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ABSTRACTS 

  Poultry production is one the most important in household income and food security of the farmers 

in Ethiopia. It is mainly from traditional producers which are based on a broody hen. Researches 

show that Poultry production is one of the economic sources of our community. The production is 

performed traditionally by natural incubations and electric-powered incubators. In this work, a 

detailed experimental study has been conducted to evaluate the performance of the solar thermal 

chicken egg incubator with thermal energy storage for hatching chicken eggs. 

  The work aims to study the performance of solar thermal chicken egg incubators with thermal 

energy storage under Adama weather conditions. Temperature and humidity are the most important 

physical factors that affect the system's operation (eggs incubation and embryonic development). In 

this study, solar thermal energy is used as the energy source of the system.  Solar radiation is 

abundant in the city. It is estimated as average global radiation of 29.7MJ/m2/day which gives an 

average of 6.63 kWh/m2 /day with an average relative humidity of 54.6%. The flat plate collector with 

an expanded mesh is used for converting solar radiation into thermal energy. The values of hourly hot 

air temperature leaving the solar collector are collected for March 31, April 04, and April 08, 2021. 

The temperature starts increasing morning from 8 PM and then decreasing to 6 AM. The average 

hourly temperature is measured as 52 ℃. The maximum air temperature obtained is at 2 PM i.e.75℃. 

The collector has an average efficiency of 37.10%. The total required heat for the system and keeping 

it at the incubation temperature per day is estimated as 4MJ. For solving the intermittence behavior 

of the solar radiation the thermal energy storage unit is used. The LHS is selected and designed to 

store the required thermal energy for the system. The 15 kg of paraffin wax enclosed in a rectangular 

container has been used as latent heat energy storage of the system. It was designed for storing the 

thermal energy for the system, but only 61.10% (percent) of energy required by the system is 

recovered by the system. The average incubator chamber temperature has been obtained as 34℃ with 

a mean deviation of  5℃. The result reveals that the stored energy in the storage system is insufficient 

for sustaining the chamber temperature for 24hours. Therefore three kilograms of paraffin wax have 

been used additionally with 200Watts electric heater for the system. By doing this the result obtained 

from the system has been reached with an average eggs hatching ability of only 20% of the loaded 

eggs.  

Since thermal efficiency reduction of the system is affecting directly the hatchability of the eggs of the 

system; it is better to use an auxiliary heat source (like a PV subsystem). 

 

Keywords: - Solar thermal incubator, Thermal storage medium, Paraffin wax, Egg Hatching 
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CHAPTER ONE 

INTRODUCTION 

1.1. Background  

Energy is the primary and most universal measure of all kinds of work by human beings and 

nature. The utilization of solar energy in Ethiopia plays an important role in the future [74]. Solar 

thermal energy is the one source of free and renewable sources of energy that man can be 

captured for many different purposes. It is a very appropriate and low-cost system for rural and 

even for urban in developed as well as in developing countries for space heating and crop drying. 

The heat provided by solar energy also has been used successfully for many purposes. The 

concept of a solar thermal powered egg incubator by using solar thermal energy has been done 

by many researchers. 

The works have been conducted by the researchers on these methods. Enibe (2002) designed, 

constructed, and evaluated the performance of a passive solar-powered air heating system. 

Olayide et al (2007) designed and constructed a solar incubator with a solar collector which 

heats water that in turn heats an incubating chamber for the process of fowl hatching. Bolaji 

(2008) has designed and constructed a solar poultry egg incubator by using materials that are 

readily available in the local market. In this study, the performance of the incubator has been 

evaluated. Ojike et al (2020) have conducted a study on the performance study of a solar poultry 

egg incubator with a phase change heat storage subsystem. It consists of the collector, storage, 

and incubating chamber. 

Egg incubator is one of the inventions that provide opportunity, especially for a farmer. There is 

one of the easy and fastest ways that can make a product. This invention will upgrade the egg 

incubator that has already on market today. The systems will automatically control the 

temperature and humidity of the incubator for various types of eggs [57].  

Solar thermal energy is the source of heat for it. In this work, the performance of solar thermal 

powered eggs incubator has been studied under Adama, Ethiopia weather conditions. It has been 

the system designed instead of using natural incubation and electric power for this system. The 

system has been clean and not polluting the environment.  
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1.2. Statement of the problem 

Many of the Ethiopian population are engaged in the small-scale agricultural sector and live-in 

rural areas. Energy is the key to economic and social developments. Poultry production is one 

the most important in nutrition, food security of the farmers and also it is the main source of 

income for the community [74]. It is mainly from traditional producers which are based on a 

broody hen.  

Eggs incubation is performed traditionally by natural incubation and electric powered incubator. 

Natural egg incubation is performed by using the body heat of broody hen and the latter is by 

electricity. Broody hens naturally can incubate their eggs without any cost. However, they can 

only incubate of maximum up to twelve (12) eggs at a time and merely sometimes they can also 

be dying by accident or diseases while incubating their eggs. They can’t produce in mass 

numbers.  

A lot of poultry hatching eggs are artificially incubated in incubators that must be designed to 

control the temperature inside the machine to ensure that the temperature of the developing 

embryo [62]. An egg incubator has been the chamber or space that holds eggs while maintaining 

an appropriate temperature, humidity, and oxygen level. Temperature is one of the most 

important physical factors that Affect eggs incubation and embryonic development. Access to 

energy plays a larger role to sustain the life of the people. Currently, the cost of energy 

increasing, and this encourages the researchers to other sources of energy like conventional 

sources of energy. 

Hence, searching for a free, alternative, and reliable supply of energy has been very important for 

poultry production. This works designs, constructs, and studies the performance of solar-

powered incubators with thermal storage.  
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1.3. Objectives 

1.3.1. General Objective  

The main objective of this work is to design, construct, and evaluating the performance of a solar 

thermal chicken egg incubator with thermal energy storage under Adama, Ethiopia weather 

conditions.  

1.3.2. Specific Objectives 

The specific objectives of this project are: 

✓ To design the solar thermal chicken egg incubator for 200 eggs, 

✓ To design the solar air heater and thermal energy storage unit for the system, 

✓ To construct the model of solar thermal incubator with solar air collector and thermal 

energy storage, and 

✓ To evaluate the performance of the solar thermal powered chicken egg incubator under 

Adama weather conditions. 

1.4. Significance 

The main significance of the study is using the freely available solar thermal energy for chicken 

egg incubation purposes. This work may help the community as: 

 It promotes small-scale poultry producers to use free and alternative forms of energy for 

their backyard poultry production. 

 Since the system is economical, cost-effective, and less effort low-income communities 

and beginner poultry producers can easily access it. 

1.5. Scope of the study 

The focus of this work is to design and construct, and evaluate the performance of a solar 

thermal powered incubator for hatching eggs under Adama weather conditions. The model of a 

solar thermal powered incubator chicken egg incubator is constructed, and the performance has 

been evaluated. 
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1.6. Thesis Outlines  

The work has been divided into seven chapters. This paper presents the performance of solar 

thermal powered chicken eggs incubator, conclusion, and recommendations, resulted from 

experiments. Each chapter of the work was defined as the following:  

Chapter 1 Introduction: This chapter provides an introduction and brief background required to 

get a better understanding of this works as a guide for the rest of the document. In addition to 

that, the objectives and problem statement for the work have been defined. 

Chapter 2 Literature Review: This chapter contains some relevant information and findings 

resulted from the inclusive literature review and operational principles used in this study have 

been stated.  

Chapter 3 Materials, Methodology, and Data Collection: This chapter describes the data used 

and the parameter that governs the system operation. Also in this chapter, the equations and 

formulas used to model the system energy load has been presented. 

Chapter 4 Experimental setup and Measurement Procedure: In this chapter, the whole 

components experimental setup of the system and experimental procedures are defined. 

Chapter 5 Result and Discussion: This chapter presents the results and discussions from the 

experimental work. This chapter also comprises the investment cost and equipment life cycles 

findings.  

Chapter 6 Conclusions and Recommendations: This chapter describes the conclusions and 

recommendations based on chapters two and five.   
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CHAPTER TWO 

LITERATURE REVIEW 

2.1. Introduction   

This chapter presents the works of literature and a summary of the literature’s done recently on 

egg incubation and the solar thermal systems.  

2.1.1. Egg incubation 

  Incubation is the process by which the embryo within the egg develops into a fully formed 

chick capable of breaking free from the shell. Incubating eggs requires several important 

environmental considerations if any chicks are to hatch. Of primary concern are temperature and 

relative humidity. The incubation process is divided into two types. They are natural and 

artificial egg incubation.  

  Natural incubation uses a broody hen to incubate eggs by sitting on them in a nest. It involves a 

transfer of heat between the parent and embryo. Broody hens, when available, work best for 

small clutches of eggs. Broodiness, the behavior of a setting hen, has been bred out of some 

chickens. Many domestic bird varieties also make good mothers, but the consideration is their 

size.  

 

Figure 2.1 Natural incubation 

  Larger breeds can easily incubate up to twelve large chicken eggs, 10 duck eggs, or 5 goose 

eggs. They may be able to incubate only six large chicken eggs and would not be useful to 

incubate duck or goose eggs.  
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An artificial incubator is a man-made device that is designed to artificially create the natural 

conditions that a hen creates whilst sitting on her eggs. 

 

Figure 2.2 Artificial Incubation 

 They have a heat source device that keeps a constant temperature, and water pans under the eggs 

trays to control the amount of moisture in the incubator and eggs turning mechanism.  

2.1.2. Design Parameters of Artificial Incubation 

  Four factors are of major importance in incubating eggs artificially: temperature, humidity, 

ventilation, and turning. Of these factors, the temperature is the most critical. However, humidity 

tends to be overlooked and causes many hatching problems. Temperature: The acceptable 

range is 35.5  to 39℃. If the temperature stays at either extreme for several days, the eggs may 

not hatch. Overheating is more critical than underheating. Running the incubator at 40℃ for 15 

minutes will seriously affect the embryos while running it at 35℃  for 3 or 4 hours will only 

slow the chick's metabolic rate [61]. Humidity: The relative humidity of the air within an 

incubator should be about 60 percent. During the last 3 days (the hatching period) the relative 

humidity should be nearer 65-70 percent. Too much moisture in the incubator prevents normal 

evaporation and results in a decreased hatch, but excessive moisture is seldom a problem in small 

incubators. Too little moisture results in excessive evaporation, causing chicks to stick to the 

shell, remain in the piped shells and sometimes hatch crippled. The relative humidity in the 

incubator can also be varied by changing the size of the water pan or by putting a sponge in the 

pan to increase the evaporative surface.  
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The pan should be checked regularly while the incubator is in use to be sure that there is always 

an adequate amount of water. Adding additional water pans to small still-air incubators is also 

helpful to increase humidity [61]. Ventilation: The best hatching results are obtained with 

normal atmospheric air, which usually contains 20-21 percent oxygen. It is difficult to provide 

too much oxygen, but a deficiency is possible. Make sure that the ventilation holes are adjusted 

to allow a normal exchange of air. This is critical for homemade incubators. It is possible to 

suffocate the eggs and chicks in an air-tight container. However, excessive ventilation removes 

humidity and makes it difficult to heat incubators properly [61]. Turning: Eggs set on their sides 

must be rotated 1/2 turn at least 3 times daily. Eggs set with the air cell end up should be tilted in 

the opposite direction 3 times daily. This keeps the embryo centered in the egg and prevents it 

from sticking to the shell membrane. Stop turning the eggs for the last three (3) days of the 

incubation cycle (at 18 days for chickens) [61]. 

2.1.3. Incubator Operation 

  Maintain the temperature range between 37 − 38 ℃ if possible. The thermometer is used to 

measure the temperature at a level or slightly above where the center of the egg. Overheating the 

embryo is much more damaging than is under heating it, overheating speeds up embryo 

development, lowers the percentage of hatch-ability, and causes abnormal embryos. Although a 

short cooling period may not be harmful, longer periods of low temperatures will reduce the rate 

of embryo development. Excessively low temperatures will kill the embryos. If the temperature 

remains beyond either extreme for several days, hatch-ability may be severely reduced. The 

moisture level in the incubator should be about 50 to 55 percent with an increase to about 65 

percent for the last 3 days of incubation. Moisture is provided by a pan of water under the egg 

tray. Ventilation is adjusted by increasing or decreasing openings in the sides or top of the 

incubator. Normal air exchange is needed during embryo development and should be increased 

as the chicks begin to hatch [20]. 
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2.1.4. Reviews on Solar thermal Powered Egg Incubator 

  Verlumun (1991) designed and constructed a passive solar heated poultry eggs incubator. This 

passive solar-powered air-heated poultry eggs incubator of 150 eggs capacity and consists of a 

solar collector, thermal storage unit, and the incubating cabinet. Temperature control within the 

range of 37.6℃ ± 0.8℃ is by use of a 24V, 150Amps hour lead acid battery-operated solenoid 

valve, in addition to an ether-filled contact thermostatic switch. A spring-loaded pressure relief 

valve is incorporated to avoid pressure buildup in the system.  

  Enibe (2002), designed, constructed, and evaluated the performance of a passive solar-powered 

air heating system. The system, which has potential applications in crop drying and poultry egg 

incubation, consists of a single-glazed flat plate solar collector integrated with a phase change 

material (PCM) heat storage system. The PCM is prepared in modules, with the modules equip-

spaced across the absorber plate. The results show that the system can be operated successfully 

for crop drying applications. With suitable valves to control the working chamber temperature, it 

can also operate as a poultry egg incubator.  

  Olayide et al (2007) designed and constructed a solar incubator with a solar collector which 

heats water that in turn heats an incubating chamber for the process of fowl hatching. It is 

designed to work for 24 hours and it has a built-in heat storage facility that supplies heat to the 

incubating chamber during the day that there is no solar energy. The working (water) is heated in 

the solar collector and transported (circulated) by the thermosiphon process through the pipes.  

  Bolaji (2008) designed and evaluated the performance of the solar poultry egg incubator. This 

incubator consists of a solar collector with built-in thermal storage and an incubator chamber of 

100 eggs capacity. Its average outlet collector temperature has been 72.4℃  for the highest solar 

radiation day and 51.8℃ has been obtained on the lowest solar radiation day. Its thermal 

efficiency has been found 𝑎𝑡 68.7%. 
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Figure 2.3 Solar thermal poultry egg incubator, [Bolaji, 2008] 

Victor et al (2015) designed, developed, and evaluated a Passive Solar Poultry Egg Incubator. 

The system had two heat collectors and storage media (thermal masses) and heat exchangers. 

The main heat absorber has been made of 80mm thick concrete incorporated with a separate heat 

storage media to serve as backup during sunless hours.  The temperature maintained in the 

incubating chamber ranged between 30.9– 46.6℃ depending on the time of the day and weather 

conditions. At an average ambient relative humidity of 69.2%, the incubating chamber relative 

humidity has been averagely at 61.6 %, using activated charcoal as dehumidifying material. Heat 

collection and transfer efficiencies of the thermal mass were 96.4% and 44.3%, respectively.  

 Kanu et al (2016) constructed and characterized the solar-powered micro-based incubator for 

the chicken egg. It consists of a solar collector which heats water that in turn heats an incubating 

chamber for the process of hen hatching. It is designed to work for 24 hours and has a built-in 

heat storage facility that supplies heat to the incubating chamber when there is no solar energy. 

This micro-based solar incubator has been able to hatch eggs within 20-21 days. This work used 

materials from the local market.  

  Uzodinma et al (2019) conducted the performance study of a solar poultry egg incubator with a 

phase change heat storage subsystem. This study evaluates the performance of a hybrid solar-

powered poultry egg incubator. The system consists of a double-glazed flat plate solar collector 

integrated with a paraffin type phase change material energy storage subsystem and incorporated 

1. Chimney 

2. Incubator 

chamber 

3. Air outlet duct 

4. Transparent glass 

cover 

5. Air inlet duct 

6. Cabinet door 

7. Stands 

8. Air regulation 

9. Solar collector 
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with a PV subsystem. Results of the study showed that the chamber temperature has been within 

the range of between 36 − 39 ℃ and relative humidity of 50 – 75%.  

