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Abstract
In this paper the potential of ethanol gel fuel to reduce indoor emissions using improved stove is presented.
The performance of two existing gel fuelled stoves in Kenya; moto safi and poa and fabricated stove were
analyzed. This was based on the fuel efficiency and the level of indoor air emissions released by the three
stoves.
The WBT was used to determine the fuel efficiency and indoor concentration of carbon dioxide,
carbon monoxide and particulates. The results show that, the improved stove boiled 2.5 litres of water
saving 8.9% and 11.6% of fuel compared to the moto safi and poa stoves respectively. On the emissions
using the improved stove CO emissions were reduced by 38.6% and 55.7% in comparison to the moto safi
and poa stoves respectively. The high fuel efficiency and reduction of indoor air pollution by the improved
stove showed that its the most appropriate stove for application in household.
Keywords: Ethanol gel, fuel efficiency, indoor concentration, stoves, household
I. INTRODUCTION
In a world population of about 6.8 billion, one-third rely on traditional biomass fuels as the main
source of energy for household purposes such as cooking and lighting [1], [2]. This number will increase to
2.6 billion by the year 2030 [3]. Cooking being the main activity is mostly done indoors within a confined
area, with prolonged exposure to emissions from inefficient combustion. These emissions have been
responsible for more than 1.6 million annual deaths and 2.7% of the global diseases and rise in emission of
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Greenhouse Gases (GHGs) that affect environment [4]. In Sub-Sahara Africa (SSA) alone, an estimated
500,000 people die each year from diseases caused by exposure to Indoor Air Pollution (IAP) from burning
of solid biomass [5]. Also, the inefficient combustion and limited heat transfer of biomass stoves consumes
excess fuel resulting to depletion of forest and increase time spent fetching suitable fuel mostly by women.
[6].
Ethanol gel as a clean cooking fuel is considered an alternative to solid biomass fuels in this paper.
Ethanol is mainly used as an additive in transportation fuels with Brazil as the largest consumer at 21.178
billion liters per year [7]–[9]. Studies done by Zuzarte et. al [10] have shown that ethanol can also be used as
a household fuel owing to its excellent combustion behaviour. The products of combustion of ethanol using
specified designed stoves are mainly Carbon Dioxide (C2O) and Water Vapour (H2O).
There are several bio-ethanol gel stoves that have been designed, fabricated and deployed for use in
different coun-tries. Among them are the Super Blu stove, NARI stove, Clean cookstove and millennium gel
fuel stove. Lloyd et al. [11] found that gel fuels can be unsuitable for domestic use due to cookstove design
which results to poor mixing of the fuel with air. For instance in Kenya, there are two ethanol gel stoves that
is moto poa and moto safi stoves which have been deployed for use. The moto poa stoves were distributed
for use in 2011 by United Nations High Commission for Refugees (UNHCR) [12] extension workers at
Kakuma refugee camp located in Turkana County in North Western Kenya. The stoves were found to
perform well but lose a substantial amount of heat with incomplete combustion of the gel fuel.
The aforementioned challenges necessitated a need to carry out a laboratory study to determine the fuel
efficiency and IAP of moto poa and moto safi stoves. Thereafter, using Bryden et. al and Baldwin [13]
developed design principles an improved stove was developed.Then measurement of the parameters
necessary to evaluate the performance differences between the designed improved stove with those of the
moto poa and moto safi stoves was carried out.
In the following sections the stove selected for study are presented, thereafter the performance test
carried out.
II. METHODOLOGY
The experimental procedure followed a three-tier approach, which was design of an improved bioethanol stove, conduct-ing the Water Boiling Test (WBT) with the stoves and finally analyzing and
interpreting data obtained.
A. Stove Description
Three bio-ethanol gel stoves that is the improved, moto safi and moto poa were selected for the study.
1)Moto Poa Stove: The moto poa stove, shown in Figure. 1 , was developed by Moto Poa Company,
Tanzania and disseminated for use in Kenya the year 2010 by Consumers Choice Limited. The stove casing
is rectangular in shape, with a single or double mild steel burner. The burner holds 0.38 litres of fuel when
full with air gaps on the burner cover for primary air circulation.
2)Moto Safi Stove: The moto safi stove was developed by Comsumers Choice Limited, Kenya in the
year 2012. The stove casing is circular in shape, shown in Figure. 2. The burner was made of stainless steel
to prevent rusting from the product of combustion of ethanol gel. Similar design configuration to those of
moto poa were maintained for easy of performance comparison.

