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1. INTRODUCTION 
Nowadays, the distribution of access to different energy means tends to be uneven 

depending on whether one is located in an urban or rural area, this is especially evident 

in third world countries. In rural areas of Colombia, there are various problems 

regarding access and distribution to energy resources for cooking food, such as natural 

gas. Due to the above, many families must resort to other alternatives such as the 

burning of wood or coal to cook their food. This has many contraindications for health, 

due to the inhalation of smoke and harmful gases; for the environment, because it 

increases the levels of deforestation; and social problems, such as gender inequality 

since women tend to be more affected. This has led to the development of alternatives 

regarding energy consumption for domestic and industrial applications, among these 
are solar cookers. 

Solar energy offers an alternative that not only would allow the reduction of other 

energy sources whose negative effects tend to be very high such as fossil fuels, but 

would also help reduce the social gap since it implies lower overall expenses and, on 

the long run, is a more affordable alternative. In recent decades solar cooker 

technology has presented great advances in term of materials, geometries, 

configurations, or implementations of thermal storage systems, which have allowed 

them to be more efficient. However, solar cookers available on the market have price 

ranges from approximately 500 000 to sometimes more than 2 000 000 COP, and in 

general, the materials used for constructing high performance solar cookers at home 

can have very similar prices and not be available in local markets. According to DANE, 

21.02 million people in the country live in poverty (with an income of less than 331 

688 COP per month) while 7.47 million people live in extreme poverty (with an income 

of less than 145 004 COP per month) [1], furthermore, for the month of April 2021 in 

Colombia approximately 15% of the population was unemployed [2]. With figures as 

critical as these, it can be understood that applying technologies such as solar cookers 

in a country like Colombia can be problematic when most of the population lives in 

such precarious conditions. With the above taken into consideration, the need arises to 

study the viability of these not only in terms of performance but also in terms of the 

materials used, the ease of access to them, and their general price. The idea of this 

thesis is to build a solar cooker, for the lowest possible price, that can reach a 

temperature of 100 °C, that is, that allows water to boil. Also, according to Unite State’s 

food guidelines [3] the minimum internal temperature required to cook certain foods 

is around 74 °C, so the 100°C goal would also cover that . In addition to this, the 

possibility there is for one of these systems to be implemented in agricultural processes 

will be reviewed. 

Several prototypes will be studied to determine the one with better performance that 

satisfies the previous requirements. After this, it will be sought to implement PCMs so 

that the cooking system can be improved, food can be kept hot for longer, or for 

allowing cooking in hours when weather conditions or solar radiation are not the best. 

In addition to all the above, it is worth noting that Colombia, being a country that is 

located on the equatorial line, has high levels of solar radiation that make 
implementing solar cookers a feasible option. 



2. NOMENCLATURE 
 

𝐴 Aperture area of the solar cooker   

𝐴𝑣 Surface area of the cooking vessel  

𝐶𝑝 Specific heat coefficient  

𝐶𝑝𝑠 Specific heat of solid phase 

𝐶𝑝𝑙 Specific heat of liquid phase 

𝐶𝑝𝑤 Specific heat capacity of water 

𝐸𝑖𝑛 Energy input 

𝐸𝑜𝑢𝑡 Energy output 

𝐸𝑥𝑖𝑛 Exergy input 

𝐸𝑥𝑜𝑢𝑡  Exergy output 

𝑓 Melting fraction 

𝐹1 First figure of merit 

𝐹2 Second figure of merit  

𝐼𝑎𝑣 Average solar radiation  

𝐼𝑠𝑡  Irradiance at point of stagnation 

𝑚 Mass 

𝑚𝑤 Water mass 

𝜂𝑒𝑛 Energy efficiency  

𝜂𝑒𝑥 Exergy efficiency 

𝑃 Cooking power 

𝑃𝑠 Standardized cooking power 

𝑄𝑆𝐻𝑆 Sensible heat storage capacity 

𝑄𝐿𝐻𝑆 Latent heat storage capacity 

∆𝑞 Latent heat of fusion 

𝑇𝑓 Final temperature 

𝑇𝑖 Initial temperature 

𝑇𝑚 Melting temperature 

𝑇𝑤𝑓 Final water temperature 

𝑇𝑤𝑖 Initial water temperature 

𝑇𝑎𝑚𝑏 Ambient temperature 

𝑇𝑠𝑢𝑛 Temperature of the sun 

𝑇𝑑 Temperature difference 

𝑇𝑝𝑠 Maximum absorber plate temperature 

𝑡𝑓 Final time 

𝑡𝑖 Initial time 

𝑈𝑙 Heat loss coefficient  

 



3. THEORICAL FRAMEWORK 

3.1. COOKING IN COLOMBIA 
 

In 2016, the National Administrative Department of Statistics (DANE) did a national 

survey regarding people’s quality of life [4]. The results for the portion of homes in 

Colombia with access to natural gas is shown in Figure 1; where county seats include 

all metropolitan areas, urban areas, and municipal heads, and scattered rural considers 

urban centers, municipal districts, and scattered rural areas. For 2016, 64.7% of 

Colombian homes had access to this commodity, but it can be seen that in less 

populated or remote areas this percentage drastically drops. In these regions, only 
11.9% of homes had access to natural gas. 

 

 

Figure 1. Percentage of Colombian homes with access to natural gas (2015-2016) [4] 

 

The distribution of the percentage of homes with access to natural gas by region is 

shown next (Figure 2). The data shows that in 2016 in the Pacific region less than 15% 

of homes had access to this service, while in the Orinoquía-Amazonía region only 

25.6%. In San Andrés people don’t have access to this utility. 

 



 

Figure 2. Percentage of homes with access to natural gas (2015-2016) by regions [4] 

These numbers are specially worrying when one takes into consideration that since 

they don’t have access to natural gas, they cook with firewood or by burning coal or 

manure, which can bring serious health problems. In 2018, a study was conducted by 

la Unidad de Planeación Minero Energética (UPME), the Energy Information 

Administration (EIA), and Balance Energético Colombiano (BECO) in regards to how 

the consumption of energy is distributed when it comes to the residential sector 

(Figure 3). In Colombia, 41% of homes utilize biofuels like firewood, this percentage is 

considerably higher in the country in comparison with Latin America with 35% and 

the world with 34%.  Also, it’s important to note that in Colombia compared to the rest 

of the continent and the world, the energy consumption related to petroleum and its 
derivates is lower.  

 

Figure 3. Comparison in consumption for the residential sector (2018) [5] 

 



The next table shows the results of the national survey regarding the quality of life done 

in 2014, in this, homes are divided according to the fuel they use to cook their food. The 

polls show that out of over 13 million homes that cook, the majority of them, around 

61.66%, use natural gas connected to a public network. The second most used medium 
is petroleum liquid gas with 25.35%, and the third is firewood or coal with 10.56%  

 

Table 1. homes that prepare food according to the fuel they use to cook [6] 

 
Number of 

homes 
that cook 

Electricity 

Natural 
gas 

connected 
to public 
network 

Petroleum, 
gasoline, 
kerosene, 

alcohol 

Petroleum 
liquid gas 

Mineral 
Carbon 

Waste 
material 

Firewood 
or coal 

Total 13 420 907 398 261 8 275 816 41 724 3 268 441 16 306 2 669 1 417 689 

County 
Seats 

10 565 120 339 973 7 973 730 22 153 2 081 689 6 251 1 340 139 984 

Scattered 
Rural 

2 855 787 58 288 302 086 19 571 1 186 752 10 056 1 329 1 277 705 

 

 

With all the above taken into consideration is worrying that more than a million 

Colombian homes use firewood or coal to cook their foods. A study done in Indonesia 

shows that individuals living in households that cook with firewood have a 9.4% lower 

lung capacity than those that cook with cleaner fuels, this impact being greater for 

women and children [7]. In 2016, household air pollution was responsible for 3.8 

million deaths, and 7.7% of world mortality [8]. The use of these types of fuels has 

serious implications, not only for the health of those cooking but also those in the 

immediate surroundings. Firewood collection also could contribute to a reduction of 

trees and available resources, and the times spent to collect these can be unreasonable. 
[7]  

Figure 4 shows the bigger picture when it comes to energy consumption in Colombia 

for all sectors, not only the residential one. Surprisingly, coal is the most used fuel with 

40% and 3’301.828 MWh/year followed by natural gas with 25.1% and 2’068.831 

MWh/year. Firewood is included in biomass fuels, and in this case, makes 11.9% of the 

country´s energy consumption with almost 1 million MWh/year.  



 

 

Figure 4. Energy distribution in MWh/year according to the fuel used by all sectors [9] 

 

All previous things considered, a necessity for implementing an alternative way of 

cooking is born. One where the risk for developing lung problems is considerably lower 

or non-existent, one that can be implemented in places where the natural gas coverage 

may not be the best, and one that is accessible to a bigger portion of the population.  

3.2. SOLAR COOKERS  

3.2.1. Introduction to Solar Cooking  
 

According to Solar Cookers International [10] 3 in 7 people today lack modern fuel to 

cook food, also, 1 solar cooker can preserve more than 1 ton of wood every year. All 

over the world, nearly 3 billion people cook over wood, animal waste, or charcoal fires 

meaning that they are exposed to smoke and ash for hours every single day [11]. If 

these people were able to harness free solar energy for this activity they could breathe 

cleaner air and help preserve the environment; solar cooking helps reduce the high 
costs of black soot and fossil fuel emissions [11].  

A solar cooker is a device that allows you to cook food using the sun’s energy as fuel 

[12]. The first solar cooker was invented in 1767 by Horace de Saussure [13], he made 

the first recorded effort to solar cook food by building a miniature greenhouse with 5 

layers of glass boxes turned upside down on a black table and reported cooking fruit. 

He later built a cooker of 2 pine boxes topped with 3 layers of glass, and later still added 
wool insulation between the two boxes. [14]  

Despite great efforts by different organizations and national governments to promote 

their use, solar cookers remain relatively underused, except in certain clearly defined 
pockets. [15] 



 

3.2.2. Advantages and Disadvantages of Solar Cooking  
 

Among the benefits of utilizing solar cookers there are:  

• A decrease in investment and expenditure [12]. Sunlight is an unlimited source 

of costless energy that can be exploited any time the sky is clear, this is a 

particularly important point especially for impoverished people [15]. 

• Solar cooking preserves fuel and helps save trees and soil [12]. Deforestation 

has already led to the destruction of about 90 percent of West Africa’s original 

forests and threatens food security in several African countries. [15] 

• They are easy to make from a variety of different materials, and this technology 

can be adapted to various cooking customs and climates [12] 

• There is no smoke to injure the eyes of those cooking or cause lung problems 

• Solar cooking helps with air quality and is a pollution-free alternative [12] 

• Solar cooking is, moreover, an efficient mode of generating heat. One project in 

China has calculated that a traditional coal-fired stove has a thermal efficiency 

of approximately 15 percent, while that of a solar cooker can be higher. [15] 

• The time that would be spent collecting wood can be used for many different 

things. As it was explained before the time spent collecting combustible 

material can be unreasonable, it can take people hours every day to do this. So, 

solar cooking demands lessen effort [15]. 

