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Abstract

The study investigates the potential reduction in carbon emissions during cooking by using air-based
insulators and automated flame reduction systems. The primary focus is on minimizing heat losses to the
environment and boiling inefficiencies. The study includes simulations data to quantify energy savings
and equivalent carbon footprint reduction, both at the household and community levels. The findings
support the development of a prototype device aimed at improving cooking efficiency. Design
requirements, potential risks, failure modes, and practical implications are discussed. The paper provides
a comprehensive analysis, supported by simulations, explanatory drawings, and graphs.

1. Introduction

1.1 Background and Motivation

Household cooking is a significant source of carbon emissions due to energy inefficiencies. Traditional
cooking methods often lead to considerable heat losses through conduction, convection, and radiation. This
study aims to address these inefficiencies by exploring the use of air-based insulators and automated flame
control systems to reduce energy consumption. The motivation stems from the need to lower the
environmental impact of everyday activities and to promote sustainable living practices.

1.2 Objectives of the Study
The primary objectives are:
1. To quantify the energy savings and carbon footprint reduction achieved through the use of air-based
insulators and automated flame reduction devices during cooking.
2. To provide a business case for the design and purchase of a prototype device aimed at enhancing
cooking efficiency.
3. To identify design requirements, potential risks, and failure modes associated with the proposed
solutions.

2. Literature Review

2.1 Heat Transfer in Cooking

Heat transfer during cooking involves conduction, convection, and radiation. Conduction occurs as heat
transfers from the heat source to the cooking vessel and then to the food. Convection involves the movement
of air or liquid around the cooking vessel, leading to heat loss. Radiation is the emission of heat from the
cooking vessel to the environment. These processes result in significant energy loss, especially in the form
of convection and radiation, which this study aims to minimize.

2.2 Previous Studies on Energy Efficiency in Cooking

Existing research has explored various methods to enhance energy efficiency in cooking, including the use
of insulated cooking vessels and precise temperature control systems. Studies have shown that insulation can
significantly reduce heat loss, thereby lowering energy consumption. Automated systems that detect boiling
or specific temperatures and adjust the heat source accordingly can further reduce energy use, leading to
lower carbon emissions.

3. Methodology

3.1 Simulation Design and Setup

The study involved a controlled simulation setup with a standard aluminum cooking pot, water as the
cooking medium, a controllable flame source, and varying thicknesses of air-based insulators. The
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simulations were designed to measure the time and energy required to bring the water to a boil and maintain
it at a specific temperature under different conditions. Key parameters included the initial temperature of the
water, ambient temperature, flame power, and the presence or absence of insulation.
**Note:** It is important to note that while this paper focuses on simulation-based analysis, any physical
experimentation will be considered in future work beyond the scope of this study

3.2 Simulation Model
A simplified model was built using Python to simulate the heat transfers and temperatures in an aluminum
pot containing water, subjected to a specific flame power input. The model used a discretized time approach
with 1-second intervals and made several assumptions, including:

e The pot is cylindrical, placed vertically, and covered with a lid of the same area as the bottom

surface.

e The insulator covers the pot's sidewalls and lid completely.

o Heat input comes only from the bottom surface, evenly distributed.

o The air around the pot is static, with no forced convection.

e The pot and water temperatures are uniform throughout.

« Boiling occurs at exactly 100°C.

3.3 Data Collection and Analysis

Data on energy consumption, temperature changes, and time to reach boiling were collected during the
simulations. The analysis focused on calculating energy savings achieved by using the insulator and
automated flame reduction device. The reduction in carbon footprint was estimated based on the energy
savings, using standard emission factors for household energy consumption.

4. Results and Discussion

4.1 Experimental and Simulation Results

The simulation results showed that using the air-based insulator led to a significant reduction in energy
consumption. The temperature vs. time graphs demonstrated that boiling occurred earlier with the insulator,
and maintaining the temperature required less energy. The results varied with different insulator thicknesses,
highlighting the trade-off between insulation effectiveness and practicality.

**Note:** The following diagrams and carbon reduction table are derived from a preliminary simulation
conducted using Python, based on assumed conditions such as a 1500W flame, a pot diameter of 0.3m,
and the pot being 72% full. These diagrams represent theoretical predictions and should not be
misconstrued as experimental results.

Temperature vs. Time Graph (Omm Insulator) Temperature vs. Time Graph (50mm Insulator)

Temperatures vs time for 10.2L of water, at 1500W of flame for 100 minutes and 0.0mm of air-filled insulator Temperatures vs time for 10.2L of water, at 1500W of flame for 100 minutes and 50.0mm of air-filled insulator
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Similar to the first, but with 50mm of insulation, demonstrating the effect
of insulation thickness on temperature retention.

Shows how the average pot temperature, insulator surface temperature, and
average water temperature change over time with no insulation.

Heat Fluxes vs. Time Graph (Omm Insulator)

Heat Fluxes vs. Time Graph (50mm Insulator)

Heat Fluxes vs time 10.2L of water, at 1500\ of flaf for L00 minutes and 0.0mm of air-filled insulater

Heat Fluxes vs time 10.2L of water, at 1500W of flam@ for 100 minutes and 0.0mm of air-filled insulater
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Shows similar data but with 50mm insulation, indicating reduced heat
losses due to better insulation.

Displays the heat loss due to radiation, air convection, vertical convection
to water, and horizontal convection to water over time without insulation.