The temperature ranges were between 42 − 106℃  and 38 − 99℃ respectively were observed at 

the storage medium and absorber plate with an average egg hatchability of 62.37% using the 

hybrid solar-powered poultry egg incubator.  

2.1.5.  The Effects of Low and High Temperature on Embryonic Development and Hatch 

SUAREZ et al (1996) experiment on Low-Temperature Effects: On Embryonic Development 

and Hatch Time. A series of experiments have been conducted to estimate phenotypic 

correlations between incubation characteristics, and to evaluate the effects of cold stress and 

genotype during incubation on chick weight, egg weight loss, hatching time, and embryonic 

mortality. Results indicated a low and negative correlation between hatching time and chick 

weight.  

Willemsen et al (2010), conducts a study on the effects of High and low-temperature 

manipulation during late incubation and embryonic development, the hatching process, and 

metabolism in broilers. They conclude that the growth of embryos exposed to higher incubation 

temperatures during the latter part of incubation reduced. In addition, they conclude hatch-ability 

has been significantly reduced by the high-temperature treatment due to higher embryonic 

Mortality. Although the hatching process of embryos exposed to lower incubation temperatures 

has been also significantly retarded their embryonic development and growth. 

2.2. The System Components 

2.2.1. Solar Collector 

Solar collectors are a device for collecting solar radiation and transfer the thermal energy to fluid 

(HTF) passing in contact with it. The utilization of solar energy requires solar collectors. The 

solar energy collector, with its associated absorber, is the essential component of any system for 

the conversion of solar radiation into a more usable form. The flat plate collector is the most 

important type of solar collector because it is simple in design, has no moving parts, and requires 

little maintenance. It can be used for a variety of applications in which the temperature of 

required heat energy ranges from 40 − 100℃. 
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Enibe et al (2003) have conducted an experimental and thermal analysis of a natural circulation 

solar air heater with phase change material energy storage. The system consists of a single glazed 

flat plate solar collector integrated with a paraffin type phase change material (PCM) energy 

storage subsystem and a rectangular enclosure that serves as the working chamber. They 

compare the predicted performance of the system with experimental data under daytime no-load 

conditions over the ambient air temperature range of 19 − 41℃. The maximum temperature 

difference between predicted and experimental results at specific locations on the absorber plate, 

heat exchanger plate, glazing, and heated air is 10, 6, 8, and 10℃.  

Kumar et al (2014) had made an experimental analysis on Solar Air Dryer. An indirect forced 

convection solar dryer is designed and fabricated to investigate its performance under the hot and 

dry climatic conditions of Jaipur, India. The system consists of a flat plate collector and drying 

chamber with two shelves and a chimney. Dimensions of collector and drying chamber are 1.21 

mx0.87 m and 0.5x0.5x0.5m respectively. There are four baffles of dimension 40cmx3cmx7cm 

fitted between absorber and backplate. The distance between the backplate and absorber plate is 

8cm. The experiments were performed on green chilies. The drying time is 10 hours. The 

collector is inclined at 45° with horizontal and oriented in the South-North direction. During 

experimentation 11btemperatures, relative humidity, air velocity, and solar intensity were 

measured hourly in May and July 2010 for drying of green chilies and potato chips. The solar 

intensity varied between 550-890 W/m2 and the maximum temperature rise has been 20℃. 

 

Figure 2.4 Solar air Dryer, (Kumar et al, 2014) 

Experiments were performed on a solar air heater; the maximum temperature rise is 20°c and the 

maximum solar intensity has been 890W/m2. 
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  Kalaiarasi et al (2019) have studied experimental analysis and comparison of flat plate solar 

air heaters with and without integrated sensible heat storage. Both the SAHs were tested for three 

different mass flow rates (0.017 kg/s, 0.02 kg/s, and 0.028 kg/s) at one of the hottest cities in 

India, Madurai. The results show that the novel SAH had operated at a maximum efficiency of 

67.7% when the mass flow rate has been 0.028 kg/s before the solar radiation started to decrease 

around 14hr Indian standard time. It also concluded that sensible heat storage at the absorber 

plate improves the thermal output, therefore leads to consistent performance.  

 Abuşka et al (2019) have experimented with performance evaluation of solar air collectors with 

PCM honeycomb combination under the natural convection. In the experiments, the heat storage 

material has been tested in two forms with 26 kg capacity, PCM with honeycomb core in the first 

collector (type I) and only PCM in the second collector (type II), and the third collector (type III) 

with a flat absorber plate for comparison. The first collector reached the PCM melting point 

about 50 min ago. Also, when we consider the peak point, an apparent 10°C advantage is 

achieved in sensible heat storage in favor of type I.  

 

Figure 2.5 Experimental Set up of solar air collector with PCM honeycomb combination under 

the natural convection [Abuşka et al, 2019] 

It is observed that the honeycomb core used as a heat transfer enhancer is effective in shortening 

the charge-discharge times, also a noticeable difference in sensible heat storage during the noon. 

The production of useful energy in Type I lasted 469 min and 539 min longer than type III, 

respectively. The thermal efficiencies under daylight were calculated as 10.1%, 10.9%, and 

13.6%, respectively. As a result, it can be said that the use of honeycomb core as heat 

conductivity enhancer material is very functional, during the discharge period.  
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  Kurtbas et al (2006) have experimentally investigated the Solar Air Heater performance with 

Free and Fixed Fins. In this study, each of the fins, which are in the form of rectangular having 

two different surface areas, is located on the absorber surface in free and fixed manners. In the 

first case, the fins are located on the absorber surface in a way to be able to freely move. In the 

second case, it has been fixed to the absorber surface. The absorber surface area (A) is 1.64 m2. 

The fixed and free fins with 8 and 32 items whose surface areas (Af) are 0.048 and 0.012 m2 are 

located on the absorber surface. Thus, the total fin area in the absorber surface is equaled 

(0.384m2).  

2.2.2. Solar thermal energy storage 

Energy storage can reduce the time or rate mismatch between energy supply and energy demand, 

thereby playing a vital role in energy conservation. It improves the performance of energy 

systems by smoothing and increases reliability.  

In the solar thermal system because of the intermittent availability of solar radiation the thermal 

energy storage has been very important during the night time and cloudy time. Therefore, the 

design and development of efficient and economical thermal energy storage systems are of very 

importance. Thermal energy can be stored as a change in the internal energy of a material as 

sensible heat, latent heat, or thermochemical.  

2.2.2.1. Sensible heat storage 

Sensible heat storage materials undergo no phase change within the temperature range required 

for the storage application. In sensible heat storage thermal energy is stored by raising the 

temperature of a solid or liquid. A sensible heat storage system utilizes the heat capacity and the 

change in temperature of the material during the process of charging and discharging. The 

amount of heat stored depends on the specific heat of the medium, the temperature change, and 

the amount of storage material. 

𝑄 = ∫ 𝑚𝐶𝑝𝑑𝑇 = 𝑚𝐶𝑐𝑝(𝑇𝑓 − 𝑇𝑖)
𝑇𝑓

𝑇𝑖

……………………………………………………(2.1) 

Within the indicated solids, concrete and cast ceramics have been extensively studied due to their 

low costs and good thermal conductivities, despite their moderate specific heats.  
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This heat is released in the respective discharging process. There are some advantages for SHS 

compared to LHS at high temperatures including simplicity of design and construction, ease of 

control, and hence lower cost [8]. 

2.2.2.2. Latent Heat Storage  

Latent Heat Storage, which stores or releases energy during a phase change (solid, liquid, gas). If 

the material changes its phase at a certain temperature while heating the substance, then heat is 

stored in the phase change. Reversing, heat is dissipated when at the phase change temperature, it 

is cooled back. Among the various methods of energy, latent heat thermal energy storage is 

particularly attractive.  

The motivation for using phase change materials (PCM) is their high energy storage density and 

their ability to provide heat at a constant temperature [9]. The storage capacity of the LHS 

system with a PCM medium is given by: 

𝑄 = ∫ 𝑚 ∗ 𝐶𝑝 ∗ 𝑑𝑇 +𝑚 ∗ ∆ℎ𝑚 +∫ 𝑚 ∗ 𝐶𝑝 ∗ 𝑑𝑇
𝑇𝑓

𝑇𝑚

𝑇𝑚

𝑇𝑖

…………………………(2.1) 

where: Q is the amount of thermal energy stored or released in form of sensible heat (kJ), Ti is 

the initial temperature in (°C), Tm(°C) is the melting temperature (°C), Tf (°C) is the final 

temperature, m (kg) is the mass of heat storage medium (kg), Cp (kJ/kg°C) is the specific heat 

(kJ/kg°C) and Δhm is the heat of fusion per unit mass (kJ/kg) [65]. 

2.2.3. Thermal Energy Storage Performance and Characterization 

Latent heat storage in the temperature range 0 − 120℃ is of interest for a variety of low-

temperature applications, such as space heating, domestic hot water production, heat-pump 

assisted space heating, greenhouse heating, solar cooling, etc. [8].   

2.2.3.1. Reviews on LHTS Charging/Discharging Enhancement 

Heat transfer rate increases with contact surface area between PCM and heat transferring fluid 

(HTF). For encapsulating the PCM in small casings, the contact surface with HTF is increased to 

compensate for the poor thermal conductivity of the PCM.  
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Additionally, it serves below two purposes: (1) it prevents phase segregation and sedimentation, 

and (2) it offers a high ratio of area for heat transfer to volume [16]. 

Pradeep et al (2016) had made a review on how LHTS heat transfer has been enhanced and 

concluded that the use of fins provides a larger heat transfer surface area thereby promoting 

faster melting and solidifying rates. The conduction process followed by Convection promotes 

the melting of PCM as energy is absorbed. Hence the design of the TES must be in such a way 

that the melting and freezing process are improved and a proper PCM with the required 

properties are selected for the effective performance of the thermal storage system. 

 Halawa and Saman (2011) had made a numerical study on the performance of PCM-based 

TES for space heating applications. The storage unit has been made of 45 rectangular slabs of 

length 1m and width 0.89m. The numerical investigation has been conducted with variations in 

the thickness of the PCM slab and air gaps between the slabs.  

 

Figure 2.6 The TSU modeled [15] 

 The results of the experiment show that the thickness of the slab had an impact on the heat 

transfer rates. Thicker slabs reduced the heat transfer rates which led to the increased melting and 

freezing time, but with a higher mass flow rate, the melting and freezing time has been reduced.  
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2.3. Literature Summary and the Research Gaps 

The following summary describes previous research work on the study of the performance of 

solar thermal powered egg incubators: -  

Review Performance of Solar Thermal Powered Egg Incubator 

S/N Title Authors Capacity Components &Results 

1 Design and Construction 

of a Passive Solar Heated 

Poultry Eggs Incubator.  

[Verlumu

n, 1991] 

Egg’s incubator of 150 

eggs 

Solar Collector, 

Thermal Storage Unit and 

The Incubating Cabinet 

2 Design, construction, and 

evaluating the 

performance of a passive 

solar-powered air heating 

system 

[Enibe, 

2002] 

Has the potential 

applications in crop 

drying and poultry egg 

incubation 

Single-Glazed Flat Plate Solar 

Collector 

(PCM) Heat Storage System 

3 Design and construction 

of the solar incubator  

[Olayide 

et al, 

2007] 

Solar Collector 

Transported 

(Circulated) Fluid by 

Thermo Siphon 

Process  

Solar Collector 

Heat storage (Water) 

4 Design And Evaluate the 

Performance of The Solar 

Poultry Egg Incubator 

 

[Bolaji, 

2008] 

Chamber has 100 eggs 

capacity 

Solar collector 

Thermal storage 

Incubator chamber 

The average Outlet Collector 

Temperature has been 72.4℃ and 

51.8℃ 

The system thermal efficiency has 

been found 68.7% 

5 Design develops and 

evaluates the performance 

of a Passive Solar Poultry 

Egg Incubator 

[Victor et 

al, 2015] 

Multi-functional 

system (For egg 

incubation and crop 

drying) 

Two heat collectors and 

Storage media (thermal masses) 

Heat exchangers 

Heat collection efficiencies are 

96.4% 

Heat transfer efficiency is 44.3% 

6 Construction and 

characterization of the 

solar-powered micro-

based incubator for 

[Kanu et 

al, 2016] 

 A solar collector 

Thermal storage (water) 

Incubating chamber 
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chicken egg 

8 Performance study of a 

solar poultry egg 

incubator with phase 

change heat storage  

[Uzodinm

a et al, 

2019] 

 Phase change material energy 

storage 

PV subsystem 

A double-glazed flat plate solar 

collector 

The chamber temperature has been 

between   36 − 39 ℃  and 

Relative humidity of 50–75% 

Average egg hatch-ability of 62.37% 

9 Characterization of A 

Photovoltaic Powered 

Poultry Egg Incubator 

[Okonkw

o et al, 

2012] 

Capable of handling 

up to 375 eggs  

A power supply unit, an energy or 

photovoltaic (PV) 

 Storage unit and the egg 

Incubation chamber 

Temperature 36 – 39℃  

Relative humidity  77  –  67%  

 

The works of literature show that solar thermal energy is the freest and low-cost system that is 

used for different purposes especially for space heating and crop drying. The researchers 

reviewed in this study were attempted to use solar thermal energy for egg incubation. 

The system has three main components. These are solar air heater (flat plate solar collector), 

thermal energy storage unit, and chamber. In the literature, it is observed that the mainly used 

thermal energy storages are paraffin wax, water, and stones pebbles as both sensible and latent 

thermal storage. Among them, paraffin wax is the one mostly used for solar thermal eggs 

incubator systems for it is high energy density and stability during energy gaining and 

discharging.It is also observed that the systems mainly depend on the time of the day and 

weather conditions. The ambient air temperature is the main condition affecting the system's 

operation. The low ambient air temperature results in high heat loss from the system; hence, the 

low thermal efficiency of the system.  

The literatures also illustrates that poultry production is a  beneficial business in  Ethiopia 

especially in most rural of the country.  The few commercially type poultry productions are 

around Addis Ababa and far from most. The main part of the country has no access to the 

electric grid system but most of the poultry productions are from there.  Therefore, this work will 

be done to study the performance of solar thermal energy for chicken eggs incubator under 

Adama Town, Ethiopia weather conditions.  
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CHAPTER THREE 

METHODOLOGY, MATERIALS, AND DATA COLLECTION 

3.1. Methodology 

In this section, the methods to maintaining the system parameters governing the system operation 

and the whole principles followed to do the work are discussed. Many theoretical and 

experimental works have been done to reach the objectives. And many related studies and books 

are used as the reference for accomplishing the system. The following lists are the methodology 

and steps carried out by the work to achieve the aims. 

 

 

 

 

 

 

 

 

 

 

 

3.2. Data Collection 

The data used in this study has been having primary and secondary data. The primary data is 

calculated from the system load. The secondary data has been derived from the primary data. 

They are the total average sunshine hours for each month, the average daily temperatures, 

latitude, and altitude. Those are discussed as follows: 

Materials, Methodology and Data Collection 

 

Determination of System Load and Sizing the System 

Load 

Material Selections and Collection 

Fabricating and Assembling the System Components 

Testing the Performance of the System without and with Load 
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3.2.1. Solar Potential Data of Adama Town 

In this section, the solar potential of Adama town has been estimated. Solar energy consists of 

two parts: extraterrestrial solar energy which is above the atmosphere and global solar energy 

which is under the atmosphere. The measured solar energy values can be used for developing 

solar energy models which describe the mathematical relations between solar energy and 

meteorological variables such as ambient temperature, humidity, and sunshine ratio. Solar energy  

of daylight utilization for any site is dependent upon the quality of the available flux [49]. The 

solar radiation, through the atmosphere, reaching the earth’s surface can be classified into two 

components: beam radiation and diffuse radiation. Beam radiation is the solar radiation 

propagating along the line joining the receiving surface and the sun. It is also referred to as direct 

radiation [63].  

