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Abstract: This work explored the potential of leaf litter as biofuel for eco-stoves in the form of
shredded and pelleted fuels. Kerai Payung leaves (Filicium decipiens) was used as the fuel. The
pelleted fuel was formed by mixing shredded leaves, starch, and water. An eco-cookstove that has
an approximately 660 cm® volume capacity chamber for solid fuels was used in this work. The stove
has a fan attached that supplies an updraft forced vortex flow. The heat release rates of the fuels were
measured by using standard cone calorimetry (ISO 5660). It was found that the fuel shape and
internal transport processes in fuel beds had a strong influence on the combustion characteristics and
the energy released. Peak heat release rates for shredded leaves were lower than the pelleted fuels
with a shorter burning period. The results show that leaf litter has the potential as a reliable energy

source.
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1. Introduction and background

Internationally around 2.7 billion people in developing
countries heavily rely on traditional cookstoves as their
daily cooking®. In Indonesia alone, around 79 million
people still use traditional biomass fuels (wood, coal, etc.)
that cause pollutants inside homes?. Traditional
cookstoves mainly use natural air to mix with the fuel. In
return, this causes incomplete combustion that produces a
substantial amount of carbon monoxide. The effect of
such pollutants is hazardous for human beings and caused
many health problems, mainly respiratory problems345),

Traditional cookstoves can be tested using the water
boiling test method. The procedure comprises boiling the
water and measuring the weight of leftover fuel. The total
CO emitted by the cookstove will determine whether or
not the cookstove is sustainable enough to be used®. An
innovation of improving the performance of the cookstove
by adding a force fan attached to the fuel chamber could
extend the utilization of cookstoves for wider users.

Most studies reported in the literature have been
conducted on biomass cookstoves using solid fuel, mainly
woods. Studies conducted on wood biomass show that
wood has the potential energy comparable to coal”. This
potential should be weighted by considering reducing the
number of trees and energy to convert log into chips of
wood fuel®19, Meanwhile, it typically leaves falls and
creates litter almost every day.

Fallen leaves (leaf litter) are often ignored and left to
decompose, some of which are burned for quick disposal.
On the other hand, the capability of dry leaves to generate
energy is usually dismissed. Dry leaves can be utilized as
an alternative fuel, also known as biomass!V*?13)4), This
research was focused on exploring the potential of leaves
as a reliable source of fuel for stoves. Furthermore,
different forms of fuel leaves were explored to discover
the most efficient performance of dry leaves. Pelleted and
shredded were the two forms of dry leaves being tested in
this research. This work is unique as it provides a
comparison between the performance test of the eco-
cookstove using water boiling tests with the heat release
rate results using the cone calorimeter tests (ISO 5660).

2. Method and experimental setup

2.1 The Stove Used

For this experiment, we use the Biolite camping
cookstove. This stove mixes the air and fuel with an
updraft force vortex fan - airflow. A Biolite stove chamber
is shaped like a cylinder with a diameter of 7,5cm and a
height of 15 cm. Four different flow rate settings are
available for this cookstove'®. Only one airflow rate was
considered in the present work, i.e., 1.86 L/s. A
rechargeable battery-powered the fan.
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2.2 Type of Fuel

The fuel used for this experiment is the Kerai Payung
(Filicium decipiens) leaf that is commonly found around
the campus of Universitas Indonesia in Depok, Indonesia.
Pelleted leaves are compact compared to shredded leaves.
Pelleted leaves have a porous structure that provides a
larger surface area than shredded leaves. The difference in
structure may affect the combustion process, thus
influencing the amount of energy released*®).