329

European International Journal of Scien
ence and Technology

Fig. 1. Moto poa stove

ISSN: 2304-9693

www.eijst.org.uk

Fig. 2. Moto safi stove

3) Improved Stove: The improve
ved stove, shown in Figure. 3 was designed and
nd fabricated at Jomo
Kenyatta University of Agriculture and
an Technology (JKUAT) workshops. The sto
tove was expected to
overcome the performance challenges of moto poa and moto safi stoves in household use.
us

Fig. 3. Improved stove
The improved stove burner wass made
m
of stainless steel to avoid rusting, a commo
mon challenge with
moto poa mild steel burner from water vapour
v
after the combustion of ethanol gel. Thee bburner was insulated
with vermiculite to reduce heat loss. The
he height of the improved stove was increased ass compared to the
moto poa and moto safi for sufficient free
fre convective of primary and secondary air for co
combustion.
The improved, moto safi and mot
oto poa stoves uses bio-ethanol gel that constitute
utes 76% ethanol, 5%
cellulose and 19% water.
B. Performance Parameters
The performance of the individual stov
tove was determined by utilizing bio-ethanol ge
gel as fuel to bring a
measured quantity of water in a cook
oking pot to local boiling point in a simulated
ed kitchen setup. The
parameters determined were the stove fuel
fu efficiency and emissions. The fuel efficienc
ncy of the three stoves
was determined by use of water boiling
ng test (WBT), version 4.1.2 procedure with the
he Emission Test (ET)
obtained by a portable emission monitor
oring system [14].
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The WBT and ET were carried out at JKUAT engineering thermodynamics Laboratory located 35
kilometres Central state of Kenya Country.
1) Water Boiling Test: This test is a simulation of the cooking process that can be performed on stoves. It
is used to compare stoves made in different places for different cooking applications through a standardized
and replicable procedure. The set-up for WBT and ET using moto safi stove is as shown in Figure. 4. The
University of California Berkley (UCB) particle monitor, CO2 and CO data loggers for measuring PM, CO2
and CO emissions respectively were positioned at a distance of 1 meter horizontal and 1.1 meter vertical
from the stove based on the following criteria [15].
1) At a horizontal distance of 1 meter from the edge of the combustion zone approximates the active
cooking area.
2 ) At a height of 1.1 meter above the floor approximate breathing zone of a standing person.

Fig. 4. WBT and ET set-up
The WBT was done using 2.5 liters of water in a standard 3 liters stainless steel pot without a lid with the
simmer phase done for 45 minutes. The test procedures were done in three phases as discussed below.
Phase 1, cold start, high power: This was the first phase where the time taken, fuel consumed and
emissions generated by a stove at room temperature were measured as a pot of water was heated to local
boiling point of 95.2oC.
Phase 2, hot start, high power: The second phase involved measuring the time and fuel required as well as
establishing the emissions generated during that time by a stove from phase 1, while still hot to heat a pot of
water to local boiling point of 95.2oC.
Phase 3, simmer, low power: The simmer test followed the hot-start test and involved measuring the stoves
ability to shift from high to low power. This was done by ensuring temperature of water from phase 2 was
4oC below local boiling point for 45 minutes.
The key stoves performance parameters determined from the obtained data were: test duration, thermal
efficiency and specific fuel consumption. These parameters were determined using the relevant equations
discussed below.
Test Duration, tc; is the time taken during the test phase as expressed in Equation 1. It was determined as
the time difference between the start and end of the test. This parameter was only valuable for high power
testing since low power testing was performed over a fixed duration of 45 minutes.
tc = tf − ti
(1)
where ti is the time at start of the test and tf the time at end of test.
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Thermal Efficiency, ηt; is a ratio of the energy used during heating and vaporising water to the energy
consumed by burning the gel fuel.
Cp × (Pi − P ) × (Tf − Ti) + (Hv × Wv )
ηt =

