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Purpose of the study: This study aims to design and test a gasifier-type biomass
stove equipped with a heat exchanger system as an innovative effort to increase
thermal efficiency and reduce CO emissions.

Methodology: The stove is designed with a special configuration by adding a
heat exchanger to the gasifier system. It has dimensions of 700 mm in height,
400 mm in diameter, a combustion chamber height of 300 mm, combustion
chamber diameter of 300 mm, an air inlet pipe diameter of 1.5 inches, an exhaust
pipe diameter of 3 inches, and a heat exchanger length of 90 cm. Testing was
conducted under cold start and hot start conditions, with variations in grate
height (250 mm and 300 mm) and air-fuel ratios (0.9, 1.0, and 1.3).

Main Findings: The test results showed that the stove with a heat exchanger
system was able to increase the average thermal efficiency to 35.76%, higher
than the conventional biomass stove of 28.89%. The CO emissions produced
ranged from 19 ppm to 51 ppm, depending on the variation of operation. The
optimal conditions were obtained at a grate height configuration of 250 mm and
an air-fuel ratio of 1.0 which produced the highest efficiency of 38.02% with CO
emissions of 42.78 ppm.

Novelty/Originality of this study: The integration of a heat exchange system
into a gasifier-type biomass stove has been shown to enhance thermal efficiency,
significantly reduce CO emissions, and yield an optimal combination of
parameters that are rarely addressed in previous studies.
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1. INTRODUCTION

Biomass is one of the renewable energy sources that has great potential due to its abundant availability,
its renewable nature, and its ability to reduce dependence on fossil fuels [1]-[3]. The increase in global energy
needs accompanied by issues of climate change and greenhouse gas emissions encourages the use of biomass as
an alternative environmentally friendly energy source [4]-[6]. One form of biomass utilization that is widely used
is biomass-fueled stoves for household needs and small industrial scales.

Gasifier-type biomass stoves are one of the choices that are widely developed because they are able to
produce pyrolysis gas (producer gas) which is then re-burned to produce heat [7]-[9]. This process has the potential
to improve combustion quality compared to direct combustion stoves. However, gasifier-type stoves still face
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several major problems, namely relatively low thermal efficiency and high pollutant emissions, especially carbon
monoxide (CO) which is harmful to health [10]-[12].

The thermal performance and emission characteristics of biomass stoves are greatly influenced by various
factors, such as stove design, combustion chamber geometry, air supply, and operational conditions [13]-[15].
Conventional gasifier stoves generally experience suboptimal heat utilization and imperfect combustion, resulting
in a lot of heat being wasted with exhaust gas and high CO gas emissions [16]-[18]. Therefore, increasing
efficiency and reducing emissions are the main focus in the development of biomass stove technology.

The study by Kole et al. [19] focused on the design and performance evaluation of a rice husk-based
biomass stove in a highland area, with an emphasis on adapting the design to extreme environmental conditions.
Meanwhile, Mekonnen [20] focused on improving thermal efficiency and reducing emissions through the adoption
of an improved biomass stove for sauce cooking purposes in rural Ethiopia. Both studies make important
contributions to the development of sustainable biomass stoves, but have not specifically integrated heat recovery
systems as an approach to simultaneously improve energy efficiency and reduce emissions. The current study fills
this gap by designing and experimentally testing a biomass pellet gasification stove equipped with a heat recovery
system, thus optimizing energy utilization while reducing emissions, making it a more comprehensive and efficient
solution for clean energy needs in remote areas.

One promising solution is the application of a heat recovery system or heat exchanger system that
functions to capture heat from exhaust gas and reuse it to heat the incoming air [21]-[23]. This technology has
been widely applied to industrial-scale combustion systems, but is still rarely implemented in small-scale gasifier-
type biomass stoves. The integration of a heat exchanger system is expected to improve combustion conditions,
increase thermal efficiency, and reduce CO emissions without significantly increasing the complexity of the stove
design [24]-26].

In addition to the application of the heat recovery system, the setting of operating parameters such as
grate height and air-fuel ratio also plays an important role in achieving optimal combustion performance [27], [28].
Proper control of both parameters can ensure adequate oxygen supply, improve flame stability, and encourage a
more perfect combustion process so that efficiency increases and CO gas emissions decrease [29], [30]. Based on
this background, this study aims to design and test the performance of a gasifier-type biomass stove equipped with
a heat recovery system.

This research has a novelty in the integration of a heat recovery system in a biomass pellet gasification
furnace, which has not been widely developed in previous studies. This innovation allows for a significant increase
in thermal efficiency while maintaining low emission levels. The urgency of this research lies in the urgent need
for energy-efficient and environmentally friendly cooking technology, especially in remote areas that still rely on
biomass as the main energy source. By combining high efficiency and reduced emissions in one stove design, this
research offers a practical and sustainable solution to improve energy security and air quality in rural communities.

