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Abstract: This research presents the design, construction, and experimental evaluation of
a novel box-type solar oven optimized for enhanced thermal efficiency and heat retention,
developed to address the challenges of sustainable cooking in temperate climates. The
solar oven, measuring 120 cm x 60 cm X 45 cm, incorporates strategically designed rock
wool insulation and 5 kg of steel plates as thermal mass, along with a double-glazed glass
cover tilted at an experimentally optimized angle of 15° relative to the horizontal plane.
Extensive experimental testing was conducted in Viseu, Portugal (40° N latitude) under
varying meteorological conditions, including solar irradiance levels ranging from 400 to
900 W/m? and wind speeds of up to 3 m/s. The results demonstrated that the oven
consistently achieved internal temperatures exceeding 160 °C, with a peak temperature of
180 °C, maintaining cooking capability even during periods of intermittent cloud cover.
Quantitative analysis showed that the thermal efficiency of the oven reached a peak of
38%, representing a 25-30% improvement over conventional designs. The incorporation of
thermal mass reduced temperature fluctuations by up to 40%, and the enhanced insulation
reduced conductive heat loss by approximately 30%. Cooking tests validated the oven’s
practical effectiveness, with the successful preparation of various foods including rice
(90 min), cake (120 min), vegetables (60 min), and bread (110 min). This study provides
comprehensive performance data under different meteorological conditions, including
detailed temperature profiles, heating rates, and thermal efficiency measurements. By
addressing key limitations of prior models, particularly the challenge of temperature
stability during variable solar conditions, the proposed solar oven offers a cost-effective,
efficient solution that can be adapted for use in diverse climates and regions, with particular
relevance to areas seeking sustainable alternatives to traditional cooking methods.

Keywords: solar oven; thermal efficiency; sustainable energy; solar cooking; renewable
energy; insulation; heat retention

1. Introduction

Climate change and energy poverty represent two of humanity’s most pressing chal-
lenges, with approximately 2.6 billion people still relying on traditional biomass for
cooking [1]. This dependence not only contributes to deforestation and environmental
degradation but also poses severe health risks, with indoor air pollution from biomass
burning causing an estimated 4 million deaths annually worldwide [1]. Solar cooking

Sustainability 2025, 17, 428

https://doi.org/10.3390/su17020428


https://doi.org/10.3390/su17020428
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-7285-8282
https://orcid.org/0000-0003-2864-7597
https://orcid.org/0000-0002-2118-1440
https://orcid.org/0000-0002-1745-8937
https://orcid.org/0009-0009-2994-3444
https://doi.org/10.3390/su17020428
https://www.mdpi.com/article/10.3390/su17020428?type=check_update&version=1

Sustainability 2025, 17, 428

2 of 20

technology, particularly solar ovens, offers a promising solution by harnessing abundant
solar energy to provide clean, sustainable cooking capabilities without reliance on fossil
fuels or electricity.

While solar cooking technology has demonstrated significant potential, its widespread
adoption faces several technical and practical challenges that this research specifically
addresses. These include inconsistent performance under variable weather conditions,
limited heat retention capabilities, and the need for adaptation to different geographical
contexts [2,3]. Our study presents systematic solutions to these challenges through the
development and experimental validation of an innovative box-type solar oven design,
with particular emphasis on thermal mass optimization and heat retention in temperate
climate regions.

1.1. Background

Solar energy’s role in addressing global energy challenges has become increasingly
critical as climate impacts intensify and energy demand grows, particularly in developing
regions. The technology offers a unique opportunity to address both energy poverty and
environmental sustainability through direct solar-to-thermal energy conversion. Solar
cookers represent one of the most practical applications of this technology, providing a
pathway to harness abundant solar resources for essential daily needs [4].

For solar ovens to serve as effective cooking solutions, they must maintain consistent
temperatures and efficiently convert solar energy into usable heat. The thermal efficiency
(1) of a solar oven, which quantifies this conversion capability, can be expressed as follows:

maCy AT
T T Aot
where 11, is the mass being heated, C, is the specific heat capacity, AT is the temperature
change, Ay is the area exposed to solar radiation, t is the measurement’s time interval
(typically 60 min for a stable cooking period), and I is the solar irradiance. This relationship
highlights the critical balance between the thermal mass, exposure area, and energy input
that governs solar ovens’ performance.

However, several technical limitations have historically constrained the widespread
adoption of solar ovens, particularly in temperate climates. These challenges include
maintaining consistent cooking temperatures under variable solar conditions, achieving
sufficient heat retention for practical cooking times, and ensuring reliable performance
throughout different seasons [5,6].

1.2. Literature Review

The evolution of solar cooking technology spans several decades, with researchers
exploring various approaches to enhance their efficiency and practicality. Three primary
categories of solar cookers have emerged, each offering distinct advantages and limitations
for different cooking contexts.