Table 1. Proximate analysis of Filicium decipiens sample

Table 3. Proximate analysis of G.sepium (Gamal) and sub-

bituminous coal from Sumatra sample

Proximate Analysis Pelleted Shredded
Leaves Leaves
Total Moisture (% ar) 7,85 6,64
Ash (% adb) 5,53 9,51
\olatile Matter (% adb) 70,90 62,35
Fixed Carbon (% adb) 15,72 21,50
Gross Calorific Value (cal/g 3498 3731
adb)

Table 2. Ultimate analysis of Filicium decipiens sample

Ultimate Analysis Pelleted Shredded
Leaves Leaves
Carbon (% adb) 43,67 47,12
Hydrogen (% adb) 6,26 5,87
Nitrogen (% adb) 0,36 0,78
Oxygen (% adb) 44,11 36,57
Total Sulfur (% adb) 0,07 0,15

Table 1 and Table 2 show the proximate and ultimate
analysis. The tables show that adding starch in pelleted
leaves increased the percentage of volatile matter,
hydrogen, and nitrogen. More hydrogen and nitrogen
make it easier for combustion to take place!”. Similarly,
the higher percentage of volatile matter in pelleted leaves
also suggests that this type of fuel burns easily. From Table
1, it can also be seen that there is a contrasting value in the
percentage of fixed carbon in both fuels. Shredded leaves
have a higher percentage of fixed carbon which may
influence the burning process as this could lead to
incomplete combustion!®192021)22)

Tables 3 and 4 provide a comparison with some other
energy sources, i.e., wood chips of G.sepium (Gamal) and
sub-bituminous coal taken Indonesia 22429, It shows
some similiraties from the leaf and wood fuel, although
there are marginal differences with the coal. Due to the
fact that coal carries more substance and density, the
calorific value of coal is noticeably higher than the wood
and leaf fuel.

Proximate Analysis Gamal Coal

Total Moisture (% ar) 7,95 23,10

Ash (% adb) 4,55 8,10

\olatile Matter (% adb) 69,57 32,2

Fixed Carbon (% adb) 17,93 20,70

Gross Calorific Value (cal/g 4026,77 6290
adb)

Table 4. Ultimate analysis of Filicium decipiens sample
Ultimate Analysis Gamal Coal
Carbon (% adb) 43,16 69,20
Hydrogen (% adb) 5,22 5,10
Nitrogen (% adb) 0,75 1,1
Oxygen (% adb) 38,57 24,00
Total Sulfur (% adb) 0,09 0,6

A Derivative Thermogravimetry (DTG) analysis shows
the rate of thermal decomposition of a material, in this
case, Filicium decipiens. Based on Fig.1, it can be seen
that both samples, pelleted and shredded, have similar
trends of thermal decomposition. The rate of
decomposition reaches its peak at around 300 °C 2,
However, pelleted samples have a higher decomposition
rate shown by the percentage of mass loss per increase in
temperature than shredded samples. This is caused by the
composition of the pelleted samples, which also contain
starch and water. This graph indicates that pelleted
samples would release more energy during combustion 27,

The experiments were designed to determine the
burning time of a batch of fuel. In each test, the sample
was poured to fill the total volume capacity of the chamber
(660 cmd). A total of 100 grams of the shredded leaf and
160 grams of the pelleted sample were used for each test.
It shows that the pelleted fuel has a better fuel density than
the shredded fuel; thus, the more pelleted fuel can be
inserted into the chamber.

Before any experiments were carried out, the leaves
samples were dried at 110°C for an hour using an electric
oven %), The pelleted fuel was formed by mixing shredded
leaves, starch, and water. On average, the size of the pellet
was around 4 cm3 and 2 grams each. The shredded leaf
was approximately 20 mmz2 in size.
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Fig. 1: DTG Analysis of Filicium decipiens sample

2.3 Water Boiling Test

The experiment is conducted at an average ambient
temperature of 29,2°C, the relative humidity is 78%, and
the gas concentration in the room is 20,96% Oxygen
0,01% CO. The experiment was conducted at the same
starting time each day (in the morning, 09.00 am) with an
average ambient temperature of 29°C and relative
humidity of 78%.