The primary disadvantages are: 

• Solar cooking can be slow [15] 

• Solar cooking is dependent on the state of the sky, is completely and 

permanently reliant on the weather [15] 

• Unless a carefully positioned solar oven is moved periodically the sun’s rays will 

not strike the glass or the reflector directly. The consequent drop in solar 

exploitation would be equivalent to turning down a conventional oven. One 

possible way to overcome this difficulty is to make solar ovens with round, 
rather than flat reflective surfaces. [15] 

 

3.2.3. Types of Solar Cookers  
 

A general classification of solar cookers is shown in Figure 5, according to structural 

type, solar cookers are classified into box, concentrating, and panel cookers. Box 

cookers are the most common type [16] and are considered fairly safe and require little 

supervision, they are more stable and less likely to tip over compared to the other types 

of solar cookers; these will usually maintain cooking temperatures between 90 and 

180°C [17]. Concentrating cookers or parabolic solar cookers are generally capable of 

maintaining higher cooking temperatures compared to the other two types, but a more 



experienced user is recommended while using theses; one of the biggest drawbacks to 

these types of cookers is the higher complexity in design and built, parabolic cookers 

are more expensive to make [14]. Finally, Solar panel cookers will usually consist of a 

pot with a plastic or glass enclosure nestled into a three to five-sided reflective panel 

for better concentration of the sun’s rays. A panel cooker will reach cooking 

temperatures between 90 and 120 °C. A major disadvantage is that wind can affect the 

cooking temperatures more than in the other types of cookers. A solar panel cooker is 

also one of the easiest and least expensive to make using common materials found in 

the home or at a hardware store [14]. A representation of each of these types of cookers 
is shown in Figure 6. 

 

Figure 5. A general classification of solar cookers [16] 

 

 

 

Figure 6. Box cookers, curved concentrator cookers, and panel cookers [12] 

3.2.4. Factors to Take into Consideration When Using Solar 

Cookers [12] 
 

There are a lot of factors to take into consideration when cooking with a solar cooker, 
mainly: 



- Time of year and day: one can expect to cook faster during the sunniest seasons 

of the year and around noon when the sun is directly positioned over the cooker. 

- Amount of sun: how much sunlight is available, weather conditions, and cloud 

behavior is also a very important factor. The clearer the sky the faster the 

cooking process will be. 

- Amount of wind: wind can be a decisive aspect, if the wind is too fast the slower 

you will be able to cook your food.   

- The thickness of pot: ideally one must use thin pots to cook the food more 

rapidly.   

- Amount and size of food: the less food you put into your pot, the faster it will 

cook. Also, it is advisable to cut your food into smaller pieces.  

- Amount of water in the pot: when one wants to cook foods that require water, 

it is best to put small amounts of it in the pot.  

 

 

Figure 7. important factors to take into consideration when using a solar cooker [12] 



3.2.5. Solar Cookers with Thermal Storage 
 

Thermal energy storage is a technology that stocks thermal energy by heating or 

cooling a storage medium so that the stored energy can be used at a later time [18]. The 

main purpose of thermal storage for a solar cooker is to hold an extra amount of heat 

[19] that can later be used for cooking when climatic conditions are not optimal or at 

night. These types of storage grant the opportunity of cooking throughout these 

periods and also help improve the reliability of solar cookers [20]. There are two main 

types of thermal storage: 

3.2.5.1. Sensible Heat Storage (SHS) 
 

Sensible heat storage systems use the material’s heat capacity and change in 

temperature during the process of charging or discharging [21]. Thermal energy is 

stored when the material’s temperature is raised and is released when energy is 

withdrawn [22]. 

The amount of heat Q stored by a material changing temperature from 𝑇𝑖 to 𝑇𝑓 is given 

by [21]: 

𝑄𝑆𝐻𝑆 = 𝑚𝑐𝑝∆𝑇 = 𝑚𝑐𝑝(𝑇𝑓 − 𝑇𝑖)                   (1) 

 

Where m and 𝑐𝑝 are the mass and the specific heat coefficient of the material. From this 

equation, one can see that in order to improve the sensible heat Q one can either 

increase the mass used for the operation, select a material with a higher specific heat 

coefficient, or both. Nonetheless, other factors also affect the performance of the 

sensible heat storage material, like range of operating temperatures, thermal 

conductivity, thermal diffusivity, compatibility between the storage material and the 

container, stability at the highest temperature of cycle operation, and cost, among 

others [21]. 

 

3.2.5.2. Latent heat storage (LHS) 
 

LHS materials are based on the absorption or release of heat when the material 

undergoes a phase change (solid-liquid, liquid-gas, solid-gas, or vice versa) [22]. LHS 

materials store heat in the form of potential energy between the particles of the 

substance, the conversion between the heat and this energy involves the change of the 

material’s phase. Furthermore, heat storage occurs without significant changes in 

temperatures, so this process can approximately be considered isothermal [23]. 

Materials used for latent heat storage are called phase change materials (PCMs) [24]. 

For example, when a solid-liquid PCM is used and melted, large amounts of heat are 



stored at a constant temperature in the material, this heat is then released when the 

material solidifies [24].  

The LHS capacity can be calculated using the following equation [25]: 

 

𝑄𝐿𝐻𝑆 = 𝑚[𝑐𝑝𝑠(𝑇𝑚 − 𝑇𝑖) + 𝑓∆𝑞 + 𝑐𝑝𝑙(𝑇𝑖 − 𝑇𝑚)]                  (2) 

 

Where 𝑄𝐿𝐻𝑆 is the material’s heat storage capacity, 𝑐𝑝𝑠 and 𝑐𝑝𝑙 are the material’s 

specific heat of solid and liquid phase respectively, 𝑇𝑚 is the melting temperature, 𝑚 is 

the mass of the material, 𝑓 is the melt fraction, and ∆𝑞 is the latent heat of fusion. The 

latent heat of a substance is much larger than the specific heat of said substance so LHS 

materials can store the same amount of heat in a much smaller volume, which poses a 
significant advantage over LHS materials. [23] 

  

3.3. PCMs 
 

Phase change materials are materials that have the ability to absorb and release heat 

during phase transition cycles [26], they are classified into four groups regarding the 
stages occupied in the transition [21]: 

 

𝑆𝑜𝑙𝑖𝑑 ⇄ 𝑙𝑖𝑞𝑢𝑖𝑑 

𝑆𝑜𝑙𝑖𝑑 ⇄ 𝑔𝑎𝑠 

𝑙𝑖𝑞𝑢𝑖𝑑 ⇄ 𝑔𝑎𝑠 

𝑆𝑜𝑙𝑖𝑑 ⇄ 𝑠𝑜𝑙𝑖𝑑 

 

The latter signifying a transition from one crystal to another. The name for each phase 

change is shown in Figure 8. Solid-gas and liquid-gas transformations are typically not 

used in heat storage systems given the fact that gas tends to occupy too large volumes, 

making the system impractical [21]. Even though solid-liquid transformations have 

smaller latent heats, compared to solid-gas and liquid-gas, they require a considerably 

lower change in volume which makes them a more reasonable choice [21]. On the other 

hand, solid-solid materials have relatively slow phase transition and low latent heat 
[20]. 



 

Figure 8. Name of phase changes 

 

Solid-liquid PCMs are classified into: 

• Organic: described as paraffin and non-paraffin materials. Paraffin is safe, 

reliable, predictable, non-corrosive, and is cheap alternative; nonetheless, it has 

low thermal conductivity and presents a high-volume change between the solid 

and liquid stages. On the other hand, non-paraffin materials (like esters, fatty 

acids, alcohols, and glycols) have a high heat of fusion, low thermal conductivity, 

varying levels of toxicity and can sometimes be unstable at high temperatures. 

[27] 

• Inorganic: salt hydrates and metallic. Salt hydrates reference alloys of 

inorganic salts and water forming a crystalline solid, these PCMs have a high 

latent heat of fusion per unit volume, relatively high thermal conductivity 

compared to paraffin, and small volume changes during the phase transition; 

however, they present supercooling and phase segregation problems. Secondly, 

metallic PCMs have good thermal and electrical conductivity, low heat of fusion 

per unit weight but high heat of fusion per unit volume, and small volume 

change during the transition. [27] 

• Eutectic: consist of two or more low melting temperature components. The 

main advantages are that their melting point can be adjusted by combining 

different weight percentages of the components, they have high thermal 

conductivity and density, and don’t experience segregation or supercooling. On 

the other hand, the latent and specific heat capacities are smaller compared to 
those of salt hydrates and paraffin. [27] 

There are several downsides to the use of phase change materials besides the ones 

described previously: thermomechanical cycles can suffer from decay in reaction rates 

due to poor heat transfer and irreversibilities, and heat storage systems that use PCMs 

can solely operate at the melting point of the PCM, which means lower exergetic 
efficiency [20]. PCM performance is calculated using equations (1) and (2). 

 



3.4. PERFORMANCE OF SOLAR COOKERS 

3.4.1. Energy 
 

Energy analysis is the method of assessing the way energy is used in an operation 

involving the physical or chemical processing of materials and the transfer and/or 

conversion of energy [28] and it’s based on the first law of thermodynamics [29], which 

states that, although energy can change form, it can be neither be created nor destroyed 

[28].  The energy efficiency can be calculated by dividing the energy output of the 
cooker by the energy input to the cooker [29] 

𝐸𝑖𝑛 = 𝐴 ∫ 𝐼𝑎𝑣𝑑𝑡
𝑡𝑓

𝑡𝑖

= 𝐴𝐼𝑎𝑣(𝑡𝑓 − 𝑡𝑖) = 𝐴𝐼𝑎𝑣∆𝑡                   (3) 

 

Where: 

𝐼𝑎𝑣: average amount of illumination intensity falling on the cooker 

𝐴: aperture area of the cooker 

∆𝑡: time period.  

𝐸𝑜𝑢𝑡 = 𝑚𝑤𝑐𝑝𝑤(𝑇𝑤𝑓 − 𝑇𝑤𝑖)                              (4) 

 

Where: 

𝑚𝑤: mass of the water in the cooking vessel 

𝑐𝑝𝑤: specific heat capacity of water (4200
𝐽

𝑘𝑔 °𝐶
) 

𝑇𝑤𝑓: final temperature of water 

𝑇𝑤𝑖: initial water temperature  

 

Combining (3) and (4) the efficiency in regards of energy can be obtained: 

𝜂𝑒𝑛 =
𝐸𝑜𝑢𝑡

𝐸𝑖𝑛
=

𝑚𝑤𝑐𝑝𝑤(𝑇𝑤𝑓 − 𝑇𝑤𝑖)

𝐼𝑎𝑣𝐴∆𝑡
                           (5)  

 

3.4.2. Exergy 
 

The exergy of a system is defined as the maximum shaft work that can be done by the 

composite of the system and a specified reference environment [28]. In other terms is 



the maximum amount of work that can be produced by a system in a specified 

environment [29]. Some things to consider are that a system in complete equilibrium 

with its environment does not have any exergy and the exergy of a system increases 

the more it deviates from the environment [29]. The equations for exergy analysis are 
given next: 

𝐸𝑥𝑖𝑛 = 𝐼𝑎𝑣𝐴∆𝑡 [1 +
1

3
(

𝑇𝑎𝑚𝑏

𝑇𝑠𝑢𝑛
)

4

−
4

3

𝑇𝑎𝑚𝑏

𝑇𝑠𝑢𝑛
]                       (6)   

 

Where: 

𝑇𝑎𝑚𝑏: ambient temperature 

𝑇𝑠𝑢𝑛: Temperature of the sun (5800 K) 

 

𝐸𝑥𝑜𝑢𝑡 = 𝑚𝑤𝑐𝑝𝑤 ∫ (1 −
𝑇𝑎𝑚𝑏

𝑇𝑤
) 𝑑𝑇𝑤

𝑇𝑤𝑓

𝑇𝑤𝑖

= 𝑚𝑤𝑐𝑝𝑤(𝑇𝑤𝑓 − 𝑇𝑤𝑖) − 𝑚𝑤𝑐𝑝𝑤𝑇𝑎𝑚𝑏 ln
𝑇𝑤𝑓

𝑇𝑤𝑖

= 𝐸𝑜𝑢𝑡 − 𝑚𝑤𝑐𝑝𝑤𝑇𝑎𝑚𝑏 ln
𝑇𝑤𝑓

𝑇𝑤𝑖
                         (7) 

 

Combining (6) and (7) we arrive at an expression for exergy efficiency: 

𝜂𝑒𝑥 =
𝐸𝑥𝑜𝑢𝑡

𝐸𝑥𝑖𝑛
=

𝐸𝑜𝑢𝑡 − 𝑚𝑤𝑐𝑝𝑤𝑇𝑎𝑚𝑏 ln
𝑇𝑤𝑓

𝑇𝑤𝑖

𝐼𝑎𝑣𝐴∆𝑡 [1 +
1
3 (

𝑇𝑎𝑚𝑏

𝑇𝑠𝑢𝑛
)

4

−
4
3

𝑇𝑎𝑚𝑏

𝑇𝑠𝑢𝑛
]

                      (8) 

 

Table 1 presents a comparison between energy and exergy. 

