actively cooled PV panel, the maximum

cell operating temperature was reduced by 16.1 �C
than the non-cooled PV panel. The average voltage

produced by the cooled PV panel at 5.2 m/s and non-

cooled PV panel observed were to be 36.5 V and 35.1

V, respectively, resulting in * 4.0% average voltage

improvement in cooled PV panel than non-cooled PV

panel.

At the same irradiation level, 923 W/m2, the cooled

PV panel’s power output was improved by 43 W. The

total power generated by the cooled PV panel and the

non-cooled PV panel was 1.9 kWh and 1.6 kWh,

respectively. The electrical efficiency of the actively

cooled PV panel observed was 14.6% compared to the

13% observed in the non-cooled PV panel. Therefore,

in the cooled PV panel at 5.2 m/s air velocity, average

electrical efficiency increased by 12.3% compared to a

non-cooled PV panel. At 5.2 m/s air velocity, the

average total system efficiency observed was 13.2%,

and the time taken for completely drying of 1400 g

onion flakes was 10 h 30 min. The dried onion flakes

were found to be rich in colour, taste, and aroma as

hygiene is maintained. An active cooling system

showed improved results by reducing the cells

operating temperature of the PV panel. At the same

time, it has improved the electrical efficiency of PV

panel and total systems efficiency.

This system is useful in the drying of agricultural

products at the production site. Onsite drying will

help in transporting the dried products directly by

eliminating raw material transport. An active cooling

system will help in improving the output and life of

the PV panel.

Compliance with ethical standards

Conflict of interest The authors declare that they

have no conflict of interest.

J Mater Sci: Mater Electron



References

1. U. Sajjad, M. Amer, H.M. Ali, A. Dahiya, N. Abbas, Cost-

effective cooling of photovoltaic modules to improve effi-

ciency. Case Stud. Therm. Eng. 14, 100420 (2019). https://d

oi.org/10.1016/j.csite.2019.100420

2. M.K.I. Khan, M. Ansar, A. Nazir, A.A. Maan, Sustainable

dehydration of onion slices through novel microwave hydro-

diffusion gravity technique. Innov. Food Sci. Emerg. Technol.

33, 327–332 (2016). https://doi.org/10.1016/j.ifset.2015.12.

010

3. AEl. Mays et al., Improving Photovoltaic Panel Using Finned

Plate of Aluminum. Energy Procedia 119, 812–817 (2017). h

ttps://doi.org/10.1016/j.egypro.2017.07.103

4. F. Grubisic-Cabo, S. Nizetic, D. Coko, I. Marinic Kragic, A.

Papadopoulos, Experimental investigation of the passive

cooled free-standing photovoltaic panel with fixed aluminum

fins on the backside surface. J. Clean. Prod. 176, 119–129

(2018). doi:https://doi.org/10.1016/j.jclepro.2017.12.149

5. A.M.A. Soliman, H. Hassan, S. Ookawara, An experimental

study of the performance of the solar cell with heat An

experimental study of the performance of the solar cell with

heat sink cooling system District Heating and Cooling cooling

on Assessing feasibility. Sci. Energy Procedia 162, 127–135

(2019). doi:https://doi.org/10.1016/j.egypro.2019.04.014

6. G. Popovici, S. Valeriu, T. Dorin, N.-C. Cherche, Efficiency

improvement of photovoltaic panels by using air-cooled heat

sinks. Energy Procedia 85, 425–432 (2016). https://doi.org/

10.1016/j.egypro.2015.12.223

7. U. Banik et al., Solar energy materials and solar cells

enhancing passive radiative cooling properties of flexible

CIGS solar cells for space applications using single-layer

silicon oxycarbonitride films. Sol. Energy Mater. Sol. Cells

209, 110456 (2020). https://doi.org/10.1016/j.solmat.2020.

