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Abstract

With the growing need for clean, decentralised fuels of energy in remote and areas prone to disasters, new
forms of biomass fuelled thermoelectric technologies have been expanded. A portable thermoelectric
cookstove capable of generating electricity from biomass combustion is designed, developed, and optimized
in this paper. Thermoelectric generators (TEGS), heat sinks and insulation are combined into the stove to
improve thermal efficiency and power output. The system was subject to Key performance tests such as Water
Boiling Test (WBT), Temperature Duration Test (TDT), and Power Output Test (POT) under different
configurations and environmental conditions. Thermal dissipation and voltage consistency were superior for
four heat sink geometries tested (vertical fins, pin-type, flower-type, and extended flower-type) and vertical
fin results were obtained. A continuous 3 V-7 V DC was produced by the optimized cookstove to power 6
LED lights at once or communications devices including ‘walkie-talkies’. The efficiency was greatly
improved by the integration of a latent heat storage using phase change material (PCM) and thermal insulation
using glass wool. The design is suitable for rural electrification in areas of the world exposed to natural

disasters and with no dependable grid infrastructure.

Keywords: Thermoelectric Cookstove, Biomass Combustion, Phase Change Material (PCM), Heat Sink
Geometry, Rural Electrification

1. Introduction

Due to the push for global energy equity and sustainability, devices for decentralized, low cost,
environmentally friendly energy generation are greatly desired. It is usually the case that rural and disaster-
prone areas lack access to reliable electricity leaving few options to integrate daily energy use with power
generation. One such innovation in integrating traditional cooking with demand for modern power is biomass

fired thermoelectric cookstove.
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The Seebeck effect is used to use heat energy from combustion of biomass to produce electricity in a
thermoelectric cookstove. The Seebeck effect is that of the generation of voltage across two dissimilar
conductors or semiconductors when a temperature gradient is provided. This effect is tapped by optimised
thermoelectric generators, one side of which is insulated to maintain a temperature differential between its

hot side and its cooling side (which is in turn incarcerated to protect against loss) [1-6].

Biomass stoves are ubiquitous for cooking in traditional settings where they are found in rural areas. Yet, an
energy inefficient characteristic and waste heat producers lie in these stoves. Because this unused heat
represents a resource loss and because poor people face indoor air pollution, this heat is not only wasted, but
it is also a risk to health. Thermoelectric cookstove proposed addresses both problems by converting wasted
heat to electricity and improving fuel combustion efficiency and cut down environmental impacts. The
concept of this work derived from the fact that a good deal of heat energy (in particular, that released during
cooking with charcoal, coconut shells, wood, and honeycomb briquettes) is wasted. The thrust of this study
IS to recover and convert that heat into electricity to power such things as mobile devices, small LED lights

or drive basic electronics that are required to sustain off grid communities [7-9].

Ahmed et al. [10] carried out a longitudinal evaluation study in rural India focusing on measuring sustaining
the use of and effects of Thermo-Electric Generator (TEG) cookstoves. Even though the stoves were fairly
promising in to begin with (i.e. the stoves produced less smoke, and consumed less fuelwood), the study found
that there was a vast reduction in the usage of stoves two years after deployment. The study applies
behavioural science models such as the Behaviour Change Wheel and the COM-B model to identify
behaviours that are an obstacle to sustainable use. These are physical restrictions (e.g. small fuel entry hole,
limited functionality) and mental restrictions (e.g. perceived complexity, unknown opportunity of the long-
term benefits). Although they had accepted to use the cookstove, none of them used it during the one month
before the survey. The authors recommend co-designing the solutions according to the local needs and
incorporating the educational effort to convey both visible and health-related advantages. This paper is an
important reminder that the technical solutions are not enough regarding adoption and long-term effects,

because of the user-centered design, continuing engagement, and supportive infrastructure.

Jewitt and Raman [11] critically review the Indian challenges of influencing and pursuing an energy poverty
policy in India by spreading the use of improved cookstoves and fuelling biofuels with the approach of market-
based development. Although we should not discount and act on the theory that decentralized clean energy
systems have, in theory, great potential, the article makes the argument that real-world experiences have been
plagued by socio-political issues. Well-meaning government interventions have time and again worsened
intra-communal inequalities and land-use politics especially in tribal and agrarian areas. Other criticism led
by the authors is based on the use of private-sector partnerships and user-centered marketing approach since
such strategies are usually aimed at promoting commercial objectives rather than the access to fair energy
provision. Their discussions shed some light to the weaknesses of institutional reforms which fail to consider

thoroughly the prevailing social hierarchies and livelihoods in rural societies. The article plays an important
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role in the current debate about sustainable development at asking that more participatory, context-oriented
rural energy planning needs to be put in place which shuns the technocratic and market-oriented paradigm.