(2)
fd × LHV

In this calculation, the energy spent during heating water was determined by adding two quantities:
• the product of the mass of water in the pot, (Pi is initial pot and water weight, P is pot weight), the
specific heat of water (Cp = 4.186 J/goC) and the change in water temperature (Tf - Ti).
• the product of the amount of water evaporated from the pot (Wv ) and the latent heat of evaporation
of water (Hv = 2260J/g)
The denominator in Equation 2 was the product of the mass of gel fuel consumed during the phase of the test
(fd) and the lower heating value (LHV) of fuel used.
Specific Fuel Consumption, SFC; it was determined as the ratio of the amount of gel fuel consumed to the
amount of water remaining at the end of the test, as illustrated by Equation 3.

where fcd is the equivalent gel fuel consumed, Pcf is the weight of pot with water after test and P the weight
of empty pot.
2) Emission Test: A portable emission monitoring system was used for monitoring emissions. It consisted
of a Telaire 7001 monitor, an EasyLog USB data logger and a UCB Particle Monitor for measuring CO2,
CO and PM levels respectively and a computer-aided data acquisition.
The Telaire 7001 as shown in Figure 5 measures CO2 from 0 to 10,000 ppm with an accuracy of ±5% of
the reading. The measuring principle is based on infra-red spectroscopy where the greater the CO2
concentration in the room air, the lower the penetration of infra-red light. On the other hand, the EasyLog
(Figure 6) measures CO readings, over a 0 to 1000 ppm measurement range with an accuracy of ±6% of
reading. A bright red light emitting diode (LED) flashes with a buzzer sound when a preset warning level
has been exceeded.
The University of California at Berkeley (UCB) particle monitor, shown in Figure 7 is a programmable
device that

Fig. 5. The telaire CO2 monitor

Fig. 6. Easylog CO data logger

combines ionization sensing (ion depletion by airborne parti-cles) and photoelectric (PE) light scattering
(optical scattering by airborne particles).
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Fig. 7. UCB particle monitor
The UCB particle monitor, was used to measure PM less than 2.5 µm in aerodynamic diameter (PM2.5)
which are the best indicator of risk of many diseases caused by pollution in households using biomass fuels.
The Telaire 7001 carbon dioxide data logger, Easylog car-bon monoxide data logger and UCB particle
monitor, each had a built-in non-volatile memory where data was stored. The stored data was downloaded at
the end of the tests by plugging the data logger into a personal computer USB port and running the installed
software.
III. RESULTS AND DISCUSSION
The measured parameters from the water boiling test were analyzed using the water boiling test, 4.1.2 excel
worksheet. The obtained data for emissions were analyzed using minitab 16.0 software. The parameters
determined were; time to boil, thermal efficiency, specific fuel consumption, carbon monox-ide, carbon
dioxide and particulate levels. Interval plot graphs were used to compare the performance of each stove.
A. Time to boil
The time to boil was measured to determine the duration each of the three stoves took to raise the
temperature of 2.5 liters of water to local boiling point of 95.2oC. Time was measured only for high power
since low power was performed at a fixed time interval of 45 minutes. The time was obtained by the clock
difference from the time the stove was started and when water started boiling at local atmospheric pressure.
The improved stove brought water to boil within 24.3 minutes, while the same amount of water took 28
minutes and 29.3 minutes to boil in the moto safi and moto poa respectively during the cold start as shown
in Figure 8. This represents a 13.2% and 17.1% saving in time to boil the same amount of water using
improved stove in comparison to the moto safi and moto poa respectively. The faster boiling of water in the
improved stove was attributed to high burning rate achieved by improved air circulation which resulted to a
high flame temperature of up to 691 oC once the stove was started.