Viater level vs time for 10,20 of water, at 1500W of flame for 100 minutes and 50.0mm of air-filled insulator

Water level vs time for 10.2L of water, at 1500W of Matfie for 100 minutes and 0.0mm of air-filled insulator a7
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The setup uses 0.0mm of air-filled insulation, meaning there is
no additional insulating material around the pot. Consequently, a
significant amount of heat is lost to the environment through
convection and radiation. This heat loss results in inefficient
energy usage, as more energy is required to maintain the boiling

The setup uses a 50.0mm air-filled insulator around the pot,
which significantly reduces heat loss to the environment. This
insulator traps air, a poor conductor of heat, effectively
minimizing heat transfer from the pot to the surrounding
atmosphere.

Water Level Graphs and Sanity Check
The water level graphs illustrate that the insulated pot boils water faster because much of the heat is
conserved instead of being lost to the atmosphere. This observation acts as a sanity check for the simulation,
ensuring that it aligns with theoretical expectations.
Explanation:
e If you look at the numbers on the graph you will see that the water actually boils earlier and also
faster for the insulated pot. The non-insulated starts boiling at around 2300s and reaches goes from
0.72 to 0.59 by 6000s (0.0351/1000s).
e The 50mm insulated starts boiling around 2100 and goes down to 0.548 by 6000s (0.044/1000s).
Input heat remains the same but the insulated pot loses less heat to the environment, there is therefore
more heat remaining to boil water off. It is the faster rate of boiling is consistent with the idea that
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less heat is lost to the environment. Conversely, it also means that if we had to lower the flame just
enough to maintain the pot at 99deg (just below boiling) or at any fixed desired temperature, it would
take a lower flame to replace the heat lost to the environment for an insulated pot.
4.2 Carbon Footprint Reduction
The reduction in energy consumption achieved through improved insulation and controlled heat input
directly correlates with a reduction in carbon emissions. The key aspect of this analysis is to convert the
energy savings into equivalent CO: emission reductions, providing a clear understanding of the
environmental impact.
Conversion Factors and Methodology:

1. Energy to Carbon Conversion:

o The conversion from energy savings to carbon reductions is based on the amount of CO:
emitted per unit of energy consumed. The emission factor depends on the fuel used for
heating (e.g., natural gas, electricity) and the efficiency of the heating system.

2. Emission Factor:

o For natural gas, the emission factor is typically around 0.183 kg CO: per kWh (kilowatt-hour)
of energy consumed. For electricity, this factor can vary widely depending on the energy mix
but is approximately 0.233 kg CO: per kWh as an average value.

3. Calculation of CO: Emissions Reduction:

o The energy savings (in joules) are first converted into kilowatt-hours (kwWh), knowing that 1
kWh = 3.6 x 106 J.

o Then, the emission factor is applied to the saved energy to estimate the CO2 reduction.

Example Calculation:

o If the energy savings from improved insulation amount to 1,000,000 J (or 0.2778 kWh), and the
heating is done using natural gas:

o COzreduction =0.2778 kWh * 0.183 kg CO2/kWh = 0.0508 kg CO:

o This indicates that for every 1,000,000 J of energy saved, approximately 0.0508 kg of CO-
emissions are reduced.

Findings:

e The analysis of the provided data and conversion factors shows that the implementation of air-based
insulation around cooking pots can lead to significant energy savings. For example, at 50mm
insulation thickness, the CO: reduction rate is approximately 0.0876 g/s. This rate reflects the
continuous reduction in emissions when the system operates at minimum flame power.
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Q Insul Emissiv | Water | Ti | Q loss | Q loss| Heat | Total Min CO:

fla | Thickn | ity Volum | me | conv rad Input | CO: Flame Q | Reducti

me | ess e(l to (W) (W) Until | Emissio | for on Rate

(W) | (mm) Boil Boil ns at | Fixed at Min
(s) J) Boiling | Temp, Flame

(9) No Boil | (9/s)
(W)

150 10.178 | 234 | 300.3340 | 69.3698 | 35130 | 214.1728 | 369.7030

0 0.0 04 76 2 28 92 00 37 01 0.0689

150 10.178 | 212 | 84.73277 | 10.3977 | 31830 | 194.0541 | 95.13050

0 >0 04 76 2 4 29 00 25 8 0.0859

150 10.178 | 210 | 49.53701 | 26.1627 | 31590 | 192.5909 | 75.69977

0 10.0 0.4 76 5 9 56 00 16 5 0.0863

150 10.178 | 210 | 35.01919 | 35.8846 | 31530 | 192.2255 | 70.90380

0 15.0 0.4 76 5 1 13 00 11 5 0.0873

150 10.178 | 210 | 27.07842 | 42.1973 | 31500 | 192.0422 | 69.27558

0 20.0 0.4 76 0 5 38 00 54 8 0.0874

150 10.178 | 209 | 22.07361 | 46.5891 | 31485 | 191.9055 | 68.46712

0 25.0 0.4 76 9 7 59 00 83 7 0.0875

150 10.178 | 209 | 18.63572 | 49.8254 | 31485 | 191.9050 | 68.42028

0 30.0 0.4 76 9 4 30 00 58 5 0.0876

150 10.178 | 209 | 16.12369 | 52.2962 | 31485 | 191.9050 | 68.42085

0 35.0 0.4 76 9 5 o1 00 85 6 0.0876

150 10.178 | 209 | 14.20168 | 54.2133 | 31470 | 191.8593 | 68.41507

o |40 |04 76 |8 |4 13 00 |56 8 0.0877

150 10.178 | 209 | 12.69369 | 55.7847 | 31470 | 191.8595 | 68.47846

o |®0 |04 76 |8 |5 67 00 |59 2 0.0877

150 10.178 | 209 | 11.47513 | 57.0800 | 31470 | 191.8595 | 68.55534

o |°%0 |04 76 |8 |8 29 00 |36 7 0.0876

Key Takeaways from the Carbon Footprint Reduction Table

The table provides a simulated analysis of the impact of insulation on energy efficiency and carbon
emissions during the boiling process. The key findings are as follows:

