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Abstract

Many sun-rich countries of the world use solar energy for their daily cooking needs. Solar cooking

is one of the most economical methods that decreases deforestation. The main purpose of this research is

to find the different thermal performance parameters of a solar box cooker in the climatic conditions of
Quetta, Pakistan (Latitude +30.21 and Longitude +67.02). The tested parameters were F| and F,, cooking
power, standard cooking power and efficiency 1. Experimental tests were conducted to find the value of

these parameters. The value of F and F, were found to be 0.12 and 0.58, respectively. Values of cooking

power and standard cooking power were 40.33 and 37.06, respectively. A regression correlation was

plotted graphically between standard cooking power P_and temperature difference AT. The correlation

coefficient was calculated as 0.80. The overall efficiency of the box-type solar cooker was 29.81%.

The result shows that the climatic conditions of this area are suitable for solar cooking.

Keywords: solar energy, solar cooker, thermal performance, cooking power, efficiency

Introduction

Renewable energy is a type of energy derived from
natural sources such as wind, rain, wave, geothermal,
heat, tides and solar energy, etc. Renewable energy
contributes approximately 19.2% to world energy
consumption and 23.7% of electricity generation [l].
The top consumers of renewable energy around the
world are: Sweden (54%), Austria (62%), New Zealand
(65%), Brazil (86%), Norway (98%) and Iceland (100%)
[2]. The total output energy of the sun in all directions
is 3.8x10% MW. The earth receives only 1.7x10" kW of
the total output energy of the sun [3]. The world’s top
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five countries in the generation of solar water heating
at the end of 2013 were China, the United States,
Germany, Turkey and Brazil. The growth rate of solar
heating in 2013 was raised to 15.7% [4]. During the last
five decades, different designs of solar energy devices
were made in which the working fluids were heated to
power mechanical systems. Central receiver systems
use mirrors to focus the sun’s energy onto the receiver.
The temperature limit of the receiver is from 100°C to
150°C in the central receiver system [5]. The use of solar
energy technologies has increased considerably during
the last decade. It is a large amount of solar energy that
can be utilized throughout the year [6]. A solar cooker
basically uses solar energy to cook food. Many countries
around the globe use solar cookers. Its usage increases
as the prices of cooking fuel such as LPG, electricity,
coal and kerosene increase. The use of solar cooking
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Fig. 1. Classification of solar cookers.

started in the 16™ century. Its use was increased during
World War II due to fuel shortages. The importance of
solar cooking is due to the high share of solar energy in
world energy consumption [7]. Solar cooking has a large
potential in the most populated countries, which have
daily solar radiations of 5-7 kWh/m? and have a large
number of sunny days per year [8]. The solar cookers
are broadly categorized into three different types,
indirect type solar cookers, concentrating-type solar
cookers and box-type solar cookers (non-concentrating-
type solar cookers) as shown in Fig. 1.

A box-type solar cooker is simply a box having a
pair of transparent glass covers at its upper side and
a reflector used to reflect solar radiation into the box.
The inside of the box is coated black so as to absorb
maximum solar radiation [9]. The transparent cover or
glazing allows shortwave solar radiation and is opaque
for longwave solar radiation coming from the inner
side of the solar cooker. Hence a solar box cooker
(SBC) acts as a greenhouse. Different modifications
have been made in SBC to enhance efficiency [10].
The SBC with two booster mirrors and transparent
insulation materials (TIM) inserted in-between the pair
of glazing can cook food in winter seasons [11]. The
objective parameters have all the information related to
a solar cooker. Due to these parameters, a solar cooker
is suitable for a particular geographic location and
climate [12]. Different designs of solar box cookers were
formed and tested theoretically and experimentally in
order to improve their performance. A type of SBC was
designed to solve the problem of preheating. The base
of the cooker acts as a lid and reduces the convective
heat transfer [13]. The effective concentration ratio
(ECR) may also be used to evaluate the impact of a
reflector on the performance of SBC by conducting
tests with and without a booster mirror. A decrease in
the boiling time was observed with the booster reflector.
The maximum plate temperature of 149°C was achieved
with a reflector and the ECR was 1.330.0152 [14].
The solar box cooker with a glazed bottom and sides
allows for heating the cooking pot, thereby reducing
the cooking time of the food, and it cannot be affected
by wind [15]. A black stone instead of an absorber
tray was used to store solar energy. Hence they solved