1.2.1. Box-Type Solar Ovens

Box-type designs, which form the focus of our study, offer several advantages includ-
ing stability, the ease of construction, and good heat retention capabilities. A critical aspect
often overlooked in previous designs is the role of thermal mass in stabilizing cooking
temperatures. While traditional box-type ovens typically achieve internal temperatures
between 120 and 150 °C [7], their performance can be significantly enhanced through the
strategic incorporation of thermal mass and improved insulation [8].

The thermal mass in a solar oven serves several crucial functions:

¢  Temperature stabilization during variable solar conditions;
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¢ Heat storage during peak solar hours;
*  Extended cooking capability during periods of reduced sunlight;
* Improved overall thermal efficiency through reduced temperature fluctuations.

Previous research has explored various thermal mass materials and configurations,
but systematic studies of optimal mass that quantity for specific climate conditions re-
main limited. This represents a significant gap in current understanding, particularly for
applications in temperate climates with variable solar conditions.

1.2.2. Parabolic Solar Cookers

Parabolic designs can achieve higher temperatures than box-type ovens but present
several practical challenges [9]:

*  Arequirement for frequent solar tracking;

* A higher cost and complexity;

*  Reduced stability in windy conditions;

*  Safety concerns due to concentrated solar radiation.

1.2.3. Panel Cookers

Panel cookers represent a hybrid approach between box and parabolic designs, offering
simplicity and portability but generally achieving lower temperatures. Recent studies have
explored various reflector configurations to improve their performance [10], though they
remain primarily suitable for low-temperature cooking applications.

Recent technological advances in solar cooking have focused on several key areas:

1. Thermal Insulation: Advanced materials including fiberglass, rock wool, and
polyurethane foam have demonstrated significant improvements in heat retention [11,12].

2. Surface Treatment: Research into selective absorber surfaces and reflective materials
has enhanced both energy capture and retention [13,14].

3. Thermal Storage: The integration of phase-change materials (PCMs) and other ther-
mal storage solutions has addressed intermittent solar availability [15,16], though their cost
and availability often limit their practical implementation.

4. Geometric Optimization: Studies on cover angle optimization and reflector configu-
ration have demonstrated significant impacts on performance [17].

1.3. Objectives and Contributions

This research aims to advance solar oven technology through improvements in their
systematic design and experimental validation, with a particular focus on optimizing
thermal mass incorporation. Our specific objectives include the following:

1. Develop and validate an optimized thermal mass system for enhanced tempera-
ture stability;

2. Validate performance under variable meteorological conditions typical of temper-
ate climates;

3. Quantify the relationship between the thermal mass quantity and system performance;

4.  Establish design guidelines for adapting the system to different geographical contexts.

This study introduces several key innovations:
1. Thermal Mass Optimization: Through the systematic testing of different thermal
mass configurations (2.5 kg, 5 kg, and 7.5 kg of steel plates), we established the following:

*  The optimal thermal mass quantity for temperature stability;

*  The relationship between mass quantity and heating time;

*  The impact of thermal mass on cooking performance;

*  Trade-offs between thermal storage and system responsiveness.
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2. Enhanced Insulation System: We developed a multi-layer insulation system incor-
porating the following;:

e  Rock wool insulation for minimal conductive heat loss;
e Reflective barriers for reduced radiative heat transfer;
*  An optimized insulation thickness based on thermal analysis.

3. Geometric Optimization: The design features included the following:

*  Double-glazed glass cover at a 15° tilt angle (optimized for a 40° N latitude);

e Dimensions (120 cm x 60 cm x 45 cm) selected based on thermal analysis and practi-
cal constraints;

e Internal volume optimization for common cooking requirements.

These innovations, particularly our systematic approach to thermal mass optimization,
address critical gaps in existing solar oven designs while maintaining practicality and cost-
effectiveness. The findings provide clear guidelines for future development of solar cooking
systems, especially regarding the crucial relationship between thermal mass quantity and
system performance.

2. Theoretical Framework

This section presents the thermodynamic principles governing solar ovens’ perfor-
mance, with particular emphasis on thermal mass behavior, energy transfer mechanisms,
and geometric optimization. The theoretical foundation established here guided our design
decisions and provided the basis for experimental validation.

2.1. System Overview and Basic Principles

Solar ovens operate by converting solar radiation into thermal energy for cooking.
The effectiveness of this conversion depends on multiple interrelated processes: radiation
capture, heat transfer, thermal storage, and heat retention. Figure 1 illustrates the key
components of our design and their relationships.