Most of the radiation estimates are made in terms of the ratio of available radiation (H) to the 

theoretically available radiation outside the atmosphere (𝐻0). The radiation available outside the 

atmosphere which is also known as extraterrestrial radiation is calculated from the most 

commonly used relation given. 

𝐻0 = (
24

𝜋
) ∗ 𝐼𝑠𝑐 ∗ (1 + 0.033 ∗ cos (

360𝑛

365
))

∗ (𝑐𝑜𝑠∅𝑐𝑜𝑠𝑑𝑠𝑖𝑛𝜔 +
2𝜋

360
𝜔𝑠𝑖𝑛∅𝑠𝑖𝑛𝜎)……………………………(3.1) 

where 𝐼𝑆𝑐  is the solar constant; n is the day of the year (starting at 1 for January 1); 𝑙 is the  

latitude in degrees; 𝜎 is the declination angle in degrees,𝜔 is the sunset hour angle in degrees and 

𝐻𝑜 is the extraterrestrial daily radiation available outside the atmosphere on a horizontal plane. 

For all the calculations a value of 1367  𝑊/𝑚 2 is used for 𝐼𝑠𝑐. This parameter includes:  
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3.2.1.1. Location 

Table 3.1.  Latitude, Longitude, and Altitude of Adama Town 

Location Latitude Longitude Altitude 

Adama 8°32′N 39°22′E 1648m 

Where: ∅ = 8.533° (latitude angle) 

3.2.1.2. The declination angles 

The declination 𝛿 is the angular position of the solar noon concerning the plane of the 

equator, and has been calculated by the formula proposed by (Cooper, 1669) as follows: 

𝐷𝑒𝑐𝑙𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑔𝑙𝑒 (𝛿) =  23.45 ∗  𝑠𝑖𝑛 (
360

365
 ∗  (284 + 𝑛))…………………………… . (3.2) 

3.2.1.3. The Relative humidity  

Table 3.2. the average relative humidity of Adama city. 

Months Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec 

Average 

of RLH 
45.48 53.28 50.09 47.76 59.06 48.29 62.23 68.18 65.55 58.03 48.42 49.00 

3.2.1.4. The Sunshine Hours on Horizontal Surface 

𝜔𝑠 
= (2/15) ∗ cos−1(−tan∅ tanδ)……………………………………………………… . (3.3) 

Where 𝜔𝑠 is the solar hour angle () corresponding to the time when the sunsets. Since the solar 

hour angle () is the angular displacement of the sun east or the west of the local meridian; 

morning negative afternoon positive. The solar hour angle is equal to zero at solar noon and 

varies by 15° per hour from the solar noon. The sunset hour angle (s) has been computed by the 

following equation: [Venkatachalam et al, 2019] 
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 The maximum sunshine hour will be: 𝑁𝑠 =
2

15
𝜔𝑠 

 

Figure 3.1 Sun Shine Hour and the average monthly sunshine hour (ns) of Adama Town 

For the surface facing due south, the incident is calculated as: 

𝑐𝑜𝑠𝜃𝑖 = cos(∅ − 𝛽) 𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜔 + 𝑠𝑖𝑛𝛿 sin(∅ − 𝛽)………………………………………… . . (3.4) 

3.2.1.5. Optimum Tilt Angle (β) 

The efficiency of a solar is highly dependent on the amount of solar radiation received by the 

collector surface. This way, solar collectors must be inclined at ideal angles to gather the most 

extreme solar energy accessible in particular locations. 

𝑡𝑎𝑛𝛽

=
−sin (𝛿)cos (∅)cos (𝛾) + cos (𝛿)sin (∅)cos (𝛾)cos (𝜔) + cos (𝛿)sin (𝛾)sin (𝜔)

sin (𝛿)sin (∅) + cos (𝛿)cos (∅)cos (𝜔)
……(3.5) 

3.2.2. Monthly Average, Daily Global Radiation 

The correlation for estimating the monthly average daily total (global) radiation on a horizontal 

surface can be given as [70], 

𝐻̅

𝐻̅𝑂

= 𝑎 + 𝑏 (
𝑛𝑠

𝑁𝑠̅̅ ̅

̅̅ ̅
)……………………………………………………………………………………(3.6) 

Where: 

𝑎 =  −0.110 + 0.235𝑐𝑜𝑠∅ + 0.323 (
𝑛𝑠̅̅ ̅

𝑁̅𝑠
) 
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𝑏 = 1.449 − 0.553𝑐𝑜𝑠∅ − 0.694 (
𝑛̅𝑠

𝑁̅𝑠

) 

Where: H is the monthly mean daily solar radiation on a horizontal surface (J / m2) 

 

Figure 3.2 The Monthly Extraterrestrial, average daily total (global) solar radiation on horizontal 

and the average daily total on the tilted surface at 𝟐𝟓° solar radiation 

 

Figure 3.3 The average daily total (global) radiation of Adama Town 

The solar radiation, through the atmosphere, reaching the earth’s surface can be classified into 

two components: beam radiation and diffuse radiation. Beam radiation is the solar radiation 

propagating along the line joining the receiving surface and the sun. It is also referred to as direct 

radiation.  
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3.2.2.1. Estimation of Daily Global Solar Radiation on a Horizontal Surface 

(H) 

Daily global radiation on a surface is the average of the hourly global radiation on a surface that 

may be found with the following equation: [34] 

𝐻 = 𝐻𝑏 + 𝐻𝑑 ……………………………………………………………………………………(3.7) 

Where 𝐻𝐻  𝑖𝑠 the daily global radiation on a horizontal surface, 𝐻𝑏 is the beam radiation on a 

horizontal surface and 𝐻𝑑 is the diffuse radiation on a horizontal surface. 

𝐾𝑡 =
𝐻

𝐻𝑜
 

Ho is daily extraterrestrial radiation (MJ/m^2/Day) which is found with equation (1). Lam and 

Li’s Model provide a correlation between global solar radiation and its components as follows: 

[34] 

Where: 𝐾𝑡 =
𝐻

𝐻𝑜
 

𝑓𝑜𝑟 0 < 𝐾𝑡 ≤ 0.15                𝐻𝑑 = (0.977) ∗ 𝐻 

𝑓𝑜𝑟 0.15 < 𝐾𝑡 < 0.17              𝐻𝑑 = (1.237 − 1.361𝐾𝑡) ∗ 𝐻 

𝑓𝑜𝑟 0.17 < 𝐾𝑡 ≤ 0.15                𝐻𝑑 = (0.273) ∗ 𝐻 

Diffuse radiation is the solar radiation scattered by aerosols, dust, and molecules; it does not 

have a unique direction.  

 

Figure 3.4 The beam and diffused solar radiation of Adama Town 
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3.2.2.2. Monthly Average Hourly Global Radiation on a Horizontal Surface 

 𝐼  = 𝐻 ∗
(

𝜋
24 ∗ 3600)

(𝑎1 +  𝑏1 ∗ 𝑐𝑜𝑠𝜔)(𝑐𝑜𝑠𝜔 −  𝑐𝑜𝑠𝜔𝑠)

(𝑠𝑖𝑛𝜔𝑠 − (
𝜋
180)  ∗ 𝜔𝑠 ∗ 𝑐𝑜𝑠𝜔𝑠) 

    

Where I̅  - monthly average hourly global radiation on a Horizontal Surface 

 

 
 

Figure 3.5 Monthly average hourly global radiations on a horizontal surface in kw/m2 

3.2.2.3. Daily Global Radiation on an Inclined Surface 

Daily global radiation on an inclined surface can be found with the following equation: [34] 

𝐻𝑡 = 𝐻𝑏𝑡 + 𝐻𝑑𝑡 + 𝐻𝑟………………………………………………………………………………(3.8) 

Also, it can be written as: 

𝐻𝑡 = 𝐻𝑏 ∗ 𝑅𝑏 + 𝐻𝑑 ∗ (
1 + 𝑐𝑜𝑠𝛽

2
) + 𝐻𝑟 ∗ 𝜌𝑔 ∗ (

1 − 𝑐𝑜𝑠𝛽

2
)………………………………… . (3.9) 
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Where 𝐻𝑏𝑡 is the daily beam radiation on an inclined surface, 𝐻𝑑𝑡 is the daily diffuse radiation on 

an inclined surface, and 𝐻𝑟 is the daily reflected radiation on an inclined surface. 

Where: 

𝐻𝑏𝑡 = 𝑅𝑏 ∗ 𝐻𝑏……………………………………………………………………………………(3.10) 

𝑅𝑏 =
(
𝜋
180)𝜔𝑠′𝑠𝑖𝑛𝛿 sin(∅ − 𝛽) + 𝑐𝑜𝑠𝛿 cos(∅ − 𝛽) 𝑠𝑖𝑛𝜔𝑠′

(
𝜋
180)𝜔𝑠 ∗ 𝑠𝑖𝑛𝛿𝑠𝑖𝑛∅ + 𝑐𝑜𝑠𝛿𝑐𝑜𝑠∅𝑠𝑖𝑛𝜔

……………………… .…… . (3.11) 

𝜔′𝑠 is the sunset hour angle for an inclined surface (in degrees) and is given by 

𝜔′𝑠 = min{𝜔𝑠, 𝑐𝑜𝑠
−1[−𝑡𝑎𝑛𝛿 tan(∅ − 𝛽)]}…………… .…………………… .………… . . . (3.12) 

 

Figure 3.6the Average Total Solar radiation on Collector surface 

The total solar radiation on the tilted surface for an hour as the sum of three terms shown as 

follows: [70] 

𝐼𝑡 = 𝐼𝑏 ∗ 𝑅𝑏 + 𝐼𝑑 ∗ (
1 + 𝑐𝑜𝑠𝛽

2
) + 𝐼 ∗ 𝜌𝑔 ∗ (

1 + 𝑐𝑜𝑠𝛽

2
)……………………… . . … . (3.13) 

From Erb's correlation it can be written as: 

R =
𝐼𝑡
𝐼
=
𝐼𝑏

𝐼
∗ 𝑅𝑏 +

𝐼𝑑

𝐼
∗ (

1 + 𝑐𝑜𝑠𝛽

2
) + 𝜌𝑔 ∗ (

1 + 𝑐𝑜𝑠𝛽

2
)……………………… .… . (3.14) 

Where: 

𝑅𝑏 =
(
𝜋
180)𝜔𝑠′𝑠𝑖𝑛𝛿 sin(∅ − 𝛽) + 𝑐𝑜𝑠𝛿 cos(∅ − 𝛽) 𝑠𝑖𝑛𝜔𝑠′

(
𝜋
180)𝜔𝑠 ∗ 𝑠𝑖𝑛𝛿𝑠𝑖𝑛∅ + 𝑐𝑜𝑠𝛿𝑐𝑜𝑠∅𝑠𝑖𝑛𝜔

 

𝜔′𝑠 is the sunset hour angle for an inclined surface (in degrees) and is given by 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

Jan Feb Mar April May June July Aug Sept Oct Nov Dec

S
o

la
r 

R
ad

ia
ti

o
n
 (

H
t)

 

(M
J/

m
2

/D
ay

)

Months of the Year



Performance Analysis of Solar Thermal Powered Chicken Egg Incubator with Thermal Energy Storage 

Belina Amsalu – 2021                                                                                                                                 26 

𝜔′𝑠 = min {𝜔𝑠, 𝑐𝑜𝑠
−1[−𝑡𝑎𝑛𝛿 tan(∅ − 𝛽)]} 

𝑅𝑏 is the beam radiation factor and 𝜌𝑔 is ground reflectivity, (i.e. 0.2 for ordinary ground) 

 

 

Figure 3.7 Monthly average hourly global radiation over the inclined surface at 𝟐𝟓° in kw/m2 

The above figures show that the solar energy potential of Adama city. The Monthly Average 

Total Solar radiation on Solar collector surface (𝐻𝑡) is estimated as 29MJ/m2/day and Monthly 

average hourly global radiation over the inclined surface in kw/m2 is estimated as 675Watts/m2 

as shown in Figure 3.16. 

This section also defines the working principles and methods of controlling the main parameters 

affecting the system operations are.  
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3.3. Determination of system load, Sizing the system components   

The solar thermal-powered egg incubator with a solar collector and a heat storage unit has been 

studied in this work. The system has been shown schematically in Figure 3.5. The system 

consists of an eggs chamber, a solar collector, and a heat storage unit. The eggs chamber has 

been designed to maintaining a suitable temperature for egg incubation. 

The solar collector is designed to convert solar radiation into heat (thermal) energy. It has a glass 

cover on the top, a solar absorber, air space, and an insulator at the bottom. It has an inclination 

angle of 25o facing to the south direction. The paraffin wax has been used as thermal energy 

storage for the nighttime. The following methodologies are taken out for designing the system: 

 Calculating and predicting the system energy load  

 Designing of the solar air heater for the system  

 Designing thermal energy storage for the system and simulating models of PCM storage 

and  

 Simulating the charging effects of solar thermal energy storage with ANSY fluent 16.2.  

 Experimentally evaluating the performance of the whole system components 

3.3.1. Design Analysis of the System Components and Energy System 

3.3.1.1. The Design Criteria 

The design of an egg incubator is dependent up on four parameters. These are eggs chamber 

Temperature, humidity, ventilation, and egg turning. It is designed to maintain them for the 

development of eggs embryo to fully developed chick. The following criteria are to be 

considered for successful egg incubator operation.  

The system has to be designed to:  

✓ Maintaining the temperature of the eggs chamber in between 35 − 39℃ for 24 hours 

✓ Maintaining the relative humidity of the incubator chamber in between 50-70% during 

the eggs incubation period 

✓ Regularly turning the eggs inside the system at least three times a day 

✓ Ventilating the system throughout the process 



Performance Analysis of Solar Thermal Powered Chicken Egg Incubator with Thermal Energy Storage 

Belina Amsalu – 2021                                                                                                                                             28 

3.3.1.2. Incubator Design 

A double-walled conventional heating unit with an outer body of wood, the inner chamber is 

made up of foam and covered with thin aluminum foil (to reduce heat loss). Also, manually 

adjustable egg tray turning is designed. Wood and foam are have low thermal conductivity 

and insures maximum thermal efficiency inside the chamber. 

3.3.1.3. Egg Tray 

The three eggs trays were designed for the system and each has the capacity of carrying 70 

eggs. The size of the egg trays was depend on the number of eggs on the trays.  

 

Figure 3.8: Major and minor diameter of an egg (Geometric size of chicken eggs) 

(http://www.scielo.br/scielo.php?pid=S1516-635X2017000300455&script=sciarttext ) 

The capacity of the incubator eggs trays: 

The eggs have major and minor diameters. Based on the major and minor diameter of eggs the 

size of eggs trays will be determined. The eggs sizes are described as the following: 

Major diameter of an egg (L) = 60mm 

Minor diameter of an egg (B) = 46mm 

The volume of the egg tray can be estimated as:𝑉𝑒𝑔𝑔 =  
𝜋𝐵2∗𝐿

4
∗ 𝑛; 

The length and width of the egg tray will be:  

𝐿𝑒𝑡 = 10𝑚𝑚 + 10 ∗ 𝐵 

𝐿𝑒𝑡 = 10𝑚𝑚 + 10 ∗ 46𝑚𝑚 = 470𝑚𝑚 

𝑊𝑒𝑡 = 110𝑚𝑚 + 7 ∗ 𝐿 

𝑊𝑒𝑡 = 110𝑚𝑚 + 7 ∗ 46𝑚𝑚 = 432 ≈ 450𝑚𝑚 

http://www.scielo.br/scielo.php?pid=S1516-635X2017000300455&script=sciarttext
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The size of the eggs chamber is determined by the size of the eggs trays. Therefore, the inside 

volume of the chamber 1mx1mx1m is enough for including the space taken by the thermal 

storage unit built in it. 