The performance of both pelleted leaves and shredded
leaves was measured using a water boiling test and cone
calorimeter study. The first method was the Water Boiling
Test which determined the efficiency of each fuel. Figure
1 shows the schematic of the experimental procedure for
the water boiling tests. A regular pan filled with water,
with a volume of 500 mL, was put on top of the eco stove.
To measure the temperature of the water inside and the
flame outside, we equipped the pan with thermocouples.
A lid was put on top of the pan to reduce heat loss due to
the water evaporation. The fuel mass was quantified
before and after the experiments representing the amount
of fuel needed to boil 500 mL of water

The test consists of three stages, the first cold start,
second hot star, and third simmering. For the cold start test,
the fuel is ignited at ambient temperature. The
thermocouple recorded the water and flame temperature
with a frequency of 1 Hz until the water boiling
temperature was reached. The next step was the hot start
stage, similar to the cold start stage. The key difference
was in the residual heat left by the cold start stage, which
made the fuel ignited at a higher temperature. The
simmering phase was not carried out in the experiment
because of the small fuel used. The mass of water and fuel
was measured afterward to determine the efficiency of the
fuel.

2.3.1 Equations
The equation for the water boiling test was standardized

900

by the Environmental Protection Agency, Partnership for
Clean Indoor Air (PCIA), and Global Alliance for Clean
Cookstove (Alliance) version WBT 4.2.3 . Fuel
consumed; To calculate the fuel consumed is by
measuring the mass of the fuel after making the water
boiled. The difference between the pre-weighed bundle of
leaves and the leaves remaining at the end of the test
phase?®:
fcmzfci_fcf 1)

Equivalent dry fuel consumed; alter the quantity of dry
fuel that was burned to account for two factors: (1) energy
needed to remove the moisture inside the fuel and (2) the
remaining amount of unburned char. The mass of dry fuel
consumed is the moist fuel consumed minus the mass of
water in the fuel:

fea = fem- (1 —MC)

Water vaporized from all pan; The mass of water
vaporized is a quantification of water lost through
evaporation during the test. It is calculated by subtracting
the initial weight of pot and water negative final weight of
water and pan.

)

Wep = Pl — Plcf (3)

The effective mass of water boiled means the remaining
water after the water boiled at the end of the test is the
effective mass. It is a measure of the amount of water
heated to boiling. It is calculated by simple subtraction of
the final weight of pot and water minus the weight of the
pan.

Wer = Plgs — P1 4)
Time to boil; The time to boil is the difference between
the start and finish times:
At = tc,f — e (5)
Thermal efficiency; This is a ratio of the work done by
heating and evaporating water to the energy consumed by
burning fuel. It is an estimate of the total energy produced

by the fire that is used to heat the water in the pot. It is
calculated in the following way?7"):

h _ AEhzO,heat_AEhzo,eva;r)
c =

(6)

Ereleased,c

Heating value is attained by viewing the gaseous value
that is emitted. The values needed are carbon, oxygen,
sulfur, and hydrogen obtained from cone calorimeter
testing. Low heating value dan high heating value was
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calculated to determine the thermal efficiency of the water
boiling test method 3931,

2.4 Heat Release Rate Measurement using a Cone
Calorimeter

A calorimetry study was conducted using a standard
cone calorimeter (1SO 5660). The heat release rate was
calculated by measuring the oxygen depletion and CO2,
CO released. The fuel was ignited manually using a blow
torch and a fire starter. As the stove produced forced-flow
condition, the mass loss rate, burning period, and heat of
combustion was measured simultaneously. It was found
that the fuel shape and internal transport processes in fuel
beds had a strong influence on the combustion
characteristics and the energy released. The size of the

duct is 0,443 m with a c factor of 0,04312.

The calorimeter experiment was conducted by
removing the load cell from its existing one and replacing
it with another load cell that is shorter in height so that the
stove fits. This is experiment did not use the conical heater
and igniter. Before the experiment is conducted, the
barometric pressure, relative humidity, and O» percentage
are measured. The filters are changed, and the calorimeter
was calibrated. After the calibration, the fuel and igniter
were added to the stove. Later, the stove was placed above
the load cell, and below the conical heater. The baseline is
conducted first for 60 seconds to determine the control
condition. The measurement starts after the fuel reaches
ignition.