Fig. 8. Time to boil for the cold phase
333

European International Journal of Science and Technology

ISSN: 2304-9693

www.eijst.org.uk

In the hot start phase (Figure 9), in which water in the pot at room temperature was placed in already
heated stove, the time trend was similar to cold start. Once again the improved stove was faster than the
moto safi and moto poa stoves. The improved stove took 22 minutes to boil water followed by moto safi
which took 27 minutes and moto poa 27.7 minutes to boil the same quantity of water. It was possible to save
18.5% and 20.6% of the time taken to boil water with improved stove over the moto safi and moto poa stove
respectively.

Fig. 9. Time to boil for hot phase
The short duration of time to boil water in improved stove was attributed to burner insulation and
improved air circulation. This ensured that the product were burnt with insulation retaining heat which
increased the flame temperature. On comparing the hot start and cold start of same stove, the hot start took
less time. The main reason was due to use of a stove that was already above room temperature for hot start.
This resulted to fast burning of the fuel once the stove was lit.
B. Thermal Efficiency
Thermal efficiency determined in each stove indicates how well energy from burning bio-ethanol gel
fuel is transferred to the heating and evaporating water in the cooking pot. Figure 10 shows the thermal
efficiency, with 95% confidence interval of the improved, moto safi and moto poa stoves for the three
phases of WBT. While Figure 11 shows the average thermal efficiency over the entire WBT for the three
stoves.

Fig. 10. Thermal efficiency for WBT
The improved stove showed high efficiency values of 52%-60% with the moto poa showing the least
values of 45%-56% from cold start to simmering (Figure 10). In the hot start the efficiency was high than in
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cold start for the three stoves. This signified
sig
that an already heated stove transfers
rs more energy to the
cooking pot than a stove at room tempe
perature. When a stove is started from room tem
emperature part of the
energy is absorbed by its body lowering
ing energy transferred to the cooking pot. In thee low power (simmer)
high efficiency values were observed tthan in high power. During simmering the fu
fuel energy needed to
o
o
maintain water at between 3 C to 6 C below
b
boiling point was less than that needed to boil water for high
power.
In the entire WBT (Figure 11), the improved
im
stove achieved thermal efficiency impprovement of 9% and
13% compared to moto safi and motoo poa stoves respectively. In a cookstove highh tthermal efficiency is
achieved when a stove uses minimal am
mount of fuel to boil more mass of water as wass the case of improved
stove.
C. Specific Fuel Consumption
Specific fuel consumption (SFC) is the
th fuel required to pro-duce a unit output. Thee SFC values gave an
indication of fuel usage in each stove
ve. Figure 12 shows the SFC measurements, w
with 95% confidence
interval of the improved, moto safi and
d moto
m
poa stoves.
The SFC for the whole WBT on avera
erage were 53, 59 and 61 g/litre for the improved
ed, moto safi and moto
poa stoves

o
the entire WBT
Fig. 11. Thermal efficiency averaged over

Fig. 12. Specific fuel consumption for
or WBT
respectively. The low SFC for improve
ved stove resulted to higher thermal efficiency aas seen in Figure 10.
Figure 13 shows the percentage fuel sav
aving of improved stove relative to the moto safi
fi aand moto poa stoves.
The improved stove shows a substantial
al amount of fuel saving relative to the moto safi
fi aand moto poa stoves.
In the entire WBT, the improved stovee fuel saving was 8.9% and 11.6% compared to moto safi and moto
poa stoves respectively.
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Fig. 13. Improved cookstove percentage fuel saved
D. Total Carbon Monoxide
In each WBT conducted, CO emissions were monitored, recorded and summed for each phase of the WBT.
Those sums were then averaged across multiple tests to calculate the total CO released per phase. Total CO
emissions for the entire WBT, combining all phases, was calculated by summing these averaged phase
totals. Figure 14, shows the results for the CO emissions for the entire WBT. The CO emissions in the
improved, moto safi and moto poa stoves were 6.2 ppm, 10.1 ppm and 14.0 ppm respectively.

