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Abstract

This work presents the design and performance evaluation of an energy efficient biomass cookstove, to meet
cooking energy requirement using biomass gasification principle. The stove which is fuelled by charcoal works
with a forced draft mode and was insulated by an insulating fire clay (Sawdust 50%, Kaolin 40%, and Ball clay
10%) to minimize heat losses. The stove performed with an efficiency of 52-61.4% and percentage heat
utilization of about 40.65%. It can be started, operated and stopped with very low emission. The stove operates
in range of 1.40-1.66KW of power rating and the produced charcoal gas burns with blue flame with a flame
temperature of 570°C. The design conditions and safety measures of the stove are presented in this research. The
developed cookstove was found to be energy efficient for domestic cooking, especially in the rural areas of
Nigeria, with potential to save fuel and emit less pollutant to the environment.
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INTRODUCTION

Large dependency of global energy usage on fossil
fuel had contributed immensely to the sudden
changes and behavior of our environment, caused by
the emission of fossil fuel by-products into the
atmosphere; thus demonstrating the need for other
none polluting and renewable sources of energy.
Biomass, a source of renewable energy from
agricultural-based economy (Yohannes, 2011)
continues to play an important role in the domestic
(cooking and water heating) and industrial sector
(process heat and water heating) in most of
developing countries (Natarajan et.al, 1998). Biomass
fuels had had prior interest from both the developed
and developing countries in the last few years, due to
its potential as the only renewable energy source of
carbon and are able to convert into convenient solid,
liquid and gaseous fuels (Demirbas, 2001). Reddy
(1990) reported that, the most important energy need
of the poor is the fuel for cooking. People around the
world use biomass as their primary fuel source for
cooking and it is also similar in Nigeria. However,
burning charcoal and wood raises many issues of
serious concern. The dominant utilization of
traditional fuels coupled with use of technologies of
low efficiency contributes to the environmental
degradation and occurrence of health problems due to
enclosed air pollution. Technological improvements
in energy efficiency are crucial for developing
countries whose populations depend primarily on
biomass fuels such as wood, charcoal and agricultural
residues. Biomass gasifier technology offers better
thermal efficiency, good process controllability,
economic viability and environmental acceptability
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while using agro and forestry residues available in
rural areas and biomass based industries (Panwar and
Rathore 2008). Biomass gasification is a process of
conversion of solid biomass (carbonaceous) fuel
through partial combustion resulting into combustible
gases consisting of Carbon Monoxide (CO),
Hydrogen (H,), Carbon Dioxide (CO,), Nitrogen
(Ny), and traces of Methane (CH,4). This mixture is
called the producer gas (Sheth and Babu 2009). It is
identified that biomass energy usage is a key issue in
the national economy in general and the energy sector
in particular (Yohannes, 2011). Panwar and Rathore
(2008) developed a wood gas stove that works on a
natural draft mode in meeting cooking energy
requirements using biomass gasification. Result
shows the stove works at a thermal efficiency of 26%
and flame temperature of 736°C. Sheth and Babu
(2009) carried out the gasification experiments with
the waste generated while making furniture in the
carpentry section of an institute workshop using an
imbert downdraft gasifier. It was concluded that with
an increase in the moisture content, biomass
consumption rate decreases and with an increase in
the air flow rate biomass consumption rate increase.
Panwar (2009) designed and evaluated the
performance of a biomass cookstove suitable for
different fuel wood and briquetted fuel. The stove
exhibited a thermal efficiency of 36%. Yohannes
(2011) designed and developed an applicable type
biomass gasifier stove for the production of producer
gas using locally available biomass fuel like bamboo,
eucalyptus, prosopies Juliflora. The results obtained
show the gasifier performance with its thermal
efficiency around 31.8%.
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This paper is concerned with the design and
performance evaluation of an energy efficient
biomass cookstove, to meet cooking energy
requirement using biomass gasification principle.

METHODOLOGY

In order to come up with the desired stove design and
its desired performance, proper reflection into factors
such as fuel, ultimate analysis, calorific value, air
flow rate, insulation, local resources, stove power
output, safety consideration, reactor cross-sectional
area, diameter, and height, were of great help. The
stove was designed with respect to the fuel to be used
(Charcoal), which was selected because of its
availability, cost, storage, cleanliness and
convenience of use. The fuel combustion analysis
was carried out to determine the stoichiometric air
needed for combustion. The stoichiometric air
required was computed as 9.45kg/kg charcoal.