3.3.1.4. Eggs turning 

Eggs turning is performed at least three times a day by using the moveable egg tray designed in 

the system manually. This keeps the embryo centered in the egg and prevents it from sticking to 

the shell membrane. The eggs turning were stopped at the last three (3) days of the incubation 

cycle (at 18 days for chickens) [60]. 

 

 

Figure 3.9 The eggs trays and turners 

Eggs Turner

 

 Z 
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3.3.2. Thermal Analysis of the System (an Egg Incubator) 

The system energy model has been derived to describe heat transfer characteristics of the eggs 

incubator by presenting the relationship between input and output energy through and energy 

stored inside the eggs in the chamber. In this section, the energy analysis of solar thermal 

powered chicken egg incubator has been specifically for hatching chicken eggs, which will hold 

about 200 eggs.  

According to the conservation of energy:  

The rate energy stored into the system

= The rate energy entering into the system

+  The rate energy leaving the system   

𝑑[𝜌𝑐𝑉𝑇𝑐]

𝑑𝑡
= Ėin  − Ėout . . . . . . . . . . . . . …………………………………………… . . . .…… .… (3.15)  

A mathematical model has been derived to describe the heat transfer characteristics of the eggs 

chamber (incubator). 

Q̇egg = Q̇in − (Q̇L + Q̇𝑣𝑒𝑛𝑡)……………………… . . . . . . . . . . . . ……………………… .… . . . . … (3.16) 

The rate of energy required raises the temperature of the egg from ambient temperature to 39℃ 

𝑄̇𝑒𝑔𝑔 = 𝑛 ∗ 𝑚𝑒𝑔𝑔𝐶𝑒𝑔𝑔
∆𝑇

∆𝑡
……………………… . . . . . . . . . . . . . . . . …………………………… . . . . (3.17) 

Where, Q̇𝑒𝑔𝑔 is the rate of energy required to raise the temperature of the egg from ambient 

temperature to 39℃, 𝑛 is number of eggs inside chamber and 𝑚𝑒𝑔𝑔 is a mass of eggs (kg) 

The ∆T per minute and the K value showed no significant difference between the large broiler 

breeder and turkey eggs. [45] Describes the specific heat (𝐶𝑝) for whole eggs has been (3.23 kJ 

/kg*K), 𝑚𝑒𝑔𝑔  =  65𝑔 = 0.065𝑘𝑔  𝑎𝑛𝑑 n = 200eggs.  
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Table 3.3. Properties of eggs (Renema et al, 2006) 

 

Assumptions: 

✓ This energy amount is to be determined from the load, which should be accomplished by the 

system. 

✓ During the process, the temperature of the eggs inside the chamber needs to be heated 

from 20 𝑡𝑜 39℃. 

✓ The energy lost through the chamber wall and ventilation is to be considered. 

✓ The specific heat of the eggs (𝐶𝑝𝑒𝑔𝑔𝑠) is 3.23kj/kg ∗ ℃ with an average mass of 65gs 

(0.065kg). 

The amount of energy use to raise 200eggs temperature from 20 to 39℃ is: 

𝑄𝑒𝑔𝑔 = 𝑛 ∗ 𝑚𝑒𝑔𝑔 ∗ ∆𝑇 = 839.8 kJ 

The rate at which the egg temperature change has been given as Table B.2.; and the rate of 

energy required to raise the temperature of the eggs from room to incubation temperature has 

been calculated as: 

Q̇egg = 𝑛 ∗ 𝑚𝑒𝑔𝑔 ∗
∆𝑇

∆𝑡
= 142.766watts 

Egg Type Egg 

weight (g) 

Temperature Change 

(℃ ∗𝑚𝑖𝑛−1) 

Time to Ambient 

Temperature (𝑡𝑎𝑚𝑏)(𝑚𝑖𝑛) 

Specific Heat of 

Egg 

Small 

Broiler 

Breeder 

54.22 0.204 210  

 

 

 

3.23kJ/kg*K 

Large 

Broiler 

Breeder 

66.05 0.195 213 

Turkey  87.74 0.190 218 

SEM  0.56 0.0027 5 



Performance Analysis of Solar Thermal Powered Chicken Egg Incubator with Thermal Energy Storage 

Belina Amsalu – 2021                                                                                                                                             32 

3.3.2.1. Heat loss through the eggs chamber walls 

The heat leaving the egg chamber through the walls:  

 

Figure 3.10.  Thermal networks of the eggs chamber walls 

Thus, the heat loss through the walls will be: 𝑄̇𝐿  =
∆𝑇

𝑅𝑡𝑜𝑡
∗ 5 

The thermal network of chamber walls has been shown in Figure 4.1.  The overall thermal 

resistance between the wall and the chamber is: 𝑅𝑡𝑜𝑡 =
1

ℎ𝑖𝐴
+

𝐿1

𝐾1𝐴
+

𝐿2

𝐾2𝐴
+

1

ℎ𝑜𝐴
 

Where: A is the area of the chamber wall (0.5m2) 

𝑅𝑡𝑜𝑡 = (
1

4𝑤/𝐾
+

0.04

0.045 ∗ 0.5𝑤/𝐾
+

0.02

0.17 ∗ 0.5𝑤/𝐾
+

1

10𝑤/𝐾
) = 2.48𝐾/𝑤𝑎𝑡𝑡𝑠 

Thus, the total heat loss through the walls will be: 

𝑄̇𝐿  =
∆𝑇

𝑅𝑡𝑜𝑡
∗ 5 = (20𝐾/2.48𝐾/𝑤𝑎𝑡𝑡𝑠) ∗ 5 = 40.32𝑤𝑎𝑡𝑡𝑠. 

3.3.2.2. The Heat Loss through Ventilation 

Natural ventilation, as the name implies, is a system using natural forces to supply the egg 

chamber with fresh and hot air. Air exchange is accomplished through designed inlets and outlets 

in the chamber. Thus, most of the relationships in natural convection are based on Rayleigh 

experimental correlations. The Rayleigh number is defined as the product of the Grash of and 

Prandtl numbers: [72] 
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𝑅𝑎ℎ =  𝐺𝑟 ∗ 𝑃𝑟 =
𝑔 ∗ 𝛽(𝑇𝑠 − 𝑇∞)

𝑣 ∗ 𝛼
∗ 𝐻3…………………………… . . . . ………… . . (3.18) 

The Nusselt number in natural convection is in the following form: 

𝑁𝑢 =
ℎ∗𝐿

𝑘
……………………………………………………………… . . . . . . . . . . . . . … . (3.19) 

For a vertical plate, the characteristic length is L. 

𝑁𝑢 = {
0.59𝑅𝑎1/4, 104 < 𝑅𝑎 < 109

0.1𝑅𝑎1/3, 109 < 𝑅𝑎 < 1013
 

Note that for ideal gases, 𝛽 = 1/𝑇∞ where 𝑇∞ is the ambient air temperature 

𝑅𝑎 ℎ =  𝐺𝑟 ∗ 𝑃𝑟 =
𝑔 ∗ 𝛽(𝑇𝑠 − 𝑇∞)

𝑣 ∗ 𝛼
∗ 𝐿3 

Q̇vent  =  V̇fa ∗ ρa ∗ Cpair ∗ ∆T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ……………(3.20) 

Natural convection correlations the complexities of the fluid flow make it very difficult to obtain 

simple analytical relations for natural convection Rayleigh correlations. By using Eq. 26 & 27 

the load consumed by the ventilation system has been estimated as follows: The properties of the 

air at 𝑇𝑓 =
𝑇𝑎+𝑇𝑖𝑛

2
=

300𝐾+312𝐾

2
= 306𝐾:  𝐶𝑝𝑎 = 1.0055𝑘𝐽/ 𝑘𝑔 ∗ ℃, 𝜌𝑎 = 1.1774𝑘𝑔/𝑚3, 𝜇𝑎 =

1.983𝑘𝑔/𝑚. 𝑠, 𝑣 = 15.68 ∗ 10−6𝑚2/𝑠𝑒𝑐, 𝛼 = 0.22160 ∗ 10−4𝑚2/sec 2 , 𝑃𝑟 = 0.708 

𝛽 =
1

313𝐾
= 0.03205/𝐾 

𝑅𝑎 =
(
9.81𝑚
𝑠2

) ∗ (3.205 ∗ 10−3) ∗ (40 − 20)

(15.68 ∗ 10−6𝑚2/sec ) ∗ (0.22160 ∗ 10−4𝑚2/sec2)
∗ (0.5𝑚)3 = 2.26 ∗ 108 

𝑁𝑢 =
ℎ ∗ 𝐿

𝑘
=  0.59 ∗ (2.26 ∗ 108)

1
4 = 72.34 

h∗0.5m
0.02624w

m∗K

= 72.34 ; ℎ𝑎𝑖𝑟 = 3.80𝑊𝑎𝑡𝑡𝑠/(𝑚2 ∗ 𝐾) 

The ventilation will be done 24 hours a day. Thus, the system ventilation hole is also calculated 

as:  

𝑄𝑣𝑒𝑛𝑡 = 𝐴ℎ𝑜𝑙𝑒 ∗ ℎ𝑎𝑖𝑟 ∗ ∆𝑇 =  V̇fa ∗ ρa ∗ Cpair ∗ ∆T 

𝐴ℎ𝑜𝑙𝑒 = 0.0075𝑚2 → 𝑑ℎ𝑜𝑙𝑒 = √(4 ∗
𝐴ℎ𝑜𝑙𝑒
𝜋

) = 9.56 ∗ 10 − 3𝑚 ≈ 0.01𝑚 = 10𝑚𝑚 = 1𝑐𝑚 

The required ventilation energy of the incubator is calculated as:  

 Q̇vent = V̇fa ∗ ρa ∗ Cpair ∗ ∆T 
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Q̇vent = 0.57watts 

QVent =  0.57watts ∗ 24hr ∗
3600sec

1hr ∗ 1000
= 49.25kJ 

The energy has been continuously lost through the chamber wall for at least 16hr per day (during 

no sunshine). Therefore, the energy lost per day from the egg chamber through the chamber wall 

will be: 

QL = 40.32J/sec ∗
16hr

Day
∗
3600sec

1hr
= 2,322,432J/Day = 2.32MJ/Day 

The total energy required for the system has been calculated by summation energy consumed by 

eggs heating, the energy lost through ventilation and walls.  

Qt = Qegg + Qvent + QL 

Qt = 3.21MJ

 Lets consider the 50% extra loss of total energy; the total amount of thermal energy required for 

the system has been estimated as: 

QT = 1.5Qt 

QT =  4.82MJ 

For this work, the following criteria are used for selection of thermal energy storage material for 

the system based on the literatures reviews.   

The rate of energy for heating the whole system to incubation temperature has been: 

Q̇in = Q̇egg + Q̇L + Q̇𝑣𝑒𝑛𝑡 = 142.766watts + 40.32𝑤𝑎𝑡𝑡𝑠 + 0.57𝑤𝑎𝑡𝑡𝑠 

Qin = 183.656watts  

The time taken for heating the eggs to the incubation temperature has been: 

 
Qegg

∆t
=  Q̇egg 

 
840000J

∆t
= 183.656J/sec, ∆t = 4,573.77sec ≈ 1hr and 30minute 

The egg chamber has been first charged with the power of 183.66watts for one and half hours 

(1hr and 30minute) until the egg temperature reaches incubation temperature. 
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3.3.3. Design of LTES for the System 

3.3.3.1. The Criteria for Selection of Latent Heat Storage 

 EL HAYEK et al (2013) illustrate that latent heat storage can store a high energy density. It 

is easily noticed that latent heat is larger than sensible heat (for a slight temperature 

difference) and that the melting points depend on the user's body. This criterion allows the 

use of a wide range of Phase Change Materials (PCM) according to the desired temperatures. 

Due to its main advantages, latent heat storage is the preferred space heating application. 

Works of literature describe the selection criteria of phase change material as follows: 

 Melting point: Phase change materials should have a melting point near the required 

operating temperature range of the TES system.  Paraffin wax has a suitable melting 

temperature that is closed to the required operating temperature of the system.  

 Density: High density improves energy storage density which reduces the volume of the 

TES system. 

 Latent heat of fusion: Phase change materials should have a very high latent heat of 

fusion. High latent heat of fusion improves the energy storage density of the system. 

 Specific heat (Cp): Sensible heat storage materials should have high specific heat. High 

specific heat improves the energy storage density of the system.  

 Cost and availability: The cheaper price of storage material reduces capital and 

operational costs. They should be abundantly available. Paraffin wax has been cheap, 

commercially abundant, and available phase change material on the market, [16]. 

Table 4.1 Thermophysical properties of some paraffin wax (Fathi, 2020) 

S/N Type S. Heat 

[kJ/kg*K] 

M. Temp 

[℃] 

Latent heat 

(kJ/kg) 

Density 

(kg/m3) 

1 C16-C28 2000 42 - 44℃ 189 910 

2 C20-C33 2000 48 - 50℃ 189 912 

3 C22-C45 2000 58 - 60℃ 189 920 

 

The selection of suitable phase change materials should have a melting point near the 

required operating temperature range of the TES system.   
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3.3.3.2. Design of Thermal Energy Storage for the System 

The size of thermal energy storage was designed based on the energy demands of the system. 

The maximum required temperature of an egg incubator for successfully hatching chicken 

eggs is 39℃. Hence the temperature of the chamber is comfortable in between 35 to 39℃.  

The initial temperature of eggs is assumed to be 20℃ and desired eggs temperature is 39℃. 

Paraffin wax has a suitable melting temperature that is closed to the required operating 

temperature of the system. Therefore paraffin wax with a transition temperature between 

42 to 44℃  is suitable for the system operation. These types are paraffin wax is very stable 

and does not affect the system operation. 

The storage capacity of the LHS system with a PCM medium (paraffin wax) is given by: 

𝑄𝑠𝑡𝑜𝑟𝑒𝑑 = ∫ 𝑚𝐶𝑝𝑑𝑇 +𝑚∆ℎ𝑚 +∫ 𝑚𝐶𝑝𝑑𝑇
𝑇𝑓

𝑇𝑚

𝑇𝑚

𝑇𝑖

…………………………………… . . … (3.21) 

The stored thermal energy in the thermal storage medium is assumed to be equal to the total 

energy required for keeping the egg's chamber and incubation temperature constant. 

Therefore: QT = Qstored = mpcm ∗ (Cp ∗ ∆T + ∆ℎ𝑚) 

4,820000J = mpw((2000J/kg ∗ K) ∗ (23K) + 189,000J/kg) = 𝑚𝑝𝑤 ∗ 280000J/kg 

𝑚𝑝𝑤 =
4,820000J

280000J/kg
≈ 20𝑘𝑔 

The volume of thermal storage material will be calculated as the following: 

𝜌 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟
→ 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟 = 𝜌 ∗ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟 

The density of paraffin wax is 910kg/m3 as described in Table 4.1. 

𝑉𝑇𝐸𝑆 =
𝑚𝑝𝑤

𝜌𝑇𝐸𝑆
=

20𝑘𝑔

910𝑘𝑔/𝑚3
=  0.0219780𝑚3 

To increase the heat transfer between heat transferring fluid and thermal energy storage unit 

the energy storage material must be divided into compartments. In this work let divide the 

thermal energy storage unit into 5 compartments. 