Additionally, phase change materials (PCMs) are incorporated for the storage and delayed thermal dissipation
of heat, prolonging of power output following extinction of the flame. In addition to reducing convective heat
losses it further improves the cookstove’s energy efficiency. Material selection, temperature thresholds as
well as expected output power were used to determine the basis for the integration of the TEG modules into
the stove. At medium temperature (up to 330-400 °C) range, Bi2Te3 based thermoelectric modules were
selected with high performance. The system is intended to be small, lighter, simpler and more easily
transportable systems as they are for outdoor fans, emergency response teams, and rural households [10-14].
In addition, the cold side of the TEGs were experimentally tested for different heat sink configurations to
optimize the heat sink configuration. In the real world, vertical fins, pin-type fins and flower-type fins were
all studied for heat dissipation as it is very important due to heat transfer. The objective was to find an optimal
design for long term life without active cooling systems [12-16]. In this work, a thermoelectric biomass stove
prototype is explored from a thermodynamic perspective in regard to its performance, energy generation
potential, and real world usability. This discusses the technical considerations in material selection, stove
construction, and thermal optimization; however, electrical performance assessment is not discussed. Above
all, the device is intended to combat energy poverty but it also reaches its potential as a scalable,

environmentally friendly means to supply basic electricity needs.

2. Methodology
2.1 System Design and Architecture

In this study, we further developed the thermoelectric cookstove system that consists of a very carefully
designed collection and set of synergistically integrated components (shedding light on some of what can be
achieved), each critical to the energy conversion efficiency and overall system functionality in off grid or

resource constrained environments.

The system is heart-based, as the combustion chamber is cylindrical design, of mild steel (MS) for structural
integrity and high thermal conductivity. Dual function of ceramic block as retaining heat during combustion
and reflecting and concentrating the heat towards the stove walls where thermoelectric modules are mounted

in the inner lining.

Bismuth telluride (Bi:Tes) based thermoelectric modules are based on a material, which has a good
thermoelectric performance at moderate temperature ranges. They are there in these modules installed to the
outer wall of the combustion chamber absorbing both radiated as well as conducted heat from the combustion
chamber. Heat sinks are attached to the cold side of each TEG in order to maintain the requisite temperature

differential for effective power generation. The possibility of natural convection both in temperature and in
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subsonic flow was investigated for four types of heat sinks: vertical fins, a type of flower, extended flower
type and pin type to identify the optimal heat sink configuration for dissipating heat.

Glass wool insulation also called quilt wool, will be wrapped around the stove body in order to prevent
unwanted thermal losses. It minimizes convective heat transfer to the surrounding air, and thereby utilizes
more of the energy in a thermoelectric conversion pathway. Moreover, around the heat exchange zones
embeds paraffin- based phase change material (PCM). This PCM stores surplus heat during the peak
combustion period and releases it slowly during the non-combustion period, thereby increasing power

generation duration.

Then, the electrical output from the TEGs are connected to a DC circuit through a USB interface. The stove’s
power allows it to power 1-6 LED bulbs (1-3 watts each), and even charge small electronic devices like
mobile phones and power banks. The cookstove is a self-contained, practical solution for rural electrification

due to its integration of heat recovery, energy storage, and direct power delivery.

2.2 Fabrication Process

Mild steel (MS) sheets were chosen for its strength and durability in addition to being thermally conductive
in fabrication of the stove body. To promote thermal stability and improve the internal heat retention, the inner
chamber was partially lined with a ceramic wall, which serves the function of an insulating layer and reflecting
and concentrating the heat onto the TEGs. Strategically, these Bi>Tes based TEGs were mounted on the outer
surface of the combustion chamber at locations where they were determined to be the hottest zones as
preliminarily mapped. Additional thermal conduction was achieved by placing the stove wall and the TEGs
in an aluminium plate. A heat sink selected from different tested types was placed on the cold side (ie. heat
reject side) of each TEG to maintain temperature differential for efficient power generation under natural
convection conditions. Voltage and power output were continuously monitored by use of a digital multimeter
that was connected to appropriately matched load resistors. It was able to collect these data with precision
under varying fuel conditions for performance comparisons and to optimize the thermoelectric component of
the conversion system of the stove. Fig.1 shows the thermo-Electric Stove setup with Material and Component