Table 1: Ultimate Analysis (dry basis)

Elemental composition | Percentage values (%)
Carbon 76.8
Hydrogen 3.8
Oxygen 15.2
Nitrogen 0.80
Sodha.et.al (1982)

Design of Biomass Stove

The stove was designed and fabricated to meet the
cooking energy requirement of a family of six
members (an average family member in Nigeria). The
stove was designed using the following parameters
and there formulas.

a) Energy needed: this refers to the amount of heat
that needs to be supplied by the stove to cook.
The amount of energy needed to cook food for a
family of six members is estimated as, Qg = 15.8
MJ (Panwar, 2008).

Energy Input: this indicates the amount of
energy given in terms of fuel to be fed into the
stove having a calorific value of 29 MJ/kg.

FCR=—ZE_
C'v'x“g

b)

O]
Where Qg is the energy needed, C, is the
calorific value of the fuel (charcoal), 1, is the
stove efficiency, %.

Reactor Diameter: This refers to the size of the
reactor in terms of the diameter of the cross-
section of the cylinder where charcoals were
being burned. The diameter of the reactor was
calculated using equation 2 and was computed as

14cm.

1.27 F.CR
D=i—0 " @)

Where F.C.R is the fuel consumption rate, kg/h,
S.G.R is the specific gasification rate, kg/m’.
Height of the Reactor: It is the total distance
from the top and the bottom end of the reactor. It
was computed as 40cm using equation 3

d)
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Where H is the reactor height, m, operating time,
hours, pg, is the fuel density, kg/m3.
Amount of Air Needed for Gasification
(A.F.R): This refers to the rate of flow of air
needed to gasify charcoal. This is essential in
determining the size of the fan or of the blower
needed for the reactor in gasifying charcoal and
was calculated using equation 4. This is a
function of the equivalence ratio (®) for
gasification, fuel consumption rate (F.C.R), and
the stoichiometric air (SA).
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Fig. 1- The schematic diagram of the
biomass stove. Dimensions in mm.

Energy Balance in the Reactor

Energy balance of the stove was needed to determine
the stove thermal efficiency. According to the first
law of thermodynamics, the thermal performance of a
gasifier stove depends on the efficiency of the heat
conversion system, i.e. the conversion of the fuel
chemical energy into thermal energy, and the
efficiency with which the thermal energy produced
was transfer to the cooking vessel. The heat
generated in the reactor (Q,,) is equal to the sum of
the heat transfer to the cooking vessel (Q,,), and the
heat loss to the surrounding from the stove body
(le)*

i Heat Transfer to the Cooking Vessel:
Some of the heat generated was transferred, by
radiation and convection, from the reactor to the
vessel. The rate of heat transfer Q., to the cooking
vessel is shown in the equation 5 below
ch = chc + chr (5)
Where, Q... is the heat transfer by forced convection
of air from bottom end to the cooking vessel and Q.
is the heat transfer by radiation to the cooking vessel.

ii. Estimation of Heat Loss from the Stove
Body: Stove reactor was made of mild steel with
thickness of 2.0mm. If a material thicker than 2 mm
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is used, making the folds and the waist joint will be

awkward and difficult (Allen.H, 1991).
AT

Qs = E (6)

Where, Qy is the heat loss from the stove body, R; is
the thermal resistance and AT is the temperature

difference between the maximum temperature of the
reactor and that of the ambient.

ii. Estimation of Heat Loss from the
Cooking Vessel to the Surrondings: Heat loss from
the vessel is due to convection and radiation from the
cooking vessel body. The heat loss from the cooking
vessel to the surrounding was computed using
equation 7
le = lec + ler (7)
Where, Q. is the heat loss due to convection from
the cooking vessel and Q. is the heat loss by
radiation from the cooking vessel. The available heat
to cook was computed as 1756.4 W, which shows an
equivalent result to the 1.5 to 2kW presented by
Panwar (2009) as the minimum power requirement to
cook food for a meal with burning time about 1.0 to
1.5h

Table 2: Chemical Composition of Ikere Kaolin

Oxide Chemical Composition in %
ALO; 30.82
SiO, 47.14
FeO; 2.00
MgO 0.32
TiO, 0.50
CaO 0.25
Na,O 0.80
K>O 1.90
Ignition Loss 7.98
Others 1.09
Total. 100.00

Source: [jagbemi (2002)

Table 3: Physical properties of Ikere kaolin

Bulk density (g/m’) 1.51

Volume Fraction of Open | 0.56
Porosity

Linear Shrinkage on 2
Firing (%)

Thermal Conductivity 0.14
(W/m’K)

1400 At 1500°C. it cannot hold its
shape

Refractoriness (°C)

|

2- Exploded view of the biomass stove

Thermal Shock (Spalling 10 Crack begins at the 7" cycle
resistance in cycles)

Cold Crushing Strength 361

(kg/m?)