𝑉𝑢𝑛𝑖𝑡 =
𝑉𝑝𝑤

5
=
0.0219780𝑚3

5
=  0.0044𝑚3 

 Therefore fabricated prototype contains the paraffin wax for latent heat storage and it has 

been made of 5 rectangular containers filled with paraffin wax of length 350cm, height 

250cm, and width of 0.25cm. Each container can maintain 3kg of paraffin wax.  
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The temperature has been the main factor affecting the incubation of the eggs. The literature 

describes the required egg chamber temperature for incubator operation as in the range 

of  35 − 39℃. The egg's chamber temperature has been controlled by using of OMRON 

thermocouple installed inside the chamber. The thermocouple switches on/off the fans inside 

the chamber for keeping the chamber temperature constant (incubation temperature). When 

the temperature inside the eggs chamber is above the incubation temperature the thermostat 

switch on the ventilating fan for cooling the chamber up to the required range for the system 

and vice versa. 

3.3.4. Solar Collector Energy Output and Determination of Area 

3.3.4.1. Energy Gained by the Solar Collector 

The general energy balance of the collector is given by [72] 

[
Accumulation of total energy

time
]

=  [
The input of total energy

time
] + [

The output of total energy

time
]…… . (3.22) 

The heat absorbed by the heat transfer fluid as it passes through the collector is equal to the 

heat gains of the collector minus the heat loss from it. The solar energy 𝑄̇, absorbed by the 

absorber plate of the collector can be calculated as 

𝑄̇𝑠 =  𝐼𝐴𝑐𝜏𝛼 ……………………………………… . . . . . . . . . . . . . . . . . . . . . …… . . . . ………… . . (3.23) 

Both 𝜏 and 𝛼 are dimensionless and depend on the incidence angle of the collector, both 

decrease as the incidence angle increases. 

The heat loss of the collector Q is given by [72] 

𝑄̇𝑙  =  𝑈𝑡𝐴𝑐(𝑇𝑝𝑚 −  𝑇𝑎)………………………… . . . . . . . . . . . . . . . ………………………… . (3.24) 

The heat exchange between the collector and its surroundings may occur from upper and 

lower surfaces and the sides.  The heat absorbed by the fluid 𝑄̇𝑓 as it passes through the 

collector can be calculated as: 

𝑄̇𝑓  = 𝑚̇𝑐(𝑇𝑎 − 𝑇𝑜)……………………………………… . . . . . . . . . . ……… .… . . . …… . . . . . (3.25) 

For simplicity, it is assumed that the liquid in the solar collector is completely mixed. Then, 

the energy balance of the collector based on Eqs. 15, 16, 17 & 18 can be given by: [72] 
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𝑑[𝜌𝑐𝑉𝑇𝑐]

𝑑𝑡
=  𝐼𝐴𝑐𝜏𝛼 +  𝑈𝐴𝑐( 𝑇𝑝𝑚 − 𝑇𝑎) +  𝑉𝐶̇𝜌𝑐𝑖𝑛𝑇𝑖𝑛 − 𝑉̇𝑐𝜌𝑜𝑢𝑡𝑐𝑜𝑢𝑡𝑇𝑐……………… . (3.26) 

Where 𝑚̇  =  𝑉̇𝑐𝜌𝑖𝑛 = 𝑉̇𝑐𝜌𝑜𝑢𝑡 and V is the volume of fluid passage in the collector. 

The following assumptions are kept: 

1. 𝜌 𝑖𝑛 = 𝜌𝑜𝑢𝑡 = 𝜌 

2. 𝐶, 𝑖𝑛 = 𝐶𝑜𝑢𝑡 = 𝐶, 

3. 𝑉 𝑖𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. 

Taking into consideration the assumptions Eq. (4.11) can be rewritten as [72] 

𝑑[𝜌𝑐𝑉𝑇𝑐]

𝑑𝑡
=  𝐼𝐴𝑐𝜏𝛼 +  𝑈𝐴𝑐( 𝑇𝑃 −  𝑇𝑎) +  𝑚̇𝑐(𝑇𝑖𝑛 − 𝑇𝑐)……… .…… . . . … .… . . . (3.27) 

The outlet temperature of the air in terms of FR is: 

𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 + FR ∗
[𝐼(𝜏𝛼) − 𝑈𝐿(𝑇𝑝𝑚 − 𝑇𝑎𝑖𝑟)]

𝑚̇𝐶𝑝
………………… . . …… . . … . . . … . . (3.28) 

The useful energy gain is expressed in terms of inlet air temperature Tin and other system and 

operating parameters as [72] 

𝐹𝑅 =
𝑚̇𝐶𝑝

𝐴𝑝𝑈𝑙
[1 − exp( 

𝐹′𝑈𝑙𝐴𝑝

𝑚̇𝐶𝑝
)]………………………………………… . . . . ………(3.29) 

Collector efficiency factor (𝐹′) is expressed as: 

𝐹′ =
1

(1 +
𝑈𝑙
ℎ𝑒
)
……………………………………………………………… . . . . …… . . (3.30) 

𝑄𝑎 = 𝐴𝑐[𝐼𝑅(𝜏𝛼)] = 𝑄𝑢 + 𝑄𝑙 ……………………………………… .……… . . . . … . . . (3.31) 

3.3.4.2.  Collector Overall Heat Loss Coefficient 

The absorbed energy S is distributed to thermal losses through the top and bottom and to 

useful energy gain.  
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Figure 3.11 Schematic diagram of solar air heater 

The energy loss through the top is the result of convection and radiation between parallel 

plates.  The loss through the top per-unit area is then equal to the heat transfer from the 

absorber plate to the first cover: [72] 

𝑞𝑙𝑜𝑠𝑠,𝑡𝑜𝑝 = ℎ𝑐,𝑝𝑐1(𝑇𝑝 − 𝑇𝑐1) +
𝜎(𝑇𝑝

4 − 𝑇𝑐1
4)

1
𝜀𝑝
+

1
𝜀𝑐1

− 1
………………………………………(3.32) 

Where: ℎ𝑐,𝑝𝑐 is the convection heat transfer coefficient between two inclined parallel plates.  

The plate efficiency factor 𝐹′ is [72] 

𝐹′ = [1 +
𝑈𝐿

(ℎ + [(
1
ℎ
) + (

1
ℎ𝑟
)]

−1]

−1

…………………………… .…………………(3.33) 

The collector heat removal factor is the product of the plate efficiency factor 𝐹′ and the 

collector flow factor 𝐹′′ 

F′′ =
FR

F′
=

ṁCp

AcULF′
[1 − exp(−

AcULF′

mCp
)]   … . . ………………… .………… . (3.34)  

FR =
ṁCp

AcUL
[1 − exp(−

AcULF
′

mCp
)] ………………………………………… .… . (3.35) 

𝐹𝑅 = 𝐹′ ∗ 𝐹′′…………………………………………………… .… . . ………… . . (3.36) 

The collector heat removal factor times this maximum possible useful energy gain is equal to 

the actual useful energy gain 𝑄𝑢: [72] 

𝑄𝑢  =  𝐴𝑐 ∗ 𝐹𝑅[𝑆 − 𝑈𝑡(𝑇𝑝𝑚 − 𝑇𝑎)]………………………………………… . . … . (3.37) 
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3.3.4.3.  Collector thermal efficiency 

The efficiency of a solar collector is defined as the ratio of the amount of useful heat 

collected to the total amount of solar radiation striking the collector surface during any 

period: [72], [46] 

ή =
𝑄𝑢

𝐼𝑜 ∗ 𝐴𝑐
…………………………………………………… . . ……………………(3.37) 

The equation for mass flow rate (𝑚̇) is  

𝑚̇ =  𝜌 ∗ 𝑄̇ …………………………………… .……………… .……………… .… (3.38) 

Where: ρ is the density of air, which depends on the air temperature and 

 𝑄̇ is the volume flow rate, which depends on the pressure difference at the orifice as 

measured from the inclined tube manometer and temperature  

Useful heat collected for an air-type solar collector can be expressed as: 

𝑄𝑢 = 𝑚̇𝐶𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)……………………………………………………… . . (3.39) 

Therefore, the collector thermal efficiency becomes, 

ή = 𝑚̇𝐶𝑝
(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

𝐼𝑜 ∗ 𝐴𝑐
…………………………………… . . …………………(3.40) 

The overall rate of heat lost per square area from the absorber to the ambient air through the 

glass cover and bottom insulation is given by: 

q̇L = UL(Tp − Ta) 

Where q̇L  is the overall heat lost from the absorber to the ambient air. To calculate the 

overall top loss heat transfer coefficient from the absorber to ambient through the glass cover 

of an FPC for the following specifications.  

3.3.4.4. Determination of Area 

By assuming the mean glass temperature (Tg)  =  40℃, the radiative heat-transfer coefficient 

from the absorber plate to the cover, Eq. (20), can be calculated as: 

hlr =
0.84 ∗ 5.6697 ∗ 10−8((60 + 273.15)4 − (40 + 273.15)4)

60 − 40
 

hlr = 6.426W/m2 ∗ ℃ 

The radiative heat-transfer coefficient from glass cover to the sky, Eq. (3.32), can be 

calculated as: 
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hlr =
0.84 ∗ 5.6697 ∗ 10−8((40 + 273.15)4 − (20 + 273.15)4)

40 − 20
 

hlr = 7.02W/m2 ∗ ℃ 

The average air temperature in the space between the glass and the plate is 50oC. The 

physical properties of air at this temperature are as follows: 

𝜗 =
1.96𝑥10−5𝑚2

𝑠𝑒𝑐
, 𝐾 = 0.0293𝑤/𝑚2 ∗ ℃, 𝑔 =

9.81𝑚

𝑠2
, 𝑇 = 340.5𝐾, Pr = 0.7 

Then the Rayleigh number (Eq.21) can calculate as follows: 

Nu = 0.145((GrL ∗ Pr)
1/3 − ((GrC ∗ Pr)

1/3)) + 0.56(GrC ∗ PrCosθ)
1/4 

Nu = 0.145((11.134 ∗ 106 ∗ 0.7)1/3 − ((1.391 ∗ 106 ∗ 0.7)1/3))

+ 0.56(1.391 ∗ 106 ∗ 0.7 ∗ Cos25)1/4 

Nu = 129.80 

The convective heat transfer coefficient has been calculated as follows: 

ℎ𝑙𝑐 = 𝑁𝑢 ∗
𝐾

𝐿
= 129.80 ∗

0.0293

0.025
(𝑊/𝑚2 ∗ °𝐶) = 152.12𝑊/𝑚2°𝐶

 

The value of the top loss coefficient (Ut) is computed by using the equation proposed by 

Klein (1975) 

𝑈𝑡
−1 = [𝜎(𝑇𝑝2 + 𝑇𝑔2)(𝑇𝑝 − 𝑇𝑔) + (

𝐾𝑎 ∗ 𝑁𝑢

𝐿𝑔
)]

−1

+ [𝜎𝜀𝑔(𝑇𝑝
2 + 𝑇𝑔2)(𝑇𝑝 − 𝑇𝑔) + ℎ𝑊]

−1 +
𝑡𝑔

𝐾𝑔
 

𝑈𝑡
−1 = [(5.567 ∗ 10−8)((343.15𝐾)2 + (313.15𝐾)2)(343.15𝐾 − 313.15𝐾)

+ (
(0.025𝑊/𝑚 ∗ 𝐾) ∗ (23.42)

0.005𝑚
)]

−1

+ ((5.567 ∗ 10−8) ∗ (0.85)

∗ ((343.15𝐾)2 + (313.15𝐾)2)(343.15𝐾 − 313.15𝐾) + 10)−1

+
0.005𝑚

0.78𝑤/𝑚 ∗ 𝐾
 

= [0.3604 + 11.05]−1 + (10.306)−1 + 0.00641 = 0.19108(𝑚2 ∗ 𝐾)/𝑊𝑎𝑡𝑡𝑠 

𝑈𝑡 = 5.2334𝑊𝑎𝑡𝑡𝑠/𝑚2 ∗ 𝐾 

The conductive heat-transfer coefficient of the glass cover (hk) can also be calculated from 

Eq. (18), as: 

hk =
0.78

0.005
= 156w/m2 ∗ ℃ 
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Bottom lose coefficient from Eq. (20) 

Ub = [
Li
Ki
+

1

hb
]
−1

 

Ub = 3.75w/m2 ∗ ℃ 

Therefore, the overall heat transfer coefficient (W/m2
*
oC) through the collector walls has 

been estimated as: 

𝑈𝐿 = 𝑈𝑡 + 𝑈𝑏 

𝑈𝐿 = 9.08𝑊𝑎𝑡𝑡𝑠/𝑚2 ∗ ℃ 

The average overall rate of heat lost per area from the absorber to the ambient air 

qL = UL(Tp − Ta) 

qL = 317.94watts/m2 

The average heat lost per area through the solar collector wall during the sunshine hour will 

be calculated by multiplying the overall rate of heat lost from the solar collector with the 

average sunshine hour of Adama city, Ethiopia. 

Therefore:  

𝑞̇𝐿 = (317.94
𝐽

sec
∗
7ℎ𝑟

1𝐷𝑎𝑦
∗
3600𝑠𝑒𝑐

1ℎ𝑟
) 

= 8012088J/m2/Day 

The plate efficiency factor 𝐹′ is 

𝐹′ = [1 +
9.084

(152.12 + [(
1

152.12
) + (

1
6.426)]

−1]

−1

= 0.94 𝑓𝑟𝑜𝑚 (17) 

Thus, the useful energy output of the solar collector is: 

𝑄𝑢  =  𝐴𝑐 ∗ 𝐹′[𝑆 − 𝑈𝑡(𝑇𝑝𝑚 − 𝑇𝑎)]…… . . . . . . . . ………𝑓𝑟𝑜𝑚 𝑒𝑞(21) 

𝑄𝑢

𝐴𝑐
= 𝐹′ ∗ [𝑆 − 𝑞𝐿] 

𝑞𝑢 = 𝐹′ ∗ [𝐻𝑏 ∗ 𝜏𝛼 − 𝑞𝐿] 
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From Table B.4 the average solar radiation fall on the solar collector surface has been 

29.52MJ/m2/Day. 

𝑞𝑢 = 0.33 ∗ ((29520000𝐽/𝑚2/𝐷𝑎𝑦) ∗ (0.75) − (8012088𝐽/𝑚2/𝐷𝑎𝑦)) 

= 4,662,210.96J/m2/day ≈ 4.66MJ/m2/Day 

The total energy required for the system per day has been 4.82MJ/Day. 

Table 4.2 Properties of materials used

 
Thermal conductivity 

Paraffin wax 0.24w/m*K 

Air 0.024w/m*K 

Foam 0.045w/m*K 

Wood 0.17w/m*K 

The effective heat collecting area of the solar collector can be assumed as: 

𝐴𝑒 =
𝑄𝑡

𝑞𝑢
=

4.82𝑀𝐽
𝑑𝑎𝑦

4.66𝑀𝐽/𝑚2

𝑑𝑎𝑦

= 1.18𝑚2  ↔  𝑠𝑎𝑦 1.5𝑚2  

FR =
(0.00773086kg/sec )(

1005J
kg ∗ K

)

9.084W/K ∗ 2m2
[1

− exp(−

9.084W
m2 ∗ K ∗ 2m2 ∗ 0.94

(0.00773086kg/sec )(
1005J
kg ∗ K

)
)]  𝑓𝑟𝑜𝑚 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 (19) 

FR = 0.38 

The collector heat removal factor times this maximum possible useful energy gain is equal to 

the actual useful energy gain 𝑄𝑢: 

𝑄𝑢 = 2𝑚2 ∗ 0.38 ∗ [
1065.97watts

m2
∗ 0.74 −

317.94watts

m2
] 

Qu = 357.87Watts 

By assuming the change of the inlet and outlet temperature of the air of solar air heater 40℃ 

it can be possible to calculate the maximum possible air mass flow rate.  