Layout. Fig.2 Optimization of Thermoelectric Stove Performance.
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Fig.1 Thermo-Electric Stove setup with Material and Component Layout
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Fig.2 Optimization of Thermoelectric Stove Performance

2.3 Experimental Setup

Thermoelectric cookstove was experimental evaluated under real world, ambient outdoor conditions in order
to replicate typical usage scenarios. These three types of biomass fuels were tested in three separate test
sessions, including a standardized fuel load of 250 grams per session, using charcoal, wood (dry branch) and
honeycomb briquettes. In order to assess performance of the stove across the three different fuels, the three
main metrics were measured. The first was the Water Boiling Test (WBT), by which 2 liters of water placed
on top of the stove was reported to become boiled within allotted, and hence direct, indicators of heat transfer
efficiency. The Temperature Duration Test (TDT) was the second metric and a measurement of how long the
stove could have maintained cooking temperatures close to 400 degrees after being ignited, providing
information about thermal retention and fuel combustion. Finally, the Power Output Test (POT) came to

include electrical generation by measuring both the open circuit voltage and a matched voltage across a
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resistive load in order to calculate the power output of the thermoelectric modules. The digital multimeters
were unwillingly used, and the tests recorded precisely and collectively gave a performance profile of the

stove under different fuels types and conditions. Fig.3 Cookstove performance evaluation process.
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Fig.3 Cookstove performance evaluation process

2.4 Heat Sink Evaluation

Four different heat sink configurations were tested under identical combustion and ambient environmental
conditions in order to optimize the thermal management of the thermoelectric generator (TEG) system. The
fins that were designed for natural heat dissipation included vertical fins, flower fins, extended flower fins
and pin type fins, which all possessed specific geometry and surface area. The problem was to identify the
configuration that would keep a sufficiently large temperature gradient across the TEG modules while at the
same time removing a maximum amount of heat from the cold side. Each heat sink was evaluated on how
well it retained voltage output over time, which was directly proportional to thermal gradient and, therefore,
power generation efficiency. In addition, the thermal dissipation rate, mechanical design complexity, weight,
and material cost were also included. Some heat sinks were bulkier or more expensive to manufacture, but
better cooled. Eventually, the vertical fin design turned out to have been a good solution as it largely provided
superior heat dissipation, mechanical simplicity and cost, and was suitable for integration into portable, off

grid energy systems. Fig.4 shows the heat sink Design Evaluation Process.
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Fig.4 Heat sink Design Evaluation Process
3. Results and Discussion
3.1 Heat Sink Performance Evaluation

In optimizing the thermoelectric cookstove performance, the optimization of heat dissipation from the cold
side of the thermoelectric generator (TEG) modules turned out to be one of the critical aspects. Since it is
desirable to achieve high heat flow rates to high temperatures, four separate heat sink designs were
experimentally evaluated: vertical fins, pin type fins, flower fins, and extended flower fins. The passive
cooling through natural convection and radiation were provided through each design. Three parameters of the
heat sinks were assessed, that is, maximum open circuit voltage (Voc), time obtained to reach peak voltage,

and voltage maintained for 20 minutes of operation.

The vertical fin heat sink was found as the most effective, achieving up to 6.2 V in just 8 minutes and then
sustaining up to 5.4 V for 20 minutes as shown in Table 1. Fig.5 presents the graphical representation of

Voltage Output Comparison Across Heat Sink Configurations

This is attributed to its ability to have larger surface area and have a linear geometry which enhanced the
airflow pathways and helped remove the heat quickly. The least efficient of the fins was the pin-type, which
being more compact and potentially cheaper suffered from only 5.4 V at peak and just 4.2 V after 20 mins
due to its small surface area and less favourable air flow dynamics. In achieving a momentary voltage of 5.9
V, the flower fins were unable to maintain this output dropping instead to 4.5 V, which is possibly due to heat
dispersion and airflow obstruction caused by the intricate design. Even though extended flower fins are
slightly better than the standard flower type with a sustained voltage of 4.8 V, they did not reach the desired

vehicle performance. The results clearly show that the geometry and orientation of the heat sink are critical
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for design and operation of efficient thermal gradient across TEG modules. Vertical fins tested among the
others, however, provided the best of thermal efficiency, durability, and manufacturability, capitalizing them

as the most appropriate for real world use in off grid thermoelectric systems [17-20].