Thermocouple

Thermometer

Pan

Eco Stove

Stand for
Thermocouple

Computer
Data logger

Smoke Hood

Eco Stove

Weight
Measurement

=]

Gas Analyzer

Cone
Calorimeter
Analyzer

Computer

Fig. 3: Experimental setup using cone calorimeter
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Fig. 4: Experimental setup using cone calorimeter
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3. Results and Discussion

3.1 Water Boiling Test Results

Fig. 5 shows results from water boiling tests for both
types of fuel. The graph shows that the maximum flame
temperature reached during the experiment was higher
using pelleted leaves than shredded ones. During the
experiment using pelleted leaves, the flame temperature
reached a maximum of 1000°C, whereas when shredded
leaves were used as fuel, the maximum temperature
reached was only around 750 °C. The energy released by

the fuel might cause the contrast in maximum temperature.

A higher flame temperature may indicate that pelleted
leaves possess higher energy compared to shredded leaves
which means that this type of fuel may be more
advantageous.
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Fig. 5: Results obtained from water boiling tests of pelleted
leaves (A) and shredded leaves (B)

25 mmi depth ]
1000 —— 50 mm depth
=——T5 mm depth
—— 100 mm Septh
| = 125 mm depth
800 <
15
& 5004
2
[
@
g
400
Ll
[t
200 o
0 T T T T T T J T
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)
1000 - -
—— 25 mm depth
—— 50 mm depth
——T75 mm depth
800 ~ — 100 mm depth
L —— 125 mm depth |
5
e
2
o
@
(=3
5
F_
0 T T T T T T

T T
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (s)

B

Fig. 6: Temperature profile inside the stove during the
experiment using pelleted leaves (A) and shredded leaves (B)

The graph also shows the amount of time taken to boil
water using both types of fuel. When pelleted leaves were
used, the time taken for water to reach boiling temperature
during cold start was 1500 seconds compared to around
500 seconds using shredded leaves. This shows that the
time taken to boil water during a cold start was faster using
shredded leaves than pelleted leaves. To explain this
phenomenon, it is essential to also look at the flame
temperature. In Fig. 5A, it could be seen that the flame
temperature fluctuated during the first 500 seconds. In
contrast, the flame temperature in the experiment using
shredded leaves (Fig. 5B) increased immediately. During
the fluctuating stage of the experiment using pelleted
leaves, the temperature of water increased slowly. After
the flame temperature increased significantly, the water
temperature rose immediately and reached its boiling
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point.

It can also be seen that the flame temperature in the
experiment using pelleted leaves is more fluctuated. This
could demonstrate that pelleted leaves release their energy
slowly as they have porous structures. Therefore,
combustion happens slower and steadier than the flaming
combustion of shredded leaves.

Similarly, the same phenomenon can be observed
during the hot start phase of the experiment. The water
boiling test using shredded leaves happened faster, around
400 seconds. In contrast, when pelleted leaves acted as the
fuel, around 500 seconds was needed for the water to
reach boiling point. However, both graphs show a similar
trend. The time to reach boiling temperature during the
cold start was longer than the hot start phase due to the
already high starting temperature. Therefore, the energy
needed to increase the temperature of the water was
smaller.

3.2 Profile Temperature Inside the Chamber

The temperature profile inside the Bio-Lite stove during
the experiment can be observed in Fig. 6. The
phenomenon shown in Fig. 6 corresponds to Fig. 5.
Although the maximum temperature reached during the
experiment was higher using pelleted leaves, the time to
reach the highest temperature was longer. Furthermore,
the total time of the experiment was lengthier during the
test using pelleted leaves compared to shredded leaves.
This may be caused by the amount of energy being
released from each type of fuel. Shredded leaves release
their energy quickly, whereas, in pelleted leaves, this
process happens more gradually.

The heat stored inside the pellets meant the burning
time was longer than 2000 seconds. However, the
temperature profile of the shredded leaves showed that the
leaves have no delay time in the ignition. In contrast, the
pellets struggled at first because it took a lot more energy
to ignite them due to the bulkier shape. The shredded
leaves have a peak temperature of 800°C. The t

!
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Fig. 7: Heat release rate of pelleted and shredded leaves

3.3 Heat Release Rate Comparison

Fig. 7 shows that pelleted fuels release more energy
than shredded leaves. However, it had lower energy
initially. As many as five times of re-ignition was needed
for the pelleted fuel to sustain a good flame. The shredded
leaves show a lower energy release rate that is caused by
incomplete combustion. The total energy release rate
shows that the pelleted fuels have a longer and higher total
heat release rate.
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Fig. 8: Mass loss rate vs heat release rate pelleted leaves and
shredded leaves (A) and Percentage of CO Emission in
experiments using pelleted and shredded leaves (B).