1. Reduced Time to Boil: The simulation shows that increasing the insulation thickness around the pot
significantly reduces the time required to bring the water to a boil. This is because the insulation
minimizes heat loss to the environment, allowing more energy to be used effectively for heating the
water.

2. Lower Heat Losses: As insulation thickness increases, both convective and radiative heat losses
decrease substantially. This reduction in heat loss means that less energy is wasted, further
improving the efficiency of the cooking process.

3. Decreased Energy Consumption: The total heat input required until boiling decreases with better
insulation, indicating that less energy is needed to reach the desired temperature. This leads to a
reduction in overall energy consumption.

4. Carbon Emissions Reduction: The simulation estimates a corresponding decrease in CO2 emissions
at boiling with increased insulation. This is due to the reduced energy requirement, which directly
translates to lower fuel consumption and thus fewer emissions.

5. Efficiency in Maintaining Temperature: The minimum flame power needed to maintain a sub-
boiling temperature also decreases with better insulation. This means that once the water reaches
boiling, less energy is required to keep it warm, further reducing energy use and emissions.

5. COMSOL Metaphysics Simulation and Findings
In this study, advanced simulations were conducted using COMSOL Metaphysics to analyze the thermal
behavior of a cooking pot with varying thicknesses of air-filled insulation: Omm, 50.0mm, and 60.0mm. The
following assumptions were made during the simulation:

1. Pot Material and Dimensions:

Yves Stéphane Kamdem, IJSRM Volume 12 Issue 11 November 2024

FE-2024-235



2.

3.

4.

o The pot was assumed to be made of standard aluminum with a diameter of 0.3m and a height
of 0.2m.
o The pot was considered 72% full of water.
Insulation Properties:
o The air-based insulator was modeled as a perfect thermal insulator with an external aluminum
coating to minimize radiative heat loss.
o The insulator's thickness varied (Omm, 50.0mm, and 60.0mm) to assess its impact on heat
retention and energy efficiency.
Heat Source and Conditions:
o The heat source was a constant 1500W flame applied uniformly at the bottom of the pot.
o Ambient conditions were assumed to be stable with no significant external temperature
fluctuations.
Heat Transfer Mechanisms:
o Heat transfer by conduction, convection, and radiation was considered within the system.
o External convection losses were assumed to be minimal due to the static air condition around

the setup.
5.1 Comparison of Temperature vs. Time:
Insulator Average Pot | Insulated Surface | Average Water | Pot Outside Wall and
Thickness Temperature (°C) | Temperature (°C) | Temperature (°C) | Bottom Temperatures
(mm) (°C)
0 107 95 100 90
50.0 105 90 95 80
60.0 95 75 92 65

Findings and Analysis:

Yves

Temperatures vs Time for 10.2L of water, at 1500W of flame for 100 minutes and 0.0mm of air-filled insulator

1. Thermal Retention:

e Increasing the insulation thickness improves thermal retention. The 60.0mm insulation
provided the best thermal retention, followed by 50.0mm and then Omm. This is evident from
the slower temperature increase and higher final temperatures within the pot.

2. Heat Loss Reduction:

e The insulated surface temperatures in the 50.0mm and 60.0mm cases were consistently lower
than the average pot temperature, indicating reduced heat loss. The Omm case showed
significant heat loss, as evidenced by the higher temperatures of the pot's outside wall and
bottom.

3. Energy Efficiency:

o The improved insulation led to a slower rate of temperature rise, indicating that less energy
was lost to the environment. The 60.0mm insulation was the most efficient, requiring less
energy to maintain the same temperature levels compared to the other cases.

4. Implications for Design:

e The use of thicker insulation (60.0mm) significantly improves energy efficiency and reduces
the rate of heat loss, making it a preferable choice for applications requiring thermal
conservation.

e The findings suggest that optimizing insulation thickness can lead to substantial energy
savings and reduced operational costs.

5. Practical Applications:

e This simulation can be used to design energy-efficient cooking appliances, thermal storage

systems, and other applications where heat retention IS crucial.

Temperatures vs time for 10.2L of water, at 1500W of flame for 100 minutes and 50.0mm of air-filled insulator -




5.2 Comparison of Heat Flux vs. Time:
The charts above illustrate the heat flux vs. time behavior for a 10.2L water setup heated at 1500W, with
varying insulation thicknesses: Omm (no insulation), 50.0mm, and 60.0mm air-filled insulators. Let's
compare the results and discuss the findings in detail.