Table 1: Open Circuit Voltage Comparison Across Heat Sink Types

Heat Sink Type Max Open Circuit Voltage Time to Peak Sustained Voltage (20
(Voc) Voltage mins)

Vertical Fins 6.2V 8 mins 54V

Pin-Type Fins 54V 6 mins 4.2V

Flower Fins 59V 10 mins 45V

Extended Flower 57V 9 mins 48V

Fins

10 =W Max Voc (V)
Em Time to Peak (min)
Emm Sustained Voltage (V)

Values

e crical Fins pe fns clower Fns 410 wer Fins

in-TY
Py Exte“de

Fig.5 Voltage Output Comparison Across Heat Sink Configurations

Both the positive and the negative trends in the open circuit voltage performance of different designs of heat
sink in the thermoelectric cookstove can be seen to be due to a number of interrelated thermal, geometric and
functional factors. The greatest factor behind this is in the amount of surface area in which heat can be
dissipated. The vertical fin heat sinks have relatively greater surface area thus can transfer heat much better
both via natural heating and radiations. This benefit allows a different temperature gradient within the
thermoelectric generator (TEG) modules hence generating more voltages. Vertical fins also are linear and

upright in geometry, which helps in maintaining free flow channels of the air which in turn better facilitates
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the process of extracting the hot air upwards and this is also not well achieved in case of compact or intricately
designed fins like pin-type or flower fins that have restricted channels of flow of air.

Also, the thermal mass of every type of heat sink will determine its capability to absorb and discharge heat.
Vertical fins perhaps have a best ratio of mass to surface amount which will yield rapid heat response and
strong performance. On the other hand, the pin-type fins are susceptible to uneven heating or rapid heat due
to fewer available masses or surface areas, which has an impact on their capability of maintaining a sustained
voltage output. The effectiveness of natural convection is another aspect, which the vertical fin design with
an upright orientation and alternately spaced fins are optimally suited to utilize, the complex geometry will

also cause turbulence in the flow, and will lower the effectiveness of the natural convection force.

The radiative heat loss also plays significant role in the total thermal performance. Vertical fins have open
design and low surface profile that enables enhanced radiant heat dissipation to environment. Conversely,
flower like fins having interlapping and deformed surfaces can constrain the openness of line of sight,
decreasing the efficacy of radiative dissipation. The thermal resistance between the TEG modules and the heat
sink should also be addressed with the concern of equal significance. Vertical fin designs with flat and smooth
bases will give enhanced thermal contact and thus reduce the resistance and enhance the heat transfer.
Conversely, on pin-type or flower fins arrays of uneven or narrow contact areas are possible, and this can

raise resistance and compromise thermal efficiency.

Performance outcome is also determined by manufacturability and mechanical accuracy. Vertical fins are also
easy to create in high levels of dimensional fidelity and this reduces flaw which may hamper heat transfer.
Finer geometries of fin are prone to error like non-uniformity of contact surfaces or irregular spacing which
impact adversely on the passage of heat. Moreover, the realistic operating conditions, frequently dusty or
biomass-rich, indicate that uncomplicated and open solutions such as vertical fins would be preferable since
they are less likely to be airflow impeded by the debris stuck in it. Complex patterns on the contrary are more

likely to entrap particles and become less effective with time[21-25].

The other issue is structural integrity subjected to heat. The prolong long flower fins can be weaker, it could
deform at high temperatures, in contrast, the vertical fins are structurally rigid and have constant geometry
over its life cycle. Last but not least, it should be said that flower and extended flower fin may provide aesthetic
value or size-reduction, but their visually complex structure creates thermal inefficiencies. Such designs have
a lot of turbulence and surface exposure does not allow good cooling. The current analysis shows that passive
thermal solutions in engineering should focus more on functional geometry and sound airflow patterns than
aesthetic or compact solutions. Vertical fins were found to be the most viable heat sink in terms of thermal
efficiency, mechanical strength and ductility and replicability, with regards to all the types of heat sink which
have been tested, and this makes them the best solution to lay out in the real-life situation of off-grid

thermoelectric systems[26-30].
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3.2 Power Output and Load Performance

The thermoelectric cookstove was evaluated under matched load conditions in order to determine the
relationship between the temperature differential across the thermoelectric modules as a function of power
output. Three different biomass fuels, all of mass approximately 250 grams (charcoal, dry branches, and
honeycomb briquettes) were used to assess the performance of the stove. As shown in Table 2, power output
and duration of electrical generation varied significantly with the fuel type. Fig.6 presents the graphical

representation of comparison of power output and output duration for different fuel types.