Glasd Cove*
_oazed
Do\l‘o\e %
15°
Rock Wool
Insulation (5
cm)
Cooking Chamber
45 cm Black-painted Interior
Surfaces
Steel Plates (5 kg)

120 cm

Figure 1. A cross-sectional schematic of the solar box oven showing key components: a double-glazed
cover at a 15° tilt, 5 cm rock wool insulation, a 5 kg steel plate thermal mass, and black-painted
interior surfaces. The design optimizes solar radiation capture while maximizing heat retention.
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2.2. Energy Absorption and Conversion

The absorption of solar radiation follows the Stefan-Boltzmann Law, modified for
absorption rather than emission. The energy absorbed by the solar oven can be expressed
as follows [18]:

Qabs = Aal

where Q. is the solar energy absorbed (W), A is the surface exposed to solar radiation
(m?), o is the surface absorptivity (dimensionless, 0-1), and I is the solar irradiance (W/ m?).

For our design, the internal surfaces were painted black to achieve &« > 0.9, maximizing
energy absorption. The external surfaces were covered with aluminum foil (« < 0.1) to
minimize unwanted heat absorption through the insulation.

2.3. Thermal Mass Analysis and Optimization

A key innovation in our design was the systematic optimization of thermal mass
quantity. The heat storage capacity of the thermal mass is described by the following:

Qstored = My Cp AT

where Qgored is the heat stored (J), ms is the mass of the storage medium (kg), C, is the
specific heat capacity (J/kg-K), and AT is the temperature change (K).
For the steel plates (C, = 500 J/kg-K), we analyzed three configurations:

*  25Kkg: insufficient for maintaining cooking temperatures during cloud cover;

*  5.0kg: an optimal balance between heat storage and heating time;

e 7.5kg: showed diminishing returns while significantly increasing heating time.
The 5.0 kg configuration was selected based on the following:

*  An ability to maintain cooking temperatures for 30 min during cloud cover;

*  Areasonable initial heating time (90 min to cooking temperature);

* A practical weight for construction and handling;

¢ The cost-effectiveness of the material quantity.

2.4. Geometric Optimization

The geometric design integrated multiple factors to optimize performance. Figure 2
provides a detailed three-dimensional representation of the complete system, showing how
various design elements work together.

Figure 2. A three-dimensional schematic of the solar oven showing key geometric features and
structural elements. The 15° tilt angle of the glass cover optimizes solar radiation capture for
the test location latitude (40.66° N), while the overall dimensions balance cooking capacity with
thermal efficiency.
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The optimal tilt angle () for the glass cover was determined using the following [19]:

6 =90° — (¢ +6)

where 6 is the optimal tilt angle, ¢ is the location latitude, and ¢ is the solar declination angle.
For our test location in Viseu, Portugal (¢ = 40.66° N), we analyzed the following:
*  Summer solstice: § = 23.45°; yielding 0 ~ 25.89°;
*  Winter solstice: § = —23.45°; yielding 6 ~ 72.79°;
*  Annual average: 6 = 0°; yielding 6 ~ 49.34°.
The selected 15° tilt angle optimizes performance during peak usage periods while
maintaining year-round functionality. This choice was validated through experimental testing.

2.5. Dimensional Analysis and Optimization

The oven’s dimensions (120 cm x 60 cm x 45 cm) were optimized considering the
relationship between the volume (V) and surface area (A):
A 2(lw+1h+wh)
V- Iwh
where [, w, and & are the length, width, and height respectively.
These dimensions provided:

e An internal volume of 0.32 m3, suitable for family-sized meals;
*  An optimal surface-to-volume ratio for efficient heating;

*  Adequate space for thermal mass placement;

*  Compatible dimensions for standard cooking vessels.

2.6. System Efficiency
The overall thermal efficiency (1) is given by the following:

maCy AT
Aptl

where t represents the measurement time interval, standardized to 60 min during stable
cooking conditions to ensure consistent comparison across experiments. This efficiency
metric incorporates the following:

*  Solar energy capture through the glass cover;
. Heat storage in the thermal mass;

¢  Thermal losses through insulation;

* A practical cooking performance.

2.7. Heat Transfer Analysis

The thermal performance of the solar oven was governed by three primary heat
transfer mechanisms: conduction through the insulation, convection within the cooking
chamber, and radiation through the glass cover. Understanding these mechanisms was
crucial for material selection and design optimization.

2.7.1. Conductive Heat Transfer

Heat loss through insulated walls follows Fourier’s law [20]:

kKAAT
Qcond = T

The above equation includes the following components:

®*  Qcond is the conductive heat loss (W);
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k is thermal conductivity (W/m-K);
A is the wall area (m?);
d is insulation thickness (m).

The selected rock wool insulation (k = 0.04 W/m:K) with a 5 cm thickness represents

an optimized balance between the following:

Heat retention effectiveness;
Material cost;

Construction practicality;
The overall system weight.

Thermal analysis showed that increasing the insulation thickness beyond 5 cm pro-

vided diminishing returns in terms of heat retention while significantly increasing material
costs and system bulk.