Therefore: 
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𝑄𝑢 = 357.87Watts = 𝑚̇𝐶𝑝∆𝑇 = 𝑚̇ ∗ 1005𝐽/𝑘𝑔 ∗ 𝐾 ∗ 40𝐾 

𝑚̇ =
357.87Watts

1005 ∗ 40𝐽/𝑘𝑔
= 0.008902𝑘𝑔/𝑠𝑒𝑐 

An average outlet temperature of a solar air heater in terms of FR is estimated as the 

following: 

𝑇𝑜𝑢𝑡

= 20 + 0.38

∗
[(1065.97watts/m2 ∗ 2m2) ∗ (0.75) − (317.94𝑤𝑎𝑡𝑡𝑠/𝑚2 ∗ 2𝑚2)]

0.008902𝑘𝑔/𝑠𝑒𝑐 ∗̇ 1005𝐽/𝑘𝑔 ∗ 𝐾
 𝑓𝑟𝑜𝑚(9) 

𝑇𝑜𝑢𝑡 = 20℃ + 43.63℃ = 63.63℃ 

The temperature of HTF has been at an average of 63.5℃. The energy storage capacity of the 

thermal storage medium has been assumed as follows: 

3.3.5. Working Principles of the System 

The source of the heat for the system is solar thermal energy. The flat plate collector is used 

to convert solar radiation into thermal energy for the system. The air is used as heat 

transferring fluid. Heated air by the collector intern heats thermal energy storage of the 

system for use during the night time and also for heating the eggs chamber.  

 

Figure 3.12 Schematic Diagram of Solar Thermal Incubator 

Chamber temperature must be maintained in the range of 35 to 39℃. To control the 

temperature inside the system the OMRON thermocouple has been used. It acts as a switch 

for the ventilating fan, whenever the chamber temperature becomes above 39℃. Pan of water 

is also placed under the eggs trays for humidifying the system. 

The System Description 

1. Tch  Chamber Temperature 

on tray 1,2,&3 

2. Tp The Paraffin wax 

Temperature  

3. Tci   Air temperature at the 

inlet of Solar air collector 

4. Tco  Air temperature at the 

outlet of solar air collector 

5. Tso    air temperature from 

TESU 
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3.3.5.1. Controlling Humidity: 

In the incubators, humidity is attained by filling a pan or some other reservoir in the incubator 

with water. The egg incubator is needed to be maintained at a temperature of 37.75℃ and 

65% relative humidity. The ambient air temperature and the average relative of Adama Town 

are 20℃ and 54.6% respectively. The heating load of the system is assumed to be 45watts. 

For most eggs, relative humidity of between 55 and 60 percent is adequate during the early 

period of incubation. During the last 3 to 4 days just before hatching, humidity should be 

increased to about 70 percent. 

 

Figure 3.13 the pan carrying water for humidifying the chamber 

The relative humidity has been obtained from wet and dry bulb temperatures measure with 

thermocouples’ wires of the wet surface. The system relative humidity has been determined 

by using dry bulb temperature and wet bulb temperature from the Psychrometric chart as 

shown in Figure 3.7. 



Performance Analysis of Solar Thermal Powered Chicken Egg Incubator with Thermal Energy Storage 

Belina Amsalu – 2021                                                                                                                                             46 

3.4. Materials 

The whole components of the system were designed and constructed by using locally available 

material. It consists solar air heater, thermal storage unit, and eggs chamber. The solar air heater 

has been consisting of a glazing cover on the top, air space in the middle, absorber plate, and 

thermal insulation. The atmospheric air is used as heat transferring fluid (HTF).  

 

Figure 3.13 Solar Thermal incubators System and its Components 

The thermal energy storage system has been designed and constructed independently inside the 

incubator chamber and below the eggs chamber of the system. The paraffin wax has been used as 

PCM (storage medium). The thermal energy storage system consists of five thermal energy 

storage units inside the 25mmx250mmx350mm steel containers each. The containers are used 

for carrying paraffin wax and hence enhance the heat transfer rate between the PCM (paraffin) 

and HTF.  
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Figure 3.14 Preparing of thermal storage units 

The paraffin wax has been encapsulated inside five rectangular containers. The Thermo couples’ 

wires were inserted into them for measuring the charging and discharging rate of the thermal 

storage unit. 

3.4.1. Solar Air Heater 

A flat plate solar air collector is used in the experiment as the source of thermal energy for the 

system. An expanded wire mesh is introduced on the absorber plate for roughening the absorber 

plate surface and hence enhances the rate of heat transfer in between the HTF (air) and absorber 

plate in the daytime. 

 

Figure 3.15 Solar Collector and Expanded Wire mesh 
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Table 3.1 shows that the properties and specifications of the materials used to construct the 

system solar collector 

Components Size Components Size 

Back-insulation thickness (Wood) 25mm Insulation conductivity (Wood) 0.045W/m*K 

Ambient temperature 20℃ Gross Collector length 1.5 m 

Mean plate temperature 100℃ Gross Collector width  1 m 

Collector sloped angel 25° Edge insulation thickness 

(Wood) 

25 mm 

Collector thickness 250 mm Absorber -plate emittance ep 0.95 

Absorber to glass cover spacing (L)  210mm Expanded Wire mesh  1m x 1m 

Glass-cover emmittance ( g ) 0.88 Absorber plate (Stainless steel) 1m x 1m 

3.4.2. Thermal Storage Materials 

In this work, the phase change material (paraffin wax) has been used as a TES medium. The 

storage capacity of the paraffin wax has been assumed to be equal to the phase change enthalpy 

at the phase change temperature and sensible heat stored over the whole temperature range of the 

storage. Paraffin waxes and other pure paraffin have stable properties and good thermal 

reliability. Paraffin waxes are safe. Since they do not promote corrosion, they are compatible 

with metal containers [16]. For the work, the paraffin wax has been used as thermal energy 

storage to store 4MJ of thermal energy. The commercial 25kg of paraffin wax (PW) has been 

purchased from Wehib chemicals, Addis Ababa.  

 

Figure 3.16 The slab of Paraffin Wax Purchased 
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The thermal properties of thermal storage were with a density of  910𝑘𝑔/𝑚3, a heat capacity of 

2𝑘𝐽/𝑘𝑔 ∗ 𝐾  and conductivity of  0.24𝑊 ∗ 𝑚−1 ∗ 𝐾−1. The paraffin wax properties were 

assumed to be constant throughout the melting and solidification processes. The storage medium 

is heated with the hot air of 63.6℃ from bottom to up and discharged with atmospheric air at a 

temperature of  20℃. The thermal storage unit consists of paraffin wax. The total mass of the 

paraffin wax used for the system has been 𝑚𝑃𝑊 = 15𝑘𝑔. The thermal storage has been charged 

during the sun is shining (𝑡𝑐) and discharged to provide power during the night for the system.  

3.4.3. Thermal Storage System Description   

Dimensions of the thermal storage unit were: 450 mm in height and 300mm in diameter. A 

system has been designed to store 4MJ of solar energy in the form of thermal energy. The model 

of the system has been shown in Figure 3.24. 

The system consists of five steel containers for the PCM, and the inside dimensions of each 

container are 25cm x 2.5cm x 35 cm. The thickness of the container material (steel) has been 

1mm. It has been used for enhancing the rate of heat transfer in the PCM during charging and 

discharging. 
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CHAPTER FOUR 

EXPERIMENTAL SETUP AND MEASUREMENTS 

PROCEDURE 

4.1. Experimental Setup 

 The experimental setup (prototype) of the system has been shown in Figure 5.1. It consists of a 

conventional solar air heater with expanded mesh, latent heat energy storage (Paraffin wax) 

encapsulated inside the container below the eggs chamber and the eggs chamber. The axial type 

fan and PVC connection pipe with a diameter of 50mm have been used in between thermal 

energy storage unit and solar air heater for transporting Heat Transferring Fluid (HTF) or 

hot/cold air. 

 

Figure 4.1 Solar Thermal Powered Incubator Systems 

4.1.1. Eggs Chamber (Incubator) 

 The egg chamber has been made of two (2) layers. The wooden layer on the outside reduces the 

response of the heat release effect from the outside. The foam layer is covered with aluminum 

foil attached to the inside of the eggs chamber to reduce heat loss and give the heat reflection in 

the chamber. Its outside dimensions are 100cm long, 100cm wide, and 100cm depth and inner 

dimensions are 96cm long, 96cm wide, and 96cm high.  
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4.1.2. Charging and discharging of the Thermal energy storage  

 The storage of energy from a solar field is governed by the rate at which the energy can be 

brought to the thermal storage by the heat transfer fluid and the discharging times will be 

governed by the rate at which the stored energy is used [18].  

 

Figure 4.2 Thermal networks between PCM and TES wall 

U =
1

1
Rhtf

+
1

Rwall
+

1
Rpcm

………………………………………………………(5.1) 

4.1.3. Charging and Discharging Process 

 As shown in Figure 6.6 the simulation has been done to identify the charging process of the 

TES system with ANSYS fluent 16.2. The total heat required to store in TES (paraffin wax) 

has been 4MJ. The discharging has been done with an output power of 40.89Watts to 

overcome the power lost through eggs chamber walls during the nighttime to keep incubator 

chamber temperature constant.  

Discharging time has been assumed to be at least for 12hrs. Storage and discharging times 

into or out of thermal storage are mainly affected by the flow of HTF near the thermal storage 

unit. Zivkovic and Fujii (2000), do the mathematical model for the one-dimensional 

isothermal phase change of PCM encapsulated within rectangular containers as shown as Eqs 

(5.2), (5.3) & (5.4).  

They represent the governing equation for the melting of PCM inside a rectangular container 

as follows. For the problem of isothermal phase change, the local liquid fraction fl is defined 

as: 

fl = {
1 if T > Tm
0 if T < Tm

   . . . . . . . . . . . . . . . . . . . . ……… . . . . . . . . . . . . ……………… . . (5.2) 

The enthalpy formulation for the conduction-controlled phase change can be written as: 
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𝜕𝐻

𝜕𝑡
= 𝑑𝑖𝑣 (

𝑘

𝜌
𝑔𝑟𝑎𝑑𝑇)……………………………… .………………… .… . (5.3) 

For 
∂H

∂t
=

∂h

∂t
+ L

∂𝑓l

∂t
 it can be written as: - 

 
𝜕ℎ

𝜕𝑡
=

𝜕

𝜕𝑥
(
𝑘

𝜌
∗
𝜕𝑇

𝜕𝑥
) − L

∂𝑓l

∂t
…………………………………………………… . . …… . . . (5.4) 

4.1.4. Egg Preparation 

Before loading the eggs into the incubation chamber the following steps are carried out:- 

1. Buying the eggs from the market 

2. Selecting and handling the eggs 

3. Cleaning and preparing the incubation chamber 

4. Cleaning the eggs trays 

5. Loading the eggs into the incubation chamber 

4.2. Measurements Procedure 

The factors affecting the performance of solar thermal powered egg incubator were presented 

with latent heat thermal energy storage (paraffin wax). These factors are including the 

thermal performance of the system energy storage during charging and discharging, the 

temperature of the eggs chamber temperature, eggs turning, and ventilation.  

 

Figure 4.3 the thermocouple wires inserted into thermal energy material and for eggs 

chamber 

The thermal performance of the system has been tested. It consists of the conventional flat 

plate solar collector (solar air heater), the latent heat storage, and the eggs chamber. Primarily 

the whole components of the system were checked whether they were functioned well or not. 

The experiments were carried out in Adama city weather condition (latitude of 8°32′N, 



Performance Analysis of Solar Thermal Powered Chicken Egg Incubator with Thermal Energy Storage 

Belina Amsalu – 2021                                                                                                                                             53 

longitude of  39°22′E), Ethiopia. The solar potential of the city has been theoretically 

estimated as shown in figures (3.1-3.16).  

 

Figure 4.4 Calibrating the OMRON E5CSL thermocouple with standard lab WL 362 

thermocouple 

Calibrated temperature controller (Thermocouple) has been installed and used for measuring 

the temperature and used for controlling the chamber temperature by switching on/off the 

ventilation fan inside the eggs chamber. The temperature inside the eggs chamber must be 

between 35 − 39℃ [𝟐𝟎]. 

4.2.1. Uncertainty Analysis of Instrument 

Any measurements are not perfectly accurate when we compare to the standard measurement. 

Hence uncertainty analyses are needed. Calibration compares an instrument’s output against 

an accurate standard. Once an error is known, any deviations can be corrected. In this work, 

E5L OMRON thermometer could be calibrated and adjusted to show the system temperature 

in Celsius with WL 362 thermometer.  

To calculate the RMS error, you first need to calculate the errors. Errors are the difference 

between the measured values (with OMRON) and the standard (WL 362) values. The two 

differences can be positive or negative. In this section, the measurement uncertainty and error 

of the instrument with the standard are described. The measured data are listed in Table A.1. 

𝑅𝑀𝑆 𝐸𝑟𝑟𝑜𝑟 = ±√
∑ (𝑇𝑂𝑀𝑅𝑂𝑁 − 𝑇𝑊𝐿 362)
𝑛
𝑖=1

𝑛
 

The average measurement error is less than ±1.84℃. The result of calibration shows that the 

instrument is appropriate to use it. 
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CHAPTER FIVE 

RESULTS AND DISCUSSIONS 

5.1. Introduction 

Experiments have been conducted to test the thermal performance of each component of the 

systems. The components are a solar air heater, system thermal energy storage unit, and eggs 

chamber. The calibrated OMRON E5LC thermocouple has been used for measuring the 

temperature of the system components. 

5.2. Performance of Solar Air Heater 

Figure 6.1, has been shown that the values of hourly air temperature leaving the solar air 

heater collected. It has been collected by starting from morning to 8 PM (at 2 AM Local time) 

and to 6 A.M (12 PM local time). The average hourly temperature has been measured 

as 54.0℃. The figure also illustrates that the maximum air temperature obtained is 75℃ 

during test 3. 

 

Figure 5.1 The Average air Temperature leaving the system solar collector  

The figure presents that the hourly variation of the air temperature leaving the solar air heater. 

The maximum air temperature recorded during the tests was obtained at about 2 PM (8 A.M 

Local Time). 

5.2.1. Air collector efficiency  

Figure 5.3 shows that the system solar collector efficiency. The average efficiency of the 

system has been measured as 37.10% as shown in Table A.4. 
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Figure 5.2 The system solar collector efficiency 

5.3. Performance of the System Energy Storage 

5.3.1. Experimental Result of the System Thermal Energy Storage  

The below figures show that the charging and discharging effects of system thermal energy 

storage and analyzing and presenting the results. The thermocouple wires were inserted into 

the thermal storage containers at the length of 0%L, 25%L, 50%L, 75%L, and 100%L as 

shown on the schematic diagram in Figure 5.3. The temperature variation of the storage 

medium (paraffin wax) has been described in the following figures. 

 

Figure 5.3 Schematic Diagram of the thermal energy storage unit 

Figure 5.4 shows that the temperature variation of the thermal energy storage unit from the 

tip bottom to tip up. Tp1, Tp2, Tp3, Tp4, and Tp5 represent the temperature at the bottom 

end, at the length of 25%L, 50%L, 75%L, and at the top end (100% length) of the storage 

medium (Paraffin wax) the respectively. As the figures show the temperature variation of the 

thermal energy storage unit has been increasing upward from the bottom end to the top end. 
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Figure 5.4 Average temperatures [℃] TES during charging and discharging 

The maximum temperature attained by the storage has been 61℃ at the point Tp1. Its 

average temperature on the bottom and top portion are 58 and 43.5℃ respectively. This 

shows that the energy stored in the bottom portion is sensible and latent but in the upper 

portion it is only of sensible energy as shown in Figure 5.6. 

Figure 5.5 shows that the comparison of temperature variation at each point of thermocouple 

wires during the charging process of the thermal energy storage unit. The temperature 

distribution of system thermal storage has been illustrated. During the process, the 

temperature at any position has been varying with time (hr) and increasing till 3 PM (at the 

local time 9 A.M). 