Fig. 8 shows the mass loss rate and heat release rate of
pelleted leaves compared to shredded leaves. As seen in
the graph, pelleted leaves have a higher heat release rate
which means that this fuel possesses a higher amount of
energy. This might be because pelleted leaves have a more
porous structure. Therefore, it has more surface area than
shredded leaves. Similar to the heat release rate, pelleted
leaves also have a higher mass-loss rate. This indicates
that more fuel is burned during the combustion process,
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resulting in higher energy being released. From the graph,
it is evident that there is a positive correlation between the
heat release rate and the mass-loss rate. This means that as
the mass-loss rate increases, the heat release rate also
experiences arise. The heat release rate increases as the
mass-loss rate goes up. When fuel is burned, it releases
energy and loses mass; therefore, a positive correlation is
established. However, this correlation is higher in pelleted
leaves compared to shredded leaves.

3.3 CO Emissions

From Fig. 8, it can be seen that shredded leaves released
a higher percentage of CO emission with an average of
2010 kg/kg. However, the time taken until the flame was
out in the experiment using the shredded leaves was
shorter than the pelleted leaves. On the other hand,
pelleted leaves released a lower percentage of CO
emission for a longer period. The average CO emission for
pelleted leaves was 594.80 kg/kg. Although the average
CO emission was lower in pelleted leaves, this type of fuel
could burn longer, which would release CO emissions for
a longer time than shredded leaves. This corresponds to
the previous graphs showing pelleted leaves released its
energy gradually. The porosity in pelleted leaves caused
smoldering combustion, which made it able to sustain the
flame for longer.

4. Conclusions

This work found a strong correlation between the heat
release rate and the mass flow rate of the burning of both
fuels. Pelleting of the biofuel enhances the energy
intensity by energy content and heat release rate per
volume. Although there are some reductions in the
calorific value of the pelleted fuel due to additional binder,
the uniformity of the fuel geometry could improve the
combustion efficiency. The correlation is confirmed by the
heat release rate produced by the cookstove under the cone
calorimeter measurement. The water boiling test confirms
the results in a faster time to reach the boiling condition
and the ability to sustain the boiling condition of the water.
The average CO emission was lower in pelleted leaves
compared to shredded leaves. It is clear that leaf litter has
the potential as a reliable energy source by generating a
high and stable heat release rate
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Nomenclature:

adb Air dried base
ar As received

CO Carbon monoxide

CO; Carbon dioxide
°C Degree of Celsius

Callg Calorie per gram

DTG Derivative Thermogravimetry

Fuel mass equivalent being used
" (gram
fer Fuel mass after the experiment (gram)
Fuel mass before the experiment

Y (gam
fem Mass of fuel burned (gram)
leb Fuel burning rate (grams/minute)
tei Time experiment starts (minute)
ter Time Experiment end (minute)

Woer Effective mass of water boiled (gram)
Wey Evaporated water (gram)

At Time to boil (minute)

HHV Gross calorific value (kJ/kg)
Hz Hertz
h, Thermal efficiency

AEp, 0 heat Heating energy
AEhzo_e,,ap Evaporating energy

Ereleased,c Energy consumed by burning fuel

L/s Flow rate (m/s)
LHV Net calorific value (kJ/kg)
MC Wood moisture content (% - wet basis)
(O] Oxygen
The water and pans mass after the
Pla experiment (gram)
The pans mass before the experiment
T (gam)
PCIA Partnership for clean indoor air
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1)

2)

3)

4)

5)

6)

7)

8)

9)

Water temperature after experiment

Tl
°C)
Tl Starting water temperature (°C)
Ta Ambient temperature (°C)
Th Local water boiling point (°C)
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