Cookstove Insulation Lining

The cookstove was lined with an insulating fire clay
of 30mm thickness. The primary clay was extracted
from Ikere-Ekiti (South-western part of Nigeria), and
mixed with the ball clay and the sawdust, to form the
insulating fire clay at a recommended proportion of
batch by volume of sawdust 50%, Kaolin 40% and
Ball clay 10% (Ryan, 1978) so as to minimize heat
losses. The sawdust was screened through a 16 mesh
size, since the sawdust particle sizes determines the
final pore size in the brick which in the long run,
affects the resistance to the conduction. Material
cost, availability, properties and weight were factors
considered before selecting materials used for
construction.
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Source: Ijagbemi (2002)

RESULT AND DISCUSSION

Experimental validation of the designed stove was
carried out in accordance with Volunteers in
Technical Assistance (1985) by subjecting it to water
boiling and controlled cooking test to assess the
percentage heat utilization and to determine the
specific fuel consumption of the stove. The
percentage heat utilization of the stove was calculated
as 40.65%, which is above the earlier studies reported
by Panwar and Rathore (2008) of 25%, Dixit et al
(2006) of 37%, Yohannes (2011) of 31%. 0.55kg of
rice was cooked for duration of 36 min with an
average specific fuel consumption of 27.25%. The
stove reactor was loaded with weighted charcoal fuel
from the top. The fuel was ignited with a match, by
adding very small amount of kerosene.

Table 4: Performance result of stove with water

boiling test
Parameters Testl Test2
Mass of water in pot (kg) 2.9 2.9
Specific heat capacity of water | 4.19 4.19
(kJ/kg/°C)
Initial Temperature of water (°C) | 26 25
Boiling water temperature 100 100
Mass of evaporated water (kg) 0.14 0.11
Latent heat of evaporation | 2660 2660
(kJ/kg)
Weight of burnt fuel (kg) 0.11 0.10
Heating value of the fuel 29000 29000
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Table 5: Performance result of stove with controlled
cooking test

Parameters Testl Test2
Initial mass of fuel (kg) 1.2 1.2
Final mass of fuel (kg) 0.58 0.61
Mass of pot (kg) 0.99 0.99
Mass of cooked food + pot +water (kg) | 3.48 3.48
Mass of cooked food + pot (kg) 3.21 3.21
Mass of cooked food (kg) 2.22 2.22
Mass of fuel used (kg) 0.62 0.59
usl used (k 27.9% | 26.6%
S | ( 'sr} o o
foodeooked (kg)

The spreading of kerosene oil initially on top of the
fuel bed, aids in obtaining a uniform spread of fire
laterally across the surface that provided heat over the
whole area. The moment the fuel charge was ignited
from the top, it gave combustible gas (producer gas)
and a blue flame was found within 3 min of ignition.
For actual operational usage, loose biomass which
catches fire easily can be used to ignite the cookstove
(Panwar 2009). The use of kerosene was limited for
experimental purposes only, and the energy release
from it was safely ignored from the calculation since
it was so small. It was observed the stove produces
no soot on the cooking pot, and the stove average
burn rate was 0.38kg/hr. During the testing,
temperature of the outer surface of the stove was
recorded as about 96°C.

The charcoal charge stove efficiency and emission
characteristics were tested with the aid of Bacharach
PCA3 gas analyzer, and an efficiency of 52 - 61.4%
was recorded, which is very close to the assumed
efficiency of 65% as per theoretical design. The stove
efficiency is higher than the stoves efficiencies
recorded by, Murgai and Ram (1988) Of 10 — 15%,
Dutt (1979) of 25%, Kaoma and kasali (1994) of
37%, Mukunda et al. (1988) of 40 -42%. The actual
rating of the stove was calculated as 1.40-1.66kW
and the produced charcoal gas burns with blue flame
with a flame temperature of 570°C.

CONCLUSION

The developed cookstove was found to be energy
efficient for domestic cooking, especially in the rural
areas of Nigeria, with potential to save fuel. Since,
the developed cookstove consume less fuel, as a
result, less CO, (which is considered the second most
abundant of greenhouse gas after water vapor) is
added to the environment. With this development,
there is likely to be a considerable increase in the
application of energy efficient biomass cookstove, in
a way of alleviating the effect of greenhouse gases on
the global climate condition.
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