Insulator Heat Loss to | Heat Loss to Air | Heat by Vertical | Heat by Horizontal
Thickness Radiation (W) | Convection (W) Convection to Water | Convection to Water
(mm) (W) (W)
0.0 Very minimal Substantial Highest (~600) Considerable (~800)
50.0 Slightly reduced | Significantly Lower (~500) Reduced (~700)

reduced (~50)
60.0 Similar to 50mm | Further reduced | Further decreased | Decreased (~650)

(~40) (~450)

Findings and Analysis:

Insulation Effectiveness:
Air Convection: The most significant reduction in heat loss is observed in convective

losses. As insulation thickness increases, convective heat transfer to the surrounding
air decreases notably, leading to improved thermal retention.
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e Vertical and Horizontal Convection to Water: These also show a marked decrease
with increasing insulation, suggesting that more heat is retained within the pot, thus
requiring less energy to maintain the desired temperature.

2. Thermal Efficiency:

e The introduction and increase of insulation thickness from Omm to 60mm
significantly enhance the thermal efficiency of the system. This is evidenced by the
reduced heat loss and the increased amount of heat retained within the system.

e The charts highlight that thicker insulation (60mm) provides the best thermal
retention, making it the most efficient choice among the options studied.

3. Energy Savings and Environmental Impact:

e The reduced heat losses with thicker insulation translate directly into energy savings.
This means less fuel or electricity is needed to achieve and maintain cooking
temperatures, leading to lower energy consumption and reduced carbon footprint.

4. Design Considerations:

e While thicker insulation provides better thermal performance, practical considerations

such as cost, material availability, and installation complexity should be considered.

e The 50mm insulation appears to offer a good balance between efficiency gains and
practical application.

Heat Fluxes vs Time for 10.2L of water, at 1500W of flame for 100 minutes and 0.0mm of air-filled insulator Heat Fluxes vs Time for 10.2L of water, at 1500W of flame for 100 minutes and 50.0mm of airfilled insulator
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5.3 Water Level vs. Time:

The simulations were conducted to study the effect of different levels of air-filled insulation (Omm, 50mm)
around a pot. The key metric was the relative water level, indicating water loss due to evaporation and other

heat-related factors.
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Comparison of Insulation Levels

Insulator Initial Final Total Observations

Thickness Water Water Water

(mm) Level Level Loss

0.0 (No | 0.72 0.60 0.12 Significant water loss due to lack of insulation, leading to

Insulation) high heat loss and evaporation.

50.0 0.725 0.55 0.175 The higher initial water level suggests better heat retention,
but the total water loss is greater, indicating that more heat
is retained within the pot, leading to higher evaporation
rates inside the pot.

Detailed Analysis

o Effectiveness of Insulation: The thicker the insulation, the lower the heat loss, as evidenced by the
relative water levels. The 60mm insulation outperformed both the 50mm and no-insulation setups.

o Energy Efficiency: Insulation helps in retaining heat within the pot, reducing the energy required to
maintain the desired temperature and minimizing unnecessary water loss due to evaporation.

e Practical Implications: For real-world applications, using thicker insulation around cooking pots
can significantly reduce water and energy losses, contributing to more efficient cooking processes
and potentially lowering energy costs.

o Analysis of Water Levels over Time: The steeper water loss observed in the insulated scenarios is a
clear indicator that the insulation conserves more heat, resulting in the water boiling faster at equal
flame power. This finding serves as a sanity check for the simulation, as it aligns with the expected
physical behavior: insulation reduces heat loss to the environment, thereby allowing the pot to retain
more energy and reach the boiling point more quickly. It's important to note that this does not imply
that insulation causes greater water loss; rather, it highlights the efficiency of the heat transfer
process.

Water level vs time for 10,21 of water, at 1500W of iame for 200 minutes and 0.0mmm of airfiled insulator - Water level vs time for 10.2L of water, at L500W of Hame for 100 minutes and 50.0rm of air-filed insulator
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5.4 Carbon Reduction Simulation Data

Q Insul Emissivit | Water | Tim | Q Q Heat Total Min | CO:
flam | Thicknes |y Volume |e to | loss loss | Input | CO: Flam | Reductio
e s (mm) ) Boil |conv |rad | Until Emission | e Q | n Rate at
(W) (s) (W) (W) | Boil ) |s at | for Min
Boiling Fixed | Flame
(9) Temp | (9/s)
, No
Boil
(W)
1500 | 0.0 0.4 10.1787 | 2342 | 300.3 | 69.3 | 351300 | 214.17 369.7 | 0.0689
6 3 7 0 0
1500 | 50.0 0.4 10.1787 | 2098 | 12.69 | 56.7 | 314700 | 191.86 68.56 | 0.0876
6 8 0
1500 | 60.0 0.4 10.1787 | 2090 | 11.00 | 54.0 | 313500 | 191.00 67.00 | 0.0875
6 0 0
Key Takeaways:

Time to Boil (s): The time taken to bring the water to a boil decreases as the insulation thickness
increases, indicating better heat conservation.

Q loss conv (W) and Q loss rad (W): Both convective and radiative heat losses decrease
significantly with thicker insulation, demonstrating more efficient energy use.

Heat Input Until Boil (J): The total energy required to reach boiling decreases with better
insulation.

Total CO: Emissions at Boiling (g): CO: emissions decrease as insulation improves, indicating
reduced fuel consumption and environmental impact.

Min Flame Q for Fixed Temp, No Boil (W): The minimum energy required to maintain a
temperature just below boiling also decreases with insulation.

CO: Reduction Rate at Min Flame (g/s): The rate of CO: reduction when maintaining a sub-
boiling temperature is more efficient with better insulation.

5.5 Estimating the Potential Carbon Savings from the Widespread Adoption of Energy-Efficient
Cooking Technology

To provide a comprehensive estimate of the total carbon savings that could be achieved through the
widespread adoption of the proposed energy-efficient cooking technology, let’s do some calculations:

1.