110456

8. A.E. Kabeel, M. Abdelgaied, Performance enhancement of a

photovoltaic panel with reflectors and cooling coupled to a

solar still with air injection. J. Clean. Prod. 224, 40–49

(2019). doi:https://doi.org/10.1016/j.jclepro.2019.03.199

9. L. Micheli, K.S. Reddy, T.K. Mallick, Plate micro-fins in

natural convection: an opportunity for passive concentrating

photovoltaic cooling. Sci. Energy Procedia 82, 301–308

(2015). doi:https://doi.org/10.1016/j.egypro.2015.12.037

10. Z. Serag, H.A. Kandil, An innovative solution to the over-

heating problem of P.V. panels. Energy Convers. Manage.

157, 452–459 (2018). https://doi.org/10.1016/j.enconman.20

17.12.017

11. M. Castillo-Tellez, I. Pilatowsky-Figueroa, E.C. Lopez-Vi-

dana, O. Sarracino-Martinez, G. Hernandez-Galvez, Dehy-

dration of the red chili using an indirect-type forced

convection solar dryer. Appl. Therm. Eng. 114, 1137–1144

(2017). doi:https://doi.org/10.1016/j.applthermaleng.2016.08.

114

12. G.A. Ciftcioglu, F. Kadırgan, M.A.N. Kadırgan, G. Kaynak,

Smart agriculture through using cost-effective and high-effi-

ciency solar drying. Heliyon 6(2), 1–7 (2020). https://doi.org/

10.1016/j.heliyon.2020.e03357

13. M.N. Musembi, K.S. Kiptoo, N. Yuichi, Design and analysis

of solar dryer for mid-latitude region. Energy Procedia 100,

98–110 (2016). https://doi.org/10.1016/j.egypro.2016.10.145

14. M.E.A. Slimani, M. Amirat, S. Bahria, I. Kurucz, M. Aouli, R.

Sellami, Studyandmodelingof the energyperformanceof ahybrid

photovoltaic/thermal solar collector: configuration suitable for an

indirect solar dryer. Energy Convers. Manage. 125, 209–221

(2016). https://doi.org/10.1016/j.enconman.2016.03.059

15. S. Nabnean, S. Janjai, S. Thepa, K. Sudaprasert, R. Song-

prakorp, B.K. Bala, Experimental performance of a new

design of solar dryer for drying osmotically dehydrated cherry

tomatoes. Renew. Energy 94, 147–156 (2016). doi:https://doi.

org/10.1016/j.renene.2016.03.013

16. A. Kumar, G.N. Tiwari, Effect of mass on convective mass

transfer coefficient during open sun and greenhouse drying of

onion flakes. J. Food Eng. 79(4), 1337–1350 (2007). doi:h

ttps://doi.org/10.1016/j.jfoodeng.2006.04.026

17. S.M. Choi, D.J. Lee, J.Y. Kim, S.T. Lim, Volatile composition

and sensory characteristics of onion powders prepared by

convective drying. Food Chem. 231, 386–392 (2017). http

s://doi.org/10.1016/j.foodchem.2017.03.129

18. Y.M. Irwan, W.Z. Leow, M. Irwanto, M. Fareq, A.R. Amelia,

N. Gomesh, Indoor Test Performance of P.V. Panel through

Water Cooling Method (Elsevier B.V., New York, 2015).

19. P. Universiti, J. Abdul, M. Tan, Investigating the performance

improvement of and a photovoltaic system in a tropical cli-

mate using water cooling method assessing the feasibility of

using the heat demand-outdoor district heat demand forecast.

Sci. Energy Procedia 159, 78–83 (2019). https://doi.org/10.

1016/j.egypro.2018.12.022

20. H. Bahaidarah, A. Subhan, P. Gandhidasan, S. Rehman,

Performance evaluation of a P.V. (photovoltaic) module by

back surface water cooling for hot climatic conditions. Sci.