  

Figure 5.5 TES Temperature (℃) During Charging 

The initial temperature of paraffin wax is 24℃. The graph represents that energy stored in the 

thermal energy storage at point Tp1, Tp2, and Tp3 is greater than at the point 4 and 5. This is 

because of the low conductivity of the storage medium material (paraffin wax).  
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The maximum temperature has been attained at Tp1 i.e. 61℃. The average temperature of at 

points Tp1, Tp2, and Tp3 are 58℃. This shows that half of the thermal energy stored in the 

thermal storage is in the form of latent heat. 

From an experimental result; it has been observed that the maximum and minimum heating 

rate of PCM (Paraffin wax) during the charging process is 9℃/hr  and 1℃/hr respectively 

for on the bottom and the top of the PCM. The heating rate of the system is identified from 

the temperature of the paraffin wax measured by using the K-type thermocouples list in Table 

A.1. The melting point of the commercially available paraffin wax is 57 − 59℃ [47]. The 

discharging process has been done with natural convection and the inlet temperature of the 

HTF of the atmospheric air temperature has been assumed to be 20℃. During the discharging 

process, the cold air is circulated through the encapsulated PCM (paraffin wax) to transfer the 

heat energy stored in PCM (paraffin wax) into HTF (air) for heating eggs and eggs chamber. 

5.3.2. Energy Recovered by Thermal Storage Material 

As shown in figure 5.7 paraffin wax average temperatures measured by thermocouples is 

58℃ and 43.5℃ respectively on the lower and upper portion of the system. The energy 

recovered by a storage medium (the LHS system with a PCM medium (paraffin wax)) during 

the energy charging process has been calculated as the following by:  

Qrecovered = ∫ mCpdT +m∆hm +∫ mCpdT
Tf

Tm

Tm

Ti

 

Qrecovered = (mCpdT +m(∆hm)lower + (mCpdT)upper 

For calculating the energy recovered by the system thermal storage an average temperature of 

the paraffin wax inside the storage unit has been taken from above and below half the 

portion. The recovered thermal energy in the thermal storage medium is assumed to be equal 

to the total energy stored in the upper and lower portion of the storage system unit. 

Therefore: 

 𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = (𝑚𝑙𝑜𝑤𝑒𝑟 ∗ 𝐶𝑝 ∗ (𝑇𝑙𝑜𝑤𝑒𝑟 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙) + 𝑚𝑙𝑜𝑤𝑒𝑟 ∗ ∆ℎ𝑚)𝑙𝑜𝑤𝑒𝑟 + (𝑚𝑢𝑝𝑝𝑒𝑟 ∗ 𝐶𝑝 ∗

(𝑇𝑙𝑜𝑤𝑒𝑟 − 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙))𝑢𝑝𝑝𝑒𝑟 

𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = ((7.5 𝑘𝑔) ∗ (2100𝑘𝐽/𝑘𝑔 ∗ ℃) ∗ (58℃ − 20℃) + (7.5 𝑘𝑔)

∗ (199,000 𝑘𝐽/𝑘𝑔))𝑙𝑜𝑤𝑒𝑟

+ (7.5𝑘𝑔 ∗ 2000𝑘𝐽/𝑘𝑔 ∗ ℃) ∗ (43.5℃ − 20℃))𝑢𝑝𝑝𝑒𝑟 

𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = 2,443,500𝐽 ≈ 2.44𝑀𝐽 
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%𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 =
𝑄𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑄𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑
∗ 100% =  

2.44𝑀𝐽

4𝑀𝐽
∗ 100% = 61.10%; The calculation shows that 

61.10% of the energy required for the system operation has been recovered.  

 

Figure 5.7 The thermal energy recovered by TES 

Figures 6.8 Show the heat discharging effect of thermal energy stored in the system thermal 

energy storage. The temperature of the thermal storage at any position of thermocouple wires 

has been measured with an interval of one hour. 

 

Figure 5.8 Temperature Variation of Energy Storage vs. Hour during discharging 

5.4. Thermal Performance of Eggs Chamber with no load 

In this section, the hourly temperature of the eggs chamber collected has been presented as 

shown in Appendix A. It shows that the egg's chamber temperature was collected on March 

31, April 4, and April 8, 2021.  
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Figure 5.9 Chamber Temperatures during Day Time 

It shows that the average of eggs chamber temperature has been ranged from 24  to 43.00℃.  

 

Figure 5.10 Chamber Temperatures during Day Time and middle night 

During the test, the average temperature of the eggs chamber at the midnight has been below 

the system operating temperature as shown in Figure 5.10. Therefore, it illustrates that 

additional thermal energy sources must be needed to sustain the system energy demand. The 

average temperature of the eggs chamber obtained has been an average of 34℃ with a 

deviation of 5℃ as shown in Figure 5.10.  

 

Figure 5.11 The hourly chamber temperature without loading the egg  
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5.4.1. The Relative Humidity of the Chamber 

The average relative humidity of the egg chamber is predicted as 66%RH. The relative 

humidity of the system is predicted by using the dry bulb and wet bulb temperature collected 

during the process. Many works of literature describe that the moisture level in the incubator 

should be about 50 to 70 percent with an increase to about 65-70 percent for the last 3 days of 

incubation. Moisture is provided by a pan of water under the egg tray [19]. 

5.5. Thermal Performance of Eggs Chamber with load 

5.5.1. Test - 1 

In the first test, the ten chicken eggs are selected and loaded into the incubation chamber on 

April 12. The system has been tested with 10 eggs. After 2nd week of incubation, the two 

eggs are checked. During the test process, the two eggs are drawn off from the incubation 

chamber and checked by breaking them to see whether the chicken embryos are developing 

or not. Therefore, as shown in figure 5.12 the two eggs are starting to be developing into a 

chicken.  

For the success rate of egg hatching to be high the egg incubator system must be able to 

maintain the temperature and level it in the chamber. The ideal temperature for hatching 

chicken eggs is around  35 − 39℃  and 60% humidity. The result shows the chamber 

temperature is insufficient so that the egg embryo development is retarded and also because 

of rain falling during incubation (April 27th the rain has been started raining continuously up 

to May 5). The condition made developing eggs embryos to have died. 

  

Figure 5.12 Developed chicken egg embryo after 14 days of incubation 

Developed 

chicken Embryo 
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Figure 5.14 The monthly average minimum and maximum temperature of Adama, Ethiopia

5.5.2. Test - 2 

Based on the 1st test, three kilograms of paraffin wax have been used as additional energy 

storage with a 200Watts electric heater. The electric heater has been used to melt the paraffin 

wax for an additional source of heat for the system. In doing this the result obtained from the 

system during the process has been described as follows. The second test has been conducted 

from May 22 to June 17 with ten eggs that are purchased from the market and loaded into the 

eggs chamber as shown in Figure 6.15. Figure 6.16 illustrates that the developing progress of 

chicken egg embryos. The figures show that how the eggs cell has been developing into a 

chicken embryo. 

 

Figure 5.14 The eggs loaded into the incubation chamber 
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Figure 5.15 shows that developing chicken embryo inside eggshell in the first week 

Figure 5.15 illustrates that the embryo developing inside the egg's shell. Among loaded eggs 

into incubation chamber, four (4) eggs are starting to develop into a chicken embryo. It shows 

that the development of the embryo after one week of the incubation period.  

 

 

Figure 5.16 successfully hatched eggs by the system embryo 

Developing Embryo 
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After 18 days of incubation, the eggs are put on the hatching tray since the egg turning is not 

needed.  

 

Figure 5.17 Unsuccessful or dead chicken egg 

𝑇̅ =
1

𝑁
∑𝑇𝑚

𝑁

𝑛=1

= 34℃; 𝛿𝑇 = √
1

𝑁
∑(𝑇̅ − 𝑇𝑚)2
𝑁

𝑛=1

= 5℃ 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 ℎ𝑎𝑡𝑐ℎ𝑎𝑏𝑙𝑖𝑡𝑦 (𝑆𝑢𝑐𝑐𝑒𝑠𝑠) =
𝐻𝑎𝑡𝑐ℎ

𝑙𝑜𝑎𝑑𝑒𝑑 𝑒𝑔𝑔𝑠 𝑖𝑛𝑡𝑜 𝑡ℎ𝑒 𝑐ℎ𝑎𝑚𝑏𝑒𝑟
∗ 100% = 20% 

Among the ten eggs load into the incubation chamber, 2 of them (two eggs) are successfully 

hatched as shown in Figure 5.18. This shows that the success rate of hatching reached 20% of 

the eggs loaded into the system.  
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5.6. Cost Analysis of the Project 

The cost of the project is estimated as listed in the following table. The cost for building the 

overall systems varies significantly depending on the materials purchased used to construct. 

Capital and maintenance costs for the project work were described in Table 6.1. By doing this 

work that the benefits obtained from the project are estimated by using the following 

equation. The maintenance cost of the project is assumed to be 10% of the sum cost of each 

component of construction cost.  

Table 5.1 Capital and maintenance costs 

Components of the System Component 

Costs 

Annual Maintenance 

Costs (ETB) 

Total Net Present 

Worth (ETB) 

Solar air heater 3500 350  

Transportation Cost 

in ETB 350 

 

 

Thermal energy storage unit with PCM 2500 250 

Chamber 1500 150 

Eggs Turner  1000 100 

Thermocouple & Fans 3500 350 

Total Cost in ETB 12,000 1,200  Total = 13550 
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CHAPTER SIX 

CONCLUSIONS AND RECOMMENDATION 

6.1. Conclusion  

In this work, a detailed experimental study has been conducted to evaluate the performance of 

the solar thermal chicken egg incubator with thermal energy storage for hatching chicken eggs. 

The study has been conducted under Adama city (latitude of 8°32′N, longitude of 39°22′E), 

Ethiopia weather condition. Experiments were conducted to study the performance of the whole 

components of the solar thermal-powered eggs incubator systems. The overall efficiency of the 

system is evaluated. The system contains three main components. They are a solar air heater, 

thermal energy storage unit, and Eggs chamber.  

The average air temperature leaving the solar air heater is 52℃ and with the maximum and 

minimum of 75 and 27℃ respectively. It is a very important component of the system. It has 

been used as the thermal energy source for the thermal storage materials; hence heating the egg 

chamber for egg incubation. Paraffin wax enclosed within a rectangular container has been used 

as latent heat energy storage of the system. The 15 kg of paraffin wax has been used for storing 

the thermal energy for the system, but only 61.10% (percent) of energy required by the system is 

recovered by the system. The average incubator chamber temperature has been obtained as 

34℃ with a mean deviation of 5℃. Three kilograms of paraffin wax has been used as an 

additional energy source with a 200Watts electric heater. By doing this the result obtained from 

the system has been reached with an average eggs hatching ability of only 20% of the loaded 

eggs.  

Since thermal efficiency reduction of the system is affects the chicken eggs hatching ability of 

the system; it is better to use an auxiliary heat source (like a PV subsystem). 
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6.2. Recommendation for the Future Work 

The solar thermal energy system is very appropriate for egg incubators in case solar radiation is 

readily available. The ambient temperature is the main factor affecting the system's efficiency. 

Supported to the conclusions and works of literature reviewed the following recommendations 

are made: 

❖ The heat is insufficient to maintain the system temperature for 24 hours; therefore the 

attention should be given to solar air heaters and thermal energy storage since their 

efficiency directly affects the thermal efficiency of the system.  

❖ There should be adequate thermal energy storage for the system that to store enough 

energy for the system operation. 

❖ It is better to use small size thermal storage casings for encapsulating the storage 

medium, hence increasing the rate of heat transfer in between PCM and heat transferring 

fluid (HTF). 

❖ It may have the potential of drying the crop; since the maximum air temperature leaving 

the solar air heater is 75℃. 

6.3. Limitation  

The system has been designed by assuming an ambient temperature (external weather condition) 

greater than 20℃. But the weather condition of Adama, Ethiopia during night time as well as the 

cloudy day becomes below assumed temperature as shown in Figure 5.14. This condition might 

affect the system's efficiency and operation. Therefore energy lost by the system during the work 

becomes very higher than the assumption taken while designing. Hence the additional source of 

thermal energy is needed for successful system operation. 

6.4. Design of PV subsystem for the System 

The above sections show that the heat delivered by the system is insufficient to maintain the 

system temperature for 24 hours; therefore in this section, an additional auxiliary heat source for 

the system i.e. PV subsystem is designed to overcome the energy insufficiency of the system. 

This may solve the problem. The energy load in the system has been estimated as 50Watts to be 

powered by PV subsystem for at least for 8hr per day to fulfill the system power insufficiency 
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during the process. The study has been done under Adama, Ethiopia weather Conditions. The 

total average sunshine hours in this town is estimated as 7hr or 25200sec.  

Energy consumption of the system during the time will be: 

𝑄𝑙𝑜𝑎𝑑 = 𝑄̇𝑙𝑜𝑎𝑑 ∗ ∆𝑡𝑜𝑡 

𝑄𝑙𝑜𝑎𝑑 =  50𝑊𝑎𝑡𝑡𝑠 ∗ (8ℎ𝑟 ∗
3600𝑠𝑒𝑐

1ℎ𝑟
) ≈ 1440000𝐽𝑜𝑢𝑙𝑒𝑠 

where: 𝑄𝑙𝑜𝑎𝑑 and ∆𝑡𝑜𝑡 are the total energy consumed by the system and operational time of the 

PV subsystem respectively.  

 

Figure 6.1 PV Subsystem Components (www.amazon.com/PV system/)  

Therefore the size of the solar panel module is calculated as follows: 

𝑆𝑖𝑧𝑒𝑠 𝑜𝑓 𝑠𝑜𝑙𝑎𝑟 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 𝑖𝑛 𝑤𝑎𝑡𝑡𝑠 =
𝑄𝑙𝑜𝑎𝑑
𝑁𝑠

=
1440000𝐽𝑜𝑢𝑙𝑒𝑠

25200𝑠𝑒𝑐
= 57.14𝑊𝑎𝑡𝑡𝑠 

Thus; 100Watts power rating of solar power would be selected for the system. 

To determine the size of the battery (total capacity) the equation below was used: 

𝑇ℎ𝑒 𝑠𝑖𝑧𝑒 𝑜𝑓𝑏𝑎𝑡𝑡𝑒𝑟𝑦 =
𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑚𝑒𝑛𝑡 𝑓𝑜𝑟 𝑝𝑒𝑟𝑖𝑜𝑑 𝑝𝑣 𝑜𝑝𝑒𝑟𝑎𝑡𝑒

𝑁𝑜𝑟𝑚𝑖𝑛𝑎𝑙 𝑏𝑎𝑡𝑡𝑒𝑟𝑦 𝑣𝑜𝑙𝑡𝑎𝑔𝑒
  

The sunshine hours are 7hrs and the PV subsystem operating time is 8hrs. Taking the nominal 

battery voltage as 12Volts the size of the battery was calculated: 

𝑇ℎ𝑒 𝑆𝑖𝑧𝑒 𝑜𝑓 𝐵𝑎𝑡𝑡𝑒𝑟𝑦 =
(

1440000𝐽𝑜𝑢𝑙𝑒𝑠
𝑃𝑒𝑟𝑖𝑜𝑑 𝑜𝑓 𝑝𝑣 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

)

12𝑣𝑜𝑙𝑡𝑠
∗ (

25,200𝑠𝑒𝑐

28,800𝑠𝑒𝑐
) =  105,000𝐴𝑚𝑝𝑠𝑒𝑐 ≈ 30𝐴ℎ𝑟 

𝑇ℎ𝑒 𝑠𝑖𝑧𝑒 𝑜𝑓𝑠𝑜𝑙𝑎𝑟 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑙𝑒𝑟 𝑖𝑛 𝐴𝑚𝑝𝑠 =
100𝑊𝑎𝑡𝑡𝑠

12𝑉𝑜𝑙𝑡𝑠
= 8.3333𝐴𝑚𝑝𝑠 

The size of the solar charge controller that would be needed is 10Amps. Also, the size of the 

solar inverter that would be selected is 100Watts 

http://www.amazon.com/PV%20system/
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Appendix - A 

A.1. Calibration of Thermo couple 

This section contains the calibrating data of thermocouples used for the work and measured 

system component's temperature and results. It has been performed with both water heating 

and cooling process. The standard WL 362 digital thermocouple in the thermal laboratory has 

been used to compare with it.  