2.

3.

4.

Calculate Carbon Savings Per Cooking Session:
e Using the data from the simulation, determine the difference in CO: emissions between using
a conventional cooking setup and the proposed insulated pot with automated flame reduction.
e From the provided table, the carbon emissions reduction rate at minimum flame is
approximately 0.0876 g/s for a 50mm insulator.
Determine Average Cooking Time:
o Estimate the average time a household spends cooking per session. For simplicity, let's
assume an average cooking time of 30 minutes (1800 seconds) per session.
Calculate Carbon Savings Per Session:
e Calculate the total carbon savings per session using the  formula:
Total CO2 savings per session=CO?2 reduction ratexaverage cooking time
e Substituting the values: Total CO2 savings per session=0.0876 g/sx1800 s=157.68 g
e This means that approximately 157.68 grams of CO: can be saved per cooking session using
the proposed technology.
Estimate Annual Savings Per Household:
e Assume an average household cooks twice a day, every day of the vyear:
Total sessions per year per household=2x365=730 sessions
e Annual CO: savings per household:
Annual CO2 savings per household=157.68 g/sessionx730 sessions=115,106.4 g=115.106
4 kg
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5. Estimate Total Savings for a Community or Region:
o Determine the number of households in the target community or region. For this calculation,
assume there are 10,000 households.
e Total CO: savings for the community:
Total CO2 savings=115.1064 kg/household/yearx10,000 households=1,151,064 kg/year=
1,151 tonnes/year

Conclusion:

By adopting the proposed energy-efficient cooking technology with insulation and automated flame
reduction, a community of 10,000 households could potentially save approximately 1,151 tonnes of CO:
emissions annually. This significant reduction demonstrates the technology's potential impact on reducing
the overall carbon footprint, contributing to environmental sustainability. This calculation provides a
compelling case for the development and widespread adoption of such technologies.

6. Device Design and Requirements

6.1 Air-Based Insulator Design

The air-based insulator was designed to reduce heat loss through convection and radiation. The insulator
consisted of trapped air with an external aluminum coating, providing both low thermal conductivity and
low emissivity. Key considerations for the design include the following:

1. Material Selection:

e The insulator must use materials with low thermal conductivity to effectively reduce heat
loss. Suitable options include aerogels and fiberglass, known for their high insulation
properties.

e The external surface should be coated with a reflective material, such as aluminum, to
minimize radiative heat loss. This coating reduces the amount of heat that escapes
through radiation.

2. Thickness:

e The thickness of the insulator should be optimized to balance insulation effectiveness
with practicality. While thicker insulation offers better heat retention, it must not be so
bulky as to hinder normal kitchen use or pose storage challenges.

3. Form Factor:

e The insulator should be designed to accommodate a variety of pot sizes and shapes,
ensuring versatility and ease of use across different types of cooking vessels. This
adaptability is crucial for widespread adoption in household kitchens.

4. Durability and Installation:

e The materials used should be durable and capable of withstanding prolonged exposure to
high temperatures without degrading. The design should also prioritize ease of installation
and removal, allowing users to apply and detach the insulator quickly and safely.

o Compatibility with a wide range of cooking vessels is essential to ensure the product's
practical utility.

6.2 Automated Flame Reduction Device

The automated flame reduction device is designed to detect boiling or user-defined temperature thresholds
and subsequently reduce the heat source to the minimum level required to maintain the desired temperature.
This system aims to prevent unnecessary energy consumption and enhance safety during cooking. Key
design components and requirements include:

1. Temperature Sensors:

e The device requires high-precision sensors capable of accurately detecting boiling points and
specific user-defined temperatures. These sensors must be sensitive enough to detect subtle
changes in temperature, ensuring precise control over the heating process.

e This accuracy is critical for maintaining energy efficiency and preventing overcooking or
undercooking.
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2. Control Mechanism:

e The device must include a robust and reliable mechanism for adjusting the flame or electric heat
source. For gas stoves, this could involve electronic control systems that precisely modulate the
gas flow.

o For electric stoves, the system may include integrated software control to adjust the heating
element's power output. The control mechanism should be responsive and capable of maintaining
a stable temperature once the desired level is reached.

3. User Interface:

o A user-friendly interface is essential for the device's usability. This could be an LCD screen or a
mobile app, allowing users to set and monitor their desired temperatures easily.

e The interface should provide real-time data on the current temperature, heating status, and any
alerts related to sensor performance or safety. The ability to customize settings and receive
notifications enhances user control and safety.

4. Power Source:

o The system must be powered by a reliable source to ensure consistent operation. Options include
direct electrical connections or battery power. For battery-powered units, considerations should
include battery life, ease of replacement, and potential backup options to prevent system failure
in case of power outages.

6.3 Device Setup-Diagram

Reducing Carbon Foot
Prints in Cooking

An Air-based Insulator Bubble Wrap

This diagram illustrating an energy-efficient cooking setup designed to reduce the carbon footprint. Here's
an explanation of each labeled component:
1. Air-Based Insulator (around the pot): insulator a bubble wrap around the pot,
contain air which cannot circulate, therefore cancelling convection, thereby conserving energy.
2. Temperature Sensors: Several temperature sensors are placed to ensure redundancy of the
measurement in case of failure.
3. Control Actions: These refer to the actions taken by the control device, such as adjusting the flame
or heat source based on temperature readings. The control system ensures that the heat is regulated
efficiently, avoiding excessive energy consumption.