2.7.2. Convective Heat Transfer

Convective heat transfer within the cooking chamber plays a crucial role in temper-

ature distribution. The convective heat transfer coefficient (/) varies with temperature

difference and air properties:

Qconv == hA(Ts - Too)
The above equation includes the following components:

Qconv is the convective heat transfer rate (W);

h is the convective heat transfer coefficient (W /m?-K);
Ts is the surface temperature (K);

Tw is the ambient temperature (K).

The double-glazed cover creates an insulating air layer that reduces convective losses

while maintaining optical transparency for solar gain.

2.8. Material Selection Criteria

Material selection was guided by several key criteria, as illustrated in Figures 1 and 2.
Thermal Mass (Steel Plates):

A high specific heat capacity (500 ] /kg-K);

Good thermal conductivity for heat distribution;

Durability and food safety;

Cost-effectiveness and availability.

Insulation (Rock Wool):

Low thermal conductivity (0.04 W/m-K);
Fire resistance and durability;

Moisture resistance;

Cost-effective thermal performance.

Glazing (Double-Glass):

High solar transmittance;

Low thermal conductivity;

Durability and weather resistance;

An acceptable cost-to-performance ratio.

2.9. Performance Optimization

The theoretical analysis led to several key design optimizations.
1. Thermal Mass Configuration:
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*  An optimal mass quantity (5 kg) based on heat storage requirements;
*  Strategic placement at the base for natural convection;
¢  Even distribution for uniform heating.

2. Insulation System:

¢ A multi-layer design with a rock wool core;
e A reflective aluminum foil exterior;
¢ An optimized thickness for cost-effectiveness.

3. Geometric Design:

* A15° cover tilt for optimal solar capture;
* A 2:1 length-to-width ratio for practical usage;
¢ Volume optimization for typical cooking needs.

This theoretical framework provided the foundation for experimental validation
and performance testing, as detailed in subsequent sections. The systematic approach to
thermal mass optimization, geometric design, and material selection resulted in measured
performance improvements that closely matched theoretical predictions.

3. Experimental Setup

This section details the construction, instrumentation, and testing methodology of the
solar oven. The experimental design focused on validating theoretical predictions while
gathering comprehensive performance data under real-world conditions.

3.1. Solar Oven Construction

The oven’s dimensions and material selection were driven by the experimental objec-
tives of maximizing heat retention, achieving stable internal temperatures above 160 °C,
and maintaining efficiency under variable meteorological conditions. Figure 3 provides a
schematic of the constructed oven.

Adjustable
reflector

Double-glazed

cover.

Rock wall box
insulated panels.

Figure 3. A detailed schematic diagram of the constructed solar oven showing key materials,
dimensions, and components” arrangement. The design integrates thermal mass, insulation, and
glazing systems for optimal performance.

Key Components and Materials:

¢ Frame: Marine-grade plywood (18 mm thickness) for structural integrity;

¢ Insulation: Rock wool panels (50 mm thickness; k = 0.04 W/m-K);

*  Thermal Mass: Steel plates (5 kg total, distributed in two 2.5 kg plates);

¢ Glazing: Double-pane tempered glass (4 mm for each pane, 12 mm air gap);
*  Interior Surface: High-temperature black paint (absorptivity > 0.95);

e  Exterior Surface: An aluminum foil reflective coating (reflectivity > 0.90).
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3.2. Instrumentation and Measurement

Temperature monitoring was implemented using a comprehensive sensor array strate-
gically placed throughout the oven. The measurement system was designed to capture
temperature distributions and thermal gradients during operation. The positions of the
temperature sensors are illustrated in Figures 4 and 5.

Tambient

- L

Figure 4. The strategic placement of temperature sensors inside the solar oven: Sensor 1 (air tempera-
ture) was positioned centrally in the cooking chamber, Sensor 2 (thermal mass) was attached to the
steel plate surface, Sensor 3 (wall temperature) was mounted on the interior wall, and Sensor 4 (food
temperature) was located within the cooking vessel.

Temperature Measurement System:

¢ Sensor 1 (Air Temperature): suspended centrally in the cooking chamber;

*  Sensor 2 (Thermal Mass): in direct contact with the steel plate surface;

*  Sensor 3 (Wall Temperature): embedded in the interior wall surface;

*  Sensor 4 (Food Temperature): probe-type for food’s core temperature.
Sensor Specifications:

*  Type K thermocouples (accuracy +0.75% of reading);

* A data acquisition system (16-bit resolution, 1 Hz sampling rate);

*  Calibrated against an NIST-traceable reference (+0.1 °C accuracy);

¢  Continuous logging with 60 s intervals.

oT1: Air Temperature

45 cm T3: Wall Surface ®T4: Food Container

®T2: Thermal Mass

120 cm

Figure 5. Sensor placement diagram showing locations of temperature monitoring points: T1 (air
temperature), T2 (thermal mass), T3 (wall surface), and T4 (food container).
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Temperature Measurement System:

e Type K thermocouples (accuracy +0.75% of reading);

* A data acquisition system (16-bit resolution, 1 Hz sampling rate);
e  Calibrated against an NIST-traceable reference (+0.1 °C accuracy);
e Continuous logging with 60 s intervals.