Fig. 14. Total CO emissions over all phases
The CO emission concentration show high emission from moto poa stove and low concentration from the
improved stove. The improved stove achieved emission concentration reductions of 38.6% and 55.7%
compared to the moto safi and moto poa stoves respectively. The low level of CO in improved stove
indicated that there was sufficient air for combustion with high combustion temperatures compared to moto
safi and moto poa stoves.
E. Total Carbon Dioxide
Figure 15, shows the CO2 emission concentration results over the entire WBT. The CO2 emission
concentration were 174.8 ppm for improved stove, 100.8 ppm for the moto safi and 174.8 ppm for the moto
poa stove. The improved stove achieved 73.4% and 55.5% reduction in CO2 compared to moto safi and
moto poa stoves respectively. High combustion temperatures of up to 691oC in improved stove resulted to
conversion of more of CO to CO2. Comparing the CO2 emission of moto safi and moto poa stove, moto poa
achieved 11.5% reduction. The higher combustion temperature of up to 624.5oC for moto poa compared to
612.5oC for moto safi resulted to more CO2 from combustion of CO.
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Fig. 15. Total CO2 emissions over all phases
It is worth noting that CO2 emission is a required outcome from the combustion of hydrocarbons
fuels. Therefore, while it is more desirable to burn less fuel overall to decrease the total amount of
emissions, for a given amount of fuel, it is better to have a higher CO2 emissions than CO emissions (a low
CO/CO2 emission ratio).
F. Total Particulates
Figure 16, shows the PM emission concentration results over the entire WBT. The PM emission
concentration were 0.019 mg/m3, 0.027 mg/m3 and 0.028 mg/m3 for the improved, moto safi and moto poa
stoves respectively. Despite a 29.6% and 32.1% reduction of PM for the improved stove compared to moto
safi and moto poa stoves respectively, the TPM concen-tration in all the stoves was low. The low TPM
emissions was attributed to the chemical composition of the fuel.

Fig. 16. Total PM emissions over all phases
IV. CONCLUSION
In general, the following results were concluded:
• The improved stove designed and fabricated involves use of mildsteel for construction. Mild steel is
a less expensive steel that lowers the production cost of the stove. The use of stainless steel reduces
the rate of rusting of the burner.
• The improved stove developed boiled 2.5 litres of water within the shortest time possible in
comparison to the other two stoves. The vermiculite insulation with a low thermal conductivity of
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0.17 W/m.K maintains the com-bustion temperature high (691oC). Also a proper pot gap of 3.0 cm
and raising the height of the stove to 140 mm ensures that enough air flows freely for complete
combustion.
The improved stove shows a substantial and statistically significant fuel saving over the entire water
boiling test. In the entire water boiling test, the improved stove saves 8.9% and 11.6% of fuel
compared to the moto safi and moto poa stoves respectively. The fuel saving is achieved by adequate
air for combustion with high combustion temperature. This ensures more heat is transferred to the
cooking pot. The end effect is lowering of carbon monoxide emissions by 38.2% for moto safi and
55.1% for moto poa compared to the improved stove. This improves stove fuel usage and the quality
of air in the household.
The improved stove CO and PM were 6.2 ppm and 0.019 mg/m3 compared to 10.0 ppm and 0.027
mg/m3 for moto safi and 14.0 ppm and 0.028 mg/m3 for the moto poa stove respectively. These
emission level were far below the world health organization set limit. This shows that ethanol gel can
be a better clean cooking fuel in the household.
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