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Evaluation and Modeling the Performance of Rice Husk
Gasifier Cook Stove for Household Energy Use

Mersha A. Fetene, Dessye B. Tikuneh

Summary — The study evaluates the Belonio-type gasifier stoves
with rice husk as sustainable energy sources and waste management
options for Ethiopian households. It compares the performance of in-
sulated and non-insulated types to determine reactor design parame-
ters. It predicts a mathematical model for the optimal performance of
the gasifier stoves, where the insulated stove showed a lower start-up
time. Still, there was no significant difference at a 5% probability le-
vel. The temperature change was also insignificant, as heat transfer
and temperature change started when the husk was ignited. At room
temperature, the maximum and minimum flame temperatures were
1,190.30 °C and 27.33 °C respectively, whereas the average tempera-
ture was 758.916 °C for the non-insulated gasifier stove. The insulated
gasifier stove also observed maximum and average temperatures of
518.30 °C and 289.014 °C, respectively, at the same room tempera-
ture. The fuel consumption rate has a significant effect on the type of
gasifier stove, with the maximum rates being 3.820 and 2.099 kg/hr
for non-insulated and insulated types of gasifier stoves, respectively.
The average specific gasification rates for insulated and non-insulated
types of stoves are 106.45 and 120.63 kg/m2h, respectively. The fuel
or rice husk holding capacity of each type of stove is significant at a
5% level, with the amount of rice husk and biochar produced being
1.18 kg and 0.27 kg for insulated stoves, and 2.511 kg and 0.688 kg for
non-insulated stoves, respectively. Multiple regression analysis was
used to model the relationship between time elapsed and temperature
and heat energy. The cubic polynomial model was found to be the
best predictive model for all variables that can be used to predict the
optimal combination of variables. Hence, it can be concluded that the
stove is very acceptable with a high prospect for adoption for house-
hold energy use.

Keywords — Energy, Insulated, Non-Insulated, Heat, Temperatu-
re, Time, Boiling, Relation

[. INTRODUCTION

ice milling generates a byproduct known as husk, with 78%
of the weight being head rice, broken rice, and bran during

he milling process of paddy. According to the Central Sta-
tistics Agency (CSA), the Ethiopian rice production has increased
from 170,630.101 tons to 268, 223.514 tons of paddy in 2019/2020
to0 2020/2021 cropping season [1]. Hence, during milling an avera-
ge of 22% of the paddy is received as husk [2]. Rice mills in Ethi-
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opia, are situated in rice-producing areas in Fogera, Gurafarda, and
Gambella [3]. These mills produce rice from dry paddy through
various processes including cleaning, parboiling, drying, milling,
polishing, and packaging. Recently, rice husk biomass waste has
been common in those rice-producing regions considered as waste
material and has generally been disposed of by dumping or bur-
ning, although some have been used as a low-grade fuel. This has
led to environmental problems such as pollution resulting in a refu-
se heap on streets, drainage systems, and waterways, which has re-
sulted in flooding on rainy days due to the blockage of waterways
[4]. On the other hand, Ethiopia has one of Africa’s fastest-growing
economies but has one of the world’s poorest access to modern
renewable energy supplies. Biomass accounts for approximately
87% of the total energy supply in rural areas for lighting and coo-
king [5].

However, this waste can be converted into fuel for domestic
cooking, benefiting many households and achieving more forest
savings for the country [6]. Rice husk can be a solution for renewa-
ble energy promotion and an alternative for the reduction of green-
house gas emissions by being an alternative to fast-declining wood
fuels. Energy remains essential for development, but the exploita-
tion of energy sources needs to be carried out with sustainability in
mind. Rice husk has a higher ash content (20-22.4%), 1.0% crude
protein, 0.3% crude fat, and 30% carbohydrate with exceptional
biomass with good flow ability, availability with 10-12% moisture,
and fewer alkaline minerals [7]. It can be used for houschold fuel,
with 25% of the weight converted into ash during the firing proce-
ss. Using rice husk as a useful household energy source has the ad-
vantages of cleanliness, ease of handling, and igniting, producing a
small volume of smoke. Its ash content is rich in potash and phos-
phate, which can be used as fertilizer on unfertile soil. Hence, rice
husk dumps can be properly recycled into useful products, more
goods will be made available to society, and environmental polluti-
on and other disease attacks will be greatly reduced [7]. Rice husk
ash can be used as organic fertilizer, pest or insect repellent, or for
eco-friendly construction. Rice husk accumulation is challenging
to eradicate; instead, it is a situation that must be continually ma-
naged and controlled by utilization and specifically by household
fuel and energy branding remains the sustainable option for dea-
ling with husk accumulation, as this takes up a long time [8]

Research trials and emerging evidence suggest that sustainable
approaches help increase yields while making production systems
more resilient and economically accessible [9]. The developed Be-
lonio-type rice husk stoves are available in countries where rice
growing is a major economic activity, such as India, Indonesia, and
the Philippines [8]. This simple stove requires no installation and
is ready for use by end-users with basic instructions. Rice husk
gasifier stoves reduce the accumulation of rice husks in riverbanks
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and along roadsides, utilization to reduce the wild dumping of rice
husks in Ethiopia’s Fogera plain, going a long way in reducing the
cutting of trees for fuel wood, which in turn will cause desertifica-
tion. This rice husk stove was introduced recently and refabricated
in Ethiopia and was evaluated and predicted model as a major re-
search activity that needs further adoption. Hence, this research
report was initiated with the following objectives.

*  To evaluate the Belonio-type gasifier stoves with rice husk
as a sustainable energy source and waste management op-
tions for Ethiopian household energy use

*  To investigate and compare the performance of the Belo-
nio-type insulated and non-insulated types of gasifier sto-
ves for the determination of appropriate design parameters
of the reactor

*  To predict an appropriate mathematical model estimating
the optimum performance of the Belonio-type gasifier
stoves

II. MATERIALS AND METHODS

STUDY AREA

The research was conducted in Fogera National Rice Research
and Training Center (FNRRTC), Wereta, Ethiopia, which is one of
the federal research centers of the Ethiopian Institute of Agricultu-
ral Research (EIAR) found in Fogera Wereda, south Gondar zone
of Amhara Regional State, Ethiopia. It is located at 11° 58° N lati-
tude, 37° 41” E longitude, and at an elevation of 1810 m above sea
level. Based on ten years’ average meteorological data, the annual
rainfall, and mean annual minimum, maximum, and average air
temperatures are 1300mm, 11.5°C, 27.9°C, and 18.3°C, respecti-
vely (Abebe et al., 2019). FNRRTC is located 625 km from Addis
Ababa and 55 km from the regional capital of Bahir Dar, Ethiopia.

DESCRIPTION OF THE RICE HUSK GASIFIER STOVE

The rice husk gasifier stove is a recently developed device for
domestic cooking that utilizes rice husks as fuel. Primarily, the sto-
ve was developed by [8] that used to burn rice husk using a limited
amount of air for combustion to produce a luminous blue flame,
which is almost similar to that of the liquid petroleum gas (LPG)
stove. Then the model of the gasifier stove was redesigned and re-
manufactured in Ethiopia for utilization of rice husk for household
energy and then evaluated and modeled its performance in the Et-
hiopian condition. According to [8], the details of the gasifier stove
components are explained below:

e Gasifier stove reactor: It is the part of the gasifier stove,
where rice husks are put and burned while breathing in
very little air. This cylindrical reactor can range in diameter
from 0.10 to 0.30 meters, depending on how much electri-
city the stove requires. Depending on the needed working
period, the cylinder’s height ranges from 0.4 to 1.0 m. The
cylinder is constructed from gauge no. 18 regular galvani-
zed iron on the outside and gauge no. 20 stainless steel on
the interior. The burned rice husks or any other materials
are placed in this 2-cm cylinder area, which acts as insu-
lation to stop heat loss in the gasifier. Rice husks are held
in place during gasification by a stainless steel fuel grate
located at the reactor’s bottom end. This grate is angled so
that, following each operation, it may be readily released.
To keep the grate in the right position while in use, a lock
or spring is used. To prevent hands from unintentionally
contacting the hot reactor while it is operating, an alumi-

num screen is held in place by circular rings around the
exterior of the reactor (Fig. 1).

e The char chamber: It stores the char that is left over from
each operation. Its placement underneath the reactor ma-
kes it convenient to collect any char that may fall from
the reactor. The door to this chamber can be opened for
convenient charcoal disposal, but it must always be kept
closed while running the gasifier. To minimize excessive
airflow loss in the system during fuel gasification, the char
chamber is firmly fitted on all sides to keep air released by
the fan from exiting the chamber. To hold the entire stove,
the chamber has four (4) support legs with rubber coverin-
gs underneath (Fig. 1).

e Airblower: during gasification, the fan assembly supplies
the air required by the fuel. To force air into the reactor’s
rice husk column directly, it is often connected to the char
chamber at either the chamber’s entrance or its interior.
The standard model’s fan is an axial-type fan with a 3-inch
diameter, which is frequently found in computer systems.
It uses a 220-volt AC line with a rated power input of 16
watts. During operation, the fan’s speed is managed by a
manually operated rotary switch, which also regulates the
gas supply to the burner. The burner (Fig. 1) transforms
the gas exiting the reactor into a blue flame.