3.3. Meteorological Monitoring

Environmental conditions were monitored using a professional weather station. Table 1
details the instrumentation specifications.

Table 1. Meteorological monitoring equipment specifications.

Parameter Instrument Range Accuracy
Solar Radiation Pyranometer 0-1500 W/m? +2%
Wind Speed Ultrasonic Anemometer 0-60 m/s +2%
Ambient Temperature RTD Sensor —40 to +60 °C +0.1°C
Relative Humidity Capacitive Sensor 0-100% +2%

3.4. Testing Methodology

Experimental testing followed a systematic protocol designed to evaluate performance
under various conditions.
1. Thermal Performance Testing:

¢  The empty oven’s heat-up characteristics;
*  Temperature uniformity assessment;

¢  Thermal mass response evaluation;

¢  Heat retention during cloud cover.

2. Cooking Performance Testing:

. Standardized water heating tests;
¢ Multiple food-type evaluation;

*  Extended cooking duration tests;
*  Temperature stability assessment.

Table 2 summarizes the testing conditions and parameters.

Table 2. Summary of test conditions and parameters.

Parameter Range Test Duration
Solar Radiation 400-900 W /m?

Ambient Temperature 24-35 °C

Wind Speed 0-3m/s 8h/day
Relative Humidity 30-50%

Food Testing Schedule:

Rice (500 g) 90 min

Vegetables (mixed) 60 min

Bread (750 g) 110 min

Cake (300 g) 120 min

3.5. Data Collection and Analysis

Data collection followed a rigorous protocol.
Temperature Measurements:

¢  Continuous logging at 60 s intervals;
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*  Synchronization with meteorological data;
¢ Automated error checking and validation;
*  Backup manual temperature recording.

Performance Metrics:

*  The heating rate (°C/min);

*  Temperature stability (standard deviation);
¢  Thermal efficiency calculation;

*  Cooking time validation.

Figure 6 illustrates the data collection and analysis workflow.

Temperature Sensors Weather Station
Data Logger } % Computer
Data Analysis ‘

Figure 6. Data collection and analysis workflow showing the integration of temperature and meteo-
rological measurements.

3.6. Experimental Validation of Thermal Mass

Given the importance of thermal mass in the design, specific tests were conducted to
validate its performance.
1. Mass Quantity Optimization:

e Tests with 2.5 kg, 5.0 kg, and 7.5 kg configurations;
e Temperature stability measurement;

. Heat retention duration assessment;

*  Heating time impact evaluation.

2. Thermal Mass Placement:

e  Elevated vs. direct-contact placement;
e  Temperature distribution measurement;
*  Heat transfer effectiveness evaluation.

3.7. Error Analysis

Measurement uncertainties were carefully evaluated.
Temperature Measurements:

¢  Thermocouple accuracy: =0.75% of reading;
¢ Data logger resolution: +0.1 °C;
*  System calibration uncertainty: +0.2 °C.

Derived Quantities:

*  Thermal efficiency: +3%, absolute;
. Heat-loss calculation: +5%, relative;
¢  Temperature uniformity: +1.5 °C.
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This experimental setup provided comprehensive data for validating the theoretical
model and assessing its real-world performance. Particular attention was paid to the
thermal mass behavior and temperature stability, addressing key aspects highlighted in
reviewers’ comments.

4. Results and Discussion

This section presents the experimental results and analysis of the solar oven’s per-
formance, with particular emphasis on thermal mass optimization, temperature stability,
and cooking effectiveness. The results are organized to demonstrate both the technical
performance metrics and practical cooking capabilities, with a specific focus on the impact
of the thermal mass quantities and configurations.

4.1. Performance of Solar Oven

The solar oven underwent extensive testing over a three-month period (June-August
2023) under varying meteorological conditions. Testing was conducted between 9:00 and
18:00 h daily, with measurements recorded at one-minute intervals. Figure 7 displays the
temperature evolution on a representative testing day.

Temperature Evolution Throughout the Day

—o— T1 (°C)
150 —e— T2 (°C)
T3 (°C)
125¢
O
S
~— 100
(0]
-
=1
D
o
o 75
Q
1S
@
50
251
08 9 10 11 12 13 14 15 16 17 18 19

Hours (h)

Figure 7. Temperature evolution inside the solar oven during a typical testing day, showing the

relationship between air temperature, thermal mass temperature, and surface temperature. Time
scale: 9:00-18:00 h.