Honeycomb briquettes had the best performance: maximum power output of 4.0 W and great viability of
generating electricity for up to 150 minutes. A large unique maximum voltage of 7.0 volts was obtained over
the greatest voltage range from 3.2 to 7.0 volts, indicating the stability and endurance of the combustion
process. In this way, honeycomb briquettes have the dense composition and uniform structure that makes
them burn more slowly and steadily than other fuel types. They are able to release a constant stream of heat,
allowing the TEG modules sufficient temperature differential for long periods to maximize the electrical

output.

Unlike charcoal, the power output produced from charcoal was only 3.0 W for 120 minutes, however it did
require constant stoking and airflow adjustment to maintain combustion. Charcoal has very high calorific
value and clean burning characteristics but it had a tendency to lose heat quickly and was sensitive to air

supply which posed challenge to its overall efficiency in this setup.

Table 2: Power Output at VVarious Fuel Conditions

Fuel Type Mass (g) | Power Output (W) | Output Duration (min) | Voltage Range (V)
Charcoal 250 3.0W 120 3.5-6.2
Wood (dry branches) | 250 22 W 90 3.0-5.8
Honeycomb Briquette | 250 40W 150 3.2-7.0
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Fig.6 comparison of power output and output duration for different fuel types

The lowest power output was at 2.2 W followed by a reduced output duration of 90 minutes as well as the
power output for dry branches (specified in the method section). Natural wood presents an irregular shape and
a varying density that also produces fluctuating combustion rates and a differing heat distribution. This causes
a less stable temperature gradient across the TEGs and therefore reduces voltage stability and therefore power

production.

The patterns exhibited by the power output and running performance of thermoelectric cookstove concerning
the various biomass fuels can be described by having number of interrelated factors. The high performance
of honeycomb briquettes has one of the main reasons in alertness to stability in the combustion of wood and
heat discharge to a uniform degree. Such dense and uniform structure will facilitate slow and gradual ablation
and the temperature difference across the thermoelectric generator (TEG) modules is maintained at a steady
rate. This stationary permits maintenance of high voltage range, protruding to 7.0 volts, and capable of

generating up to 150 minutes, revealing endurance as well as reliability of combustion process.

The other factor is the density of fuel and slower rate of energy release that is related to briquettes. Briquettes
make it possible to have the flow of fuel that continually burns as opposed to charcoal or wood which can be
fast burned up. Such stepwise thermal energy release reduces sudden temperature changes and gives a
prolonged thermal gradient to the TEG modules needed to maximize power-to-electricity conversion
efficiency. Long life of power that is produced using briquettes is directly related to their capacity to support

the required thermal conditions during extended periods.

Moreover, range of voltages worked by each form of fuel give understanding into system effectiveness. The
wide range of voltage across of 3.2-7.0V observed in the case of briquettes not only means high peak voltage,

but also steady voltage, which is a guarantee of prolonged and steady heat delivery. Charcoal on the contrary
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was characterized by a smaller voltage range with low stability even though it is free burning and has high
calorific value. It has a habit of heating up and cooling down so fast and this does not auger well with its

abilities to maintain the performance of the TEG over a period.

Charcoal also demanded a lot of manual evaluation as it had to be frequently stoked and supplied air to ensure
a steady combustion process. Such sensitivity to availability of oxygen also interferes with the thermal
stability and leads to inconsistency in heat flow to the TEG modules, which lowers efficiency of the total
system. Conversely, their self-sustaining nature of combustions in briquettes minimizes the user manipulation
and increases the independence of the system [31-36]. The much more readily available dry branches tend to
have variable moisture content, which influences ignition and combustion characteristics. Wood still ignites
and burns fast even when dry, so it has only a limited supply of heat. This restricts the possible duration of
usage of a practical temperature difference over the TEG modules, thus cutting electricity and power
production. There is also the build up of ash and combustion leftovers. Fuels such as wood and charcoal are
more likely to generate ash, which will disrupt the flow of heat to the surroundings in case it covers the firebed
or becomes smothered in air circulation channels. These blockages impede and lower thermal efficiency as
well as stable power production. Comparatively, briquettes have a limited output of ashes and much clean
burning (this aids continuous provision of heat). The other factor of consideration is the level of heat transfer
towards the TEG and the effectiveness of the combustion heat onto reaching the TEG interface. The uniform
burn pattern and strength in other words the integrity of the honeycomb briquettes enhances the heat contact
of the hot combustion gases with the mass of the stove body leading to the increase in the temperature
differential upon which the TEGs depends. Lastly, the fabricated structure of honeycomb briquettes makes
their performance distinct as well. These briquettes can be designed efficiently by being more functional such
as built-in air channels and standard shapes which will keep them from premature burning. This is unlike the
irregular shape and unstable composition of such natural fuels as wood and charcoal which may result in the

unfeasible thermal performance[34-36].