 

Table 2. Energy and Exergy comparison [28] 

Energy Exergy 

• Dependent on properties of only a 
matter of energy flow and 

independent of environment 
properties 

• Dependent on properties of both 
matter or energy flow and the 

environment 

• Has values different from zero 
when in equilibrium with the 

environment 

• Equal to zero when in the dead 
state by being in complete 

equilibrium with the environment 



• Conserved for all processes, based 
on the first law of 
thermodynamics 

• Conserved for reversible 
processes and not conserved for 

real processes (there it is partly or 
completely destroyed due to 

irreversibilities) 

• Can be neither destroyed nor 
produced 

• Can be neither destroyed nor 
produced in a reversible process, 

but is always destroyed 
(consumed) in an irreversible 

process 

• Appears in many forms (e.g., 
kinetic energy, potential energy, 
work, and heat) and is measured 

in that form 

• Appears in many forms (e.g., 
kinetic energy, potential energy, 

work, and thermal energy) and is 
measured based on work or 

ability to produce work 

• A measure of quantity only • A measure of quantity and quality 

 

 

 

3.4.3. Power 
 

Average cooking power is the amount of useful energy that is available in the heating 

interval [30] and is given by [31]: 

𝑃 = 𝑚𝑤𝑐𝑝𝑤

𝑇𝑤𝑓 − 𝑇𝑤𝑖

𝑡
                            (9) 

 

Where: 

𝑇𝑤𝑓: Final water temperature 

𝑇𝑤𝑖: Initial water temperature 

𝑡: time (is taken to be 10 minutes or 600 seconds [31]). 

 

This cooking power can be standardized to a figure of 700𝑊/𝑚2 to get a figure that 
does not depend on local variations [31] 

 

𝑃𝑠 = 𝑃 (
700

𝐼𝑎𝑣
)                                     (10) 



 

3.4.4. Heat loss coefficient 
 

Temperature difference 𝑇𝑑 is given by: 

𝑇𝑑 = 𝑇𝑤 − 𝑇𝑎                     (11) 

 

The standardized cooking power is plotted against the temperature difference and a 

linear regression is calculated. The heat loss coefficient is given by [22]: 

𝑈𝑙 =
𝑚

𝐴𝑣
                                  (12) 

 

Where: 

𝑚: Slope of the graph 

𝐴𝑣: surface area of the cooking vessel 

3.4.5. Figures of merit  
 

Solar cookers are thermally rated according to (i) stagnation plate temperature and (ii) 

time required to bring a known amount of water from 𝑇𝑤𝑖 to 𝑇𝑤𝑓 by two figures of merit 

𝐹1 and 𝐹2 [32]. The first is determined by conducting a stagnation temperature test 
without load  

𝐹1 =
𝑇𝑝𝑠 − 𝑇𝑎𝑚𝑏

𝐼𝑠𝑡
                  (13) 

Where: 

𝑇𝑝𝑠: maximum absorber plate temperature 

𝐼𝑠𝑡: irradiance at point of stagnation 

𝐹2 is calculated by heating a known amount of water 

 

And the second is calculated with the following equation: 

𝐹2 =
𝐹1𝑚𝑤𝑐𝑝𝑤

𝐴(𝑡2 − 𝑡1)
ln

1 −
1

𝐹1𝐼𝑎𝑣
(𝑇𝑤𝑖 − 𝑇𝑎)

1 −
1

𝐹1𝐼𝑎𝑣
(𝑇𝑤𝑓 − 𝑇𝑎)

             (14) 

 

 



3.5. AGRICULTURAL APLICATIONS OF SOLAR HEAT 
 

The agricultural industrial sector employs heat for a wide variety of applications, 

including washing, cooking, sterilizing, drying, preheating of boiler feed water, process 

heating, and much more [33]. In the United States process heating applications account 

for approximately 36% of the total energy consumption within the manufacturing 

sector, this represents a unique opportunity for the use of renewable sources [34]. 

According to a study done by the University of Rome [35], 30% of industrial heating 

applications require heat below 100°C, 27% require heat between 100° and 400° C, 

and 43% demand heat above 400°C. Even though usually renewable sources cannot 

support the entire heating load, they can help serve as a supplement for pre-heating in 
conventional processes [34]. 

 

Figure 9. Working temperatures for different processes [34]. 

The figure above shows the working temperature ranges for various industrial 
processes, that is, the temperature needed within the heating system.  The specific 
temperature depends on system type, size, location, among other factors [34]. It can be 
seen that for drying or kilning the working temperature goes from approximately 65 
to 150°C. 

Mankind’s earliest use of solar energy was probably the drying of food crops to aid 

their preservation [33]. Open sun drying has been increasingly displaced by solar 

dryers, which advantages are that a smaller area of land is required, shortened drying 

period, and lower capital and running costs. Furthermore, they help to protect the 

product from rain and animals like insects and rodents [33]. 



The main factors to take into consideration in order to meet the  specific energy and 

temperature requirements are low initial and running costs, robustness and durability, 

safety, and a high solar fraction [33]. Solar fraction refers to solar system performance, 

it’s the ratio between the energy provided by the used technology and the total energy 
required for the application considered [36]. 

The following table presents the required temperature range in several industrial 

processes. In the food and beverages sector, the temperature for most processes varies 

from 30 to 150°C, the higher temperature being between 140 and 150°C for sterilizing. 

Table 3. Process temperatures in low to medium-temperature solar industrial process 
applications [33] 

Sector Process 
Required temperature range 

[°C] 

Food and 
beverages 

Drying 30-90 

Washing 40-80 

Pasteurizing 80-110 

Boiling 95-105 

Sterilizing 140-150 

Heat treatment 40-60 

Preheating of feedwater to 
boilers 

30-80 

Space heating of factories 30-100 

Textiles 

Washing 40-80 

Bleaching 60-100 

Dying 100-160 

Preheating of feedwater to 
boilers 

30-80 

Space heating of factories 30-100 

Chemicals 

Boiling 95-105 

Distiling 110-300 

Ancillary processes 120-180 

Preheating of feedwater to 
boilers 

30-80 

Space heating of factories 30-100 

 

The objective in drying agricultural products is to reduce their moisture contents to, 

among other things, help prevent deterioration. This process consists of heat transfer 

from the heating source to the produce and mass transfer, in the form of moisture, from 

the interior of the product to its surface, and from the surface to the surrounding air 

[33]. Solar energy can be used as a source for this process or as a supplementary 
source, and the airflow can be either forced or generated by natural convection [33]. 

 

4. PREVIOUS WORK 
 



In 2012 Misra and Kumar [32] studied the thermal performance of the box-type solar 

cooker shown in Figure 10. They used an aluminum sheet as absorber plate and 

insulated the space between the inner and outer box with thermocol (polystyrene 

foam). The maximum value of 𝑇𝑝𝑠 achieved by the solar cooker was 119.3°C with 𝐼𝑠𝑡 =

662 𝑊/𝑚2 . Furthermore, the figures of merit 𝐹1 and 𝐹2 calculated were 0.1204 and 

0.3124 respectively.  

 

Figure 10. Solar cooker tested by Misra and Kumar [32] 

On the other hand, Guruprasad et al. [30] studied the performance of the box-type solar 

cooker shown next. The maximum absorber plate temperature 109.2 °C with 𝐼𝑠𝑡 =

659.3 𝑊/𝑚2, while figures of merit 𝐹1 and 𝐹2 were 0.11 and 0.43 respectively. The 

authors recommend a value for 𝐹2 between 0.25 and 0.49. Moreover, the standardized 

cooking power was in a range between 20.74 and 70.38 W, and it the value calculated 

for a temperature difference of 50°C was 43.84 W. They used an aluminum plate with 
a black mat finish as absorber plate. 

 

 

Figure 11. Solar cooker tested by Guruprasad et al. [30] 



Another study done by Kurt et al. [37] used a cooper sheet as absorber plate, the space 

between the inner and outer box was filled with glass wool, and they used mirrors as 

the reflecting surfaces. The maximum enclosure temperature achieved was 117.4°C, 

while maximum absorber plate temperature was 106.5°C 

 

Figure 12. Solar cooker tested by Kurt et al. [37] 

The efficiencies of the solar cooker for different water loads can be seen next: 

Table 4. Efficiencies for different water loads tested by Kurt et al. [37] 

Water mass (kg) 𝜼𝑬𝑵(%) 
0.5 9.85 
1.0 19.5 
1.5 28.25 

 

A list for phase change materials used for solar cooker applications is shown in Table 

5 [20]. When implemented in solar cookers they usually are placed beneath the pot in 

a container and when required the container’s lid is removed and the heat transfer 
from the PCM to the pot begins.  

 



Table 5. PCM used in solar cookers [20] 

 

Another way of implementing PCMs is by having two concentric pots, the outer one is 

filled with the material while the inner one contains the food or liquid. They are 

sometimes used too with sensible heat storage materials in the arrangement shown in 
Figure 13. 

 

 

Figure 13. PCM system designed by Yadav et al. [38] 



5. METHOD  

5.1. INSTRUMENTS, EQUIPMENT, AND SOFTWARE 

5.1.1. Instruments and Equipment 
 

• Standard Precision Pyranometer [39] 

Output: 0-10 mV analog 

Sensitivity: 8μV/Wm-2 

Operating temperature: -50°C to +80°C 

Tilt response: 0.5% 

 

• FLUKE 87V True-rms Digital Multimeter [40] 

Voltage range: 0.1mV to 1000V (AC and DC) 

Operating temperature: -15°C to 55°C 

 

• FLUKE 54II Thermometer [41] 

Temperature range for K-type thermocouple: -200°C to 1372°C 

Operating temperature -10°C to 50°C 

 

• Arduino Mega 2560 [42] 

54 digital input/output pins 

16 analog inputs 

 

• Digital temperature sensor DS18B20 [43] 

Range: -55°C and 125°C 

Resolution: +/- 0.5°C 

 

• Type k thermocouple [44] 
Range: 0 to 400°C.  
 