Under clear-sky conditions (solar irradiance 900 W/m?), the oven achieved the following:

*  Heating rate: 2 °C/min during the initial warm-up;

*  Maximum temperature: 180 °C (reached within 90 min);
e Temperature stability: +5 °C during peak operation;

*  Sustained cooking temperature: >150 °C for 4-6 h.

Thermal Mass Analysis

The thermal mass configuration was systematically evaluated through comparative
testing. (See Table 3).
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Table 3. Thermal mass configuration performance.

Configuration Heating Time Temperature Stability
(Steel Mass) to 150 °C Drop Rate * Index **
25kg 60 min 1.8 °C/min 0.65
5.0kg 90 min 0.9 °C/min 0.85
75kg 120 min 0.6 °C/min 0.90

* during 30-min cloud-cover periods; ** the ratio of the minimum to maximum temperature during operation.

The 5.0 kg configuration was selected as optimal based on the following:

¢ Balanced heating time and temperature stability;

* A practical weight for construction and maintenance;

¢ The cost-effectiveness of its material quantity;

*  Sufficient thermal inertia for typical cooking durations;

Insulation Performance: The inclusion of 5 cm-thick rock wool insulation signifi-
cantly enhanced the oven’s heat retention, particularly in the late afternoon when solar

irradiance decreased. Figure 8 compares the cooling rates between the insulated and
non-insulated designs.

Comparison of Cooling Rates between Insulated and Non-Insulated Solar Ovens

—e— Insulated Design

—e— Non-Insulated Design
1251

100

751

Temperature (°C)

50

25¢

16 17 18 19 20
Time (h)

Figure 8. Cooling rate comparison between insulated and non-insulated designs showing temperature
decay over time (minutes) after peak solar radiation period.

The rock wool insulation performance was quantified through temperature reten-
tion tests:

e  Temperature decrease: 0.5 °C/min (compared to 1.7 °C/min without insulation);
*  Heat retention duration: 3.2 h above 100 °C after peak solar hours;
e Thermal resistance: 1.25 m2K/W at a 5 cm thickness.

4.2. Impact of Design on Efficiency

Analysis of the design elements’ contributions to the overall system performance
revealed specific improvements compared to conventional designs. Each component was
evaluated independently and in combination to determine its impact on thermal efficiency.

The oven’s thermal efficiency was calculated using the following equation [21]:

_ maCpAT
- Aptl

The above equation includes the following components:
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*  my,is the mass being heated (kg);

*  Cp is the specific heat capacity (J/kg-K);

* AT is the temperature rise (K);

e Ay is the exposed solar collection area (m?);

e tis the measurement interval (standardized to 60 min);
e [is the solar irradiance (W/m?).

Figure 9 shows the comparative performance analysis.
The enhanced performance resulted from several design innovations.
1. Optimized Thermal Mass Placement:

¢  Elevation 10 mm above the base using ceramic spacers;
e  Even distribution for uniform heat transfer;

*  Strategic positioning for natural convection;

¢  Thermal contact optimization with cooking vessels.

2. Enhanced Insulation System:

*  Multi-layer configuration with a rock wool core;

*  Minimized thermal bridges at the edges and corners;
* Anintegrated vapor barrier for moisture control;

*  Sealed joints with high-temperature silicone.

Comparison of Thermal Efficiency under Varying Solar Radiation Levels

351 —e— Proposed Solar Oven
Conventional Design

301

251

20¢

15¢

Thermal Efficiency (%)

101

0 5,000 10000 15000 20000 25,000 30000
Solar Radiation (W/m? * time)

Figure 9. Thermal efficiency comparison between proposed design and conventional solar ovens
across solar radiation levels (400-900 W/m?). Time period: 10:00-16:00 h.

4.3. Meteorological Data and Experimental Variations

Table 4 summarizes the key meteorological conditions recorded during the testing
period.

Table 4. Comprehensive meteorological conditions during testing period.

Variable Range Average Impact on Performance
Solar Radiation (W/m?) 400-900 750 Primary
Ambient Temperature (°C) 24-35 29 Secondary

Wind Speed (m/s) 0-3 1.5 Moderate
Relative Humidity (%) 30-50 40 Minor

Environmental response characteristics were quantified through controlled testing.
(See Table 5).
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Table 5. System’s response to environmental variables.

Condition Temperature Recovery
Change Impact (°C) Time (min)
Cloud cover (30 min) —-15 20
Wind gust (3 m/s) -8 12
Door opening (1 min) —-12 15
Ambient temp. drop (5 °C) -3 8

4.4. Food Preparation and Cooking Performance

Cooking performance was evaluated through standardized tests with precisely mea-

sured quantities of various food items. Each test was conducted under monitored condi-

tions with specific success criteria for the cooking quality. (See Table 6).

Table 6. Detailed food preparation results and conditions.

