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Abstract

Solar cookers are a good option in developing countries with high solar po-
tential for environmentally friendly cooking and reduced pressure on forests.
However, they are still affected by the intermittency of the sun. In order to
overcome this problem, in this work, a box type solar cooker integrated Ja-
tropha oil as a heat storage material is fabricated and experimented with. The
design was examined with a maximum stagnation temperature of 157.7°C.
The recorded cooking power vanished between 78.4 and 103.6 W, while
thermal efficiency varied from 41.26% to 58.78%. The energy transfer cycle
test, including charge and discharge revealed that 91.18% of the heat lost
through the cooker could be recovered by the heat storage unit and a large
amount is restored to the system during cloudiness or a temperature pertur-
bation.
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1. Introduction

The energy requirements in developing countries for cooking represent about
30% of global energy consumption [1]. About 2.7 billion people rely on tradi-
tional biomass for cooking [2]. Specifically, Woody biomass represents nearly
81% of energy consumption in Sub-Saharan Africa [3]. This large dependence

on traditional biomass is source of air pollution, deforestation and greenhouse
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gas emission contributes as a factor in climate change and source of millions of
deaths worldwide, particularly among women and children [4]. Likely, Sub-Saharan
countries are largely exposed to solar radiation as alternative and attractive op-
tions for domestic use. The sector of solar cooking has considerably emerged
and many types of solar cookers have been reported in the literature [5] [6] [7]
[8] [9]. Among them, the most commercial cookers are box type and concen-
trating type solar cookers [10] [11]. However, these cookers are limited because
of solar energy intermittence. To enhance the performance and overcome the
limitation issue of the box type solar cooker, a particular unit could be integrated
for the thermal energy storage. Similarly, existing solar cookers with integrated
storage unit are reported in the literature [11]-[18]. From these studies, it is clear
that latent and sensible heat storage are the main modes of heat storage in solar
cookers. While parameters such as cost, complexity of the storage system and
availability of storage material have to be taken into account, sensible storage is
an interesting option. Also, the use of locally available thermal energy storage
materials, like vegetable oil, for enhancing the performance of solar cookers is
rather limited. However, this could allow the development of cheaper and more
efficient solar cookers. In this research work, Jatropha oil is used as heat storage
material in a box type solar cooker. The objective of this work is to analyze the

performance of a solar cooker using Jatropha oil as heat storage material.

2. Materials and Methods
2.1. Construction and Testing Method of the Device

The designed solar box type consisted of two plywood boxes (outer and inner
box) with double glazing panes spaced by 1.3 cm of air gap. They are separated
with kapok wool, a vegetable insulator and locally available. The thickness of in-
sulation at the bottom of the cooker is 6 cm and the angle of inclination of the
opening surface with respect to the horizontal is 13°. The storage unit is
equipped with fins to improve the heat transfer between the storage oil and the
absorber as shown in Figure 1, while Figure 2 shows the scheme of the device.
The detailed parameters of the design solar cooker for the present studies are
presented in Table 1.
The thermo-physical proprieties of Jatropha oil are given in Table 2.

2.2. Performance Assessment

The evaluation of the performance of the solar cooker is based on the results of
the various tests carried out.
The cooking power and the efficiency of the solar cooker are calculated from a
heating test result using Equation (1) [20].
(me), (T, =T ) _(me), (T, -T,)

P= = 1
At 600 W

The energy effiency of the solar cooker is calculated according to Equation (2)
[21].
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Absorber

- Space for storage
material (Jatropha oil)

Rectangular fins

Figure 1. Storage unit.

Reflector

Double glazing

Cooking vessel

Absorber
Jatropha oil
Kapok wool
Figure 2. Scheme of the device.
Table 1. Design parameters of the box type solar cookers.
Component Dimension Material
Inner box 600 mm x 500 mm x 130 mm x 268.5 mm Plywood
Outer box 660 mm x 560 mm x 190 mm X 328.5 mm Plywood
Double glazing 615.8 mm x 500 mm 4 mm thick glass
Reflector - S-Reflect
Absorber plate 600 mm x 500 mm Black coated aluminum
Cooking pots Diameter: 200 mm Height: 100 mm Aluminum
Jatropha oil 5 liters -
Table 2. Thermo-physical proprieties of Jatropha oil [19].
Conductivity (W/m-K) k(T)=2.8x10"T*-2.258x10T +0.1736
. c,(T)=2.262x10"T* -10.423x10'T* +12.947x10°T*
Heat capacity (kJ/kg-K)
+0.441x107°T +1.9608
Dynamic viscosity (Pa-s) u(T)=32.867T %"
Density (kg/m?) p(T ) =-0.7392T +933.47
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(mc)w (TWf _TWi )
T AILA

The charge and discharge efficiency are calculated using Equations (3) and (4)

2)

respectively [22] [23].

Ton = T
ni 3
T T (3

inlet — ini

Eout ( 4 )
Ech

‘gch =

Egis =

From Equations (3) and (4), the thermal storage global efficiency is calculated
using Equation (5):

nstorage = gch gdisch (5)

3. Results and Discussion
3.1. Stagnation Test

Figure 3 presents evolution of the absorber and the storage oil temperature and
the global solar irradiation during the day of 08 April 2020.