the problem of late evenings [16]. Different types of
storage materials have been tested. Bayburt stone, which
has a high specific heat capacity, is used as storage
material in box-type solar cookers. The efficiency of
a bayburt stone solar box cooker was 35.3-21.7%, as
compared to a conventional solar cooker in the range of
27.6-16.9% [17]. Two different types of box solar cookers
made up of the same materials with cylindrical and
rectangular geometries were experimentally tested. The
cylindrical model achieved greater temperature than the
rectangular solar box cooker [18]. Sethi et al. designed
a parallelpiped shape cooking pot for the winter season.
The cooking pot increased the amount of heat transfer
to the food. The first and second figures of merit of a
box-type solar cooker with this novel cooking vessel
were 0.16 and 0.54, respectively, compared with
0.14 and 0.43 for conventional plane cooking vessels.
The cooking time was 37% less and cooking power
was 40% more in a parallelepiped-type cooking vessel
[19]. Hermim et al. designed a solar box cooker with
a finned absorber plate, resulting in an increase in the
heat transfer between the absorber plate and cooking
pot, thus increasing the cooking time [20]. Guidara et al.
designed a solar box cooker with four reflectors in order
to achieve high temperature during low solar radiation.
An increase in optical efficiency was observed. The first
and second figures of merit ranged from 0.07-0.14 and
0.34-0.39, respectively. The final temperature of the
absorber plate was 133.6 [21]. The solar box cooker was
experimentally reported in different regions, achieving
the utilizable efficiency of 26.7% and figures of merit F,
and F,, as 0.124 and 0.558, respectively, satisfying the
bureau of Indian standards. The efficiency was calculated
to 32.7% for the same load [22, 23]. A box-type solar
cooker was designed with internal reflecting mirrors
and sloped top glazing. The maximum temperature of
150.5°C was achieved at standard solar radiations of
1000 W/m? and at 25°C ambient temperature [24].

Mathematical Expressions of the Box-Type
Solar Cooker

If Q, is the input energy of solar radiation for
cooking time and Q, is cooker output energy (increase
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of energy of water) for the equation for the efficiency of
the box type solar cooker (1) will be [25]:

_ %

Qin 1)
For constant solar normal radiation /,,, collector
area 4, and cooking time A¢, it can be expressed as:

Qin =InrAAL @)

and Q,=M,C,AT 3)

The specific boiling time ¢ represents the time
needed to boil 1 kg of water when the collector area is
1 m?, its unit is (min.m?*/kg), and characteristic boiling
time ¢, for the mass of water M are given by:

AtA. tsl
t. — t. = —
ST My noe INR @)

The value of /,, is taken to be 900 W/m?. I is the
average solar insolation. The thermal test procedure of
the box-type solar cooker, in terms of figure of merit
by conducting no-load test and sensible heating test, is
given by [26]:

Tp-T,
F, = p-‘a
1_ —

I ®)

...where F| is the first figure of merit, T, is the maximum
plate surface temperature and 7, is the ambient
temperature. The second figure of merit is obtained from
the full load water heating test:

F, = F,T]C — Fi My, Cy, In 1_(F_11)(Tw1—Ta)/7
2 R AT 1—(%)(7"\4/2—7_111)/7 6)

F’ is the heat exchange efficiency factor, 1, is the
optical efficiency, C, is the heat capacity ratio, F, is
the first figure of merit, A is the absorber plate area,
tr is the time interval, 7 and T, are the initial and
final temperatures of water, 7' is the average ambient
temperature and / is the average solar radiation. The
cooking power of a solar box cooker is calculated as

[27]:

p = M, C\, ATy,

At @)
...where P is cooking power, A7 is the temperature
difference of water and A¢ is the time interval. Funk

also expressed the term standard cooking power, given
by:

700M,, C, AT

b = 6007 ®)

..where P_ is the standard cooking power, which is
calculated for time interval 10min, and solar insolation
700 W/m? is used as reference illumination intensity
level. For cooking time, an expression has been

developed in terms of cooking power [12]:

_ MyCyw

Ps(Tw1)
CsN Ps(Tw2) )

..where M_is mass of water, C_is specific heat of
water, P_ is standard cooking power (the function of
T , —initial temperature of water) and Ps (T, ,) is standard
cooking power (which is the function of 7, — final
temperature of water), N is the number of pots, and C, is
the coefficient that characterizes a cooker (C,= 0.3775).