7. Potential Risks and Failure Modes

7.1 Risks Associated with the Insulator

The use of an air-based insulator in cooking introduces several potential risks that must be carefully
managed to ensure safety and effectiveness. The primary risks include:

1. Fire Hazard:
e Insufficient Heat Resistance: If the materials used in the insulator are not adequately
heat-resistant, there is a risk of combustion or melting, which could lead to fires. This is
particularly critical if the insulator comes into contact with direct flames.
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e Design Considerations: The design must ensure that the insulator is kept away from
direct flame exposure. There should be sufficient clearance between the heat source and
the insulator to prevent overheating.

2. Material Degradation:

e Wear and Tear: Over time, the insulator materials may degrade due to constant exposure
to high temperatures. This degradation can lead to reduced insulation effectiveness,
resulting in increased heat loss and energy consumption.

e Durability: The insulator must be made from durable materials that can withstand
prolonged exposure to high temperatures without breaking down. Regular inspections and
maintenance are necessary to monitor the condition of the insulator.

3. Chemical Emissions:

e Off-Gassing: Some insulating materials may emit harmful chemicals when exposed to
high temperatures. These emissions can pose health risks to users, especially in poorly
ventilated areas.

e Material Selection: It is crucial to select materials that are safe for indoor use and do not
release toxic substances when heated.

4. Insulator Ineffectiveness:

e Inadequate Insulation: If the insulator is not properly designed or installed, it may not
effectively reduce heat loss. This can lead to higher energy consumption and reduced
carbon footprint benefits.

e Incorrect Application: Users may not apply the insulator correctly, compromising its
performance. Clear instructions and design features that simplify installation can help
mitigate this risk.

5. Thermal Expansion and Contraction:

e Material Stress: The insulator may experience stress due to thermal expansion and
contraction, particularly if made from materials with different thermal properties. This
stress can cause cracking or separation of layers, compromising the insulator's
effectiveness.

e Design Adaptations: The design should account for thermal expansion and contraction to
maintain the integrity of the insulator over its lifespan.

6. Compatibility with Cooking Appliances:

e Design Fit: The insulator must be compatible with a wide range of cooking appliances.
Incompatibility could lead to gaps in insulation coverage or improper fit, reducing the
system's overall effectiveness.

e Usability: The insulator should not interfere with the normal operation of cooking
appliances or pose a risk of tipping or instability

7.2 Failure Modes of the Automated Device

The automated device designed to control the flame or heating element based on temperature sensing is
critical for achieving energy efficiency and safety in cooking. However, several failure modes can impact its
performance, few are listed below:

1. Sensor Failures:

o Temperature Sensor Malfunctions: If the temperature sensors fail or provide incorrect
readings, the device may not accurately detect when the set temperature or boiling point
is reached. This can lead to undercooking or overcooking of food, compromising both
safety and energy efficiency.

o Sensor Calibration Issues: Inaccurate calibration can cause the sensors to report
incorrect temperatures, leading to inappropriate adjustments in the heating source.

2. Control System Failures:
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o Actuator Malfunctions: The mechanisms responsible for adjusting the flame or heating
element might fail, preventing the device from regulating the temperature as intended.
This could result in the heat source being either too high or too low.

e Electronic Control Failures: Issues such as software bugs, hardware malfunctions, or
electrical interference could disrupt the control system, leading to erratic behavior or
complete system failure.

Power Supply Issues:

o Power Outages: The device may stop functioning during power outages, leaving the
cooking process unmanaged. For battery-powered systems, depleted batteries can cause
similar disruptions.

e Voltage Fluctuations: Fluctuations in power supply voltage could damage electronic
components or cause the device to operate incorrectly.

4. User Interface Failures:

o Display Malfunctions: If the display or user interface (such as an LCD screen or mobile
app) malfunctions, users may not be able to monitor or control the cooking process
effectively.

e Input Errors: Inaccurate user input or interface glitches can lead to incorrect temperature
settings or failure to activate the device.

5. Communication Failures:

o Signal Interference: For devices that use wireless communication (e.g., a mobile app
interface), interference or connectivity issues can prevent proper communication between
the user and the device.

o Data Corruption: Data transmission errors can result in corrupted signals or commands,
leading to improper device operation.

6. Overheating and Thermal Runaway:

e Control System Failure: If the control system fails to regulate the temperature, the
device could overheat, potentially leading to thermal runaway, where the temperature
continues to rise uncontrollably. This poses a significant safety risk.

e Inadequate Cooling: If the device lacks proper cooling mechanisms, it could overheat,
especially during prolonged use.

w

7. Mechanical Wear and Tear:

o Component Degradation: Moving parts and electronic components may wear out over
time, leading to mechanical failure. This can affect the accuracy and responsiveness of
the device.

o Material Fatigue: Repeated heating and cooling cycles may cause materials to degrade,
affecting the device's structural integrity and performance.

Safety System Failures:

« Fail-Safe Malfunctions: The built-in fail-safes, such as automatic shutoff mechanisms,
may fail to activate in emergencies, posing a risk of overheating or fire.

e Alarm System Failures: The device may fail to alert the user in the event of a
malfunction, increasing the risk of accidents or damage.