*  Burner: It is made up of a series of 3/8-inch-diameter ho-
les that allow flammable gas to flow through. The air requ-
ired for gas combustion is supplied by the secondary holes
around the burner’s perimeter. A pot support sits atop the
burner, keeping the pot steady as it cooks. The burner is
fixed in place during operation and is detachable for sim-
ple fuel loading into the reactor (Fig. 1).

<o Pot Support

3 Gasifier Handle
Air blower/tan of non . :
- insulated type stove
. ’ -
Gasifier Reactor

Char Chamber

“

-

a)

Fig. 1. Parts of the rice husk gasifier stove (a) the non-insulated type and
(b) insulated type gasifier stoves

MATERIALS USED

The following are the materials and instruments used to test the
performance of the stove:

1. Fresh, dried rice husk — This will be used as fuel in te-
sting the performance of the stove. It was freshly obtained
from the rice husk and dried to be 9.97% moisture content.

2. Volumetric flasks and beaker - This glassware was used
to measure the volume of water before and after the boi-
ling test. The change in the volume of water after the test
indicates the power output of the stove per load.

3. Stop Watch — This was used to record the time of each of
the different activities both cooking and boiling) during
the tests.
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4. Thermometer - This equipment is used in the measuring
of the gas temperature leaving the combustion chamber
was a universal thermometer, 0-250 °C (model: Bengt Ek
Design/ 209007).

5. Sensitive Weighing Balance - This device with the mo-
del WT6002N was used to measure the weight of rice
husk fuel as well as the weight of food to be cooked and
the weight of water to be boiled.

6. The data logger — was used to measure the temperature
produced by burning rice husks in the reactor of the stove
as well as related generated and losses of heat. The data
loggers with the Squirrel 2020 with SQ2020/2F8 model
were used in this research with high-performance univer-
sal data loggers with fast, and PC-linked data acquisition
systems in this research. It used this device for that maxi-
mum temperature with twin processors, multiple 24-bit
analog-to-digital converters, up to 16 universal channels,
and a choice of communications methods to ensure that
the Squirrel 2020 series provides state-of-the-art data
logging and communication capability for sophisticated
applications needs.

THE PROCEDURE OF THE EXPERIMENT

In this study, the rice husks were collected from the FNRRTC
rice-processing workshop. The guidelines for the performance
evaluation and operation of the stove used were based on standard
procedures recommended by [8]. The raw material, the rice husk
was collected and cleaned to avoid foreign matters such as stone,
soil, and other foreign matters. The collected raw material was then
sun-dried to remove excess moisture and make it easy to handle,
transport, and store. After maintaining husk moisture at 9.97%, it
was evaluated as an energy source for cooking using a gasifier sto-
ve. The rice husk gasifier stove was a recently developed device
to utilize rice husk as a fuel that was used for evaluating rice husk
for household fuel with minor modifications [8]. The char is a car-
bonized raw material that was taken out of the reactor and cooled.
Some pictures taken during the experiment are illustrated in Fig.
2 and 3 below. The burner, grate, and ash chamber door are set in
their proper position during the performance evaluation. The fan
was plugged into a full outlet after checking the working condition
when the switch was in the ON or OFF position.

a)

The load of rice husk fuel into the reactor is by directly pou-
ring the fuel from the container with one full load of fuel used per
replication. Pieces of paper were used for easy start-up by pouring
drops of it on the fuel column. The water-boiling test was conduc-
ted as illustrated in Fig. 2 and 3 below.

b)

Fig. 3. Water boiling test using a data logger for non-insulated type
gasifier

b)

Fig. 2. Water boiling test using a data logger with the computer for insulated type gasifier
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The reactor was closed by placing the burner on top of it when
the rice husk in the reactor was observed to be burning. After
allowing the rice husk to burn for a minute, the gas was ignited
at the burner. The startup time was recorded until a luminous blue
flame was produced. Then the operation time was started to record
both with place a casserole and with an aluminum pot on top of
the burner and without a pot. When all the rice husk is completely
burned or when the stove stops producing gas, it means that the
operation is finished; the total operation time was recorded, and
shut OFF the fan with the SEAFLO Inline blower, model: SFLB1-
270-02. The burned rice husk (bio-char) was immediately dischar-
ged cooled and weighed bio-char.

EXPERIMENTAL DESIGN

The experiment design for the performance evaluation and
modeling of the rice husk gasifier stove was a completely rando-
mized design (CRD) having two stove types viz: non-insulated and
insulated gasifier stoves as treatments on the cooking of boiling
water and with no-cooking with three replications. The material
properties of the gasifier stoves are the basic characteristics used
to determine the heat transfer property. The gasifier stove reactor is
the component of the stove where rice husks are placed and burned
with a limited amount of air. The details of the two treatments are
illustrated here below.

1. The insulated type gasifier stoves: The mild steel reactor
of the insulated stove type has an annular spacing of 2cm
and measures 3 cm on the outside and 2 cm on the insi-
de. This reactor is cylindrical in shape, having a diameter
of 0.15 m, height of 0.565 m, and volume of 0.010 m’.
Unlike the non-insulated one, it is the burned biochar or
rice husk ash acts as a heat-retaining barrier in the annular
space between the inner and outside of the reactor to redu-
ce heat loss. This cylinder of the insulated one is provided
with an annular space of 2 cm, where the burned rice hu-
sks or ash is placed to serve as insulation to prevent heat
loss in the gasifier for the insulated type of stove (Fig. 4a).
The burning layer of rice husks, also known as the com-
bustion zone, descends the reactor when the fuel is ignited
from the top, depending on how much air is provided by
the fan [8]. At the lower end of the reactor is a fuel grate
made of stainless steel material, which is used to hold the
rice husks during gasification.

2. The non-insulated type gasifier stoves: The non-insula-
ted type stove has a reactor with a cylinder shape made up
of 3mm mild steel. It was made up of mild steel of 3mm
thickness and was only one-sided. This reactor is cylin-
drical in shape, having a diameter of 0.19 m, height of
0.665m, and volume of 0.019 m®. Hence, during burning,
it has not a heat-retaining barrier on the reactor to keep
heat from escaping the gasifier. The burning layer of rice
husks, also known as the combustion zone, descends the
reactor when the fuel is ignited from the top, depending on
how much air is provided by the fan [8]. In addition, the
outside parts of the reactor or combustion zone are very
hot during burning because of heat loss through the outsi-
de of the reactor (Fig. 4b). At the lower end of the reactor
is a fuel grate made of stainless steel material, which is
used to hold the rice husks during gasification for both in-
sulated and non-insulated types of gasifiers.

Annular space
filled by ash (2cm)

Sheet metal on the

Sheet metal on the inside outside of the reactor
e reacto

of the re (3 (3mm) for non insula

Fig. 4. The rice husk gasifier stove (a) the non-insulated type and (b)
insulated type gasifier stoves

Da1A COLLECTED

The multiple regression analysis was made to analyze and esta-
blish a relationship between the heat energy and the operating time
of both gasifier stoves for both heat energies produced and lost.
The heat energy provided by the burning of the rice husk in the
reactor of the stove and associated heat losses at the outside of the
reactor were estimated for both types of stoves through the change
in temperature concerning operating time using the Squirrel 2020
SQ2020/2F8 data logger. The regression analysis using the rela-
tionship between heat energy produced and the operating time of
both types of stoves was expressed using a polynomial regression
model using the equation and fitting curve. The variables/parame-
ters described below were recorded in each three replications along
with the treatments of both gasifiers. Hence, the following parame-
ters are used during evaluating the rice husk for energy:

1. Start-Up Time: It is the time required to ignite the rice
husk and consequently produce combustible gas. The
start-up time was measured using a stop watch where the
time burning pieces of paper are introduced to the fuel in
the reactor until combustible gas is produced at the burner
and repeated three times.

2. Operating Time: It is the duration from the time of gasi-
fier produces a combustible gas until no more gas is obtai-
ned from the burning of the rice husk and measured using
a stopwatch with three replications.

3. Fuel Consumption Rate (FCR): FCR is the amount of
rice husk fuel used in operating the stove divided by the
operating time within three replications. The weight of
dried rice husk was measured using a weight balance at
9.97%, average moisture content. The FCR was compu-
ted using t‘é‘fequation (1) below [8]:

Weight 6 Rice Husk Fuel Used (kg)
Operating Time (hr)

FCR = (M

4. Specific Gasification Rate (SGR): SGR is the amount of
Rice husk fuel used per unit time per unit area of the re-
actor. It was measured for treatments of both gasifiers per
replications and o fmputed using equation (2) [8]:

SGR = Weight 6 Rice Husk Fuel Used (kg)
Reactor area (n *) x Operating Time (hr)

@

5. Combustion Zone Rate (CZR): The time required for
the combustion zone to move down through the reactor is
Combustion Zone Rate (CZR). It was computed in each
replication and computed using the equation (3) [8]:
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Length 6 the Reactor (m)
Ope°fing Time (hr)

CZR = 3)

6. Boiling Time: This is the time required for the water to
boil starting from the moment the pot is placed on the bur-
ner until the temperature of the water reaches 100°C [8].
It was replicated three times for 2 liters of water using a 2
mm thickness aluminum pot without a lid.