The efficiency %" of a solar cooker is calculated as [11]:

_ (M Cyy+M1Cy)(Tyy2—Tiw1)
- T
CA [, 1dt (10)

..where M is the mass of water, M, is the mass of
cooking pot, C is the specific heat of a cooking pot, C
is the concentration ratio, A is the absorber plate area,
7 is the time interval and I is solar insolation (W/m?).
A different test procedure was used to find the design
parameters to predict the thermal performance of a box-
type solar cooker [28]. A number of experiments were
performed to find the values of F, and F,. Regression
analysis was used to calculate the optical efficiency
Fm, and heat capacity (MC)" of the box-type cooker.
The purpose of this research is to find the performance
parameters of a modified solar box cooker in Quetta,
where no work has been done on solar cookers.
The solar cooker was constructed with locally available
low-cost materials, and some modifications have already
been brought in the design as discussed by different
researchers in the literature. Performance efficiency of
a modified box-type solar cooker has been compared
with the previously reported box-type solar cookers.
The inclusion of fused glass and optimum gap between
glazings will improve performance efficiency.

This paper tests solar cooking efficiency specifically
in the Quetta region due to its proximity near the
Afghanistan border, where many poor Afghan migrants
reside. For them other energy sources are not financially
bearable except to find wood, which adversely impacts
the environment. In contrast, the utilization of a solar
cooker is a green energy source with minimum cost.
Moreover, in this region solar radiation is very high
as compared to other parts of the world; most of the
year sunny days and very less cloud/rain may also be
advantageous for using solar cookers in the region.

Experimental

The schematic diagram of a box-type solar cooker
used for experimentation is shown in Fig. 2.
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Fig. 2. Schematic diagram of a solar box cooker.

The inner dimensions of the cooker are 46 x 46 cm.
The dimension of the absorber tray is 42.7x42.7 cm. It is
painted black so as to absorb a greater amount of solar
radiation. A gap of thickness 5.6 cm is formed between
the sides of the cooker and the absorber tray. The gap
is filled with insulation to stop heat losses from the
cooker to atmosphere. At the top of the cooker we use
double glazing, as shown in Fig. 3. Fused glass (Quartz)
of thickness 1 mm is used as glazing, which does not
stop any part of the solar spectrum such as ultraviolet,
which increases the efficiency of a box-type solar cooker
as compared to the conventional box-type solar cooker.
The air gap between the two glazings was kept at a
optimum distance of 0.5 cm in order to enhance the
inner cooker temperature. A plane mirror of dimensions
51 x 51 cm is mounted at the top of the solar cooker as
a reflector (booster mirror), which reflects the incoming
solar radiation, thus maximizing the solar flux.
A mirror of 1 mm thickness is used which is thinner
than the ordinarily used reflector. The reduced thickness
minimizes the mirror absorption for sunlight, which also
increases the efficiency of our designed solar cooker.
A special type of cooking pot made of copper was used
with diameter 21 cm and height 8§ cm and is placed at
the centre of the absorber plate, having close contact to
the absorber plate so that high cooking temperature can
be achieved by conduction. The thermal conductivity
of copper is higher than in conventional aluminium
and steel pots. The pot was blackened except for the
bottom, which was polished mechanically in order to get
a smooth surface and closed contact with the absorber
tray. The cooking vessel was used with 2 kg of water in
the thermal test procedure of a second figure of merit
and cooking power. The experimental work was carried
out to find the different performance parameters, which
are necessary for different test procedures. Outdoor
experiments were conducted to find the efficiency n of
the cooker. The experiments were also conducted to find
F, and F, (first and second figure of merit) by conducting
a no-load stagnation test and sensible heating test of
a known load of water and the cooking power P and
standard cooking power P.

Fig. 3. Experimental setup and measuring devices.

During the experimentation, a pyranometer was
used for measuring solar radiation on the horizontal
surface. An anemometer was used to measure the wind
speed, as the increase in the wind speed can affect the
solar cooker performance. The digital thermometers
were used to measure 7 (ambient temperature) and a
temperature transducer was used to measure temperature
T, (absorber plate temperature) and the temperature of
water in the pot. A small hole was formed in the corner
toward a rubber gasket to insert a thermocouple knob,
which was connected to the temperature transducer
digital trainer used for measuring plate temperature
and pot content temperature. The hole was then sealed
with silicone to stop heat loss through the hole. A
data acquisition system was used to note temperature
readings during the experiments.

Testing Procedure

Different thermal tests were performed to evaluate
the performance of a box solar cooker in the climatic
conditions of Quetta.