The focus of this study is to evaluate the effect of variations in grate height and air-fuel ratio on the
thermal efficiency and CO emission characteristics of the designed stove, with the aim of producing an efficient
and environmentally friendly stove for household and small-scale applications.

2. RESEARCH METHOD
2.1. Research Design

The research will be divided into several stages, where the pre-research stage is to conduct a literature
study on matters related to biomass stoves. Then, the main research concerns three things, namely design,
fabrication, and testing (bolded in the scheme below). Provision of tools and materials and fuel preparation can be
done at the same time before fabrication [31]. The things tested include CO exhaust emissions from the stove and
the thermal efficiency of the stove. After that, an analysis and evaluation of the research results were carried out,
and finally a conclusion was made. The flow diagram in this study can be seen in Figure 1.

Stove Design
Stove Fabrication

Fuel Preparation

Thermal Efficiency Analysis & Evaluation of Research Results

Figure 1. Research Flow Diagram
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2.2. Stove Design Stage

The stove design is focused on producing a biomass pellet stove with high efficiency and low emissions.
The design includes determining the dimensions of the combustion chamber, air intake system, chimney
dimensions, and heat recovery system based on the counter current gas-to-gas heat exchanger principle. The main
dimensions of the design results are: overall height 700 mm, overall diameter 400 mm, combustion chamber height
300 mm, and combustion chamber diameter 300 mm. The air inlet pipe has a diameter of 1.5 inches, the chimney
pipe has a diameter of 3 inches, and the heat exchanger length is 90 cm. The design considers the need for a balance
between air flow velocity, exhaust gas temperature, and flame stability to support optimal thermal efficiency.

2.3. Stove Fabrication

The stove is fabricated using carbon steel and stainless steel pipes that are heat and corrosion resistant
[32]. The fabrication process includes cutting, welding, assembling the combustion chamber, installing the primary
air flow system, secondary air, and heat exchanger system [33]. A 5 mm diameter wire mesh grill is installed in
the combustion chamber to support the combustion process. The chimney is equipped with a knock-down system
to facilitate the maintenance process. The entire outer surface of the stove is coated with heat-resistant paint to
increase corrosion resistance [34], [35].

2.4. Fuel Preparation

The fuel used is biomass pellets made from dried sawdust. The pellet making process was carried out in
previous studies, so in this study the pellets were used in ready-to-use form. Pellets have a water content of <10%
and a diameter of £6 mm, with an average length of 20-30 mm. Pellets were used as fuel in all tests.

2.5. Stove Performance Testing

Testing was conducted in two categories, namely: Thermal efficiency testing was conducted using the
Water Boiling Test (WBT) method. 1.5 kg of water was heated in a pan until boiling. The parameters measured
included water temperature, fuel mass, evaporated water mass, and ambient temperature [36]. Temperature data
was recorded using a K-type thermocouple connected to the ADAM 4018 module for data acquisition [37]-[39].
Efficiency was calculated based on the comparison of the energy absorbed by water with the energy generated
from the combustion of biomass pellets [40]-[42]. The carbon monoxide (CO) content in the exhaust gas was
measured every 2 minutes using a CO Gas Analyzer (CO Detector 7701). Measurements were carried out
simultaneously with the thermal efficiency test. Temperatures at key points, namely flame temperature (T1), heat
exchanger inlet gas temperature (T2), chimney outlet gas temperature (T3), and inlet air temperature (T4) were
measured for analysis of combustion and heat transfer characteristics.

2.6. Data analysis

The data obtained were analyzed to determine the thermal efficiency of the stove and the amount of CO
emissions under various test conditions, including variations in cold start and hot start modes, variations in grate
height, and variations in air-fuel ratio. All test results were compared to determine the optimum configuration that
produces maximum efficiency and minimum emissions.

3. RESULTS AND DISCUSSION
3.1. Stove Dimensions

The combustion chamber shape is set to be a hollow cylinder like a rocket stove. The area and height of
the combustion chamber can be calculated using the formula:

YAmg
H.e=—"..(1
€C 7 pfxAcc (1)

The power generated for this stove is adjusted to the daily needs of the community who cook for an
average of 1 hour with a power of 2.4 kW, so the mass of fuel used is:

_ ZAfoHC

FPay )

tr

t
Amy = H—Tcx P, ... (3)

With an average biomass heating value of 19.2MJ/kg, the fuel mass is 0.45 kg = 450 grams. According
to equation (1) with an average packing density of 1.1 kg/l and an assumed variation in the height of the combustion
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chamber (Hcc) of 15 - 30 cm, the radius of the combustion chamber is around 0.15 m = 15 ¢cm or the diameter of
the combustion chamber is 30 cm.