The obtained results show that fuel selection is an important parameter in maximizing thermoelectric stove
performance. The honeycomb briquettes provide a cleaner and longer burn with a more reliable energy source
for electricity generation in off grid applications. Their features of consistent combustion characteristics
reduce users intervention and provide steady power output which are favorable for the practical application

of their combustion systems in rural electrification scenario or that of emergency relief [36-40].
3.3 Effect of Insulation and PCM on Efficiency

The inclusion of appropriate amounts of glass wool insulation and paraffin based phase change material
(PCM) served as a key enhancement in the performance of the thermoelectric cookstove. The major challenges
in thermoelectric energy conversion that were addressed via this design intervention were minimizing heat
loss from thermoelectric generator (TEG) modules and increasing the temperature gradient in the TEG

modules beyond active combustion occurs. Table 3 demonstrates quantitatively the effectiveness of this
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improvement in improving system thermal behavior by means of comparing the system with and without

thermal management components.

If operated without insulation, the peak temperature of the stove was 310 °C and thermal efficiency was 5.86
%. In addition, the residual heat time (or duration of the fire, over which useful heat was still available for
electricity generation) was limited to 15 minutes. However, in contrast to the ceramic chamber, the addition
of glass wool around the ceramic chamber reduced convective heat losses of the ceramic chamber to the
environment. Because it acts as a highly effective thermal barrier, glass wool retains that heat within the

combustion zone and funnels it into the TEG modules.

The thermal inertia of paraffin-based PCM further amplified the system performance by integrating it. When
the PCM is in active combustion, the PCM absorbs and stores excess heat. Soon after combustion stops, this
stored latent heat will be released gradually, allowing for a long duration temperature differential across the
TEGs. Thermal efficiency improved to 9.23%, up some 57.5% from the 5.78% it achieved while obtaining a
realization increase in the maximum operating temperature from 360°C to the one usually experienced at an
ambient temperature of 80°C. Furthermore, the residual heat time was increased by more than a factor of two

to 35 minutes to continue to produce power even without active fuel combustion.

This result validates the hypothesis that it is desirable to combine latent heat storage and thermal insulation in
a thermoelectric system to optimize its effectiveness in intermittent use applications. Moreover, it improves
the system in terms of the energy conversion capability and usability and reliability in real world applications
where fuel availability or user supervision may not be consistent. The cookstove is more sustainable and
dependable energy solution for off grid users due to its prolonged power output, especially valuable for

lighting or charging devices during nighttime or post cook hours [40-45].

Table 3: Efficiency Comparison with and Without Insulation

Residual Heat Time

Stove Configuration

Max Temperature
(°C)

Thermal Efficiency
(%)

(min)

Without Insulation

310

5.86

15

With Glass Wool +

360

9.23

35

PCM

The performance trends that were displayed as shown in Table 3 can be explained by a number of imperative
improvements brought due to the implementation of a combination of glass wool insulation and paraffin-
based phase change material (PCM). The high convective heat loss is also greatly reduced as this was lower
due to the addition of glass wool around the ceramic chamber thereby enhancing the performance of the motor.
When there is no insulation, a big portion of heat created is released to the external environment thus loosing
the temperature that can be converted into thermoelectric energy. An efficient thermal insulator in the form
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of glass wool, embeds the heat in the combustion chamber and distributes it more carefully to the
thermoelectric generator (TEG) modules, which retains a high internal temperature inside.

Other than insulating, PCM integration is an important thing in that PCM acts as a thermal buffer. In active
combustion, excess heat in the form of latent energy is being absorbed and stored on the PCM. This stored
energy becomes dissipated continuously after the end of the combustion process, so that the cookstove can
achieve a workable temperature difference across the TEG modules over a long period of time. This thermal
inertia is so that once the fire extinguishes, the use of TEG modules may still work efficiently, which increases
the residual heat quite notably (15min to 35min residual heat as a result of improving the thermal

management).