• MAX6675 [45] 
Range: 0 to 1024°C 

Resolution: 0.25°C 

 

• Data acquisition board NATIONAL INSTRUMENTS 

 

• DuPont wire 
 
 

5.1.2. Software 
• Arduino 

• DAQNI labview 



• Excel  

• Fusion 360 

 

 

5.2. PROCEDURE 

5.2.1. Iterations of Solar Cooker 
 

For the practical part of this thesis regarding the construction of the solar cooker the 

design-build-test-learn method (DBTL) was used. The first step is design, in which one 

identifies the problem and selects the desire path or direction to be taken. Next, the 

build component selects, synthesizes and assembles the parts for incorporation. Third, 

the prototype is validated with certain tests depending of the goal. And finally, the learn 

component analyses the data from the previous step and changes subsequent 

iterations of the cycle. [46] 

 

Figure 14. DBTL cycle [47] 

 

5.2.1.1. Prototype 1 
 

Prototype 1 was built out of a cardboard box with the dimensions shown in Figure 15, 

the inside of the box and the flaps were covered with aluminum foil (𝐴𝑠 = 7760 𝑐𝑚2). 

On the inside of the prototype a black cardboard box with an acetate lid was placed; 



temperature was measured every two minutes, inside the black box, using a FLUKE 

54II Thermometer.  

 

 

Figure 15. prototype 1 dimensions 

 

 

 

Figure 16. Prototype 1 construction 

Table 6 shows the cost of this prototype, the two boxes were actually recycled so this 

is an approximate cost.  

Table 6. Prototype 1 expenses 

Material Price [COP] 
Cardboard box 13 000 

Aluminum [10 000COP/3.5m2] 2 200 
Inside box 2 000 



Black paint 4 000 
Acetate lid 2 500 

TOTAL 23 700 
 

5.2.1.2. Prototype 2 
 

For prototype 2 the same box was used, but aluminum flaps were added to see how the 

behavior of temperature would change. The new added flaps, its dimensions and the 

total cost of this prototype can be seen next (𝐴𝑠 = 10280 𝑐𝑚2).  

 

 

Figure 17. Dimensions for prototype 2  

 

 

Figure 18. Prototype 2 construction 



Table 7. Prototype 2 expenses 

Material Price [COP] 
Cardboard box 13 000 

Aluminum [10 000COP/3.5m2] 3 000 
Inside box 2 000 
Black paint 4 000 
Acetate lid 2 500 

TOTAL 24 500 
 

For this prototype temperature was also measured on the inside of the black box.  

 

5.2.1.3. Prototype 3 
 

For prototype 3 a box with more robust materials was crafted, the box was made from 

triplex wood, and 10x10 cm mirrors were placed inside the box. This with the hopes of 

increasing the temperature because mirror reflectivity is 11% greater than aluminum. 

The measurements for the box are shown next. 𝐴𝑠 = 13788 𝑐𝑚2 

 

Figure 19. prototype 3 measurements  

 



 

Figure 20. Prototype 3 construction  

For this prototype temperature could not be measure due to the coronavirus pandemic. 

However, some conclusions could be drawn, first, mirrors are too heavy and delicate 

for this, it was hard to carry the box around and some of the mirrors broke. For next 

prototypes built the material that will reflect the sun rays will continue to be aluminum.  

5.2.1.4. Prototype 4 
 

For the following prototypes and pot configurations and Arduino MEGA 2560 with a 

DS18B20 sensor and type-k thermocouples was used with the intent of measuring the 



different required temperatures. The connections are shown in Figure 21 and the code 

can be reviewed in APPENDIX A 

 

 

Figure 21. Connections layout  

 

For the radiation measurements a labview data acquisition board was used, however 

data was measured with this only for the first tests of prototypes 4 and 5, this due to 

the fact that there were problems with internal connections on the  board and the 
results obtained had a lot of noise and were difficult to process. 

Prototype 4 consisted of parabolic dish, made from a mylar sheet, with an aluminum 

frame. Even though parabolic solar cookers tend to be more expensive than box 

cookers, this model was constructed with the purpose of having a point of comparison, 

not only regarding price but also performance. The general geometry of this model can 

be seen next 



 

Figure 22. Prototype 4 geometry. All measurements are in [mm] 

 

The main parabolic component of this solar cooker was made using a mold with a 

diameter of 80 cm. This mold was placed on top of a 1m*1m*3mm MDF sheet and, using 

masking tape, the surface was divided into 24 equal areas (Figure 23). An emergency 

blanket, also known as space blanket, was then cut in triangles, and fitted to these 

areas. This material was chosen because mylar has a reflectivity up to 97%, compared 

to aluminum’s 80-88%. 

 

 

Figure 23. Mold division 

Two layers of fiberglass, weighting approximately 300 g each, were placed on top of 

the mold (Figure 24) and covered with a mixture of 1 410 g of resin and 3.5 g of a 



catalyst. While this process was taking place, a roller was used to remove air bubbles 

and give the parabolic shape a better finish (Figure 25). 

 

 

Figure 24. fiberglass placed on top of the mold  

 

 

Figure 25. resin being curated 

After approximately 1 hour and 30 minutes the parabolic dish was removed from the 
MDF sheet using a cutter, the result can be seen next. 



 

Figure 26. Final parabolic mirror 

 

Table 8. Prototype 4 parabolic dish expenses 

Material Price [COP] 
Emergency blanket 9 000 

Masking tape 3 000 
MDF sheet 15 000 

Resin 18 500 
Fiberglass MAT 700 10 000 

Roller 32 000 
Total 87 000 

 

With the dimensions of the parabolic mirror taken into consideration, the frame was 

designed using the focal point as the main parameter. The fundamental objective was 
that the pot could be placed at approximately this point  



 

Figure 27. focal point of parabolic reflector [48] 

The distance f from the vertex of the parabolic reflector and the focal point F is given 

by: 

𝑓 =
𝐷2

16𝑑
                         (15) 

 

For the solar cooker frame, the following materials were used: 

 

Table 9. prototype 4 frame expenses 

Material Price [COP] 
Square aluminum profile [1.5*1.5 in, 

wall thickness: 1mm] 
64 200 

Round aluminum tube [3/4 in diameter 
and wall thickness: 1.5mm] 

8 850 

Square head screw class 8.8 10x80 (2 
units) 

2 850 

Square head screw class 8.8 5x90 (4 
units) 

8 550 

Square head screw class 8.8 5x50 (16 
units) 

3 650 

Hex nut class 6 10 (2 units) 1 750 
Hex nut class 6 5 (20 units) 550 

Washer 5 (40 units) 950 
Washer 10 (2 units) 1 450 
Tube clip (4 units) 2 000 

TOTAL 94 800 
 

The total cost of this prototype came up to be 181 800 COP, however, it’s important to 

note that the mold for the parabolic dish was not taken into consideration for this cost, 

if it was contemplated, price would increase considerably. For the analysis of this 

prototype temperature was measured on the inside of the pot. 



 

Figure 28. Prototype 4 

5.2.1.5. Prototype 5 
 

The main problem encountered when testing the first two prototypes was that 

achieving a status of thermal stability was hard. Even though the inside of the black box 

used in these was able to approach optimal temperatures, this temperature was 

volatile and presented drastic decreases, in short periods of time, when strong gushes 

of wind were present near the cookers. With this in mind, a new prototype design was 

constructed with the purpose of having less pronounced changes in temperature. For 

this, two cardboard boxes varying in size were used, the space between these was 

covered in aluminum foil (Figure 29) ant then filled with crumpled pieces of 

newspaper. Usually these spaces are filled with glass wool or polystyrene foams, but in 

remote areas they can be really difficult to obtain, so a much available low-cost 

alternative was chosen.  



 

Figure 29. Space between inner and outer box 

Then, the inside of the inner box was covered in aluminum foil (Figure 30), a 50*50 cm 

CR caliber 18 metal sheet was placed on the bottom of the cooker, and a 62*60cm glass 

cover was placed on top (Figure 31). The main purpose of the glass cover is to lessen 

the convective and radioactive losses [30], glass can transmit around 90% of the  

incoming shortwave solar irradiation while transmitting virtually none of the long 

wave radiation emitted outward by the absorber plate [22]. 

 

 

 

Figure 30. inside of the cooker 



 

Figure 31. Prototype 5 layout 

For the lid of the prototype cardboard was also used and a 51*52cm window was cut 

and covered with aluminum foil (Figure 33). 

  

Table 10. Prototype 5 expenses 

Material Price [COP] 
Cardboard box (63*61*31.5cm)  16 900 
Cardboard box (50*52*26cm)  12 900 

Cardboard sheet 1*1m (2 units) 9 800 
Metal sheet (50*50 cm) CR caliber 18 20 000 

Glass cover (60*62 cm) 16 500 
Newspaper 7 500 

Tape 9 000 
aluminum 10 000 

Total 102 600 
 



 

Figure 32. Some key measurements for prototype 5 

 

 

Figure 33.  Prototype 5 

An initial test was completed in order to study the performance of this prototype 

compare to the previous ones. Temperature was measure on the inside of the box and 

inside the pot. The aperture area of the cooker needed for energy, exergy, and figure of 
merit calculation is: 

𝐴 = 0.263 𝑚2 



5.2.2. Stagnation test  
 

The stagnation test is performed in order to calculate the first figure of merit of the 

cooker. This test is done without the lid and with nothing on the inside of the box. 

Temperature of the absorber plate, room temperature and solar radiation are 

measured.  

 

Figure 34. Stagnation test configuration 

5.2.3. PCM Selection 
 

The selection of PCMs was based on the information provided by Table 5. At the time 

of the selection, a range of working temperatures for each of the protypes described in 

5.2. was already defined. With this in mind, the first restriction was that the material 

chosen had to have a melting point of 100°C or lower. The second restriction deals with 

the facility of obtaining the materials and general knowledge about them, on those 

grounds, palm oil and paraffin were selected. The next step was determining 

experimentally the melting points for each of the materials purchased, considering that 

these can vary significantly from those shown in Table 5 depending on production 

processes and environmental conditions. 

 

5.2.4. Pot Iterations 
 

After the prototype iterations, focus was placed on the setup of the pot. Four pieces 

were designed with the intention of making three different pot configurations 
(dimensions of each piece can be consulted in APPENDIX B through E). 



 

Figure 35. Piece A 

 

Figure 36. Piece B 

 

Figure 37. Piece C 

 

Figure 38. Piece D 



These pieces were manufactured from a 1mm thick aluminum sheet. The layout of each 

fragment necessary for the construction of the pots was drawn and they were cut by 

plasma laser. For the manufacture of the cylindrical part of the pieces, rectangular 

geometries were cut and rolled into the desired shape and diameter. Once all the 

necessary parts were obtained, these were welded, and all the leaks were sealed using 

high temperature red glue.  