Then to determine the diameter of the cooking hole (pot hole), it is adjusted to the availability of pots or
pans on the market. After the survey, the variations of the available pots include diameters: 18 cm, 20 cm, 22 cm,
24 cm, 26 cm, 28 cm, 30 cm, 31 cm, 34 cm. The use of each diameter is different, for diameters <24cm are
generally used for fast use such as boiling instant noodles or brewing coffee/tea.

The calculation of the thickness of the stove uses the heat transfer equation for a cylindrical shape
assuming the outside temperature of the stove is 70 °C, so with the dimensions of the cylinder the thickness is 5
cm.
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Figure 5. Detailed design of a biomass stove

Overall, the height of the stove when added with the space under the grate with a height of 25 cm and
support legs of about 10 cm, then the total height is 70 cm. With a stove thickness of 5 cm, the total diameter of
the stove is 40 cm as shown in Figure 5.

For the pipe used as the exhaust chimney and the air inlet pipe that will take the heat from the exhaust
chimney, the calculation uses a simple simulation (in Appendix A) of a countercurrent heat exchanger, then the
dimensions of the pipe used will be obtained, including:

e |Inlet air pipe dimension (inner pipe): @ 1.5 inch
e Exhaust pipe dimension (outer pipe): @ 3 inch
e Heat exchange length: 90 cm

3.2. Overall Stove Performance Results
The overall performance of the stove is the result of the average emission efficiency test produced. Which
is shown in the following table:

Table 1. Cold Start and Hot Start Test Results
Condition n (%) Average CO Emissions
Cold Start 33.75 38.39
Hot Start 35.39 51.63

Table 1 shows the results of the gasifier furnace performance test under cold start and hot start conditions.
The thermal efficiency (1) under cold start conditions reached 33.75%, while under hot start it increased to 35.39%.
However, the average CO emissions were actually higher under hot start conditions of 51.63 ppm compared to
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cold start which was only 38.39 ppm. This shows that although the efficiency increased slightly during hot start,
the formation of CO emissions also increased significantly.

Table 2. Ui Results of Grate Height Variation
Grate (mm) n (%) Average CO Emissions
250 35.85 19.12
300 35.39 51.63

Table 2 shows the effect of grate height variation on efficiency and CO emissions. At a grate height of
250 mm, the thermal efficiency reaches 35.85% with an average CO emission of 19.12 ppm. While at a grate
height of 300 mm, the efficiency decreases slightly to 35.39% and CO emissions increase sharply to 51.63 ppm.
This shows that a lower grate height (250 mm) produces more complete combustion with lower CO emissions.

Table 3. Results of Air/Fuel Ratio Variation Test (Air Speed)
AJF Ratio n (%) Average CO Emissions

0.9 37.84 40.61
1 38.02 42.78
1.3 35.39 51.63

Table 3 presents the effect of variations in the Air/Fuel (A/F) ratio or air velocity on efficiency and CO
emissions. At A/F ratios of 0.9 and 1.0, efficiency tends to be higher (37.84% and 38.02%) with CO emissions of
40.61 ppm and 42.78 ppm, respectively. However, when the A/F ratio is increased to 1.3, efficiency decreases to
35.39% and CO emissions increase to 51.63 ppm. This shows that too high an air-fuel ratio can reduce combustion
efficiency and increase CO emissions.

3.3. Efficiency Test Results
Efficiency testing is done using the Water Boiling Test (WBT) method. In general, this method produces
a ratio of heat produced by fuel to heat received by water to raise its temperature and evaporate it.

Table 4. Cold Start and Hot Start Test Results

Type Mwater (kg) Whbiomassa (kg) Mevap (kg) Th (°C) H (%)
Cold 15 0.189 0.240 106 33.75
Hot 15 0.190 0.270 104 35.39

Table 5. Grate Height Variation Test Results

Grate (mm) Mwater (kg) Whbiomassa (kg) Mevap (kg) Tb (°C) 1 (%)
250 15 0.194 0.28 107 35.85
300 15 0.19 0.27 104.5 35.39

Table 6. Results of Water/Fuel Ratio Variation Test

A/F Ratio Mwater (kg)  Whiomassa (kg) Mevap (kg) Th (°C) n (%)
0.9 15 0.195 0.31 107.5 37.84

1 15 0.189 0.3 106 38.02

13 15 0.19 0.27 104.5 35.39

The test results in Table 4, Table 5 and Table 6 show that the highest efficiency occurs when the water
per fuel ratio is in stoichiometric conditions, but there is still a possibility of an increase between the ratios of 1
and 1.3, because the large amount of excess air can increase the flame temperature according to the basic theory
of combustion so that the heat produced is greater can be delivered to the cooking object. In addition, operating
conditions that can produce high efficiency when cooking conditions start at high temperatures (hot start). For the
height of the fuel from the grate to the stove hole, the efficiency is greater when the height is 250 mm, because the
resulting fire can be evenly distributed throughout the surface of the pan compared to if the position is further
away. The average efficiency produced is quite high, up to above 35%, this is due to the recovery produced by
heat exchange in the exhaust gas chimney.