A significant rise in thermal efficiency is achieved as well by effects of increased insulation and latent heat
storage in combination. Increment of efficiency is about 57.5 percent as the efficiency increases to 9.23
percent under conditions of glass wool and PCM after starting without insulation at only 5.86 percent. This is
done simply because a better use of the dispersed combustion heat is being done and this is being preserved
and utilized as power generation rather than being lost as before. Moreover, maximum operating temperature
of the stove can also be increased by allowing it to retain more heat and becomes 360?C instead of 310?C and
this improves the thermoelectric power further by keeping a higher temperature difference between TEG

modules.

The other valuable feature of this design is that it can support intermittent operation, which is especially useful
in an off-grid or a resource-constrained scenario. The cookstove PCM allows the cookstove to carry on
producing power upon termination of the active flame, thus the system is stronger and less reliant upon user
constant attention or regular fuel supply. Such expanded capability does not only make the practicality of the
cookstove bigger but makes it more sustainable as a decentralized generation of power.

Furthermore, the extended period of heating and the increased efficiency make the stove suitable in the off-
grid application, especially when used to light-up or charge the appliances at night. This causes the
thermoelectric cookstove not only to be used as a cooking appliance but also a long term source of electrical
power, one that may be used to do anything outside the cooking time. Essentially, both glass wool and PCM
make the cookstove an improved energy solution, which is more efficient, durable, and easy to use, able to

provide steady performance in highly fluctuating reality [46-52].

3.4 Water Boiling and Thermal Duration Tests

This was especially important as the Water Boiling Test (WBT) was critical as the manner by which the heat
transfer performance and real-world cooking efficiency of the thermoelectric cookstove was evaluated. For

this test, 250 grams of the three different biomass fuels — charcoal, wood and honeycomb briquettes — were
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first heated in 2 litres of water to simulate a typical cooking scenario. Figure 8: Temperature Curve for Water
Boiling Test shows a presentation of the trends of heating of each fuel type during 14 minutes. It is clearly
seen that sequence of data pertaining to rate of temperature rise and maximum temperature reached displays
that the honeycomb briquettes give better combustion consistency and thermal output as compared to other
fuels. One of the things which affected the performance was the presence or lack of wind shielding. Open to
the outdoor ambient air with no shielding showed a significant impact of heat retention on the duration of
boiling and on thermal efficiency. On the other hand, the wind shields placed around the pot decreased
convective losses and hence improved its utility of heat. It took 11 to 14 minutes to boil water, and the shortest
time to achieve this was when shielding and high density fuels such as briquettes were used. Also, when slow
burning fuels (honeycomb briquettes) are used it could last for up to 2.5 hours with the thermal duration being
the period during which usable heat is supplied for cooking. Knowing that it’s going to be available for such
a long period of time is important for multi-phase cooking tasks as well as for maintaining that temperature
differential needed to power the device through thermoelectric modules. These results highlight the
significance of integrated stove design incorporating accessories such as wind shields that are not just mere
extra accessories for purchase but essential components that dramatically enhance stove thermal and electrical
performance. Therefore, it is expected that future stove prototypes should have integrated or attachable
shielding mechanisms to allow maximum efficiency under different environmental conditions. In addition to
demonstrating the importance of fuel selection and combustion control for maximizing power generation and
cooking dual functions, the test confirms the usefulness of using candle oil for the operation of the dual

function cookstove.

100+ Charcoal
—— Wood
—— Honeycomb Briquette

90

80

101

60

S0p

Water Temperature (°C)

40t

301

0 2 4 6 8 10 12 14
Time (minutes)

Figure 8: Temperature Curve for Water Boiling Test
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These patterns observed during the Water Boiling and Thermal Duration Tests can be discussed with reference
to a few major factors that affected the thermal performance of the cookstove. The high utility of honeycomb
briquettes is one of the reasons why the results of their use even with low-priced liquefied natural gas are so
much better. Their homogeneous composition maintains a consistent and slow transfer of heat with a more
consistent rate of increase in temperature and a greater peak temperature relative to other fuels such as wood
and charcoal. It is this uniform burning that not only improved the rate of water boil but also maintained a
potable source of heat longer than in other fuels and this property is why briquettes can easily be used in

multi-stage cooking requirements.