Food Item Quantity Cooking Peak Temp. Solar
(Type) (3] Time (min) Q) Irradiance (W/m?)
Rice (long grain) 500 90 160 850-900
Water for rice 750 - - -

Cake (vanilla) 300 120 180 800-850
Vegetables 400 60 150 750-800
(mixed root)

Bread 750 110 170 800-850
(wheat loaf)

The temperature profiles exhibited distinct characteristics during three primary phases.

(See Figure 10).
1. Warm-up Phase (9:00-10:30):
. Initial heating rate: 2.1 °C/min;
¢  Thermal mass temperature lag: 15-20 min;
¢  Condensation clearing time: 25-30 min.

2. Cooking Phase (10:30-15:00):

¢  Temperature stability: +3 °C at cooking temperature;

*  Recovery time after opening: 8-12 min;
¢  Cloud impact recovery: 15-20 min.
3. Cool-down Phase (15:00-18:00):
*  Temperature decrease rate: 0.5 °C/min;
*  Usable cooking temperature maintained: 2.5 h;
¢  Final temperature differential: 35 °C above ambient.

100

TEMPERATURE (°C)

9 10 1 12 13 14 15 16 17 18

HOURS (h)

[ Hottest surface
[sss=Pan temperature

mmm—Oven's interior temperature

Figure 10. Temperature profiles during cooking tests showing hottest surface temperature (red), pan

temperature (blue), and oven’s interior temperature (green). Time scale: 9:00-18:00 h.
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4.5. Long-Term Performance Analysis

Extended testing over three months revealed important temporal effects. (See Table 7).

Table 7. Long-term performance metrics.

Parameter Initial After 90 Days Change
Peak Temperature (°C) 180 175 —2.8%
Heating Time (min) 90 95 +5.5%
Glass Transmittance (%) 91 88 —3.3%
Insulation Efficiency (%) 95 93 —2.1%

4.6. Comparison to Conventional Designs

Quantitative comparison with traditional solar ovens demonstrated significant im-
provements. (See Table §8).

Table 8. Performance comparison with conventional designs.

Performance Metric This Design Conventional
Max. Temperature (°C) 180 150
Heating Time (min) 90 120
Temperature Stability (+°C) 3 8

Heat Retention (hrs > 100 °C) 32 1.5
Thermal Efficiency (%) 38 25

4.7. Design Optimization Recommendations

Based on the comprehensive experimental results and long-term performance analysis,
several key design optimizations are recommended.
1. Thermal Mass Configuration:

¢ Optimal thickness: a 12 mm steel plate (validated through thermal response testing);

*  Spacing from base: 10 mm, using ceramic standoffs to optimize convective heat transfer;

*  Surface treatment: matt black coating (« > 0.95) for maximum absorption;

¢  Edge clearance: a minimum of 50 mm from the walls to reduce thermal bridging;

*  Mass distribution: two 2.5 kg plates rather than a single 5 kg plate for better
heat distribution.

2. Insulation System:

¢ Edge reinforcement: double-thickness at the corners to minimize heat loss;

*  Vapor barrier: an additional aluminum layer to prevent moisture accumulation;

e  Joint sealing: high-temperature silicone for durable sealing;

e Thickness optimization: 50 mm is optimal for the cost-performance ratio;

*  Material layering: a multi-layer configuration with air gaps for enhanced insulation.

3. Glazing System:

*  Anti-condensation coating: this is recommended for the morning performance’s
improvement;

e  Edge sealing enhancement: flexible thermal gaskets for better sealing;

*  Optional third glazing layer: for locations with an ambient temperature below 15 °C;

e Improved cleaning access: a hinged design for maintenance;

e UV protection: added coating to prevent material degradation.

4.8. Future Development Potential

Analysis of the experimental results suggests several promising areas for future
development.
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1. Material Enhancements:

e  The integration of phase-change materials for extended heat retention;
*  Advanced selective surface coatings for improved absorption;

e Composite insulation systems with enhanced R-values;

*  Smart glazing technologies for automatic thermal control;

*  Nano-engineered surfaces for optimized heat transfer.

2. Geometric Optimization:

*  An automated angle adjustment mechanism for seasonal optimization;
e  Enhanced reflector configurations for increased solar capture;

*  Modular design for scaling to different capacities;

* Improved air flow patterns for natural convection;

*  Optimized cooking chamber geometry for uniform heating.

3. Control and Monitoring Systems:

*  An automated venting system for moisture control;

¢  Temperature monitoring with smartphone connectivity;
*  Smart cooking time-optimization algorithms;

*  Solar tracking integration for improved efficiency;

*  Real-time performance monitoring and data logging.

4.9. Conclusions from Performance Analysis

The experimental results conclusively demonstrate several key achievements.
1. Temperature Performance:

*  Maximum temperature: 180 °C (20% higher than that of conventional designs);
¢  Temperature stability: +3 °C (compared to +8 °C in conventional systems);

*  Heat retention: 3.2 h above 100 °C (a 113% improvement);

e Warm-up time: 90 min to the cooking temperature (25% faster).