Energy 59, 445–453 (2013). doi:https://doi.org/10.1016/j.ene

rgy.2013.07.050

21. A. Yadav, F. Grubisic, Water spray cooling technique applied

on a photovoltaic panel: the performance response. Energy

Convers. Manage. 108, 287–296 (2016). https://doi.org/10.

1016/j.enconman.2015.10.079

22. S. Dubey, J.N. Sarvaiya, B. Seshadri, Temperature-dependent

photovoltaic (P.V.) efficiency and its effect on P.V. production

in the world: a review. Sci. Energy Procedia 33, 311–321

(2013). https://doi.org/10.1016/j.egypro.2013.05.072

J Mater Sci: Mater Electron

https://doi.org/10.1016/j.csite.2019.100420
https://doi.org/10.1016/j.csite.2019.100420
https://doi.org/10.1016/j.ifset.2015.12.010
https://doi.org/10.1016/j.ifset.2015.12.010
https://doi.org/10.1016/j.egypro.2017.07.103
https://doi.org/10.1016/j.egypro.2017.07.103
https://doi.org/10.1016/j.jclepro.2017.12.149
https://doi.org/10.1016/j.egypro.2019.04.014
https://doi.org/10.1016/j.egypro.2015.12.223
https://doi.org/10.1016/j.egypro.2015.12.223
https://doi.org/10.1016/j.solmat.2020.110456
https://doi.org/10.1016/j.solmat.2020.110456
https://doi.org/10.1016/j.jclepro.2019.03.199
https://doi.org/10.1016/j.egypro.2015.12.037
https://doi.org/10.1016/j.enconman.2017.12.017
https://doi.org/10.1016/j.enconman.2017.12.017
https://doi.org/10.1016/j.applthermaleng.2016.08.114
https://doi.org/10.1016/j.applthermaleng.2016.08.114
https://doi.org/10.1016/j.heliyon.2020.e03357
https://doi.org/10.1016/j.heliyon.2020.e03357
https://doi.org/10.1016/j.egypro.2016.10.145
https://doi.org/10.1016/j.enconman.2016.03.059
https://doi.org/10.1016/j.renene.2016.03.013
https://doi.org/10.1016/j.renene.2016.03.013
https://doi.org/10.1016/j.jfoodeng.2006.04.026
https://doi.org/10.1016/j.jfoodeng.2006.04.026
https://doi.org/10.1016/j.foodchem.2017.03.129
https://doi.org/10.1016/j.foodchem.2017.03.129
https://doi.org/10.1016/j.egypro.2018.12.022
https://doi.org/10.1016/j.egypro.2018.12.022
https://doi.org/10.1016/j.energy.2013.07.050
https://doi.org/10.1016/j.energy.2013.07.050
https://doi.org/10.1016/j.enconman.2015.10.079
https://doi.org/10.1016/j.enconman.2015.10.079
https://doi.org/10.1016/j.egypro.2013.05.072


23. S. Abdo, H. Saidani-Scott, J. Benedi, M.A. Abdelrahman,

Hydrogels beads for cooling solar panels: experimental study.

Renew. Energy 153, 777–786 (2020). https://doi.org/10.1016/

j.renene.2020.02.057

24. L. Idoko, O. Anaya-Lara, A. Mcdonald, PV enhancing

modules efficiency and power output using the multi-concept

cooling technique. Energy Rep. 4, 357–369 (2018). https://d

oi.org/10.1016/j.egyr.2018.05.004

25. A. Craciunescu, A.M. Croitoru, G. Colţ, C.L. Popescu, M.O.
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ABSTRACT