7. Sensible Heat: This is the amount of heat energy requi-
red to raise the temperature of the water. This is measured
before and after the water reaches the boiling temperature.
It was repeated for three replications and computed using
the equation (4) [8]:

Q)

SH = Mwx Cp x (Tf Tl) Where:
SH = sensible heat, Kcal,

Cp = specific heat of water, 1 Kcal/kg-°C,

Tf = temperature of water at boiling, Approx. 100°C, Mw =
the mass of water, kg (1kg/liter),

Ti = temperature of the water before boiling, 27-30°C

8. Latent Heat: This is the amount of heat energy used to
evaporate water. The amount of evaporated water from
the initial 2 liters of water was measured after completion
of the complete burning of husk fuel from each replication
and computed using the equation (5) [8]:

Lh =WeX Hfg &)

Where:

L,, = latent Heat, Kcal
H,, = latent heat of water, 540 Kcal/kg
e = the weight of water evaporated, kg,

9. Heat Energy Input: It is the amount of heat energy ava-
ilable in the rice husk fuel. The heat energy input was
estimated in three replications and computed using the
equation (6) [8]:

OF =We X Hfg ©)

Where:

QF = heat energy available in the fuel, Kcal,
WEFU = the weight of rice husk used in the stove, kg
HVF = the heating value of rice husk, Kcal/kg

10. Thermal Efficiency: This is the ratio of the energy used in
boiling and evaporating water to the heat energy available
in the fuel per each replication and computed using the
equation (7) [8].

_ Sh +LH

- 100
HF+ WF @

Where:

TE = thermal efficiency, %

LH = latent heat, Kcal

Sh = sensible heat, Kcal,

HF = the heating value of fuel, Kcal/kg,
WEF = the weight of fuel used, kg

11. Input Power of Rice Husk: This is the amount of energy
supplied to the stove based on the amount of rice husk
consumed in each replication and computed using the

equation (8) [8].
Pi=0.0012X FCRX HVF ®)
Where:

Pi=power input, Kw,
FCR = fuel consumption rate, kg/hr,
HVF = the heating value of fuel, Kcal/kg

12. Input power of Fan: The total consumed electric power
in the working load of the air blower was measured in
each replication. The SEAFLO Inline blower, model,
SFLB1-270-02 was used and the input power of the fan
was calculated by the following equation (9) [10]:

E, =PxI ©)

Where:

I = line current strength (Ampere) and
V =potential difference (Voltage).

13. Power Output: This is the amount of energy released by
the stove for cooking. It was computed using the equation
(10) per each replication [8]:

Po = FCRXHVFXTE (10)
Where:

Po = power output, kW,

FCR = fuel consumption rate, kg/hr.,

HVF = the heating value of fuel, Kcal’kg, TE = thermal
efficiency and percentage

14. Char Produced (%): This is the ratio of the amount of
char produced after the complete burning of rice husks.
The char produced can be computed per each replication
using the equation (11) [8]:

Weight of char(kg)

%Chal” = " " - 11
Weight of dried Water Hyacinth used(kg) (11)

15. Heat Energy: The heat energy produced at the burner
of the stove and heat loss through the combustion zone
of the stove to the outside environment where raising the
temperature to a desired level was considered. The heat
energy produced in the gasifier stove was calculated using
the equation (12) provided by [11].

M,C (T -T)) (12)

Where:

M, =mass of husk, kg

C,= the specific heat capacity of the produce, (kJ/kg°C)
T, = the room temperature during the test, °C, T =the
temperature produced by burning in the burner, °C

DATA ANALYSIS

The least significant difference (LSD) test was applied to deter-
mine differences between treatments using a 5% probability level.
The significant difference in levels for each experiment was tested
using the LSD test. A p <0.05 was considered statistically signifi-
cant. Data were subjected to analysis of variance (ANOVA) using
statically producer as described by [12]
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III. RESULT AND DISCUSSION

The performance evaluation of the gasifier stove was conduc-
ted at an average moisture content of husk on a wet basis 0f 9.97%,
with both insulated and non-insulated types of gasifier stoves.
The relative humidity and temperature of the testing room were
42.78% and 26.43 °C, respectively. Both gasifier stoves were eva-
luated in full load conditions where the husk was collected from
local millers that are produced during usual milling with a bulk
density of 130.05 kg/m’.

A. PERFORMANCE OF GASIFIER STOVES

Operations of both insulated and non-insulated gasifier stoves
were initiated using small pieces of paper. The ignition time or the
time required to start to ignite the insulated and non-insulated ga-
sifier stoves are 3.86 and 4.65 minutes, respectively. The insulated
gasifier has a relatively lower start-up time than the non-insula-
ted type, but statistically, there is no significant difference at a 5%
probability level. The change in temperature of the gasifier stoves
concerning the start-up time was not significant and graphically
showed that it is a straight line over time, as shown in Figs. 5 and
6 below. After the startup time of the stoves was recorded, it was
operating time when it was fully in operation until the burning of
rice husk was finished. The operation times in one batch feed of
husk of both insulated and non-insulated gasifier stoves are 33.888
and 39.672 minutes, respectively, but there is no statistical differen-
ce. The amount of husk consumed per batch of insulated and non-
insulated gasifier stoves was also 1.1802 and 2.5106 kg, respec-
tively. As shown in Fig. 5, the maximum flame temperature was
1,190.30 °C at a room temperature of 27.33 °C, whereas the avera-
ge temperature was 758.916 °C for the non-insulated type gasifier
stove. On the other hand, the maximum and average temperatures
of the insulated gasifier stove were also 518.300 °C and 289.014
°C, respectively, at the same room temperature as shown in Fig. 6,
which was in line with similar findings [8].

1200.00

1000.00]
Temperature (oC)

800.00

600.00-1

Temperature (oC)

Operated Time of Non-Insulated
Type Gasifier Stove H

400.00

200.00

Time till the Equilibrium Temperature

mmmmmmmmmmmmmmmmmmmmmmmmmmm
oooooooooooooooooooooooooo

Time (s)

Fig. 5. The relationship between burning temperature (°C) and burning
time (s) of a non-insulated type gasifier stove

On the other hand, the maximum and average temperatures of
the insulated gasifier stove were 518.30 °C and 289.014 °C, respec-
tively, at the same room temperature as indicated in Fig 6. Belonio
(2006) found that insulated gasifier stoves produced flame tem-
peratures ranging from 465 to 610 °C, which was consistent with
previous findings for the insulated type [8]. It was also observed
that the Paul Oliver rice husk gasifier stove, which is very similar
in design to the non-insulated type gasifier stove, has a maximum
burning temperature of around 700 °C [13].

The insulated type gasifier stove reactor was insulated using bi-
ochar, which filled the annular space between the inside and outside
mild steel sheet. This insulation resulted in lower temperatures and
reduced heat expansion throughout the reactor wall to the outside

environment, indicating that the insulated-type gasifier stove was
more effective in preventing heat loss. The temperature of a gasi-
fier stove increases from startup time to maximum values, where
fuel ignites from the top to bottom of the reactor. The temperature
declines with the amount of husk in the reactor, and when the rice
husk is burned, the flame is stopped, and the temperature declines
sharply to room temperature. The residual temperature of insulated
and non-insulated gasifier stoves starts at 330.70 and 817.60 °C,
respectively, after burning the husk as shown in Figs. 5 and 6. The
temperature-time graph profile of the non-insulated type gasifier
stove as shown in Fig. 5 is much more in line with other findin-
gs [13]. According to reports revealed, the flame temperature of
rice husks for Rice Husk Gasifier Stoves (Belonio Type) starts to
decline after around 800 °C, which was lower and higher than the
non-insulated and insulated type gasifier stoves, respectively [13].

The residual temperature is also maximum for the non-insu-
lated type gasifier stove, as shown in Fig. 5 and 6. The burning
of fuel in the combustion zone moves downward along the height
of the reactor, determining the operating time for the conversion
of burned rice husks to biochar. The relationship between burning
temperature and time shows a similar shape for both types of sto-
ves, with sharp declines after burning the husk but slow cooling
to room temperature. The fuel burning zone in stoves was moved
downward along the reactor height, with the height of the reactor
for both insulated and non-insulated gasifier stoves determining
the operating time for the conversion of rice husks to biochar. Ge-
nerally, the relationship between the burning temperature and time
showed a relatively similar shape for both types of stoves, with
sharp declines after burning of the husk but slow to reach an equi-
librium temperature.

514
4924
4681
444+
419

Temperature (oC)

Temperature (oC)
i

Operated Time of the Insulated
type gasifier stove

The Time until the Equilibrium Temperature

Fig. 6. The relationship between burning temperature (°C) and burning
time (s) of the insulated type gasifier stove

B. FUEL CONSUMPTION

As shown in Figs. 5 and 6, the operating time is the basic factor
for the temperature change that indirectly influences some para-
meters like fuel consumption rate, specific gasification rate, and
combustion zone rate of stoves. At a 5% significance level, the fuel
consumption rate significantly influences the types of gasifier sto-
ves, with the maximum fuel consumption rate for non-insulated
and insulated types being 3.820 and 2.099 kg/hr, respectively. The
observed result of an insulated type of gasifier stove is in line with
the fuel consumption rate of the insulated type of stove, which ran-
ges from 1.59 to 2.0 kg per hour, [8]. Moreover, the time to con-
sume rice husks to completely gasify the rice husks in the reactor
depends on the density of the rice husk, the volume of the reactor,
and the fuel consumption rate, which determines the total time to
consume the rice husk. The volumes of the reactors for non-in-
sulated and insulated-type gasifier stoves are 0.019 and 0.010 m?,
respectively, and the rice husk consumption per batch was 2.512
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and 1.180 kg, respectively. It was observed that the non-insulated
type of gasifier stove has a higher fuel consumption rate than the
non-insulated one. On the other hand, the amount of rice husk fuel
used per unit time per unit area of the reactor i.e. specific gasifica-
tion rate did not significantly differ on the types of stoves at a 5%
significant level. The average specific gasification rate of insulated
and non-insulated types of stoves was 106.45 and 120.63 kg/m?h,
respectively; however, it was higher than the 56.81 kg per hr-m?
that was the same design with the insulated type observed by [8].