Table 11. Pot expenses 

Material Price [COP] 
Aluminum 1mm sheet (210*70 cm) 67 000 

Plasma cut 22 000 
Rolled 35 000 

Soldering 45 000 
Red glue 22 900 
Screws 5 000 

Nuts 3 800 
Washer 5 800 
TOTAL 206 000 

 

5.2.4.1. 1st Iteration  
 

The first iteration consisted of two aluminum concentric pots using pieces A and C 

(Figure 39). For the first test the two pots were both filled with 1L of water (Figure 40) 

and placed inside the cooker. Water temperature on both recipients, ambient 

temperature and temperature inside the cooker were measured until conditions 

allowed it, then ambient and water temperature were measured until the temperature 

of the water in the inner pot decreased at least 10°C. 

For the second and third tests, the inner pot was filled with 1L of water while the outer 

one was filled with 1 kg of palm oil (Figure 41) and 2 kg of paraffin (Figure 42) 

respectively. The same temperatures as before were measured. 

 

Figure 39. 1st pot iteration 



 

 

Figure 40. 1st pot iteration. Test configuration 1 

 

 

Figure 41. 1st pot iteration. Test configuration 2 

 

 

Figure 42. 1st pot iteration. Test configuration 3 

5.2.4.2. 2nd Iteration  
 

For the second iteration two concentric pots using pieces B and C were assembled. This 

iteration consisted of adding fins to the outer surface of the inner pot to see how overall 

performance of the cooker would change. Test configurations are shown next. 



 

Figure 43. 2nd pot iteration 

 

Figure 44. 2nd pot iteration. Test configuration 1 

 

 

Figure 45. 2nd pot iteration. Test configuration 2 

5.2.4.3. 3rd Iteration  
 

For the third iteration pieces A, C and D were assembled. The inner pot was filled with 

water, the second pot with palm oil and the outer pot with paraffin. The idea was to 

measure the temperature of the three materials, ambient temperature, and 

temperature inside the box. Paraffin has a higher melting point than palm oil, meaning 

that it would help keep the latter in a liquid stated for a longer period of time 
contributing to better cool-down results. 



 

Figure 46. 3rd pot iteration 

 

Figure 47. 3rd pot iteration test configuration 

 

An approximate cost of each of the iterations is shown next 

 

Table 12. Cost for each pot iteration 

Iteration Pieces Price [COP] 
1 A and C 86 605.2 
2 B and C 105 855.6 
3 A, C and D 146 847.4 

 

6. RESULTS AND ANALYSIS 
 

6.1. PROTOTYPE 1 
 



 

Figure 48. Temperature results from prototype 1.  

 

For prototype 1 the maximum achieved temperature inside the black box was 89,9°C 

around noon that day. It’s worth highlighting the fact that this temperature was really 

variable, if a cloud passed by and covered the sun the temperature would drastically 

drop in a matter close to a minute, the biggest drop being of 13°C in 2 minutes, from 

87,6 to 74,6°C. 

6.2. PROTOTYPE 2 
 

 

Figure 49. Temperature results from prototype 2 
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For prototype 2’s temperature test, the maximum temperature reached was of 109°C, 

almost 20°C more than the temperature obtained from prototype 1. However, the same 

problem was encountered, thermal stability was not achieved, temperature changes 

were really pronounced. 

6.3. PROTOTYPE 4 
 

 

Figure 50. Temperature results from prototype 4 

 

 

Figure 51. Solar radiation for prototype 4 test 
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Although literature sources indicate that parabolic solar cookers tend to reach much 

higher temperatures than those reached by box cookers, this was not the case for the 

prototype built. Temperature inside the pot was computed for approximately four 

hours, in these, time the maximum value obtained was 68°C. A very similar situation to 

that seen for the previous prototypes was found, the variation in temperature tended 

to be very substantial and, again, very pronounced changes were seen in surprisingly 

short intervals of time. Considering the work required to build this prototype and the 

money spent for its construction, it was decided to continue with the box-type 

prototypes. For this case, solar radiation was measured using a pyranometer, it’s value 

ranging from 42.33 to 874.63 [W/m2] with an average of 570.27 [W/m2], however, 

these values are not very telling because this radiation could not be measured in equal 

intervals. As it was mentioned previously, the configuration and set up had certain 

internal connection problems, so the results obtained tended to show corrupt data that 

had to be filtered when processing the information. 

6.4. PROTOTYPE 5 INITIAL TEST 
 

 

Figure 52. temperature results for prototype 5 first test 

 

For prototype 5, the maximum temperature obtained was 105°C, which was reached, 

from a temperature of 38°C, in approximately 2 ½ hours. In addition to measuring the 

temperature inside the cooking pot, the temperature inside the box (enclosure 

temperature) was also determined, in this case, the maximum value obtained was 99°C. 

It is noted that the stability of the data improved considerably compared to the 

previous prototypes tested, in this case, very sudden decreases in temperature were 

0

20

40

60

80

100

120

10:04 10:33 11:02 11:31 12:00 12:28 12:57

T
em

p
er

at
u

re
 [

°C
]

Local time (hour:minute)

Ambient Temperature Temperature Inside Pot Temperature Inside Box



not observed. On those grounds, it was decided to use this prototype for all future tests 

and corresponding thermal analysis. Regarding solar radiation, the average was 667.33 

[W/m2] with data ranging from 193.66 to 874.63 [W/m2], however, we find the same 

problem as before. These results are not trustworthy and cannot be compared with 

those obtained by following experiments. Given the difficulty of processing the data 

and that, in short, it presents no real use, it was decided after this test to take the data 

by hand in two-minute intervals. 

 

Figure 53. Solar radiation for prototype 5 first test 

 

6.5. STAGNATION TEST 
 

 

Figure 54. Temperature behavior for stagnation test 
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Figure 55. Radiation behavior for stagnation test 

𝑇𝑎𝑚𝑏 = 33.69 [°𝐶] 

𝑇𝑝𝑠 = 104.75 [°𝐶] 

𝐼𝑠𝑡 = 888.12 [
𝑊

𝑚2] 

𝐹1 = 0.08 

For the stagnation test, data began to be collected around 11:50 a.m., literature 

suggests data collection should start earlier so that the maximum absorber plate 

temperature is reached around noon, however, environmental conditions did not 

permit it. Considering the above, the maximum temperature reached was 104.75 °C, 

while the average ambient temperature was 33.69 °C. Figure 55 displays the behavior 

of solar radiation for the test, the valleys represent moments where cloudiness 

increased. Radiation remained relatively constant from approximately 12:18 to 13:05, 

then a pronounced declined happened, this is reflected on the absorber plate 

temperature behavior shown in Figure 54. Average solar radiation was 888.12 [W/m2] 

and with this, the first figure of merit for prototype 5 was 0.08 [°C m2/W]. This value is 

lower than that obtained with boxes made from more robust materials, literature 

suggest for this value to be at least 0.12 [°C m2/W] so performance is not as optimal as 
it should be. 
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6.6. 1st POT ITERATION. TEST CONFIGURATION 1 
 

 

Figure 56. Temperature behavior for 1st Pot Iteration. Test Configuration 1 

 

Figure 57. Solar radiation behavior for 1st Pot Iteration. Test Configuration 1 
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613 [s] in which the initial and final water temperature were 36 [°C] and 59.25 [°C] 
respectively. Even though maximum water temperature was 78 [°C], for more accurate 
estimates, all calculations were made before the peak that can be identify around 
12:00. 

𝐸𝑖𝑛 = 1 074 579.07 [𝐽] 

𝐸𝑜𝑢𝑡 = 97 650 [𝐽] 

𝜂𝐸𝑁 = 9.09 % 

𝐸𝑥𝑖𝑛 = 998 379.43 [𝐽] 

𝐸𝑥𝑜𝑢𝑡 = 23 727.34 [𝐽] 

𝜂𝐸𝑋 = 2.38% 

 

For the time interval previously defined, energy and exergy efficiencies were 9.09% 

and 2.38% respectively. Table 13 shows the values used for calculation of power, 

standardize cooking power and temperature difference. ∆𝑻 references how many 

degrees the water increased in the time interval presented, 𝑻𝒘 and 𝑰𝒂𝒗 are water 

temperature and solar radiation average for said interval, 𝑻𝒅 is the subtraction 

between  𝑻𝒘 and ambient temperature, 𝑷 and 𝑷𝒔 are calculated using (9) and (10) 
respectively. 

 

Table 13. Results for power, standardized cooking power and temperature difference for 1st Pot 
Iteration. Test Configuration 1 

Time 
Interval 

∆𝑻 [°𝑪] 𝑻𝒘 [°𝑪] 𝑻𝒅[°𝑪] 𝑷 [𝑾] 𝑰𝒂𝒗  [
𝑾

𝒎𝟐]  𝑷𝒔[𝑾] 

10:40-10:50 3.00 38.13 2.81 21.00 855.82 17.18 

10:50-11:00 4.25 42.09 6.77 29.75 878.89 23.69 

11:00-11:10 0.50 44.87 9.54 3.50 911.19 2.69 

11:10-11:20 3.75 48.81 13.48 26.25 918.11 20.01 

11:20-11:30 2.75 52.61 17.28 19.25 943.48 14.28 

11:30-11:40 0.25 53.14 17.82 1.75 798.15 1.53 

11:40-11:50 1.75 56.31 20.98 12.25 885.81 9.68 

11:50-12:00 8.50 59.45 24.12 59.50 950.40 43.82 

 

For the calculation of heat loss coefficient, Ps and Td were plotted and a linear 

regression was established. However, this line should have a negative slope, that wasn’t 

the case for the plotted data, so to obtain a more accurate representation point (24.12, 
43.82) was not plotted.  

 



 

Figure 58. Standardized cooking power and temperature difference for 1st Pot Iteration. Test 
Configuration 1 

 

𝑈𝑙 = −2.51 [
𝑊

𝑚2 °𝐶
] 

𝐹2 = 0.11 

The second figure of merit was calculated and yielded a value of 0.11. As it was stated 

previously it’s ideal that this value is between 0.25 and 0.49, so for this prototype both 

figures of merit are below their desired values. Finally, a cool down test was performed, 

and its results are shown next. 

 

Figure 59. Cooldown for 1st Pot Iteration. Test Configuration 1 
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To have a point of comparison between this and future cooldown results, the time for 

the water temperature of the inner pot to go from 50 [°C] to 45[°C] was determined, in 
this case this time was 00:42:00. 

6.7. 1st POT ITERATION. TEST CONFIGURATION 2 
 

 

Figure 60. Temperature behavior for 1st Pot Iteration. Test Configuration 2 

 

 

Figure 61. Solar radiation behavior for 1st Pot Iteration. Test Configuration 2 
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For this test, average solar radiation was 730.89 [W/m2] and average ambient 
temperature was 34.65 [°C], this sensor got disconnected during the experiment and 
data was only collected until 13:20 approximately. The time interval determined was 
6 152[s], just before the peak around 13:46, in which the initial and final water 
temperature were 36.75 [°C] and 54 [°C] respectively.  