Solar energy is abundantly available on the earth and can be utilized in various applications by 
converting it in a suitable form. Water supply in remote places and rural areas is still critical due 
to the unavailability of the grid power. In a developing country like India, the grid construction 
cost is 6670 $/km because of which some remote areas are still waiting for electricity. There is a 
large scope to meet this need with the help of a standalone solar water pumping system. In this 
context, this work presents detailed simulation in MATLAB/Simulink and experimental valida-
tion of photovoltaic (PV) permanent magnet brushless DC (PMBLDC) motor water pumping 
system without energy storing. Simulation is a tool to get system behavior at the various input 
parameters immedi ately reflects a change in the output parameter. The simulation results are 
validated with the help of field trials on the experimental setup. A 0.5 hp photovoltaic permanent 
magnet brushless DC (PMBLDC) motor water pumping system was used for extensive field tri-
als experimentation. After extensive field trials, the optimum irradiation observed for full water 
discharge 19.9 L/min was 330 W/m2 where voltage and current were 35.1 V and 3.1 A respec-
tively. The Water flow – Irradiation characteristic curve and percentage variation in simulation 
and experimental results showed a good agreement with each other. The efficiency of the photo-
voltaic panel and the entire solar water pumping system observed was 12.76 ± 0.64 % and 9.07± 
0.45 % respectively. The 0.5 hp PMBLDC motor water pumping system is sufficient to lift 10000 
L water every day. PMBLDC motor, shown added advantage of lesser running maintenance due 
to the absence of carbon brushes which need frequent replacement in case of brushed DC motor. 

Cite this article as: Deokar V, Bindu RS, Deokar T, Simulation modeling and experimental 
 validation of solar photovoltaic pmbldc motor water pumping system. J Ther Eng 2021;7(5):00–00.
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INTRODUCTION

A rapid increase in industrialization and population 
has almost doubled the energy demand of India. India’s 
total installed capacity is 349.3 GW as on 31 January 

2019, in which thermal energy contribution is 63.7 %, 
Nuclear is 1.93 %, hydro energy 12.85 %, and contribution 
of renewable energy is 21.14 % [1]. To meet India’s huge 
power requirement, the sustainable solution is maximizing 
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3rd International e-Conference on Frontiers in Mechanical Engineering and 

nanoTechnology [ICFMET] has been successfully organised on 27–28 November, 2020. 
The whole world was suffering through the pandemic, but could not much affect  
the scientific temperament of the researchers. The research in medical sciences geared-up 
and there was time to rethink and revise their research profiles and further plans.  
This special issue as Advances in Engineering and Nanotechnology consists  
of 10 papers from ICFMET-2020. The invited talks were delivered by eminent experts 
from IIT Indore, IIT Delhi, IIT Roorkee, IIT Jammu and Sungkykwan University and 
Yeungnam University South Korea. The objective of this conference was to share  
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and exchange the ideas, knowledge and experiences in the field of mechanical 
engineering and nanotechnology.  

The ICFMET-2020 received 118 abstracts out of which only half of them were 
invited to submit the full manuscripts. The guest editors of this special issue have picked 
the ten manuscripts for this special issue. The technical committee have thoroughly 
checked the suitability and fitting with journal’s guidelines. We also appreciate the 
willingness of the authors in this regard. All the selected manuscripts went through single 
blind peer review. We hope that readers will enjoy this special issue. 

The first paper concludes that optical methods cannot be used in sedimentation study 
of magnetorheological fluids (MRFs) specifically with higher concentration of particles. 
MRFs are class of smart materials. The second paper focuses on the Taguchi-GRA-PCA 
methodology for the optimisation of stiffness and deflection behaviour process variables 
for a technical way to control the limitations of single objective techniques in  
multiple performance characteristics problems. Third paper focuses on experimental 
investigations on direct absorption solar flat plate collector using Al2O3 nanofluid.  
Fourth paper investigates the influence of the hardness, sliding distance and time on the 
surface roughness during the sliding process. Fifth paper deals with the extraction,  
characterisation and consumption of waste plastic oil (WPO) extracted through pyrolysis 
process of mixed plastic waste in single cylinder diesel engine. Sixth paper focuses on 
performance improvement of variable compression ratio diesel engine using H2O2 as fuel 
additive. The seventh paper is about shape and the size of nanoparticles which are the 
crucial parameters of nanostructure that need to be securely controlled, owing to their 
versatility for tailoring the properties and functions of nanostructures towards a variety of 
applications. This paper reviews shape based surface plasmon resonance (SPR) of silver 
nanostructures. The eighth paper aims to utilise the experimental approach to perform the 
optimisation of processing parameters affecting the bio-oil yield in fast pyrolysis. In the 
modern industrial world, steam is widely used to generate electricity, and for power 
transmission and heating purposes where direct heating is not possible as in petroleum, 
food, paper and other industries. The ninth paper deals with design of vertical fire tube 
boiler using IBR code and FEA analysis. Tenth paper discuss the simulation based study 
on the disc brake temperature distribution for optimising hole geometry. 