The volume of the reactor and the amount of rice husk held per
batch of the insulated type are nearly half of the non-insulated type
of the stove; however, despite this size, it does not show signifi-
cant differences in the specific gasification rate. The time required
for the combustion zone to move downward to the reactor of the
stove’s so-called combustion zone rate on the type of stove was
not significant at a 5% level of significance. The combustion zone
rates of the insulated and non-insulated types of stoves were 1.015
and 1.004 m/h, respectively. The combustion zone rate was also
directly proportional to the length of the reactor, where it was 0.665
and 0.565 m for non-insulated and insulated-type gasifier stoves,
respectively. However, the size of the reactor of the insulated type
is significantly smaller than the non-insulated type of the stove.
The same conditions with the volume of the reactor were 0.019 and
0.010 m’ for the non-insulated and the insulated types of the stoves,
respectively, which directly influenced the values of the fuel con-
sumption rate, specific gasification rate, and combustion zone rate
of the stoves but did not significantly affect the insulation property
of the stove due to the difference in volume and length of the reac-
tors between the stoves. This showed that the fuel (rice husk) hol-
ding capacity of the reactor of each type of stove is significant at a
5% level, where the amount of rice husk and biochar produced was
1.18kg and 0.27kg for the insulated type and 2.511kg and 0.688kg
for the non-insulated type of stoves, respectively.

C. WATER BOILING TEST

The time required for the water to boil starts from the moment
that the pot is placed on the burner until the temperature of the
water reaches 100 °C, which is a significant difference between the
insulated and non-insulated types of gasifier stoves at a 5% level
of significance. Boiling time using 2 liters of water, boiling from
26°C to 100°C, the time consumed ranges from 8.51 and 12.80
minutes for the non-insulated and insulated types of gasifier stoves,
respectively, which indicates the water boiling time for the non-in-
sulated type of gasifier stove is shorter than the non-insulated one
while it was much lower than 16- 25 minutes for insulated types of
stove obtained to boil the same amount of water [8].

As shown in Fig. 7, after the startup time, the temperature of
the water sharply increased up to 207.70 °C, and then it became
constant at 205-207 °C for 26.36 minutes. It is in line with the me-
asured gas temperature of water boiling ranges from 160 to 210 °C
[8]. The maximum temperature recorded during the boiling of the
water was 208.80 °C, which gradually declined until the end of the
burning of the husk and the residual temperature of the water re-
ached equilibrium to room temperature (Fig. 7). On the other hand,
the amount of water boiled from boiling of two liters of sample
water was significant at a 5% level of significance, where the ave-
rage water boiled for insulated and non-insulated was 1.077 and
0.950 liters, respectively. Unlike the boiling time, the amount of
water boiled for the insulated type gasifier stove is higher than the
non-insulated type gasifier stove.

The time required to boil water in the insulated-type rice husk
gasifier stove to boil two liters of water took 12.80 minutes, which
is less than the same stove boiling time of 16-21 minutes [8]. As
shown in Fig. 8, the shape of the time versus temperature graph
was a dome shape where the temperature increased sharply to the
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Fig. 7. The boiling temperature (°C) and time (s) of a non-insulated type
gasifier stove

maximum range of 124.9 °C- The maximum and average tempe-
ratures recorded were 124.9 and 92.99 °C, respectively. Unlike the
average and maximum temperature, the amount of water boiled for
an insulated gasifier stove is greater than the non-insulated type.
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Fig. 8. The boiling temperature (0C) and time (s) of the insulated-type
gasifier stove

Moreover, the sensible heat (KJ) is not significantly different
between the types of gasifier stoves at a 5% significant level. The
average sensible heat of insulated and non-insulated gasifier stoves
is 299.96 and 305.11 KJ, respectively. Sensible heat is the product
of mass, specific heat, and the temperature difference of water.
Hence, the sensible heat of the insulated gasifier stove is relatively
lower than that of the non-insulated stove because, to estimate the
gasifier stoves, the factors caused by temperature differences are
higher on non-insulated gasifier stoves, which is why mass and
specific heat are common for both types of gasifier stoves. On the
other hand, the latent heat (kJ) is a significant difference in the
types of gasifier stoves at a 5% level. The average latent heat of
insulated and non-insulated types of gasifier stoves is 2424.4 and
2139.2 kJ, respectively. Unlike the sensible heat of the gasifiers,
the latent heat of the insulated type is greater than the non-insulated
one, where it mainly depends on the water evaporated during the
boiling of the water. In this condition, latent heat depends on the
amount of water boiled. It was observed that the average water bo-
iled for insulated and non-insulated types of gasifier stoves is 1.065
and 0.95 liters, respectively. This showed that with these results,
the insulated rice husk gas stove is sufficient to provide energy for
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a family for cooking, and some excess energy can be used to heat
water for bathing [8].

D. THERMAL EFFICIENCY OF THE STOVE

The amount of energy supplied to the stoves depends on the
amount of fuel consumed and air supplied by the fan. This energy
depends on the heating value and the amount of husk and energy
needed to drive the fan, i.e., the input power source for the gasifier
stoves. Based on the data observed on the performance of gasifiers,
it was indicated that the biochar conversion rate (%) has shown a si-
gnificant difference among the types of gasifiers at a 5% significan-
ce level. The mean biochar conversion rates of non-insulated and
insulated gasifier stoves are 27.337% and 22.854%, respectively,
which is lower than the 35% found by Belonio, (2005). It indicated
that the mass of biochar produced per rice husk of the non-insu-
lated type is higher than the insulated one, which shows that the
insulated gasifier stove was better at burning the husk completely.
Hence, the input power supplied was 13.389 kW and 7.4151 kW
for non-insulated and insulated gasifier stoves, respectively, which
showed the maximum input power was 13.389 kW for non-insu-
lated type gasifier stoves, while the power input for the insulated
type of stove was similar, with 5.724 to 7.200 kW for the insulated
type of stove observed by Belonio (2005). However, the insulated
and non-insulated gasifiers estimated thermal efficiency (%) was
18.469% and 7.8025%, respectively, with highly significant diffe-
rences among the stoves at a 5% level, which showed the insulated
gasifier stove recorded higher thermal efficiency, while the ther-
mal efficiency found by Belonio (2005) was in the range of 12.28
to 13.83%. Moreover, the output powers (kW) for insulated and
non-insulated gasifier stoves are 1.3440 and 1.0344, respectively;
hence, it is higher for the insulated stove, ranging from 0.749 to
0.909 kW [8]. Therefore, it can be recommended that the stove be
insulated with rice husk ash as a good insulating material to obtain
higher thermal efficiency. On the other hand, due to its high silica
content and being very cheap, since it can be easily obtained from
the burned rice husks found on roadsides or in the field, rice husk
ash is a good choice for insulation with higher thermal efficiency.

E. ANALYSIS OF THE MULTIPLE REGRESSION MIODEL

The heat energy in the reactor of gasifier stoves from the bur-
ning of rice husks was estimated using the recorded temperature
concerning the operating time. Before developing the polynomial
regression models, the experimental temperature or heat energy
data were plotted against the time-elapse parameters separately
for each sampling point to get a visual insight into the relationship
between the time and the temperature or heat energy (Figs. 5-8).
Those figures revealed the dependency of heat energy and tempera-
ture over time. The multiple regression analysis was used to model
this relationship between burning time and temperature/heat energy
during the evaluation of gasifier stoves. The result from polynomi-
al regression of linear, quadratic, and cubic analysis was the three
models used to explain the relationship between times elapsed, or
the independent variable, and temperature or heat energy, or the de-

pendent variable, which was used as a criterion for inclusion in the
model. Therefore, the relationship between changes in heat energy
throughout the operating time was analyzed through a polynomial
regression model using the equation and fitting curve.

E. I. ANALYSIS OF HEAT ENERGY

The heat energy generated per unit of time is a variable entered
into multiple regressions that are used to analyze and establish a
relationship between the time (t) in seconds and heat energy (Q) in
joules for both insulated and non-insulated types of gasifier stoves.

E..1.1. HEAT GENERATION OF THE INSULATED TYPE GASIFIER
STOVE

The polynomial regression to model the relationship between
the heat energy or dependent variable and multiple explanatory va-
riables i.e. time of the insulated type of gasifier stove was made
using linear, quadratics, and cubic equations at the coefficient of
determination (R?) 0f 0.09, 0.90, and 0.95 respectively as shown in
Eq. 13, Eq. 14 and Eq. 15 below. The analysis of models to build
and select the variable to decide if a variable term can be removed
or added without affecting the model significantly. In this case, the
larger model or full model is Eq.3 or a cubic polynomial model
whereas the remaining Eq. 1 and Eq. 2 are linear and quadratics
models respectively. Among the polynomial models, which one
significantly, decreased the error and significantly increased the
predictive power of the model or improved the model expression
is the main thing that makes sense in this concept.