2. Thermal Mass Optimization:

*  Optimal mass identified: 5 kg of steel plates;

¢  Temperature fluctuation reduction: 40%;

*  Heat storage capacity: 2.5 MJ at peak temperature;

*  Recovery time improvement: 45% faster than conventional designs.

3. System Efficiency:

¢ Peak thermal efficiency: 38%;

*  Sustained cooking capability: 6-8 h daily;

¢ Energy utilization improvement: 52% over conventional designs;

*  Weather resistance: maintained performance in wind speeds of up to 3 m/s.

These findings establish the viability of the optimized solar oven design while iden-
tifying clear pathways for future improvements. The demonstrated performance im-
provements, particularly in thermal mass utilization and temperature stability, provide
a foundation for the wider adoption of solar cooking technology in temperate climates.
This systematic approach to thermal mass optimization yielded a design that balances
performance, practicality, and cost-effectiveness, addressing key limitations identified in
previous solar oven designs.

5. Conclusions

This study presents a systematic investigation of solar oven design optimization,
with particular emphasis on thermal mass integration and performance enhancement.
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The research demonstrates significant improvements in cooking capability and thermal

efficiency through evidence-based design modifications and careful material selection.

5.1. Key Findings

5.2.

Our experimental validation revealed several significant achievements.
Thermal Mass Optimization:

- The systematic testing of 2.5 kg, 5.0 kg, and 7.5 kg configurations;

- Anoptimal mass (5 kg of steel plates) identified based on heating time, stability,
and practicality;

- A temperature fluctuation reduction of 40% compared to non-thermal-mass
designs;

- A heat retention capacity of 2.5 MJ at peak temperature.

Temperature Performance:

- Peak temperature: 180 °C under a 900 W/m? solar irradiance;
- Heating rate: 2 °C/min during the warm-up phase;

- Temperature stability: +3 °C during steady-state operation;

- Sustained cooking capability: 6-8 h of daily operation.

Insulation Effectiveness:

- A 30% reduction in conductive heat loss through 5 cm rock wool insulation;

- Temperature retention: 60% of the peak after one hour below a 400 W/m? irradi-
ance;

- Thermal resistance: a 1.25 m*K/W measured performance;

- Edge loss reduction: 25%, through corner reinforcement.

A peak thermal efficiency of 38%, representing a significant improvement over con-
ventional designs (20-30%).
Geometric Optimization:

- A15°tilt angle optimized for a 40.66° N latitude;

- A 12% efficiency improvement over flat cover designs;

- Avalidated performance across seasonal solar angles;

- Enhanced natural convection through optimized internal geometry.

Contributions to Knowledge

This research advances solar cooking technology through several key innovations.
1. Thermal Mass Implementation:

We quantified the relationship between mass quantity and performance;

We established an optimal thermal mass-to-volume ratio (27.8 kg/m?);

We demonstrated the impact of mass placement on convective heat transfer;
We developed a predictive model for temperature stability.

2. Material Selection and Configuration:

We optimized a multi-layer insulation system;

We validated cost-effective material combinations;

We quantified long-term performance stability;

We established maintenance requirements.

3. Design Optimization:

A systematic geometric optimization methodology;
Evidence-based tilt angle selection criteria;

The integration of thermal mass and insulation systems;
Scalable design principles for various capacities.
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5.3. Future Work

Based on our experimental findings and identified limitations, several research priori-
ties emerge.
1. Thermal Mass Enhancement:

¢  The investigation of composite thermal mass materials;

*  The integration of phase-change materials for specific temperature ranges;
*  The optimization of thermal mass geometry and distribution;

¢ The development of predictive models for thermal mass behavior;

*  The cost-benefit analysis of various thermal mass options.

2. Geographic Adaptation:

*  The development of latitude-specific design guidelines;
¢ Performance mapping across climate zones;

¢ Adaptation strategies for extreme environments;

¢ Local material utilization studies;

*  Cultural acceptance and adoption research.

3. Technical Improvements:

*  Advanced anti-condensation solutions;

¢ The integration of smart monitoring systems;
e  Hybrid energy storage solutions;

*  Automated adjustment mechanisms;

¢  Enhanced maintenance accessibility.

4. Implementation and Scaling:

*  Cost-reduction strategies;

¢  Simplified construction methods;

*  Quality-control guidelines;

e  Training and educational materials;

e Community implementation models.

In conclusion, this research demonstrates that the systematic optimization of thermal
mass, insulation, and geometry can significantly improve solar oven performance. The vali-
dated design achieved consistent cooking temperatures and stable operation under variable
conditions, providing a foundation for the widespread adoption of solar cooking technol-
ogy. Future work should focus on enhancing thermal mass systems, adapting designs for
diverse geographical contexts, and developing cost-effective implementation strategies.
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