We are thankful to [1] Dr. Ashok D. Chougale, The New College, Kolhapur;  
[2] Dr. J.B. Yadav and Professor (Dr.) A.V. Ghule, Professor (Dr.) R.K. Kamat,  
Shivaji University, Kolhapur for their cooperation for scientific assessment  
and evaluation. Besides, we are thankful to Chairman of SETI (Honourable P.R. Bhosale) 
and YPSC (Honourable R.Y. Patil), Principals of SETI (Dr. M.B. Vanrotti) and YPSC 
(Dr. G.G. Chougale) for encouraging to organise such an scientific event. Also we are 
thankful to all the committee members and students. The guest editors would finally like 
to extend their thanks to all authors who contributed to this special issue. 

We would like to express our gratitude to the editorial board of the  
International Journal of Nanotechnology (IJNT) and especially to Dr. Lionel Vayssieres, 
the Editor-in-Chief of the IJNT, for his kind cooperation towards this fruitful output. 
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Enhancement of heat and mass transfer
characteristics of metal hydride reactor for
hydrogen storage using various nanofluids
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h i g h l i g h t s

� Developed and validated numerical model of metal hydride reactor for hydrogen storage.

� Selected various nanofluids for heat and mass transfer enhancement.

� Presented performance for Al2O3/H2O, CuO/H2O and MgO/H2O nanofluid.

� Reported 10% improvement in the heat transfer rate for CuO/H2O nanofluid.

� Absorption time is lowered by 9.5% for given conditions.
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a b s t r a c t

The execution of metal hydride reactor (MHR) for storage of hydrogen is greatly affected by

thermal effects occurred throughout the sorption of hydrogen. In this paper, based on

different governing equations, a numerical model of MHR filled by MmNi4.6Al0.4 is formed

using ANSYS Fluent for hydrogen absorption process. The validation of model is done by

relating its simulation outcomes with published experimental results and found a good

agreement with a deviation of less than 5%; hence present model accuracy is considered to

be more than 95%. For extraction or supply of heat, water or oil is extensively used in MHR

during the absorption or the desorption process so as to improve the competency of the

system. Since nanofluid (mixture of base fluid and nanoparticles) has a higher heat transfer

characteristics, in this paper the nanofluid is used in place of the conventional heat

transfer fluid in MHR. Further the numerical model of MHR is modified with nanofluid as

heat extraction fluid and results are presented. The Al2O3/H2O, CuO/H2O and MgO/H2O

nanofluids are selected and simulations are carried out. The results are obtained for

different parameters like nanoparticle material, hydrogen concentration, supply pressure

and cooling fluid temperature. It is seen that 5 vol% CuO/H2O nanofluid is thermally su-

perior to Al2O3/H2O and MgO/H2O nanofluid. The heat transfer rate improves by the

increment in the supply pressure of hydrogen as well as decrement in temperature of

nanofluid. The CuO/H2O nanofluid increases the heat transfer rate of MHR up to 10% and

the hydrogen absorption time is improved by 9.5%. Thus it is advantageous to use the

nanofluid as a heat transfer cooling fluid for the MHR to store hydrogen.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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