0 =0.083¢+270.950, R2=0.09 (13)
0=144.43 + 1043:-0.00042,  R>=0.90 (14)

0=-23.192+0.483¢+2X 10-4£ — 1.386 X 107 £, R = 0.95
(15)

Hence, an analysis of variance (ANOVA) of the three models
was made to conclude on the idea of how far the observed heat
generated (Q) is from the predicted or fitted heat generated value.
On the other hand, adding or reducing the model to make it either
significantly better or significantly worse is essentially determined
using the partial F test and the sum of squares error. The regression
model of linear, quadratic, and cubic functions residual standard
error (RSE) and coefficient of determination (R?) was shown in
Table 1 below, which revealed that the cubic model was highest in
R?, lowest in RSE with 0.951, and 45.594, respectively. It can be
concluded that the lowest RSE showed the model predicted heat
generated (Q) value is closest to the observed heat generated (Q)
values or the model most wisely fits than the remaining linear and
quadratic models. Besides, to check whether at least one model
is significantly better or there is no difference between the three
polynomial models, the ANOVA, or partial F-test, was applied.
Hence, the ANOVA between linear, quadratics, and cubic models
indicated that the full model, or cubic model, is significantly better
than the remaining reduced models (linear and quadratics) at P >
0.001, as shown in Table 1.

TABLE 1.
PoLYNOMIAL REGRESSION SUMMARY USING LINEAR, QUADRATICS AND CUBIC MODEL (STANDARD EERROR IS IN PARENTHESIS) OF HEAT
GENERATED WITHIN TIME ELAPSE FOR INSULATED TYPE GASIFIER STOVE

Coefficients R- Square
Model Constant t t2 [
Linear 270.30™ (7.72) 0.083"* (0.005) - 0.090 (196.525)
Quadratic -144.42* (3.81) 1.043* (0.007) -3.7e-4" (8.3%-20) 0.902 (64.55)
Cubic -23.20"* (1.659) 0.483*(0.012) -2.01e-4* (4.96e-19) -1.386e-7* (1.24e-22) | 0.951 (45.594)

Significance codes: 0.0001***,0.001**,0.01*,0.05, 0.1,
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The graphical presentation of the observed heat generated com-
pared with the three models (linear, quadratics, and cubic) to show
how well it fits or predicts the observed data is shown in Fig 9 be-
low. The lines colored black, blue, and red with green in the graph
are linear, quadratic, and cubic models with observed heat-genera-
ted values, respectively. The visualizations of the polynomial mo-
del fit for the heat generated in the insulated type gasifier stove are
shown in Figure 6 below. On the graph in Fig 9, the observed heat
generated after 2600 seconds was heat energy generated by the re-
sidual temperature, which remains until the equilibrium condition
with room temperature or until no heat energy is generated.
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Fig. 9. Visualizations of the polynomial model fit for the heat generated
in the insulated type gasifier stove

As shown in Fig. 10a, the 95% confidence interval (CI) for the
fit provides a range of likely values for the mean generated heat
energy (J) given the specified settings of the elapsed time (s). It is
95% confident that the confidence interval contains the population
means for the heat-generated values of the variables in the model.
The prediction interval (PI) is a range that is likely to contain a
single future response for determining the heat energy generated
and the time (s) of the insulated-type gasifier stove. The 95% PI
is always wider than the CI due to the added uncertainty involved
in predicting a single response of heat energy versus the mean res-
ponse (Fig. 10a). Fig. 10b is the best-fit model for heat generation
in the insulated type gasifier stove that was the cubic polynomial
model, which was the normal probability plot that was approxima-
tely normally distributed. The data were plotted against a theoreti-
cal normal distribution, which forms an approximate straight line.
Departures from this straight line indicate departures from norma-
lity, as shown in Fig. 10b. Fig. 10c, is also the residuals versus fits
graph plots of the residuals on the y-axis and the fitted values on
the x-axis, verifying the assumption that the residuals are randomly
distributed and have constant variance. The points fell randomly
on both sides of zero, with no recognizable patterns in the points.
The histogram of the residuals shows the distribution of the residu-
als for all observations to determine whether the data are skewed
or include outliers (Fig. 10d). Fig. 10e, residuals versus order in the
plot displays the residuals in the order that the data were collected,
verifying the assumption that the residuals are independent of one
another. Independent residuals show no trends or patterns when
displayed in time order, and the residuals on the plot should fall
randomly around the centerline (Fig. 10e). In general, the best-fit
model is a cubic model where the regression equation is:
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Figure 10. The Polynomial Regression Analysis: Heat Energy
Generated (J) versus Time (S) of the cubic regression model fit (a),
Normal probability plot of residuals (b), Residuals versus fits (c),
Histogram of residuals (d), and Residuals versus order (e) of the
insulated type gasifier stove.

E .1.3. HEAT GENERATION OF THE NON-INSULATED TYPE
GASIFIER STOVE

The heat energy generated by the non-insulate type gasifier
stove within time was estimated using the model of the multiple
polynomial regressions for linear, quadratic, and cubic equations
at the coefficient of determination (R?) of 0.023, 0.90, and 0.95,
respectively, as shown in Egs. 16, 17, and 18 below. The regression
model to determine the fit for the heat generated in the non-insu-
lated type gasifier stove was estimated using three models, but the
important thing is which model perfectly fits the observed values
of heat generated. Among the polynomial models, which one si-
gnificantly decreased the error, significantly increased the predic-
tive power of the model, or improved the model expression? The
equations of the three polynomial models are shown in Egs. 4, 5,
and 6 below.

0 =0.163r+1958.39, R?=0.023
0 =-233.19+4.345:-0.001>, R*=0968
0 =-2523+3.55-1.33x107¢* ~1.33x1077°,

R2=0974 (18)

The coefficient of determination (R?), residual standard error
(RSE), and ANOVA between the models were used to determine

(16)
a7

the visualizations of the polynomial model fit of the model pre-
dicted value to the observed data of heat generated in the non-
insulated type gasifier stove. Hence, the residual standard errors
(RSE) of linear, quadratic, and cubic models are 996.142, 181.463,
and 163.637, respectively. The cubic polynomial model is the list
standard error, indicating that the predicted values are closer to
the observed values than the other models. The coefficients of de-
termination (R?) of linear, quadratic, and cubic models were also
0.023, 0.968, and 0.974, respectively, as shown in Table 2 below.
The cubic polynomial model has the highest values, revealing that
the model could explain around 97.4% of variations in the heat
generated. The analysis of variance (ANOVA) or the partial F-test
between the three models also indicated that the full or cubic mo-
del is significantly better than the remaining models at P >0.001.
Hence, the cubic polynomial model provides a significant best fit
with a significantly lower sum of square error, as shown in Table 2.

TaBLE I1.

PoLyNOMIAL REGRESSION SUMMARY USING LINEAR, QUADRATICS
AND CUBIC MODEL (STANDARD ERROR IS IN PARENTHESIS) OF
HEAT GENERATED WITHIN TIME ELAPSE FOR NON-INSULATED TYPE
GASIFIER STOVE

Coefficients R-Square
Model Constant t 1§ &
Linear 1958.39** |0.168"** 0.023
(35.53) (0.020) (996.14)
Quadratic -233.19"* 4,345 |-0.001** 0.968
9.712) (0.014) |(3.213e-19) (181.46)
Cubic -25.23 3.55"* |-1.33¢-3"** |-1.33e-7* |0.974
(11.68) (0.032) |(1.828e-18) |[(4.826-22) |(163.64)

Significance codes: 0.0001***,0.001**,0.01*,0.05, 0.1.

Figure 11, displays a graph illustrating the polynomial model fit
for heat generated in a non-insulated gasifier stove. The predicted
lines are red, blue, and black, while the observed heat-generated
data plot is green. The cubic and quadratic models are better-fitted
than the linear model. The heat generated after 3000.00 seconds is
due to the residual stove temperature until equilibrium conditions
are reached, or heat energy generation decreases until zero or no
heat transfer occurs.
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Fig. 11. Visualizations of the polynomial model fit for the heat generated
in the non-insulated type gasifier stove
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As shown in Fig. 12a, the 95% confidence interval (CI) for
the cubic polynomial model fit provides a range of possible valu-
es for the mean heat energy generation at the designated burning
period. This indicates that the population mean for the model’s
specified values of heat generation and time spent burning is con-
tained within the confidence interval. For a given determination
of heat energy generation and duration of burning variable settin-
gs, the 95% prediction interval (PI) is expected to include a single
future response. The standard deviation of the distance between
data values and fitted values measured in units of the response was
163.639 (Fig. 12a). Fig. 12b also, the normal probability plot of
residuals displays the residuals versus their expected values when
the distribution is normal, indicating a distribution with short tails
(Fig. 12b). The residuals versus fits graph plots the residuals on the
y-axis and the fitted values on the x-axis, verifying the assumpti-
on that the residuals are randomly distributed and have constant
variance (Fig. 12¢). Besides, as shown in Fig. 12d, the histogram
of residuals shows the distribution of the residuals for all observati-
ons determined based on the number of intervals used to group the
data, assessing the normality of the residuals. A histogram is most
effective when there are approximately 20 or more data points
(Fig. 12d). Fig. 12e, is the residuals versus order plot displays the
residuals in the order in which the data were collected, verifying
the assumption that the residuals are independent of one another.
The independent residuals showed no trends or patterns when dis-
played in time order, suggesting that the residuals near each other
may be correlated and thus not independent (Fig. 12¢).
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Fig. 12. The Polynomial Regression Analysis: Heat Energy Generated (J)
versus Time (S) of the cubic regression model fit (a), Normal probability
plot of residuals (b), Residuals versus fits (c), Histogram of residuals (d),
and Residuals versus order (e), of the non-insulated type gasifier stove.