No-Load Stagnation Test (First Figure of Merit)

The solar cooker was kept outside in the sunshine
with no pot inside the cooker. The probe of the
thermocouple was fixed to the middle of the absorber
plate so that it had great contact with the absorber
tray. The thermocouple lead was sealed with silicone
at the place where it was inserted. The output of the
thermocouple was connected with a digital temperature
controller to display the thermocouple readings. The
reflector was removed during the test. The test started
at 10:00 hours Pakistan standard time. During the test,
the ambient temperature, absorber plate temperature
and solar insolation were measured. The wind speed
was also measured at the glazing level of the solar box
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cooker. After two hours the absorber plate of the solar
cooker achieved maximum temperature (quasi steady
state). At this stage (at the 10-minute period) there was
a small change in temperature. At the quasi steady state
the absorber tray temperature, the ambient temperature
and solar radiation were recorded. This data was filled
in Eq. (4) to find the value of F,.

Full-Load Test (Second Figure of Merit)

In order to find the second figure of merit, a full
load thermal test was conducted. The solar cooker was
kept outside in the sun and the reflector was removed.
A Dblack-painted cooking vessel filled with 2 kg of
water was placed inside the cooker. The thermocouple
was used to measure water temperature. The probe
of the thermocouple was fixed 5-10 mm above the
base of the cooking pot. The lead of thermocouple
was sealed with silicone. The test started at the same
time (10:00 hours as for the first figure of merit). The
measurements of ambient temperature, solar radiation
and wind speed were taken at the level of the window
of the solar box cooker. The temperature of water was
measured at regular time intervals. This measuring
process continued until the water temperature exceeded
95°C. The initial and final temperatures were mentioned
as 65°C and 95°C, respectively, and the time interval
between initial and final temperatures was recorded.
The average ambient temperature and average solar
radiation between t, and t, were calculated. The test was
conducted on a clear day and the solar radiation was
greater than 600W/m>

Cooking Power

The solar box cooker was placed outside in the
sunlight. The black cooking vessel was filled with 2 kg
of water. The average water temperature was recorded
at 10-minute (600 sec) intervals. The difference in the
water temperature was calculated during each interval.
The temperature difference was multiplied by the mass
of water and specific heat capacity of water. The product
was then divided by 600s:

P =(T_T)M,C/600s an

The average water temperature, average ambient
temperature and average solar radiation for every
interval were recorded. In order to find the standard
cooking power, the cooking power of every interval
was multiplied to standard radiations of 700 W/m?
and divided by the average solar radiation of the same
interval, as given by:

700
k=P (T) (12)

To find the temperature difference, ambient
temperature in every interval was subtracted from the

average water temperature of the same interval as given
by:

Ta=Tyw —Tq (13)

In every interval the standard cooking power was
graphically presented against the temperature difference
T, The intercept W and slope between the cooking
power and temperature difference, i.e., W/°C was found
using linear regression. The coefficient of determination
R? was also found.

Efficiency of Solar Cooker

The efficiency of the solar cooker is the ratio of the
output power to the input power. The output power is
calculated as:

Q My CwATeo—95

...where M is the mass of water, ¢ _ is the specific heat
of water, and AT is the temperature difference from
ambient to 95°C. The input power is:

Qm-TA (15)

The equation for the efficiency of solar cooker
becomes:

outputpower M,y CyAToo—95

Efficiency = mputpower. 1= Tant (16)

Results and Discussion

Different tests were performed to test the
performance parameters of a box-type solar cooker
made from local material in the climatic conditions of
Quetta, Pakistan. The tests were conducted to find the
first figure of merit and second figure of merit, cooking
power and thermal efficiency as suggested by different
researchers in different climates across the world.

Stagnation Test or First Figure of Merit

The experimentations for the box solar cooker were
started from 1 October 2014. For stagnation test (F)) five
days of tests were performed. The cooker was exposed
to sunlight with no reflector from 10:00 to 14:00. The
solar radiation at the horizontal surface of the glazing
of the solar box cooker were recorded with the help
of a pyranometer and the thermocouples were used
to measure the ambient and plate temperatures. Solar
radiation I (W/m?), ambient temperature Ta (°C) and
plate temperature Tp (°C) were recorded at stagnation
conditions every day. The values of F| for five days of
tests were found to be 0.1203, 0.1200, 0.1208, 0.1222 and
0.1224, respectively. The average value of F| was 0.1211,
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which satisfied the suggested value (0.12-0.16°Cm?*/ W)
by the Burecau of Indian Standards [29]. The average
variations of ambient temperature, plate temperature
and solar insolation with time are shown in Fig. 4.