The results showed that the application of a heat recovery system by adding a heat exchanger to a pellet-
based biomass gasification furnace significantly increased thermal efficiency. The average efficiency obtained
reached 35.76%, higher than a conventional furnace of 28.89%. This shows that most of the heat energy that was
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previously wasted through exhaust gas can now be reused to heat the incoming air, thereby increasing combustion
and overall energy efficiency. This innovation is a practical solution to improve thermal performance without
significantly increasing system complexity.

Variations in the height of the combustion grate have a significant effect on efficiency and CO emissions.
In the 250 mm grate height configuration, the highest thermal efficiency of 35.85% was achieved with the lowest
CO emissions of 19.12 ppm. Conversely, at a height of 300 mm, there was a significant increase in CO emissions
to 51.63 ppm and efficiency decreased. This indicates that the optimal distance between the fuel and the bottom
surface of the cooking vessel is very important to maintain perfect combustion and even heat distribution. Testing
on three variations of air-fuel ratio (0.9; 1.0; 1.3) showed that the stoichiometric ratio (1.0) produced the best
combination of efficiency (38.02%) and CO emissions (42.78 ppm). Too low an air ratio results in incomplete
combustion, while excess air (A/F = 1.3) actually reduces efficiency and increases emissions due to flame cooling
and disturbances in heat distribution. These results reinforce the importance of controlling the A/F ratio in
gasification furnace design so that optimal performance can be achieved.

With the achievement of relatively low CO emissions (19-51 ppm), this stove is considered
environmentally friendly and in accordance with the safe CO limit standards for household kitchens. The success
of reducing emissions without sacrificing efficiency is a strategic step in the development of sustainable cooking
technology [43], [44]. Moreover, the use of biomass pellets as fuel supports reducing dependence on fossil fuels
and utilizing agricultural waste productively.

Previous research by Kole et al. [19] focused on the design, development, and performance evaluation of
a rice husk-fired biomass stove for highland conditions, highlighting the thermal efficiency and adaptability of the
stove in this specific environment. Meanwhile, research by Konieczna et al. [45] evaluated the thermal energy and
flue gas emissions of a gasification stove using pine and hemp pellets, focusing mainly on the comparison of
alternative fuels and their environmental impacts. Both studies provide important insights into the energy
efficiency and emission reduction of biomass stoves, but have limitations in integrating a heat recovery system as
a step to significantly improve thermal efficiency. The current research fills the gap by designing and testing a
pellet-fired biomass gasification stove equipped with a heat recovery system, aiming to achieve high efficiency
while reducing emissions, thus providing a more comprehensive solution in the development of environmentally
friendly and energy-efficient biomass stove technology.

This study enriches the literature related to the development of biomass gasification furnaces by
presenting the integration of a heat recovery system on a small scale. Although this technology is common in the
industrial sector, its application in household stoves is still very limited. Therefore, this research not only offers a
new, applicable approach, but also opens up space for the development of future stove designs that are more energy
efficient and environmentally friendly.

This research has a positive impact on the development of more efficient and environmentally friendly
biomass stove technology, especially for rural communities that still rely on biomass as their main energy source.
The integration of the heat recovery system has been proven to increase thermal efficiency by more than 35% and
reduce CO emissions to safer levels, thus potentially improving indoor air quality and reducing health risks due to
incomplete combustion. However, this research still has several limitations, including limited performance tests
on a laboratory scale and controlled environmental conditions, and the lack of long-term tests on material durability
and stove performance in daily use. In addition, the test only focused on certain types of biomass pellet fuel, so
further studies are needed to test the performance of the stove on various types of biomass and variations in cooking
loads.

4. CONCLUSION

The designed biomass stove has a total dimension of 700 mm height, 400 mm diameter, 300 mm
combustion chamber height, 300 mm combustion chamber diameter, 1.5 inch air inlet pipe diameter, 3 inch exhaust
pipe diameter, and 90 cm heat exchanger length. This stove shows an average increase in thermal efficiency of
35.76%, higher than similar stoves which only reach 28.89%. The CO emissions produced range from 19-51 ppm,
where under optimal conditions it still meets the recommended CO emission limit (25 ppm). The best results were
achieved at a grate height configuration of 250 mm and an air-fuel ratio of 1.0 (stoichiometric), which provides a
balance between maximum efficiency and minimum emissions. Further research is recommended to conduct long-
term field tests to evaluate the durability of the material and the performance of the stove under daily use
conditions. In addition, exploration of various types of local biomass fuels is needed to test the flexibility and
efficiency of the stove more widely.
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