E.1.4.1. ANALYSIS OF HEAT ENERGY LOSS

The energy loss through the reactor to the outside environment
was recorded as the heat energy loss of the stoves. The relationship
between the heat energy loss and the time elapsing, either going
up and down together or not without causing one another, is an
approach considered to be analyzed. The relation between energy
loss and time was analyzed using the multiple regression model
through polynomial regression using linear, quadratic, and cubic
functions for both insulated and non-insulated gasifier stoves. The
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residual standard errors (RSE), the coefficient of determination
(R?), and the partial F-test are used to test or determine whether a
variable can be removed or added from a model without making a
model significantly better or worse.

E.1.5. HEAT ENERGY LOSS OF THE INSULATED TYPE GASIFIER
STOVE

The loss of heat energy of the insulated type gasifier stove was
analyzed through the linear, quadratic, and cubic model functions
as shown in Egs. 19, 20, and 21 below, respectively. The residual
standard error (RSE) of models was 6.794, 1.215, and 1.044 for
linear, quadratic, and cubic models, respectively, to determine re-
lationships among the models as shown in Table 3. It indicated
that the quadratics and cubic models have a lower RSE than the
linear model, for the closest models well-fit the predicted values
to the observed heat loss data. The coefficients of determination
(R?) of linear, quadratic, and cubic models are also 0.641, 0.989,
and 0.992, respectively. The R? of the two models revealed that
they are well predicted, and the heat loss model fits very closely as
compared to the reduced model or linear model. A simple model is
always preferable if the reduced (quadratic) model is significantly
better compared to the full model or cubic model.

0=0011£-10.769, R*=0.641 (19)
0=-1.157>107°# +0.044¢ — 4.187 , R*=0.989 (20)

0=-1526:10"¢ —5.201x107°#* + 0.036¢ — 2.539, R*=0.992
21)

Moreover, the analysis of variance (ANOVA) using a partial F-
test was used to determine if the models were significantly better;
it checked for significant differences either for the determination of
the models to improve or reduce the predictive power. The ANO-
VA indicated that there is a significant difference between a line-
ar model with quadratics and a linear model with cubic models.
However, there is not a significant difference between quadratics
and cubic models at P>0.01. Hence, a simple model is always pre-
ferable, where the full (cubic) model is not significantly better than
the reduced (quadratic) model or if it is not necessary to include the
cubic time of the model without making the model significantly
worse or not significantly better.

TaBLE I1I.

PoLyNOMIAL REGRESSION SUMMARY USING LINEAR, QUADRATICS
AND CUBIC MODEL (STANDARD ERROR IS IN PARENTHESIS) OF
HEear ENERGY LOss WITHIN TIME ELAPSE FOR INSULATED TYPE

GASIFIER STOVE
Coefficients R- Square

Model Constant t t s
Linear 10.769** 0.011** 0.641

(0.258) (109 (6.794)
Quadratic |-4.187** 0.044=> | -1.16x105** 0.989

(0.069) (1.15e-4) | (109 (1.215)
Cubic -2.539"** 0.036** | -5.20x10%* |1.526x10° | 0.992

(0.079) (10 (104 (1109 (1.044)

Significance codes: 0.0001***,0.001**,0.01*,0.05, 0.1.

The graph in Fig. 13 shows the visualizations of the polynomial
model fit for the energy loss in the insulated type gasifier stove
of all the observed heat energy loss data with predicted values of
linear, quadratic, and cubic models. The maximum heat energy
loss recorded on the insulated gasifier stove was 38.56] after 1919
seconds of operation, but steadily decreasing the heat loss up

to the equilibrium condition of the room temperature, i.e., 2783
seconds of operation time, the graph gradually approaches zero
and declines slowly. As shown in the graph in Fig. 13, the cubic
and quadratic polynomial models approach each other with the
observed heat loss data but gradually separate and increase the
gap at the heat loss during the residual temperature of the stove.
The red, blue, and black lines on the graph are cubic, quadratic,
and linear model fit curves, respectively, whereas the green ones
are the observed heat loss values.
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Fig. 13. Visualizations of the polynomial model fit for the heat energy
loss in the insulated type gasifier stove

The cubic model is the best-fit polynomial model for determi-
ning heat energy loss and burning time variable settings. As shown
in Fig. 14a, the 95% confidence interval (CI) provides a range of
likely values for the mean response, while the 95% prediction in-
terval (PI) is a range likely to contain a single future response. The
confidence interval is 95% confident that the confidence interval
contains the population mean for the specified values of variables
in the model (Fig. 14a). Fig. 14b is also the normal probability
plot of residuals displays the residuals versus their expected valu-
es when the distribution is normal, while the residuals versus fits
graph plots show the residuals on the y-axis and the fitted values
on the x-axis (Fig. 14b). The residuals versus fits plot confirm the
assumption that the residuals are randomly distributed and have
constant variance (Fig. 14c). The Fig. 14d is the histogram of re-
siduals determines the appearance of the data, which depends on
the number of intervals used to group the data. A histogram is most
effective when there are approximately 20 or more data points
(Fig. 14d). The residuals versus order plot (Fig. 14e) display the
residuals in the order in which the data were collected, verifying
the assumption that the residuals are independent of one another.
Independent residuals show no trends or patterns when displayed
in time order, where the residuals should fall randomly around the

centerline (Fig. 14e).
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E.1.4.2. HEAT ENERGY LOSS IN THE NON-INSULATED TYPE
GASIFIER STOVE

The heat energy loss of the non-insulated type gasifier stove
has been analyzed through the multiple regression model equati-
ons using the linear, quadratic, and cubic functions that are illu-
strated in Eqgs. 22, 23, and 24, respectively. The determination of
the best fit of the predicted values to the observed heat energy loss
data was made among the models using residual standard error
(RSE), coefficient of determination (R2), and ANOVA, or parti-
al F-test. The RSEs of the linear, quadratic, and cubic models are
268.72, 130.54, and 122.323, respectively, indicating that the cubic
polynomial model is relatively better predictively than the linear
and quadratic models. Besides, the linear model has the highest
RSE, which was the worst model and should be ignored in the pre-
diction of the observed heat energy loss data of the non-insulated
type gasifier stove. The coefficients of determination (R2) of the
linear, quadratic, and cubic models are 0.04, 0.773, and 0.801, res-
pectively, showing that the cubic model is relatively the best pre-
dictive model, where more than 80% of the heat energy loss data
is explained by the model; however, the linear model has the least
and worst predictive power, with only 4% of the data being fitted.

0=0.052:+353.581,  R2=0.04 22)
0=-2340x0 £ +0.910¢—171.944 ,R>=0.773 23)

0 =4.886x0'%# ~0.0017 +1.305¢ - 292.807, R>=0.801
10 (24)

The partial F-test between the models also revealed that the
quadratic and cubic models are significant at a significant level (P)
of 0.001; however, the linear model is not significant enough to
predict the observed data of the heat energy loss of the non-insulate
type of gasifier stove, as shown in Table 4, below. Moreover, the
ANOVA between the quadratic and cubic models is also signifi-
cant, but the cubic models are relatively the best fit to predict the
observation. In general, the heat energy loss of the non-insulated
type of gasifier stove is greater than the heat loss of the insulated
type of gasifier stove, where the gasifier is essentially insulated to
reduce such energy loss.

21 E 07 00 01 i 21
Resiclual
d)
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TABLE IV.

POLYNOMIAL REGRESSION SUMMARY USING LINEAR, QUADRATICS
AND CUBIC MODEL (STANDARD ERROR IS IN PARENTHESIS) OF HEAT
ENERGY LOSS WITHIN TIME ELAPSE FOR NON-INSULATED TYPE

GASIFIER STOVE
Coefficients R- Square
Model Constant t t £
Linear 353.58** 0.052** i i 0.040
(8.875) (0.004) (268.721)
Quadratic -171.944* 1 0.910* -2.34e-04* 0.772
(5.49-14) | (9.772e-17) | (3.65e-20) (130.54)
Cubic -292.807* | 1.305™ 0.001* 4.886x10°** | 0.801
(8.086) (0.019 (1x10% (1x104 (122.323)

Significance codes: 0.0001**%,0.001**,0.01%,0.05, 0.1.

The graph in Fig. 15 shows the visualizations of the polyno-
mial model fit for the energy loss in the non-insulated type gasi-
fier stove, where the linear, quadratic, and cubic model curves are
black, blue, and red lines, respectively, concerning the green line of
the observed data curve of the heat energy loss of the non-insulated
gasifier stoves. The heat energy loss of a non-insulated type gasi-
fier stove is the lowest fit with the irregular shape of the heat energy
loss with time elapse among the models than the parameters. The
maximum energy loss was 933.549] after 1468 seconds of gasi-
fication operation, whereas after 3400 seconds, the heat energy
loss gradually declined concerning the residual temperature of the
stove until the equilibrium condition of the room temperature was
reached during the evaluation of the stove, as shown in the graph
in figure 15.

— Observed
1000+ ~ Linear
—Quqdlalk
00 /\’\ sl
/ .