 

𝐸𝑖𝑛 = 1 118 993.5 [𝐽] 

𝐸𝑜𝑢𝑡 = 72 450 [𝐽] 

𝜂𝐸𝑁 = 6.14 % 

𝐸𝑥𝑖𝑛 = 1 097 431.5 [𝐽] 

𝐸𝑥𝑜𝑢𝑡 = 16 445.48 [𝐽] 

𝜂𝐸𝑋 = 1.5% 

 

Table 14. Results for power, standardized cooking power and temperature difference for 1st Pot 
Iteration. Test Configuration 2 

Time 
Interval 

∆𝑻 [°𝑪] 𝑻𝒘 [°𝑪] 𝑻𝒅[°𝑪] 𝑷 [𝑾] 𝑰𝒂𝒗  [
𝑾

𝒎𝟐] 𝑷𝒔[𝑾] 

12:00-12:10 2.25 38.08 3.43 15.75 913.49 12.07 

12:10-12:20 1.75 39.88 5.23 12.25 922.72 9.29 

12:20-12:30 1.75 41.37 6.72 12.25 906.57 9.46 

12:30-12:40 1.50 42.85 8.20 10.50 848.90 8.66 

12:40-12:50 0.75 44.07 9.42 5.25 768.17 4.78 

12:50-13:00 1.50 45.50 10.85 10.50 878.89 8.36 

13:10-13:20 1.00 47.77 13.12 7.00 851.21 5.76 

13:20-13:30 1.50 49.28 14.64 10.50 645.91 11.38 

13:30-13:40 1.75 50.65 16.00 12.25 756.63 11.33 

13:40-13:50 3.75 55.65 21.00 26.25 749.71 24.51 

13:50-14:00 0.25 54.78 20.13 1.75 724.34 1.69 

14:00-14:10 0.25 54.93 20.28 1.75 525.95 2.33 

 

For the standardized cooking power vs temperature difference graph point 

(21.00,24.51) was not plotted for the same reasons discussed above.  



 

Figure 62. Standardized cooking power and temperature difference for 1st Pot Iteration. Test 
Configuration 2 

𝑈𝑙 = −1.7 [
𝑊

𝑚2 °𝐶
] 

𝐹2 = 0.076 

 

Figure 63. Cooldown for 1st Pot Iteration. Test Configuration 2 

In this case, 1:24:23 were required for the temperature to decrease from 50 [°C] to 45 

[°C]. 
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6.8. 1st POT ITERATION. TEST CONFIGURATION 3 
 

 

Figure 64.Temperature behavior for 1st Pot Iteration. Test Configuration 3 

 

 

Figure 65. Solar radiation behavior for 1st Pot Iteration. Test Configuration 2 

For this test, average solar radiation was 681.15 [W/m2] and average ambient 
temperature was 34.69 [°C]. The time interval determined was 4 011 [s], in which the 
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𝐸𝑖𝑛 = 717 591.83 [𝐽] 

𝐸𝑜𝑢𝑡 = 48 300 [𝐽] 

𝜂𝐸𝑁 = 6.73 % 

𝐸𝑥𝑖𝑛 = 666 810.69 [𝐽] 

𝐸𝑥𝑜𝑢𝑡 = 11 879.96 [𝐽] 

𝜂𝐸𝑋 = 1.78% 

 

Table 15. Results for power, standardized cooking power and temperature difference for 1st Pot 
Iteration. Test Configuration 3 

Time 
Interval 

∆𝑻 [°𝑪] 𝑻𝒘 [°𝑪] 𝑻𝒅[°𝑪] 𝑷 [𝑾] 𝑰𝒂𝒗  [
𝑾

𝒎𝟐] 𝑷𝒔[𝑾] 

12:33-12:43 1.50 41.43 6.73 10.50 869.67 8.45 

12:43-12:53 1.00 43.02 8.32 7.00 858.13 5.71 

12:53-13:03 1.75 44.61 9.92 12.25 860.44 9.97 

13:03-13:13 2.50 46.38 11.69 17.50 782.01 15.66 

13:13-13:23 1.25 47.40 12.70 8.75 816.61 7.50 

13:23-13:33 2.75 49.82 15.13 19.25 801.61 16.81 

 

Due to climatic conditions, data could only be collected for around 2 hours and the 

intervals considered are insufficient for heat loss coefficient calculation. Nonetheless, 
standardized cooking power vs temperature difference graph is shown next. 

  

Figure 66. Standardized cooking power and temperature difference for 1st Pot Iteration. Test 
Configuration 3 
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Figure 67. Cooldown for 1st Pot Iteration. Test Configuration 3 

In this case, 1:02:30 were required for the temperature to decrease from 50 [°C] to 45 

[°C]. 

6.9. 2nd POT ITERATION. TEST CONFIGURATION 1 
 

 

Figure 68. Temperature behavior for 2nd Pot Iteration. Test Configuration 1 
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Figure 69. Solar radiation behavior for 2nd Pot Iteration. Test Configuration 1 

For this test, average solar radiation was 782.65 [W/m2] and average ambient 
temperature was 34.92 [°C]. The time interval determined was 6 243 [s], in which the 
initial and final water temperature were 37.75 [°C] and 62.25 [°C] respectively. The 
time interval was defined from the start of the data collection until around 12:28, right 
before the variations that can be observed in Figure 68 

𝐸𝑖𝑛 = 1 283 323.65 [𝐽] 

𝐸𝑜𝑢𝑡 = 102 900[𝐽] 

𝜂𝐸𝑁 = 8.02 % 

𝐸𝑥𝑖𝑛 = 1 192 439.82 [𝐽] 

𝐸𝑥𝑜𝑢𝑡 = 29 532.91 [𝐽] 

𝜂𝐸𝑋 = 2.48% 

 

Table 16. Results for power, standardized cooking power and temperature difference for 2nd 
Pot Iteration. Test Configuration 1 

Time 
Interval 

∆𝑻 [°𝑪] 𝑻𝒘 [°𝑪] 𝑻𝒅[°𝑪] 𝑷 [𝑾] 𝑰𝒂𝒗  [
𝑾

𝒎𝟐] 𝑷𝒔[𝑾] 

10:50-11:00 6.00 42.38 7.45 42.00 846.60 34.73 

11:00-11:10 0.50 46.00 11.08 3.50 846.60 2.89 

11:10-11:20 2.00 46.88 11.95 14.00 853.52 11.48 

11:20-11:30 1.50 48.50 13.58 10.50 867.36 8.47 

11:30-11:40 1.75 50.13 15.20 12.25 862.75 9.94 

11:40-11:50 0.50 51.00 16.08 3.50 865.05 2.83 

11:50-12:00 3.50 53.50 18.58 24.50 853.52 20.09 

12:00-12:10 0.25 55.50 20.58 1.75 855.82 1.43 

12:10-12:20 1.00 55.75 20.83 7.00 857.36 5.72 

12:20-12:30 3.75 58.88 23.95 26.25 848.90 21.65 
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Figure 70. Standardized cooking power and temperature difference for 2nd Pot Iteration. Test 
Configuration 1 

𝑈𝑙 = −2.25 [
𝑊

𝑚2 °𝐶
] 

𝐹2 = 0.11 

 

Figure 71. Cooldown for 2nd Pot Iteration. Test Configuration 1 

In this case, 1:42:49 were required for the temperature to decrease from 50 [°C] to 45 

[°C]. 
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6.10. 2nd POT ITERATION. TEST CONFIGURATION 2 
 

Data for this test could not obtained due to problems with two of the sensors used for 

temperature measurements. Also, at the time of configurating and setting up the PCM, 

it was noted that the consistency of the material had considerably changed as it can be 

seen in Figure 72. This is probably due to degradation 

 

Figure 72. Palm oil before and after tests. 

6.11. 3rd POT ITERATION 
 

As stated before, two sensors were damaged. For this test it was necessary to measure 

5 temperatures: ambient, water, palm oil, and paraffin temperatures, as well as the 

temperature inside the box. Due to the impairment this test could not be carried out 
either.  

 

7. RESULTS SUMMARY  
 

 
𝜼𝑬𝑵  
[%] 

𝜼𝑬𝑿 
[%] 

𝑷𝒔 𝒎𝒂𝒙 
[𝑾] 

𝑼𝒍 

[
𝑾

𝒎𝟐 °𝑪
] 

𝑭𝟐 

Time for temperature 
to decrease from 50 to 

45 °C 
[hour:minute:second] 

 

9.09 2.38 43.82 -2.51 0.11 00:42:00 



 

6.14 1.50 25.51 -1.7 0.076 01:24:23 

 

6.73 1.78 16.81 x 0.086 01:02:30 

 

8.02 2.48 34.73 -2.25 0.11 01:42:49 

 

8. DISCUSSION  
 

First and foremost, prototypes with very basic materials can be built for less than 30 

000 [COP]. In the case of prototype 1, a maximum temperature of 89.9 [°C] was reached 

while for prototype 2 this temperature was 109 [°C], however, these prototypes did 

not exhibit good thermal stability. As previously explained, there were large 

temperature variations in very short intervals of times, which mainly occurred due to 

variations in cloudiness, wind speed and ambient temperature. Although the second 

prototype met the main requirement of reaching a temperature of at least 100 [°C], it 

is not reliable and could not really be applied to cooking demands due to such a high 

variability. Regarding prototype 3, although no data was recorded with it, it was 

concluded that in general working with mirrors, at least in the design that was being 

proposed, could be complicated, so a decision was made to continue using aluminum 

foil for the box prototypes. As for the parabolic model, the total spent was 

approximately 182 000 [COP], not taking into consideration the mold used for the 

parabolic shape. Although this value is still below the average cost for a solar cooker, 

there are several negative aspects to consider if one wants to implement this type of 

prototype. First, for the way the mylar layer was shaped into a parabolic form, a certain 

level of expertise is needed in terms of working with polymeric resins, in addition, 

working with these releases toxic gases so a special place to work in with gas extraction 

chambers, and special masks, would be needed, which can also increase the overall 

manufacturing cost. Second, mylar is difficult to handle in the presentation employed, 

the layer used was super thin and tended to wrinkle and break easily, which greatly 

increases the manufacturing time of the solar cooker. Although this material has higher 

reflectivity than aluminum foil, being so difficult to handle resulted in a great deal of 

wrinkles that may have had a negative effect when it came to the way the parabolic 

dish reflected sunlight into the pot. Ultimalely, since the pot is outdoors and it’s not 

covered by anything, it is subject to environmental changes and high variations in 



temperature, as evidence from the first two prototypes also showed. Finally, for the 

fifth prototype, the total manufacturing cost was 105 000 [COP], considering that it 

reached a temperature of 105 [°C] without presenting large variations in the data, it is 

optimal with respect to the main temperature restriction. It is worth noting that this 

result was obtained in approximately 3 hours. There are several ways in which to 

increase maximum temperature reached with this prototype without it having many 

negative effects in overall cost, among them could be placing a material with a higher 

thermal conductivity coefficient at the bottom of the box, or to place mirrors only in 

the part of the window to increase reflectivity, literature also indicates that two layers 
of glass can be placed to reduce overall heat losses.  

It is also important to talk about the difficulty when collecting the data needed for this 

thesis, a project of this type could not be implemented in a city like Bogotá, at one point 

in the semester data could not be collected for more than three months due to 

unfavorable and overall terrible weather conditions in the city. Regarding the test data 

for prototypes 1 and 2, these were taken in Bogotá, while the other tests were carried 

out in Ricaurte, Cundinamarca. The test for prototype 4 and the first test for prototype 

5 were executed in a parking lot where there were almost no tall elements surrounding 

the experiment that could have had a negative influence on the radiation that reached 

the solar cooker, however, due to a case of COVID, the rest of the tests could not be 

executed in this place. The stagnation test and subsequent pot tests were carried out 

in a place where data could only be collected from 10:30 a.m. to 3:00 p.m., moreover, 

the spot where the solar cooker was placed had various elements surrounding it which 

could have had several negative effects in the results obtained. Considering this, it is 

understandable that the results for the tests in this place showed an overall declined 

performance than those obtained for the first test of prototype 5. It is also necessary to 

take into account that the efficiency of this type of prototype depends greatly on the 

angle of the reflective surface and the incidence of solar radiation. 