The temperature of the absorber increases from 58.8°C at 9:07 am to 107.1°C
at 10:37 am and reaches the stagnation temperature of 157.7°C at 14:00 pm with
a solar irradiation of 851.71 W-m? The maximum global solar radiation is
963.49 W/m? reached at 11:36 am. The time difference between the stagnation
temperature and the maximum global solar radiation is due to the high thermal
inertia of the solar cooker with heat storage. The temperature of the absorber
remains above 110°C for almost seven (7) hours. This indicates that the solar
cooker with storage unit reaches temperatures of the same order as the one

without storage and maintains cooking temperatures for a long duration.

3.2. Cooking Power and Efficiency

Figure 4 presents the results of a heating test of 2 kg of water during the day of
24 December 2020.

Two load tests were carried out successively after the cooker has been pre-
heated. The first load reached a temperature of 81°C in 2 hours 20 minutes un-
der global solar radiation, varying between 401.72 and 743.18 W-m™. The
second test reached a temperature of 80.1°C in 1 hour and 50 minutes under
global solar radiation which varies from 606.88 to 261.11 W-m™. This clearly in-
dicates that the developed solar cooker can be used twice a day. After introduc-
ing the second charge, the storage temperature remains above that of the absor-
ber. In addition, between 14:28 pm and 15:48 pm, the temperature of the absor-
ber and that of the water increases while the storage temperature and solar radi-
ation decrease. This could be explained by the destocking of the energy recov-
ered by the Jatropha oil and which enables the perfect operation of the cooker

during sunset.
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Figure 4. Water heating test.

Figure 5 presents the cooking power and thermal efficiency versus time of the
solar cooker.

The maximum cooking power and thermal efficiency obtained during first
charge are 78.4 W and 41.26% respectively. When the charge is introduced for
the second time, the maximum cooking power and thermal efficiency obtained
are 103.6 W and 58.78% respectively. This result can be explained by the fact
that before introducing the charge, a significant amount of heat was already
stored in the storage oil and thereafter transferred to the load introduced into
the cooker. Sharma et al. [24], observed the same behavior of solar cooker inte-
grating heat storage with a solar cooker using a phase change material as heat

storage media. According to Oztiirk [25], the efficiency of the box-type solar
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cooker without heat storage varies between 3.05% and 35.2%. Thus, it can be

seen from this work that the use of Jatropha oil as heat storage material can sig-

nificantly enhance the performances of solar cookers.

3.3. Charge and Discharge

Figure 6 shows the behavior of the solar cooker

with storage during a charge

and discharge cycle. For this test, the solar cooker is exposed to the sun until it

reaches its stagnation temperature, and then the external reflector is folded over

the collecting surface to prevent the solar cooker from collecting solar radiation.
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Figure 5. Cooking power and cooker efficiency.
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Table 3. Charging and discharging efficiency.

Tclz T‘in{et T‘ini E ch E out Ech Edisch
Q) q@) qo) (kW) (kW) (%) (%)
129.2 138 38.2 2293 2236 o118 97.51

After closing the cooker, the temperature of the absorber plate drops abruptly
from the stagnation temperature of 138°C to 121.6°C and the temperature of the
storage oil drops from 129.2°C to 123.6°C. The sudden drop in the temperature
of the absorber is due to the fact that when the cooker is closed, the thermal
energy stored in the absorber is emitted towards the cover which behaves like a
black body. The resulting drop in oil temperature indicates a release of energy to
the absorber. Figure 6 shows that the amount of energy destocked to stabilize
the temperature of the absorber is 280.79 W (or 84.237 KkJ).

Table 3 presents the value of the charging and discharging efficiency.

The charge and discharge efficiencies are 91.18% and 97.51%, respectively,
while thermal storage global efficiency is 88.91%. These results reflect the good
heat transfer that exists between the oil storage and the absorber. This is attri-
buted to the fins attached to the absorber for heat exchange improvement. Also,
it appears that nearly 90% of the energy lost at the bottom of the cooker is re-
covered and thereafter transferred to the cooker during intermittent times. This
shows that sensible heat storage with Jatropha oil could enhance the solar cooker

performance during cloudiness while cooking.

4. Conclusion

This work has shown that the cooker using Jatropha oil as storage material
reaches a maximum temperature of 157.7°C with relatively high power and effi-
ciency. This performance is achieved thanks to the Jatropha oil which recovers
nearly 90% of the heat lost at the bottom of the solar cooker and transfers it back
to the cooker. Also, the storage unit integrated into the cooker protects it against

atmospheric perturbations (cloudy weather).
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Nomenclature

&gt charging efficiency

&4is : discharging efficiency

T,, : instantaneous storage temperature (*C)

T, : storage initial temperature (°C)

T

inlet *

inlet température (°C)

E,.. : energy distocked (W)
E,, : energy stocked (W)

| :solar global irradiation (W/m?)

At =t, -t,: time interval from T, to T, (s)

T, : water initial temperature (°C)

T

W

: water final temperature (°C)

2. water mass (kg)

¢ specific heat capacity of water (J/kg K)

P cooking thermal power (W)

17 : energy efficiency of the cooker

I : instantaneous solar irradiation (W/m?) over the time interval At (s)

A, : opening area of the solar cooker (m?)
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