800 \
S 700+ AT
" .
@ P, L
L W
= N\
o ’
@ 500- ; -
1= ‘ I .
i} o \
= 400 L A
@ A
= /

300+ J /‘

200 / N

/ ]
100 \
G L \\
T I 1.1 4 3 X i L
CES8EgEEREEEEEEEEEEE

Time (s)

Fig. 15. Visualizations of the polynomial model fit for the energy loss in
the non-insulated type gasifier stove

The study used a cubic polynomial model to analyze the heat
energy generated and the burning time curve of a non-insulated
type gasifier stove. The 95% confidence interval (CI) was aligned
with the heat energy generated and burning time curve, providing
a range of likely values for the mean response or heat energy loss
given the specified settings of predictors or burning time. The
confidence interval indicates confidence about the mean of futu-
re values, while the 95% prediction interval (PI) is a range likely
to contain a single future response for a selected determination of
variable settings of heat energy loss and burning time (Fig. 16a).
The normal probability plot of residuals is illustrated in Fig. 16b,
showing the residuals versus their expected values when the distri-
bution is normal. The residuals versus fits graph, in Fig. 16c, plots

the residuals on the y-axis and the fitted values on the x-axis, ve-
rifying the assumption that the residuals are randomly distributed
and have constant variance. The histogram of the residuals, in Fig.
16d, shows the distribution of the residuals for all observations,
which is most effective when there are approximately 20 or more
data points without skewness or outliers. Fig. 16¢ is the residuals
versus order plot displaying the residuals in the order that the data
were collected, verifying the assumption that the residuals are in-
dependent of one another. The independent residuals showed no
trends or patterns when displayed in time order, falling randomly
around the center line.
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Fig. 16. The Polynomial Regression Analysis: The Heat Energy Loss
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insulated Type Gasifier Stove.

E.3. ANALYSIS OF WATER BOILING TEMPERATURE

The water boiling temperature per operating time was the other
parameter to determine how fast and at what temperature to boil
two letters of water through insulated and non-insulated gasifier
stoves. The analysis of multiple regression models for both gasifier
stoves was made to determine the boiling temperatures of the wa-
ter concerning operating time. The residual standard errors (RSE),
the coefficient of determination (R?), and the partial F-test are used
to test or determine whether a variable can be removed or added
from a model without making a model significantly better or worse
to analyze the three polynomial regression models.

E.3.3.1. WATER BOILING TEMPERATURE OF THE INSULATED
TyPE GASIFIER STOVE

The relationship between water boiling temperature and
operating time of an insulated type gasifier stove has been analyzed
using a polynomial regression model using all linear, quadratics,
and cubic models. The model fits of linear, quadratic, and cubic
models have been illustrated in Egs. 25, 26, and 27, respectively.
The residual standard errors of linear, quadratic, and cubic models
are 22.615, 6.851, and 2.625, respectively. The smallest standard
error (RSE) of 2.625 for a cubic polynomial model showed that the
best measures and closest to the observed values among the pre-
dicted models, which summarizes a well-fitting model. The cubic

model showed the lowest RSE, indicating an idea of how far the
observed boil temperature is from the predicted model value.

T,=0.0037+87.709 ,R*=0.02 (25)

T,=-2.791x107¢* +0.093¢ +39 487 ,R* = 0.91 (26)

T, =1.004x10"F —7.642x107°¢* +0.156¢ + 2 .718, R>= 0.987
@7

The polynomial regression models also determine whether the
model fits the observed water temperature data of the insulated
gasifier stove using the coefficient of determination (R?). The R2
values of the linear, quadratic, and cubic models are 0.02, 0.91, and
0.987, respectively, revealing that the cubic model has the highest
value with 98.7% of the variation of water boiling temperature
observed by the model, whereas the lowest R? value is the linear
model with only 2% of the observed data, as shown in Table 5. The
ANOVA, or partial F-test, between the three models, was made for
model building and variable selection to decide whether to remo-
ve a variable from a model without making it significantly worse
or add a variable to the model to make it significantly better. The
ANOVA between models shows a significant difference at a proba-
bility level (P) > 0.001. It also revealed that the ANOVA between
cubic and quadratics with observed data of water boiling tempe-
rature is not significant at P > 0.001, but the linear model with the
observed data has a significant difference. Hence, the cubic model
is the best-fit model to predict the observed data of water boiling
temperature. The quadratics are linear based on the RSE and R?
determination methods, but the partial F-test indicated that both the
cubic and quadratic models are the best fit.

TABLE V.

PorynoMIAL REGRESSION SUMMARY USING LINEAR, QUADRATICS
AND CUBIC MODEL (STANDARD ERROR IS IN PARENTHESIS) OF
BOILING TEMPERATURE OF WATER WITHIN TIME ELAPSE FOR
INSULATED TYPE GASIFIER STOVE

Coefficients R- Squ-
Model Constant |t t s are
Linear 87.709"* |0.003** 0.02
(0.798) (3.67e-04) (22.615)
Quadratic 39.49"* 10.093** |-2.791x10%** 091
(1.0e-14) | (1.78e-17) |(6.65e-21) (6.851)
Cubic -22.718"* 1 0.156™*  |-7.642 x10°* | 1.004x10®** | 0.987
(1.55e-14) | (5.178e-17) | (4.639-20) (1.176e-23) | (2.625)

Significance codes: 0.0001***,0.001**,0.01*,0.05, 0.1.

The graph in Fig. 17 showed that the visualizations of the
polynomial model fit the boiling temperature of water in the in-
sulated gasifier stove. As shown in Fig. 17, the maximum water
boiling temperature of the insulated type gasifier stove was recor-
ded at 124.9 oC after 1453 seconds of water boiling operation. The
boiling operation was continued until 3400 seconds, even after fi-
nishing the rice husk fuel. The graph in Fig. 17, shows the cubic
model (red line) is the best fit up to 3400 seconds of operation, but
after the end of the observed water boiling temperature, the line of
the cubic model rises in shape, so that the model fit of the cubic
model is the best fit until the 3400 seconds of operation, hence
the quadratic model or the blue line may be preferred. The ave-
rage operation time in one batch feed of husk for insulated types
of gasifier stoves was 2033.28 seconds. After this operation time,
the recorded temperature was the residual temperature of the water
graph of the observed boiling temperature (the green line), which
continuously declined until the equilibrium condition reached
room temperature.

Mersha A. Fetene, Dessye B. Tikuneh, Evaluation and Modeling the Performance of Rice Husk Gasifier Cook Stove for Household Energy Use, Journal of Energy, vol.

31 73 Number 3 (2024), 17-35
hitps://doi.org/10.37798/2024733521

© 2023 Copyright for this paper by authors. Use permitted under Creative Commons Attribution-NonCommercial (CC BY-NC) 4.0 International License



== Observed
— Linear
= Quadratic
=== Cubic

140.00

130.00

120.00

110.00

100.00

©
=}
=}
=
1

Water Temperature (oC)

Normal Probability Plot

[response s Water Tempenspratune [oll))

Percent
4

o -

40.00-
Residual
30.00 b)
R R TR EE] Versus Fits
=] é é é § _§ ,§ § g é § .’8-‘ .‘é g § § § § g (response is Water Tempemprature (oC))
8888335353888528%&8888838 75]
Time (s)
50
Fig. 17. Visualizations of the polynomial model fit for the water boiling
temperature in the insulated type gasifier stove . 5
As shown in Fig 18a, the study focuses on the water boiling &%
temperature of an insulated type gasifier stove at a 95% confidence gl
interval (CI) for fit, which provides a range of likely values for )
the mean response of water temperature given the specified settin- )
gs of predictors of boiling time. The 95% confidence interval (PI)
assesses the estimate of the fitted value for the observed values of = i = = = =
the variables (boiling temperature and boiling time) with a 95% Fitted Value
confidence level, ensuring that the confidence interval contains the o)
population means for the specified values in the model. The 95% )
prediction interval (PI) is a range that is likely to contain a single (responss is \'ilitctg—:T:‘lpxuer
future response for a selected determination of variable settings -
(boiling temperature and boiling time). The PI extends inside the
acceptable boundaries, indicating that the predictions were suffi-
ciently precise for 95% PI requirements. The prediction interval =
is always wider than the confidence interval due to the added un-
certainty involved in predicting a single response versus the mean g oy
response (Fig 18a). The normal probability plot of the residuals g
as shown in Fig 18b, displays the residuals versus their expected ~ =
values when the distribution is normal, verifying the assumption
that the residuals are normally distributed. The graph in Fig. 18c, s0
the residuals versus fits graph plots the residuals on the y-axis and
the fitted values on the x-axis, verifying the assumption that the o
residuals are randomly distributed and have constant variance. The e el s -+ TP R
Fig. 18d, the histogram of the residuals is most effective when the- d)
re are approximately 20 or more data points, ensuring that each bar
. . . . Versus Order
on the histogram contains enough data points to reliably not show [response is Water Tempermprature [oC)
7.5
140 —— Regression
TR ol R
120 s - Croa "
~ s t , |
L:% 100 3 F'iH Y 1\
2 2 oal f i ¢ ; . |
2w ; \ l( ﬁ L\/
'ﬂ:' 60 ”1 u % fﬁ
£ | ﬂ i
40
1 500 1000 1500 2000 2500 3000
o Observation Order
6 560 1000 1 Sbﬂ 2000 2 SbO SObO 3 560 e)
fime () Fig. 18. The Polynomial Regression Analysis: The Water Boiling
skewness or outliers. Temperature of the cubic regression model fit (a), Normal probability
plot of residuals (b), Residuals versus fits (c), Histogram of residuals (d),
a) and Residuals versus order (e) of the insulated Type Gasifier Stove.
Mersha A. Fetene, Dessye B. Tikuneh, Evaluation and Modeling the Performance of Rice Husk Gasifier Cook Stove for Household Energy Use, Journal of Energy, vol.
30 73 Number 3 (2024), 17-35

https://doi.org/10.37798/2024733521

© 2023 Copyright for this paper by authors. Use permitted under Creative Commons Attribution-NonCommercial (CC BY-NC) 4.0 International License



3.6.3.2. WATER BOILING TEMPERATURE OF THE NON-
INSULATED TYPE GASIFIER STOVE

The water boiling temperature of the non-insulated type of ga-
sifier stove with the boiling or operating time was analyzed using
multiple regression models. The polynomial regression model
included the linear, quadratic, and cubic models presented in Egs.
28, 29, and 30, respectively. The residual standard errors (RSE)
of the linear, quadratic, and cubic models are 36.60, 20.60, and
12.383, respectively. The cubic polynomial model has the lowest
value with 12.383, showing the closest among the models to pre-
dict the observed data of a non-insulated type gasifier stove of the
water boiling temperature, and can be thought of as summarizing
how well the cubic model fits.