For the stagnation test, the maximum temperature of the absorber plate was 104.75 

[°C] with solar radiation being 888.12 [W/m2], in previous works a maximum 

temperature of 119.3 [°C] with 662 [W/m2] and 109.2 [°C] with 659.3 [W/m2] were 

found. However, as mentioned before, for this test the recommendation to start data 

collection in the morning in order to reach maximum absorber plate temperature 

around noon, when there is a higher value for solar radiation, was not taken into 

consideration due to weather conditions. 

Regarding the configurations of the pots in terms of energy efficiency, the optimal was 

when the two containers were full of water, in this case the efficiency was 9.09%, when 

adding a PCM in the outer pot this decreased to 6.14% for the case of paraffin and 

6.73% for the case of palm oil. However, it is worth noting that adding the fins to the 

outer surface of the inner pot increased the efficiency from 6.14% to 8.02% for paraffin. 

The decrease in energy efficiency of the iterations that contained PCMs compared to 

the pots filled with water may be due to the fact that the energy required to increase 

the temperature of these materials is greater than the energy required to increase the 

temperature of water considering what’s stated in equation (4), due to the differences 

in the specific heat coefficient and mass values. Considering the information shown in 



Table 4, one could expect to increase energy efficiency by increasing the amount of 

water placed in the inner pot. 

In the case of exergy efficiency, this value is lower compared to energy efficiency for all 

cases, which is to be expected considering that it takes into account the interaction of 

the solar cooker with its environment. It’s worth emphasizing that the highest exergy 

efficiency, of 2.48%, was obtained for the 2nd test iteration, test configuration 1 

(paraffin as PCM, with fins attached to the outer surface of the inner pot), followed by 

the configuration where both pots were filled with water, in which the exergy efficiency 

was 2.38%. Maximum standardized cooking power was obtained for this last 

configuration with a value of 43.82 [W] followed by paraffin as PCM and pot with added 
fins with a value of 34.73 [W]. 

For heat loss coefficients, it is considered necessary to take data for more 10 min 

intervals.  For all Standardized Cooking Power vs Temperature difference figures, R-

squared (coefficient of determination) is remarkably low, so the linear regression that 

is being applied does not adhere faithfully to the data, which makes it difficult to make 

appropriate conclusions regarding the loss coefficients obtained for each case. For all 

calculation of the second figure of merit (equation 14) 𝐹1 was taken as 0.08. For the 

case of the first pot configuration test 2 and 3, the values obtained for 𝐹2 were 0.076 

and 0.086 respectively, while for the other two tests this value was 0.11. As mentioned 

before, the ideal would be for 𝐹1 to be greater than 0.12 and 𝐹2  to be between 0.25 and 

0.49, the values obtained for the prototype and the pot configurations are below these 

ideal ranges. 

Regarding the cooling time required for the water in the inner pot to go from 50 [°C] to 

40 [°C] the results are presented next. In the case of the outer container being filled 

with water, the time was 42 minutes, in the case of palm oil it was 62 minutes more or 

less, while for paraffin as a PCM, we have that for the pot without fins it was 84 minutes 

and for the pot with fins it was 102 minutes. The addition of fins entails an increase of 

24% compared to the prototype without fins while it implies an increment of 143% 

compared to the non-use of the PCM. It is worth noting that for these tests, the pot was 

removed from the solar cooker and they were carried out outside the device, by leaving 

it inside the box and only closing the window lid, much longer times of temperature 

decrease could be achieved. This allows for a more reliable cooker and also, supports 

for the food being cooked to remain hot for longer times. 

Finally, we have that 30% of industrial applications in agricultural processes require 

temperatures below 100 [°C], so in theory, this prototype could be applied to drying 

processes (30-90 [°C]), washing (40-80 [°C]),  chemical treatments that require less 

than 100 [°C], and preheating of water (30-80 [°C]). One of the main reasons why they 

are not used in these processes is because, as they depend on environmental and 

climatic factors, they are not so reliable. This can be improved with the use of fins and 

the implementation of PCMs as observed in the results, especially for the preheating of 

water applications and drying processes, these modifications would allow for the 

heated water, or air, to remain at a higher temperature for longer. However, more 

specific tests should be carried out to confirm feasibility and benefits from the 
implementation of solar cookers compared to other alternatives. 



9. CONCLUSIONS  
 

• Box-type solar cookers can be built for as little as 30 000 [COP] and can reach 

temperatures higher than 100° [C], however, they do not display good thermal 

stability, so they are not really suitable for cooking applications. 

• Parabolic cookers are considerably more expensive and can also show a poor 

behavior regarding thermal stability 

• A good, viable box-type cooker can be built for around 100 000 [COP] with an 

energy efficiency of around 9%.  

• Implementation of PCMs can bring down this efficiency, but it can increase 

exergy efficiency as it was stated for the case of paraffin and internal pot with 

added fins.  

• For the stagnation test, the maximum temperature of the absorber plate was 

104.75 [°C] with solar radiation being 888.12 [W/m2], casting a value of 0.08 for 

the first figure of merit.  

• The value obtained for 𝐹1 could be improved if data collection started earlier in 

the day. Also, if a material with a higher coefficient of thermal conductivity was 

places at the bottom of the box  

• One could expect to increase energy efficiency by increasing the amount of 

water placed in the inner pot. Or by increasing the amount of PCM used in the 

outer pot.  

• Maximum standardized cooking power was obtained for the iteration in which 

both the pots were filled with water with a value of 43.82 [W] 

• For heat loss coefficients, it is considered necessary to take data for more 10 

min intervals so that the coefficient of determination can have a value of at least 

0.75. 

• Maximum value obtained for the second figure of merit 𝐹2 was 0.11. very low 

compared to the ideal 0.25 to 0.49 obtained with more robust materials  

• The addition of fins to the outer side of the inner pot represents an increase of 

24% for the time required for temperature to decrease 5 [°C] compared to the 

prototype without fins while it implies an increment of 143% compared to the 

non-use of the PCM. 

• This time could be much longer if the pot remained inside the solar cooker for 

the subsequent cooldown test. 

• A box-type solar cooker with a pot including fins for thermal conductivity 

improvement, could be applied to agricultural processes such as preheating of 

water, where required temperatures vary from 30 to 80 [°C], and drying 

processes, where temperature required goes from 30 to 90 [°C] 

• Especial care must be applied, when handling a device as this. This, due to the 

fact that surfaces can reach high temperatures and there is an imminent risk of 

being burn if not handled properly 

• Especial care should be considered in regard to exposure to solar radiation.   



10. ACKNOWLEDGMENTS  
 

11. REFERENCES 
 

[1]  C. Salazar, "Según el Dane, 3,6 millones de personas ingresaron a la condición de pobreza y 

2,78 millones a la condición de pobreza extrema," La Republica, 30 April 2021. [Online]. 

Available: https://www.larepublica.co/economia/mas-de-21-millones-de-personas-viven-en-

la-pobreza-y-74-millones-en-pobreza-extrema-3161813. [Accessed 12 June 2021]. 

[2]  DANE, "Información Abril 2021," n.d.. [Online]. Available: 

https://www.dane.gov.co/index.php/estadisticas-por-tema/mercado-laboral/empleo-y-

desempleo. [Accessed 12 June 2021]. 

[3]  foodsafety.gov, "Safe Minimum Cooking Temperatures Chart," 12 April 2019. [Online]. 

Available: https://www.foodsafety.gov/food-safety-charts/safe-minimum-cooking-

temperature. [Accessed 12 June 2021]. 

[4]  Departamento Administrativo Nacional de Estadística, "ENCUESTA NACIONAL DE CALIDAD 

DE VIDA -ECV 2016," DANE, Bogotá D.C. , 2017. 

[5]  Unidad de Planeación Minero Energética , "PLAN ENERGÉTICO NACIONAL 2020 - 2050," 

UPME, Bogotá D.C. , 2019. 

[6]  Pan American Health Organization , "Colombia - PAHO/WHO. Encuesta Nacional de Calidad 

de Vida 2014," DANE, 2015. 

[7]  Silwal, Ani; McKay, Andy , "The Impact of Cooking with Firewood on Respiratory Health: 

Evidence from Indonesia," The Journal of Development Studies , vol. 51, no. 12, pp. 1619-

1633, 2015.  

[8]  World Health Organization , "Mortality from household air pollution," Global Health 

Observatory , n.d.. [Online]. Available: 

http://www9.who.int/gho/phe/indoor_air_pollution/burden/en/. [Accessed 10 April 2020]. 

[9]  Unidad de Planeación Minero Energética , "DETERMINACIÓN DEL POTENCIAL DE REDUCCIÓN 

DEL CONSUMO ENERGÉTICO EN LOS SUBSECTORES MANUFACTUREROS CÓDIGOS CIIU 10 A 

18 EN COLOMBIA.," RED DE INVESTIGACIÓN E INNOVACIÓN EN COMBUSTIÓN DE USO 

INDUSTRIAL- UNIÓN TEMPORAL INCOMBUSTIÓN, Medellín , 2014. 

[10

]  

Solar Cookers International, "Solar Cookers International," n.d.. [Online]. Available: 

https://www.solarcookers.org/. [Accessed 10 April 2020]. 

[11

]  

Solar Cookers International , "Why Solar Cooking," Solar Cookers International , n.d.. 

[Online]. Available: https://www.solarcookers.org/why. [Accessed 10 April 2020]. 

[12

]  

Solar Cookers International , SOLAR COOKERS, How to make, use and enjoy, Sacramento, 

California: Solar Cookers International , 2004 .  



[13

]  

Energy Informative , "The History of Solar Energy," n.d.. [Online]. Available: 

https://energyinformative.org/the-history-of-solar-energy-timeline/. [Accessed 10 April 

2020]. 

[14

]  

CANTINA WEST ENTERPRICES , "History of Solar Cooking," n.d.. [Online]. Available: 

https://www.solarcooker-at-cantinawest.com/solarcooking-history.html. [Accessed 10 April 

2020]. 

[15

]  

J. MacClancy, "Solar Cooking, why is it not global yet?," FOOD, CULTURE & SOCIETY , vol. 17, 

no. 2, pp. 301-318, 2014.  

[16

]  

M. Aramesh, M. Ghalebani, A. Kasaeian, H. Zamani, G. Lorenzini, O. Mahian and S. 

Wongwises, "A review of recent advances in solar cooking technology," Renewable Energy , 

vol. 140, pp. 419-435, 1019.  

[17

]  

CANTINAWEST ENTERPRISES, "Solar Cookers: Pros and Cons of the Different Types," n.d.. 

[Online]. Available: https://www.solarcooker-at-cantinawest.com/solarcookers-

prosandcons.html. [Accessed 10 April 2020]. 

[18

]  

I. Sarbu and C. Sebarchievici, "A Comprehensive Review of Thermal Energy Storage," 

Department of Building Services Engineering, Polytechnic University of Timisoara, Timisoara, 

2018. 

[19

]  

E. Milikias, Bekele, A and C. Venkatachalam, "Performance Investigation of Improved Box-

Type Solar Cooker With Sensible Thermal Energy Storage," International Journal of 

Sustainable Engineering, 2020.  