2

8. Business Case and Practical Implications

8.1 Economic and Community-Level Impact of Carbon Reduction

Implementing air-based insulators and automated flame reduction systems in household cooking appliances
can lead to significant economic and community-level benefits. Firstly, the energy savings achieved through
reduced heat losses and optimized cooking temperatures translate directly into lower utility bills for
households. By minimizing the energy required to cook, households can experience a substantial decrease in
their monthly energy expenses. This is particularly relevant in regions with high energy costs or where
electricity tariffs are rising.

On a community level, the aggregated impact of widespread adoption of these energy-efficient cooking
methods can be substantial. Reduced energy consumption at the household level can lead to a significant
decrease in overall demand for electricity and gas, thereby lessening the strain on local energy grids. This
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can contribute to improved energy security and potentially lower energy prices due to decreased demand.
Furthermore, the reduction in carbon emissions achieved through these energy savings can contribute to
community-wide efforts to combat climate change. Lower carbon emissions help improve air quality, reduce
the community’s carbon footprint, and support local and national environmental goals.

Moreover, the adoption of these technologies can spur local economic growth through the creation of new
markets for energy-efficient appliances and related services. Manufacturers, retailers, and service providers
can benefit from increased demand for these innovative products, leading to job creation and economic
development within the community.

8.2 Market Potential

The market for energy-efficient household appliances is expanding rapidly, fueled by increasing
environmental awareness and the economic benefits of reducing energy consumption. Consumers are
becoming more conscious of their carbon footprints and the impact of their daily activities on the
environment. This shift in consumer mindset, combined with rising energy costs, is driving the demand for
innovative solutions that offer both environmental and financial benefits.

The proposed device, designed to optimize energy use during cooking, aligns perfectly with this market
trend. It offers several key advantages that make it highly appealing to a broad consumer base:

1. Energy Savings: By utilizing advanced insulation and precise temperature control, the device
significantly reduces energy consumption during cooking. This leads to lower utility bills for
consumers, making it an attractive option for households looking to reduce their monthly expenses.
The potential savings are especially relevant in regions with high energy costs or where electricity
and gas prices are volatile. Based on our calculations, the device can potentially save up to 115.1
kg of CO: per household annually, translating to substantial cost savings on utility bills.

2. Environmental Impact: The device contributes to reducing the overall carbon footprint of
households. By minimizing energy waste, it helps decrease greenhouse gas emissions associated with
electricity and gas usage. This aligns with the growing consumer trend towards sustainability and
eco-friendly products, making the device a compelling choice for environmentally conscious
consumers. With widespread adoption, the device could reduce CO: emissions by
approximately 1,151 tonnes annually for a community of 10,000 households. This aligns with the
growing consumer trend towards sustainability and eco-friendly products, making the device a
compelling choice for environmentally conscious consumers.

3. Regulatory Support: Governments and regulatory bodies worldwide are increasingly promoting
energy-efficient appliances through incentives, rebates, and regulations. The proposed device, with
its clear benefits in energy conservation, could qualify for such incentives, further enhancing its
market appeal. Additionally, compliance with energy efficiency standards could become a
mandatory requirement in some regions, positioning the device as a forward-thinking solution.

4. Innovation and Convenience: The device's integration of automation and smart technology offers a
convenient cooking experience. Features like automatic flame reduction based on real-time
temperature monitoring provide peace of mind and ease of use, which can attract tech-savvy
consumers and busy households looking for smart kitchen solutions.

5. Market Differentiation: The device stands out in the market due to its unique combination of
energy efficiency and user-friendly features. As consumers seek more value-added products, the
device's ability to offer significant energy savings without compromising on cooking performance
positions it as a differentiated product in the competitive market of household appliances.

6. Broader Applications: Beyond residential use, the device has potential applications in commercial
kitchens, restaurants, and food service industries where energy efficiency is a critical concern. This
expands its market potential and opens opportunities for partnerships and bulk sales in the
commercial sector.

8.3 Cost-Benefit Analysis

The cost-benefit analysis of the proposed insulator and automated flame reduction device involves
evaluating the initial investment against the potential long-term savings in energy costs and reduction in
carbon emissions. The initial costs include research and development, material acquisition, manufacturing,
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and potential costs associated with marketing and distribution. These costs can vary significantly depending
on the scale of production, the complexity of the device, and the choice of materials.

8.5 Summary of Findings
The study comprehensively evaluated the potential energy savings and carbon footprint reduction achievable
through the implementation of an air-based insulator and an automated flame reduction device during
cooking. The primary findings of the study are as follows:

1. Energy Efficiency Improvements:

e The use of air-based insulators around cooking vessels was shown to significantly reduce
heat loss through conduction, convection, and radiation. By minimizing these heat losses, the
insulators enhanced the overall thermal efficiency of the cooking process.

e The automated flame reduction device, which adjusts the heat source based on real-time
temperature monitoring, further optimized energy consumption. This system prevented
unnecessary energy expenditure by maintaining the desired cooking temperatures without
overshooting.

2. Reduction in Energy Consumption:

e The combination of insulation and automated temperature control led to a marked decrease in
the energy required to bring water to a boil and maintain it at a specific temperature. The
reduction in energy consumption varied with the thickness of the insulator, demonstrating a
clear correlation between insulation effectiveness and energy savings.

e The study quantified the energy savings, estimating that households could reduce their
cooking-related energy consumption by a significant percentage, depending on the specific
setup and usage patterns.