T,=27x10"t+178.24, R2=3.6x10° (28)

T, =-4.509%x10 £ +0.136t +110.535,R*=0.683  (29)

T,=3.225x10"~1.902x10 *#* +031 ¢ +6 .911,R*=0.886
(30)

On the other hand, the coefficients of determination (R?) of the
linear, quadratic, and cubic models are 0.886, 0.683, and 3.6x10-
6, respectively, as shown in Table 6 below. The cubic model is
significantly higher, with 88.6% of the observed water boiling
temperature of the non-insulated gasifier stove perfectly explained
by the cubic predicted model fit. The percentage of prediction of
the observed data in quadratics and linear models is 68.3% and
0.00036%, respectively, showing that the expression power of the
linear model is almost null or worse and should be ignored, where-
as the quadratic model is relatively better than the linear model but
lower than the cubic model, as shown in Table 6.

TABLE 6.

PoLyNOMIAL REGRESSION SUMMARY USING LINEAR, QUADRATICS
AND CUBIC MODEL (STANDARD ERROR IS IN PARENTHESIS) OF
BOILING TEMPERATURE OF WATER WITHIN TIME ELAPSE FOR NON-
INSULATED TYPE GASIFIER STOVE

Coefficients R- Square
Model Constant |t t £
) 178.237*** | 2.70x10* 3.6x10°¢
Linear -
(1.337) (7.72e-04) (36.601)
Quadatic 110.535"** | 0.136™* | -4.509x10° *** 0.683
(1.13) 0.002 | (109 (20.599)
Cubic 66.911* 031 |-1.905 x104*** | 3.225x10% | 0.886
(0.905) (0.003) | (109 (104 (12.383)

Significance codes: 0.0001***,0.001**,0.01*,0.05, 0.1.

The graph in Fig. 19 shows the visualizations of the polyno-
mial model fit for the water boiling temperature in the non-insu-
lated type gasifier stove, where the maximum boiling temperature
was recorded at 208.8 °C after 662 seconds of operation during
the water-boiling test of the non-insulated type gasifier stove. As
shown in the graph in Fig. 19, the observed data (green line in the
graph) of water boiling temperature showed sharp increases within
a 0-550 second period, then water boiling temperature was con-
stant (in the curve, a straight line in the graph) for 1300 seconds
(551 to 1850 seconds in the graph), where the average temperature
was 205.83 °C. However, at the end of 1850 seconds in the stra-
ight-line curve on the graph, the temperature gradually declines to
equilibrium with a room. The red, blue, and black with green line
colors on the graph were cubic, quadratic, and linear models that
fit with the observed data on the boiling temperature of water in the
non-insulated types of gasifier stoves, respectively.

= Observed
— Linear
— Quadratic
~ -~ Cubic

Fig. 19. Visualizations of the polynomial model fit for the water boiling
temperature in the non-insulated type gasifier stove

The insulated type gasifier stove’s water boiling temperature
is predicted using a 95% confidence interval (CI), which evalua-
tes the fitted value estimate for observed values of variables. As
shown in Fig. 19a, this means that there is a 95% chance that the
population means for the specified values are contained in the con-
fidence interval. The principal investigator evaluated the predicted
accuracy and results’ applicability, finding that a single response
was contained within the interval given the predictor settings or
boiling time (Fig. 20a). The residuals are shown in Fig 20b against
their anticipated values in a normal probability plot, confirming
the premise that the residuals are normally distributed (Fig 20b).
Fig 20c is the residuals versus fits graph depicting the residuals
on the y-axis and the fitted values on the x-axis, confirming the
assumption that the residuals are randomly distributed and have
constant variance. On the other hand, Fig 20d is the residual histo-
gram that displays the residual distribution for each observation for
which the data was found to be roughly normal and satisfying the
requirements of the cubic polynomial model. The best results from
a histogram are obtained with at least 20 data points, as each bar
on the histogram has enough data points to consistently not display
skewness or outliers due to the large sample size (Fig. 20d). As
shown in Fig 20e, the residuals versus order plot illustrates the re-
siduals in the order in which the data were collected, showing that
independent residuals do not exhibit any trends or patterns when
presented in time order.
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Fig. 20. The Polynomial Regression Analysis: The Water Boiling
Temperature of the cubic regression model fit (a), Normal probability
plot of residuals (b), Residuals versus fits (c), Histogram of residuals (d),
and Residuals versus order (e) of the non-insulated Type Gasifier Stove.

IV. CONCLUSION AND RECOMMENDATION

This study aims to evaluate and model the performance of rice
husk gasifier cook stoves for household energy use, a byproduct of
rice milling. The study compares insulated and non-insulated gasi-
fier stoves using rice husks, focusing on environmental issues and
promoting the use of rice husks as a renewable energy source and
pest repellent in stoves. The study found that the insulated stove
had a lower start-up time but no significant difference at a 5% pro-
bability level. The temperature change was not significant, as heat
transfer and temperature change started when the husk was ignited.
The burner stoves had varying sizes and weights, with the maxi-
mum flame temperature at room temperature being 1,190.30°C,
and the average temperature at 758.916°C for non-insulated ga-
sifier stoves. Insulated gasifier stoves had maximum and average
temperatures of 518.30°C and 289.014°C at room temperature. The
operating time of stoves directly influences the fuel consumption
rate, specific gasification rate, and combustion zone rate of stoves.
The fuel consumption rate has a significant effect on the type of
gasifier stove, with the maximum rates being 3.820 and 2.099 kg/
hr. The time to consume rice husks to gasify them depends on the
density of the rice husk, reactor volume, and fuel consumption
rate. The average specific gasification rate for insulated and non-
insulated stoves is 106.45 and 120.63 kg/mh, respectively. The
performance of gasifier stoves varies based on the biochar con-
version rate, with non-insulated stoves producing a higher biochar
mass per rice husk. Multiple regression analysis was used to model
the relationship between time elapse and temperature/heat energy,
with the cubic polynomial model being the best predictive model
fit for all variables.

Ethiopia’s rural communities rely heavily on biomass fuels,
with wood fuel and cow dung being the largest sources. Only 15%
of Ethiopia’s land is covered by forests, producing most biomass
energy resources. Rice husk gasification could promote renewable
energy and reduce greenhouse gas emissions. Biomass briquettes
from rice husk can contribute to the energy mix and waste ma-
nagement options for these communities, ensuring sustainability
in energy exploitation (WB, 2020). Biomass gasification is a pro-
mising technology for developing countries like Ethiopia, offering
easy construction, installation, and operation. Hence, rice husk
gasification can be a solution for this renewable energy promo-
tion scheme as well as an alternative for the reduction of green-
house gas emissions, by being an alternative to the fast-declining
wood fuels, which are useful in carbon sequestration and reduction
of greenhouse gas emission. Energy remains essential for deve-
lopment, but the exploitation of energy sources needs to be carri-
ed out with sustainability in mind. The household energy derived
from rice husk can have a remarkable contribution to the energy
mix and waste management options of the milling wastes so with
communities in rice processing areas that largely depend on wood
fuel. The study highlights the importance of maintaining local bi-
omass supply to reduce reliance on fossil fuels and the potential
benefits of distributed biomass gasifier stove technologies.

Based on the study, the following recommendations can be
made:

1. To ensure the continuous and sustainable functioning of
this technology using local resources, it is recommended
to modify the stove for continuous feed type.

2. Conduct and highlight the need for further kitchen perfor-
mance evaluations to determine fuel efficiency in typical
conditions.

3. Testing revealed a thermal efficiency of approximately
31.27% for the biomass gasifier stove, indicating a need
for increased efficiency through an insulation system to
benefit the environment and public health compared to
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traditional stoves.

Further research is suggested to develop continuous and
enclosed biomass gasifier stoves for large-scale cooking,
addressing future considerations in economics, techno-
logy, and the marketing system of the stove.

It needs to create demand by conducting a participatory
demonstration of the gasifier stove at the village level.
Local manufacturers need to be trained on the fabrication,
maintenance, and operation of the stove so that the stove
should be available to the end-users.
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