 

Figure A.1.  OMRON (H-Tested) with WL 362 by heating water testing effect 

Table A.1 Water Heating test effect 
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Temperature of Water Measured by OMRON [°C] 

Water Heating test effect 

t(Minute) t(sec) WL 362(Actual) OMRON(H-Tested) Average Error %Error 

0 0 23.5 24.5 24 -1.00 4.255 

5 300 57.3 57.5 57.4 -0.20 0.349 

10 600 63.6 61.5 62.55 2.10 3.302 

15 900 74.3 72.5 73.4 1.80 2.423 

20 1200 80.4 79.5 79.95 0.90 1.119 

25 1500 85.2 82.5 83.85 2.70 3.169 

30 1800 89.2 86.5 87.85 2.70 3.027 

35 2100 92.8 89.5 91.15 3.30 3.556 

40 2400 94.5 92.5 93.5 2.00  2.116  

45 2700 95.2 93.5 94.35 1.70 1.786 
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Figure A.2. OMRON vs. WL 362 (Actual) for water cooling effect 

Table A.2. Calibration of thermocouples 

 Water Cooling test effect 

t(Min) t(sec) 

WL 

362(Actual) 

[°C] 

OMRON 

(Tested) 

[°C] 

Average 

[°C] 

Error 

[°C] 
%Error 

0 0 95 94 94.5 1 1.1 

3 180 91.6 91 91.1 1.1 1.2 

6 360 87 87 86.8 0.5 0.6 

9 540 83.7 84 83.9 0.3 0.4 

12 720 80.1 81 80.3 0.4 0.5 

15 900 77.5 79 78.0 1 1.3 

18 1080 73.5 74 73.8 0.6 0.8 

21 1260 71.6 73 72.1 0.9 1.3 

24 1440 67.2 68 67.4 0.4 0.6 

27 1620 63.7 64 63.7 0.1 0.2 

30 1800 60.3 61 60.4 0.2 0.3 

33 1980 56.9 57 57.0 0.1 0.2 

36 2160 53.5 55 54.1 1.1 2.1 

39 2340 50.1 51 50.7 1.1 2.2 
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42 2520 46.7 48 47.3 1.1 2.4 

45 2700 43.3 44 43.9 1.1 2.5 

48 2880 39.9 40 40.0 0.1 0.3 

51 3060 36.5 38 37.1 1.1 3.0 

54 3240 33.1 34 33.6 0.9 2.7 

57 3420 29.7 31 30.2 1 3.4 

60 3600 26.2 27 26.8 1.1 4.2 

63 3780 22.8 23 23.1 0.6 2.6 

 Aver: - 1.5% 

Table A.3. Air Temperature Leaving Collector [℃ ] recorded  

Time Hour 

Air 

Temperature [℃] 

Test 1 

Air 

Temperature [℃] 

Test 2 

Air 

Temperature [℃] 

Test 3 

8 27 26 27 

9 35 34 35 

10 46 45 46 

11 57 56 57 

12 66 64 66 

13 70 68 70 

14 71 69 71 

15 68 66 68 

16 56 55 56 

17 44 43 44 

18 25 30 25 

19 23 25 23 
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Table A.4. The Solar air collector efficiency 

Time Iaver 
SAH 

DT 1 

SAH 

DT 2 

SAH DT 

3 

Qo [Kw]  

Test 1 

 Qo [Kw] 

Test 2 

Qo [Kw] 

Test 3 

Efficiency 

Test 1 

Efficiency 

Test 2 

Efficiency 

Test 3 

6 0 - - - 0 0 0 - - - 

7 0 - - - 0 0 0 - - - 

8 0 - - - 0 0 0 - - - 

9 0 - - - 0 0 0 - - - 

10 0 - - - 0 0 0 - - - 

11 0 - - - 0 0 0 - - - 

12 0.01 - - - 0 0 0 - - - 

13 0.19 - - - 0 0 0 - - - 

14 0.43 7 6 5 0.063 0.060 0.05 14.6 14.0 10.5 

15 0.67 11 10 10 0.098 0.094 0.09 14.7 14.1 13.4 

16 0.88 20 19 20 0.179 0.172 0.18 20.4 19.5 20.4 

17 1.02 30 29 31 0.268 0.258 0.28 26.3 25.3 27.2 

18 1.07 38 36 39 0.34 0.326 0.35 31.8 30.5 32.6 

17 1.02 39 37 43 0.349 0.335 0.39 34.2 32.8 37.7 

18 0.88 40 38 44 0.36 0.343 0.39 40.8 39.0 44.9 

19 0.67 38 36 39 0.34 0.326 0.35 50.9 48.7 52.2 

20 0.43 29 28 27 0.265 0.249 0.24 60.6 57.9 56.5 

21 0.19 19 18 19 0.17 0.163 0.17 87.8 85.9 87.8 

22 0.01 - - - 0 0 0 - - - 

23 0 - - - 0 0 0 - - - 

24 0 - - - 0 0 0 - - - 

1 0 - - - 0 0 0 - - - 

2 0 - - - 0 0 0 - - - 

3 0 - - - 0 0 0 - - - 

4 0 - - - 0 0 0 - - - 

5 0 - - - 0 0 0 - - - 

Table A.5. Charging and discharging effects of thermal energy storage 

Time 

[Hr] 
Tp1 Tp2 Tp3 Tp4 Tp5 

Avrg: Temp  [℃] on 

the Bottom Portion 

Avrg: Temp  [℃] on 

the Top Portion 

8 24 24 24 24 24 24.0  24 

9 28 27 26 24 24 27.0  24 

10 36 31 31 28 26 32.7  27 

11 46 40 39 30 28 41.7  29 

12 52 46 45 35 33 47.7  34 

13 53 48 47 38 35 49.3  36.5 

14 59 52 51 42 40 55.0  41 
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15 61 56 55 44 41 57.3  43 

16 58 56 53 44 43 55.7  43.5 

17 54 52 49 44 41 51.7  42.5 

18 48 50 48 44 41 48.7  42.5 

19 48 50 48 44 41 48.7  42.5 

20 45 48 47 42 40 46.7  41 

21 43 46 46 42 40 45.0  41 

22 42 45 45 41 38 44.0  39.5 

23 41 44 44 40 36 43.0  38 

24 40 42 42 37 34 41.3  35.5 

1 39 40 40 34 32 39.7  33 

Table A.6. TES Temperature (℃) During Charging Process of TES (Paraffin Wax) 

TES Temperature (℃) During Charging 

Time 

[Hr] 
Tp1 Tp2 Tp3 Tp4 Tp5 

8 24 24 24 24 24 

9 28 27 26 24 24 

10 36 31 31 28 26 

11 46 40 39 30 28 

12 52 46 45 35 33 

13 53 48 47 38 35 

14 59 54 51 42 40 

15 61 58 55 44 41 

16 59 58 55 44 43 
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Table A.8.  Discharging Process of TES (Paraffin Wax) 

Time 

[Hr] 
Tp1 Tp2 Tp3 Tp4 Tp5 

16 58 56 53 44 43 

17 54 52 49 44 41 

18 48 50 48 44 41 

19 48 50 48 44 41 

20 45 48 47 42 40 

21 43 46 46 42 40 

22 42 45 45 41 38 

23 41 44 44 40 36 

24 40 42 42 37 34 

Table A.9. The hourly chamber temperature collected on Test one (without load) 

Time 

[Hr] 
TCh1 TCh2 

8 24  27  

9 29  30  

10 32  33  

11 36  36  

12 40 38 

13 42 41 

14 46  43  

15 48  47  

16 49  47  

17 43  43  

18 39  39  

19 37  37  

20 36  36  

21 34  35  

22 33  34  

23 32  33  
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Table A.10 the hourly chamber temperature without loading the egg on Test two (without 

load) 

Time 

[Hr] 
Tch1 Tch2 

8 24 24 

9 27 26 

10 30 29 

11 35 34 

12 36 36 

13 41 40 

14 44 42 

15 45 44 

16 43 43 

17 38 39 

18 37 38 

19 36 37 

20 35 36 

21 34 35 

22 33 34 

23 32 33 

24 30 32 

 

 

 

 

 

 

24 30  32  
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Table A.11 the hourly chamber temperature without loading the egg on Test three (without 

load) 

Time 

[Hr] 
Tch1 Tch2 

8 25 24 

9 29 27 

10 32 30 

11 35 34 

12 39 36 

13 41 40 

14 45 43 

15 48 44 

16 47 43 

17 43 39 

18 38 38 

19 37 37 

20 36 36 

21 34 35 

22 33 36 

23 32 33 

24 30 31 

Table A.12. Shows the average Eggs chamber Temperature collected in each hour (with 

load). 

Time [Hr]  Tch  (Test 1) Tch (Test 2) Tch (Test 3) 

8 24 23 21 

9 24 23 23 

10 25 24 26 

11 28 25 28 

12 35 25 31 

13 36 26 33 

14 38 26 36 
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Table A.13 The Average RH, Dry bulb, and wet bulb Temperature estimated inside the egg 

chamber 

Time 

[Hr] 
DBT [℃] WBT [℃] RH of Chamber 

8 24 23 72.5% 

9 24 23 72.5% 

10 25 24 74% 

11 28 25 81% 

12 35 26 78% 

13 36 30 80% 

14 38 32 65% 

15 40 33 64% 

16 42 33 60% 

17 42 33 61% 

18 41 32 61% 

19 39 32 56% 

20 37 31 58% 

21 36 29 55% 

22 34 27 64% 

23 33 26 58% 

 

15 40 32 38 

16 42 35 41 

17 42 35 41 

18 41 33 39 

19 39 33 37 

20 37 32 35 

21 36 31 34 

22 34 29 32 

23 33 27 31 

24 31 26 30 
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Appendix – B 

Table B.1. SunShine Hour and the average monthly sunshine hour (ns) 

Daily 

Hour 

Months of the 

Year 
Jan  Feb Mar Apr May  June  July  Aug Sept  Oct  Nov  Dec 

Average Sun 

Shine 

Hour(ns) 

9.17 9.34 9.06 8.4 8.17 8.012 6.76 6.93 7.49 8.96 9.26 9.57 

 

Table B.2. The Value of Solar Power Data of Adama, Ethiopia 

S/No 1 2 3 4 5 6 7 8 9 10 11 12 

Month Jan Feb Mar April May June July Aug Sept Oct Nov Dec 

n 17 47 75 105 135 162 198 228 258 288 318 344 

Isc 1367 1367 1367 1367 1367 1367 1367 1367 1367 1367 1367 1367 

∅ 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 8.5 

COS ∅ 0.989 0.989 0.989 0.989 0.989 0.989 0.989 0.989 0.989 0.989 0.989 0.989 

SIN∅ 0.148 0.148 0.148 0.148 0.148 0.148 0.148 0.148 0.148 0.148 0.148 0.148 

bop 33.5 23.8 11.0 -3.3 -14.4 -19.2 -16.2 -6.3 7.5 21.7 32.3 36.4 

d -20.9 -13.0 -2.4 9.4 18.8 23.1 21.2 13.5 2.2 -9.6 -18.9 -23.0 

COSd 0.934 0.975 0.999 0.987 0.947 0.920 0.932 0.973 0.999 0.986 0.946 0.920 

SINd -0.357 -0.224 -0.042 0.164 0.322 0.392 0.361 0.233 0.039 -0.167 -0.324 -0.392 

Rad d -0.365 -0.226 -0.042 0.164 0.328 0.403 0.370 0.235 0.039 -0.168 -0.330 -0.402 

COS(w) 0.057 0.035 0.006 -0.025 -0.051 -0.064 -0.058 -0.036 -0.006 0.025 0.051 0.064 

ws 86.7 88.0 89.6 91.4 92.9 93.7 93.3 92.1 90.3 88.5 87.1 86.3 

Cos w 0.057 0.035 0.006 -0.025 -0.051 -0.064 -0.058 -0.036 -0.006 0.025 0.051 0.064 

R(w) 1.5 1.5 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.5 1.5 1.5 

Ho(MJ/m2/Day) 35.7 37.0 37.5 36.4 34.4 33.1 33.6 35.3 36.8 36.9 35.9 35.1 

Ns(hr) 11.56 11.74 11.95 12.19 12.39 12.49 12.44 12.27 12.04 11.81 11.61 11.51 

ns(hr) 9.17 9.34 9.06 8.4 8.17 8.012 6.76 6.93 7.49 8.96 9.26 9.57 

ns/Ns 0.79 0.80 0.76 0.69 0.66 0.64 0.54 0.56 0.62 0.76 0.80 0.83 

a 0.235 0.236 0.224 0.201 0.192 0.186 0.154 0.161 0.180 0.224 0.236 0.247 

b 0.690 0.688 0.714 0.762 0.783 0.795 0.863 0.848 0.809 0.713 0.687 0.663 

a1 0.634 0.644 0.657 0.670 0.681 0.687 0.684 0.675 0.662 0.648 0.637 0.631 

b1 0.447 0.437 0.425 0.412 0.402 0.397 0.399 0.408 0.420 0.433 0.444 0.449 

 H(MJ/m2/Day) 27.9 29.0 28.7 26.4 24.4 23.1 20.9 22.6 25.1 28.3 28.1 28.1 

Mt 0.782 0.783 0.765 0.726 0.708 0.696 0.623 0.640 0.682 0.765 0.784 0.799 

Hd 7.62 7.91 7.83 7.22 6.65 6.30 5.71 6.17 6.86 7.71 7.68 7.66 

Hb 20.30 21.07 20.84 19.23 17.70 16.77 15.20 16.44 18.27 20.54 20.45 20.40 

b 25 25 25 25 25 25 25 25 25 25 25 25 
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Table B.3. Thermo-physical properties of some solid materials for sensible heat storage in 

thermal system 

Material Temperature 

Range (℃) 

Density (r) 
(kg/m3) 

Specific heat Cp 

(kJ/kg*K) 

Thermal Conductivity 

(K) (W/kg*K)  

Brick 20-70 1600 0.84 1.20 

Concrete 20-70 2240 1.13 0.9-1.3 

Wood Up to 160 800 2.09 0.16 

Aluminum >> 2707 0.90 20.4 

Stone, 

Granite 

>> 2640 0.82 1.70-3.98 

Stone, 

Sandstone 

>> 2200 0.71 1.83 

  

 

ws'' 96.49 93.90 90.72 87.19 84.23 82.76 83.42 85.94 89.34 92.87 95.81 97.23 

Rb 1.24 1.13 1.00 0.86 0.75 0.70 0.72 0.81 0.94 1.09 1.21 1.28 

Rd 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95 

Hbb 25.25 23.83 20.81 16.53 13.26 11.68 10.95 13.36 17.24 22.33 24.83 26.05 

Hdb 7.27 7.54 7.46 6.88 6.34 6.00 5.44 5.88 6.54 7.35 7.32 7.30 

Hr 3.91 4.05 4.10 3.98 3.76 3.62 3.67 3.86 4.03 4.04 3.92 3.84 

Hb 36.43 35.42 32.37 27.39 23.36 21.30 20.06 23.10 27.81 33.72 36.07 37.19 

 Average Radiation 29.52 
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B.1. Figures of the Work Process 
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Figure B.1 Experimental set up for TESU and Eggs Chamber of the system. 
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Psychrometric Chart 

 

Figure B.2 Psychrometric Chart 

 

Figure B.3 Relative humidity of the egg chamber 
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