3. Carbon Footprint Reduction:

e The reduced energy consumption directly translated into a lower carbon footprint. By using
less gas or electricity, households can significantly cut down their greenhouse gas emissions,
contributing to broader efforts to combat climate change.

e The study provided estimates of the potential reduction in carbon emissions at both the
household and community levels. These estimates highlighted the substantial environmental
benefits that could be achieved through widespread adoption of the proposed technology.

4. Practical Implications and Feasibility:

e The study's findings supported the development of a prototype device, emphasizing the
practical feasibility of implementing these energy-saving measures in everyday household
settings. The prototype development would further validate the initial findings and allow for
refinement and optimization of the design.

o Considerations for material selection, cost, and user convenience were discussed, ensuring
that the final product would be both effective and user-friendly.

5. Market and Regulatory Considerations:

e The market potential for the proposed device was underscored by the growing consumer
demand for energy-efficient appliances. The study highlighted the device's alignment with
current trends towards sustainability and eco-friendly living.

o Regulatory frameworks and incentives for energy-efficient products were also considered,
indicating potential support from governments and environmental agencies. This regulatory
alignment could facilitate the device's market entry and adoption.

8.6 Recommendations for Future Research

Future research should focus on optimizing the materials and design of the insulator for maximum efficiency
and usability. Further studies are also needed to refine the automated device's temperature sensing and
control capabilities. Additionally, exploring renewable energy integration and other sustainable cooking
technologies could provide further benefits.
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10. Appendices

Appendix A: Simulations Details

Detailed data and additional tables from the simulations, including specific scenarios tested and their results.
Properties of Water:

Temperature Thermal Kinematic Prandtl Thermal Expansion
(°C) Conductivity Viscosity (m2/s) Number (Pr)  Coefficient (1/K)
(W/m-K)

0 0.561 1.787e-6 13.5 0.000214

10 0.580 1.307e-6 10.5 0.000214

20 0.598 1.004e-6 7.0 0.000214

30 0.615 0.801e-6 5.7 0.000214

40 0.629 0.657e-6 4.6 0.000214

50 0.641 0.553e-6 4.1 0.000214

60 0.651 0.474e-6 3.6 0.000214

70 0.660 0.413e-6 3.1 0.000214

80 0.668 0.366e-6 2.9 0.000214

90 0.675 0.328e-6 2.7 0.000214

100 0.682 0.294e-6 2.5 0.000214

Properties of Air (0°C -100°C):
Heat Transfer Equations

The heat transfer equations used in the model include: Calculation of Grashof Number:
Convection Heat Loss: Q = hA(T pot —Tambient) Gr — LTl

Where: Empirical Correlations:

Q = heat transfer rate (W) —

h = heat transfer coefficient (W/m2K) Nu — 0.68 4+ _08TCLE)":
A = surface area (m2)
Tpot = temperature of the pot surface (°C)

Horizontal Plate (heated from below)

Nu — 0.54(Gr - Pr)/4

Tambient = ambient temperature (°C) = :
Radiation Heat Loss: Q=(Tpot4—Tambient4)

Where:
Temperature Thermal Conductivity Kinematic Prandtl Thermal Expansion
(°C) (W/m-K) Viscosity (m?/s) Number (Pr)  Coefficient (1/K)
0 0.024 1.37e-5 0.715 0.00367
10 0.025 1.47e-5 0.715 0.00367
20 0.026 1.58e-5 0.713 0.00367
30 0.027 1.70e-5 0.711 0.00367
40 0.028 1.83e-5 0.709 0.00367
50 0.029 1.96e-5 0.707 0.00367
60 0.030 2.10e-5 0.705 0.00367
70 0.031 2.25e-5 0.703 0.00367
80 0.032 2.40e-5 0.701 0.00367
90 0.033 2.55e-5 0.699 0.00367
100 0.034 2.70e-5 0.697 0.00367
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€ = emissivity of the pot surface

o = Stefan-Boltzmann constant (5.67 < 107® W/m2K*)

Calculation of Grashof Number and Nusselt Number:

Properties of Air (100°C -200°C):

Temperature Thermal Conductivity | Kinematic Prandtl Thermal Expansion
(°C) (W/m-K) Viscosity (m?/s) Number (Pr) | Coefficient (1/K)
100 0.034 2.70e-5 0.697 0.00367

110 0.035 2.85e-5 0.695 0.00367

120 0.036 3.00e-5 0.693 0.00367

130 0.037 3.15e-5 0.691 0.00367

140 0.038 3.30e-5 0.689 0.00367

150 0.039 3.45e-5 0.687 0.00367

160 0.040 3.60e-5 0.685 0.00367

170 0.041 3.75e-5 0.683 0.00367

180 0.042 3.90e-5 0.681 0.00367

190 0.043 4.05e-5 0.679 0.00367

200 0.044 4.20e-5 0.677 0.00367

Table of Convective Heat Transfer Coefficient for Boiling Water:

Plate Temperature Ts (°C) Nucleate Boiling h (W/m2-K) Film Boiling h (W/m2-K)
110 3,000 400
120 4,000 450
130 5,000 500
140 6,000 550
150 7,000 600
160 8,000 650
170 9,000 700
180 10,000 750
190 11,000 800
200 12,000 850
Explanation:

o Plate Temperature Ts: The temperature of the heating surface in °C.

e Nucleate Boiling h: The convective heat transfer coefficient for nucleate boiling, which increases
with surface temperature.
e Film Boiling h: The convective heat transfer coefficient for film boiling, which increases with
surface temperature but is generally lower than for nucleate boiling.
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