Sensible Heating Test or Second Figure of Merit

To find the value of F, (sensible heating test), five
days of experiments were conducted. The experiments
were started from 10:00 to 14:00. The cooking pot was
filled with 2 kg of water. The cooker was exposed to
sun without a reflector. The average value of ambient
temperature, water temperature and solar insolation
were measured as shown in Fig. 5. The calculated value
of F, for five days of tests was found to be 0.53, 0.56,
0.61, 0.62 and 0.58, respectively. The average value
of F, was 0.58 which satisfied the value suggested
(0.254-0.490) by the Bureau of Indian Standards (BIS
IS13429:2000) and is much better than that reported [11,
23]. Hence the results indicate the good performance of
the solar cooker.
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Cooking Power Test

The cooking power experiments of the box-type
solar cooker were conducted at five different days
in the month of October 2014. The cooking vessel
was filled with 2kg of water and the cooker was
placed in the sun from 10:00 to 14:00. During the
experimentation, the solar radiation, plate temperature,
water temperature and ambient temperature were
measured in 10-minute intervals. The cooking power
and standard cooking power of each interval were
calculated. The temperature difference between the
initial water temperature and final water temperature
of each interval was measured [30]. Values of cooking
power and standard cooking power were 40.33 and
37.06, respectively. The standard cooking power
of each interval was plotted against the temperature
difference of that interval as shown in Fig. 6. A linear
regression model was used to find the relationship
between standard cooking power and temperature
difference in the form of intercept W and slope W/°C.
The coefficient of determination R? was calculated,
and the cooking power at 50°C was calculated for each
test.

Efficiency Test

After conducting experiments for the figures
of merit and cooking power, five days of experimental

305 L y =-0.4342x + 57.852
R2=0.8929

8

EFFICIENCY 1 (%)

60 61 62 63 64 65 66 67 68 69
AVERAGE TEMPERATURE ABOVE AMBIENT AT,,)) (°C)

Fig. 7. Efficiency of the solar cooker against average temperature.
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Table. 1. Efficiency of solar cooker.
M, (kg) o o AT o =T T (©) At(s) I(W/m?) 1(%)
2 89 28 61 10800 710 31.58
2 93 30 63 11400 716 30.64
2 93 29 64 12000 720 29.41
2 98 31 67 12600 722 29.24
2 98 30 68 13200 726 28.17

tests were conducted for the thermal efficiency of
the solar box cooker with a load of 2 kg of water.
Initial and final water temperatures, the temperature
difference in the water temperature, time taken between
initial and final temperature and solar insolation were
recorded to find efficiency. The thermal efficiency of
a solar box cooker for 2kg of water were calculated
as 31.58%, 30.64%, 29.41%, 29.24%, and 28.17%,
respectively, as shown in Table 1. The average efficiency
was 29.81% and was greater than the final limit of
suggested thermal efficiency [25].

Fig. 7 shows the graph for efficiency as a function
of average temperature above ambient. This gives
optical efficiency, i.e., 57.85% as intercept and overall
loss coefficient with 43.4% as negative of slope with the
regression coefficient of 0.89.

Conclusions

The box-type solar cooker was made from local
materials and tested in the climatic conditions of Quetta,
Pakistan. The experimental tests were conducted to find
the thermal performance parameters of the box-type
solar cooker as suggested by ASAE S580:2003 and BIS
IS13429:2000, and the efficiency of the box type solar
cooker. According to the ASAE S580:2003 standard,
the cooking power and standard cooking power of each
interval were calculated and the standard cooking power
was plotted against the temperature difference of the
same interval. A simple regression was used to find
the coefficient of correlation R% The average calculated
value of R? for the five consecutive sessions was 0.832.
In the ASAE S580:2003 standard the value of R? should
be better than 0.75, so the calculated value satisfied the
ASAE S580:2003 standard. The experimental tests were
conducted to find the figures of merits, F, (first figure
of merit) and F, (second figure of merit) suggested by
the BIS IS13429:2000. From the experimental results the
average calculated value of F, for the five consecutive
sessions was 0.1211. The average calculated value of
F, for the five consecutive sessions was 0.58. Both
values are in the limit suggested by BIS 1S13429:2000.
The solar box cooker was experimentally tested to
find the value of thermal efficiency for the five
consecutive sessions. The average thermal efficiency
for the five days was calculated to be 29.81%. All

the calculated values satisfied the limits suggested
by the test standards. The overall thermal efficiency
of the cooker is less than the optical efficiency, i.e.,
57.85%. This is concluded on the basis of different
performance parameters, i.e., figures of merit, cooking
power, standard cooking power and efficiency that the
feasibility of the solar box cooker is better in the Quetta
region. The amount of solar radiation remains very
high in other parts of the country such as Makran, Sibi,
and Gawadar, etc., so the solar box cooker can be used
throughout the year.
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