The existence or nonexistence of wind shielding was also another major contributor to the performance. In
the case where the stove was utilized outdoors and unobstructed by barriers, the heat produced by the burning
process was quickly discarded to the surrounding space via convection. This led to increased time of boiling
and low thermal efficiency. Conversely, use of wind shields placed around the pot reduced convective losses
and more heat was targeted towards the pot and contained in cooking zone. Having wind shielding made it
possible to boil faster, sometimes within just 11 minutes, and helped the stove greatly at being able to retain

a given amount of heat, and operate in different weather conditions.

Effectiveness of heat transfer was also critical in the results obtained. Solid fuels such as the use of honeycomb
briquettes resulted in uniform and high-heat flames during the combustion process, which guaranteed efficient
transmission of heat (generated in the combustion chamber) to the water vessel. Such an effective heat transfer
process resulted in faster temperature increase and reduced time to boil, and more smoothly sine-shaped
heating curve as shown on the testing results. This kind of steady and stable heat transfer is not only necessary
in achieving speedy cooking but also converting thermal energy intoelectric energy through the

thermoelectric modules to the highest possible level.

Moreover, it can be seen that the thermal time or: the time the stove could offer usable heat, was quite
prolonged when slow-burning fuels were used such as, briquettes. Such fuels complimented 2.5 hours of heat,
much more than wood or charcoal. The longer thermal production is particularly significant in real life
applications where there is long-term heating requirement to cook in a series of phases or to keep a

thermoelectric device functional even after the active combustion has stopped.

Finally, the outcomes of the test also stressed the importance of a combination of accessories like wind shields
and some alternative kinds of fuel like candle oil into the combined system of a stove. These are not optional
extras but core parts that improve stove functionality in practice very substantially. The results imply that the
future prototypes of the stoves are to accommodate or offer an attachable shielding capabilities so that the
efficiency of the stoves is optimised irrespective of environmental conditions. In addition, such design
considerations are important as regards to the twin purpose of the cookstove as cooking device and power
supplement. This affirms the significance of whole stove design, in which the combustion dynamics, the fuel
physical and chemical characteristics, environmental protection, and thermal control are incorporated into

ensuring that efficient and sustainable energy solutions are provided to off-grid consumers.
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3.5 Practical Usability and Application

Beyond just converting heat to electricity, the thermoelectric cookstove performed in the real world in a
practical usable way. With up to 6 LED bulbs varying from 1 to 3 watts the product was able to run
successfully with enough power to drive mobile phones and power banks through the included USB port. The
above vyield translates to being able to adequately light an area of up to 15 square metres, enough to
simultaneously illuminate two to three small rooms. This performance of the stove makes it a highly functional
and one that is self-sustaining, for households operating in off grid rural areas, where electricity is non-existent

or at best is intermittent.

Furthermore, given its value in disaster relief situations after earthquakes, floods, cyclones or other disasters,
wherinedical infrastructure is damaged or inaccessible, the stove can be very helpful. Its compact and
lightweight construction as well as its modularity also boosts its practical use given the ease and speed with
which it can be transported and deployed to emergency scenarios. In addition to its applications for campers,
this device can also serve field researchers, trekkers, and outdoor enthusiasts because it allows for removing
the need to carry any separate lighting or charging equipment. Adopted as a scalable energy solution for
diverse user environments, this cookstove functions as a dual-purpose device as a cooking stovetop and a

generator, with portability, is identical for all applications.
4. Conclusions

1 The vertical fin heat sink displayed the highest performance of the tested 4 configurations as it achieved
a maximum open circuit voltage of 6.2 V and maintained a sustained voltage of 5.4 V for the first 20 mins
giving proof to its enhanced thermal dissipation ability and an optimal support for TEG efficiency.

2 Paraffin-based PCM plus glass wool insulation increased maximum heat transfer temperature from 310°C
to 360°C and improved thermal efficiency at 5.86% to 9.23% (57.5%) and extended residual heat
availability from 15 to 35 minutes, providing electricity output past the time when fuel combustion ceases.

3 Charcoal and wood were found to be the least effective fuel and delivered the minimum power output of
1.3 W, the minimum voltage range of 1.7-3.0 V, and had the lowest duration of electricity production of
only 91 minutes.

4 The stove reliably generated 3—7 VV DC enough to power 1 to 6 LED bulbs (1-3 W each), charge mobile
phones and power banks so that up to 15 m2 (equivalent to 2—-3 rooms in typical off grid households) were
effectively illuminated.

5 The cookstove has a lightweight design and low fuel requirement of 250g per session that make the stove
a cost effective and scalable solution for rural electrification, disaster relief operations and field based

energy access making it a good candidate for deployment in energy poor and disaster affected regions.
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