[20

]  

A. Omara, A. M. H. Abuelnuour and D. Habibi, "Improving solar cooker performance using 

phase change materials: A comprehensive review," Solar Energy, no. 207, pp. 539-563, 2020.  

[21

]  

H. Garg, S. Mullick and A. Bhargava, Solar Thermal Energy Storage, Springer, 1985.  

[22

]  

A. Karungi and E. R. Ibiara, "Analizing Performance and Optimization of a Box-Typer Solar 

Cooker," Faculty of Agriculture and Enviroment Department of Biosystems Engineering , 

Gulu, 2015. 

[23

]  

M. Hall, Materials for Energy Efficiency and Thermal Comfort in Buildings, Woodhead 

Publishing Limited, 2010.  

[24

]  

L. Cabeza, Advances in Thermal Energy Storage Systems, Elsevier, 2020.  

[25

]  

M. Hasanuzzaman and N. Abd Rahim, Energy for Sustainable Development, Elsevier Inc., 

2019.  

[26

]  

Thermtest Instruments, "PHASE CHANGE MATERIAL (PCM)," 28 October 2020. [Online]. 

Available: https://thermtest.com/phase-change-material-pcm. [Accessed 2 June 2021]. 



[27

]  

W. Su, J. Darkwa and G. Kokogiannakis, "Review of solid-liquid phase change materials and 

their encapsulation technologies," University of Wollongong. Faculty of Engineering and 

Information Sciences , Australia, 2015. 

[28

]  

I. Dincer and M. Rosen, Exergy: Energy, Environment and Sustainable Development, Elsevier, 

2013.  

[29

]  

Cuce, Erdem and P. Mert Cuce, "Theoretical Investigation of Hot Box Solar Cookers Having 

Conventional and Finned Absorber Plates," International Journal of Low-Carbon 

Technologies, no. 10, pp. 238-245, 2015.  

[30

]  

G. Guruprasad, S. Shanmugam and A. Veerappan, "Experimental Investigation of a box-type 

solar cooker incorporated with Fresnel lens magnifier," Energy Sources, Part A: Recovery, 

Utilization, and Enviromental Effects, 2020.  

[31

]  

P. Funk, "EVALUATING THE INTERNATIONAL STANDARD PROCEDURE FOR TESTING SOLAR 

COOKERS AND REPORTING PERFORMANCE," Solar Energy, vol. 68, pp. 1-7, 2000.  

[32

]  

R. Misra and T. Kumar Aseri, "Thermal Performance enhancement of box-type solar cooker: 

a new approach," International Journal of Sustainable Energy , vol. 2, no. 31, pp. 107-118, 

2012.  

[33

]  

B. Norton, "Industrial and Agricultural Applications of Solar Heat," Technological University 

Dublin, Dublin, 2012. 

[34

]  

United States Environmental Protection Agency , "Renewable Industrial Process Heat," EPA, 

n.d.. [Online]. Available: https://www.epa.gov/rhc/renewable-industrial-process-heat. 

[Accessed 21 May 2021]. 

[35

]  

C. Vannoni, R. Baltissti and S. Drigo, "Potential for Solar Heat in Industrial Processes," 

Department of Mechanics and Aeronautics - University of Rome “La Sapienza”, Rome, 2008. 

[36

]  

S. Liu, B. Hao, X. Chen and C. Yao, "Analysis on limitation of Using Solar Fraction Ratio as 

Solar Hot Water System Design and Evaluation Index," Energy Procedia, no. 70, pp. 353-360, 

2014.  

[37

]  

H. Kurt, E. Deniz and Z. Recebli, "An investigation into the Effects of Box Geometries on the 

Thermal Performance of Solar Cookers," International Journey of Green Energy, vol. 5, no. 6, 

pp. 508-519, 2008.  

[38

]  

V. Yadav, Y. Kumar, H. Agrawal and A. Yadav, "Thermal performance evaluation of solar 

cooker with latent and sensible heat storage unit for evening cooking," Australian Journal of 

Mechanical Engineering, no. 15, pp. 93-102, 2015.  

[39

]  

EPLAB, "Standard Precision Pyranometer Model SPP," n.d.. [Online]. Available: 

http://www.eppleylab.com/wp-content/uploads/pdf/EPPLEY160919-SPP.pdf. [Accessed 2 

June 2021]. 



[40

]  

FLUKE, "Fluke 87V MAX True-rms Digital Multimeter," n.d.. [Online]. Available: 

https://www.fluke.com/en/product/electrical-testing/digital-multimeters/87v-max. 

[Accessed 2 June 2021]. 

[41

]  

FLUKE, "54 II B Data Logging Thermometer with Dual Input," n.d.. [Online]. Available: 

https://www.fluke.com/en/product/temperature-measurement/ir-thermometers/fluke-54-

ii. [Accessed 2 June 2021]. 

[42

]  

Arduino, "ARDUINO MEGA 2560 REV3," n.d.. [Online]. Available: 

https://store.arduino.cc/usa/mega-2560-r3. [Accessed 2 June 2021]. 

[43

]  

Maxim Integrated , "DS18B20 Programmable Resolution 1-Wire Digital Thermometer," n.d.. 

[Online]. Available: https://datasheets.maximintegrated.com/en/ds/DS18B20.pdf. [Accessed 

13 May 2021]. 

[44

]  

Vistronica , "TERMOCUPLA TIPO K CON SONDA 30MM Y LONGITUD DE 4 METROS," n.d. 

[Online]. Available: https://www.vistronica.com/sensores/temperatura/termocupla-tipo-k-

con-sonda-30mm-y-longitud-de-4-metros-detail.html. [Accessed 13 May 2021]. 

[45

]  

Maxim Integrated , "MAX6675 Cold-Junction-Compensated K-Thermocoupleto-Digital 

Converter (0°C to +1024°C)," n.d.. [Online]. Available: 

https://datasheets.maximintegrated.com/en/ds/MAX6675.pdf. [Accessed 13 May 2021]. 

[46

]  

C. Petzhold, L. Go Chan, M. Nhan and P. Adam, "Analytics for Metabolic Engineering," 

Frontiers in Bioengineering and Biotechnology, vol. 3, 2015.  

[47

]  

C. Waldby, P. Gray, P. Griffiths and C. Vickers, "Synthetic Biology in Australia: an outlook to 

2030. Australian Council of Learned Academies Expert Working Group Horizon Scanning 

Project.," 2018.  

[48

]  

Analyzemath, "Focus of Parabolic Reflector Calculator," n.d.. [Online]. Available: 

https://www.analyzemath.com/parabola/focus-of-parabola-calculator.html. [Accessed 19 

June 2021]. 

[49

]  

A. G. Mohod, Y. P. Khandetod and S. Sengar, "Eco-friendly utilization of parabolic 

concentrating solar cooker for extraction of cashew nut shell oil and household cooking," 

International Journal of Sustainable Energy, pp. 125-132, 2010.  

[50

]  

M. González-Aviles and J. González, "Mathematical model of concentrating solar cooker," 

2Universidad Intercultural Indígena de Michoacán, Michoacán, 2013. 

[51

]  

Arduino, "ARDUINO UNO REV3," n.d.. [Online]. Available: 

https://store.arduino.cc/usa/arduino-uno-rev3. [Accessed 13 May 2021]. 

[52

]  

Omega , "What is a type K Thermocouple?," 06 January 2020. [Online]. Available: 

https://www.omega.com/en-us/resources/k-type-

thermocouples#:~:text=A%20Type%20K%20thermocouple%20refers,style%20of%20sensor%

20or%20cable.. [Accessed 13 May 2021]. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12. APPENDIX  
 

12.1. APPENDIX A  
Arduino code implemented for temperature measurements  

#include <OneWire.h> 
#include <DallasTemperature.h> 
#include "max6675.h" 
 
// Pines MAX6675 SENSOR 1 
int thermoDO = 6; 
int thermoCS = 5; 
int thermoCLK = 4; 
 
MAX6675 thermocouple(thermoCLK, thermoCS, thermoDO); 
int vccPin = 3; 
int gndPin = 2; 
 
// Pines MAX6675 SENSOR 2 
int thermoDO2 = 12; 
int thermoCS2 = 11; 



int thermoCLK2 = 10; 
 
MAX6675 thermocouple2(thermoCLK2, thermoCS2, thermoDO2); 
int vccPin2 = 9; 
int gndPin2 = 8; 
 
// Pines MAX6675 SENSOR 3 
int thermoDO3 = 14; 
int thermoCS3 = 15; 
int thermoCLK3 = 16; 
 
MAX6675 thermocouple3(thermoCLK3, thermoCS3, thermoDO3); 
int vccPin3 = 17; 
int gndPin3 = 18; 
 
// Pines MAX6675 SENSOR 4 
int thermoDO4 = 19; 
int thermoCS4 = 20; 
int thermoCLK4 = 21; 
 
MAX6675 thermocouple4(thermoCLK4, thermoCS4, thermoDO4); 
int vccPin4 = 22; 
int gndPin4 = 23; 
 
// Pin donde se conecta el bus 1-Wire 
const int pinDatosDQ = 7; 
 
// Instancia a las clases OneWire y DallasTemperature 
OneWire oneWireObjeto(pinDatosDQ); 
DallasTemperature sensorDS18B20(&oneWireObjeto); 
 
// Tiempo en  millis 
 
int period = 1000; 
unsigned long timeNow = 0; 
 
// variables temperatura 
 
float temp0, temp1, temp2, temp3, temp4; 
  
void setup() { 
    // Iniciamos la comunicación serie 
    Serial.begin(9600); 
    // Iniciamos el bus 1-Wire 
    sensorDS18B20.begin();  
 
    pinMode(vccPin, OUTPUT); digitalWrite(vccPin, HIGH); 
    pinMode(gndPin, OUTPUT); digitalWrite(gndPin, LOW); 
 
    pinMode(vccPin2, OUTPUT); digitalWrite(vccPin2, HIGH); 
    pinMode(gndPin2, OUTPUT); digitalWrite(gndPin2, LOW); 
 
    pinMode(vccPin3, OUTPUT); digitalWrite(vccPin3, HIGH); 
    pinMode(gndPin3, OUTPUT); digitalWrite(gndPin3, LOW); 
 
    pinMode(vccPin4, OUTPUT); digitalWrite(vccPin4, HIGH); 
    pinMode(gndPin4, OUTPUT); digitalWrite(gndPin4, LOW); 
     
    Serial.println("MAX6675 test"); 



    // wait for MAX chip to stabilize 
    delay(500); 
 
} 
  
void loop() { 
    // Mandamos comandos para toma de temperatura a los sensores 
    sensorDS18B20.requestTemperatures(); 
 
      temp0 = sensorDS18B20.getTempCByIndex(0); 
      temp1 = thermocouple.readCelsius(); 
      temp2 = thermocouple2.readCelsius(); 
      temp3 = thermocouple3.readCelsius(); 
      temp4 = thermocouple4.readCelsius(); 
       
 
     
 
    if(millis() >= timeNow + period){ 
        timeNow += period; 
          Serial.print(temp0); 
          Serial.print(";");  
          Serial.print(temp1); 
          Serial.print(";");  
          Serial.print(temp2); 
          Serial.print(";");  
          Serial.print(temp3); 
          Serial.print(";");  
          Serial.println(temp4); 
                
     } 
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