
 
 

MATHEMATICAL MODELS FOR PREDICTING SOLAR RADIATION AND 

CAPACITY OF SOLAR DRIVEN REFRIGERATION SYSTEM FOR MILK 

COOLING 

 

 

 

 

PATRICK MBUTHIA WAINAINA 

 

 

 

 

A Thesis Submitted to the Graduate School in Partial Fulfillment of the Requirements 

for the Doctor of Philosophy Degree in Agricultural Engineering of Egerton University 

 

 

 

EGERTON UNIVERSITY 

 

 

 

 

 

JUNE 2022 



ii 
 

DECLARATION AND RECOMMENDATION 

Declaration 

This thesis is my original work and has not been presented in this university or any other for 

the award of a degree. 

Signature   .                                   Date: May 26th, 2022 

Patrick M. Wainaina 

BD11/0429/14 

 

Recommendations 

This thesis has been submitted with our approval as university supervisors. 

 

Signature                                 Date; May 28, 2022  

Dr. Musa R. Njue 

Department of Agricultural Engineering 

Egerton University 

                                                                    

Signature                                         Date; May 29, 2022 

Prof. Michael W. Okoth 

Department of Food Science, Nutritional and Technology 

University of Nairobi 

 

 

 

Signature                                                             Date: May 26nd, 2022 

Dr. George O. Owino 

Department of Industrial and Energy Engineering 

Egerton University  

 

 

 



iii 

COPYRIGHT 

©2022, Wainaina Patrick 

All rights reserved. No part of this publication may be reproduced by print, stored in a 

retrieval system or transmitted in any form or by means: electrostatic, magnetic tape or 

mechanical, including photocopying, recording or by any information storage without prior 

written permission from the author and Egerton University. 

 

 

 

 

  



iv 

DEDICATION 

This research work is dedicated to my late parents, John Wainaina and Alice Wainaina, 

for their tireless effort, encouragement and words of wisdom, which I cherish and honour in 

my daily walk of life. They supported me throughout my life; when challenged at various levels 

of my education, they have prayed for God’s Blessings in my endeavors. They cared and 

natured good character and a positive attitude in persistence which is paramount to any 

successful journey. In addition, they also sacrificed immensely in numerous ways to ensure 

that I pursued education to the great altitude of success. To my dear wife Salome Mbuthia, who 

has been a source of encouragement and inspiration during challenging times of my academic 

programme. I appreciate her prayers, understanding and support during my study and research 

period.  

To my lovely children, Ian Wainaina and Jane Wangari, for continuous support during 

this research period. I also dedicate this research thesis to my numerous friends, course mates 

and church members who have supported me throughout my research period. I appreciate all 

they have done, especially their prayers and advice needed to overcome challenges encountered 

during this research process.  

In a special way, this thesis is dedicated to all my trainers of goodwill; the primary and 

secondary school teachers and University lecturers, especially my supervisors, Dr. Njue, Dr. 

Owino and Prof. Okoth. They not only supervised my work during this research period but also 

immensely contributed to my success in my academic exploration. 

Finally, this thesis is dedicated to all those farmers and milk producers who are willing 

to use this refrigeration system. Thank you all for the patience and support you accorded me 

during this research period. May God Almighty Bless you mightily. 

  



v 

ACKNOWLEDGEMENTS 

I thank God Almighty for not only the provision of life but good health and zeal that 

has enabled me to complete this research. Special thanks to Egerton University, which provided 

a conducive environment and opportunity for my mentorship during my research training 

period. 

Through the Federal Ministry of Education and Research in the framework of Global E 

initiative, I also thank the German Government for funding my research under the Reduction 

of post-harvest losses RELOAD Project at Egerton University. I acknowledge Mr. Michael 

Hesse of the University of Kassel and Prof. Joseph Matofari of Egerton University for the 

facilitation of funds, equipment and research travels during the research. 

I appreciate my Supervisors, Dr. Musa Njue, Dr. George Owino and Prof.  Michael W. 

Okoth, who have dedicated their intellect, time, guidance, suggestions and valuable 

contributions. From their commitment and sacrifice, I have been exposed to a higher level of 

critical thinking and analysis in the world of research, which I would not have achieved without 

them. Special appreciation to Dr. Njue for allowing this research to be set up and conducted in 

his research and fabrication facility at Nakuru. Thank you, and God bless you.  

 

 

 

 

 

 

 

 

 

 

 

 



vi 

ABSTRACT 

 The solar energy needed to drive solar-driven milk refrigeration systems is only 

abundant in the mid hours. It is completely unavailable in the early and late hours of the day. 

The mismatch between solar energy availability and the milk cooling load energy demands and 

intermittent availability of solar energy negates the application of solar-driven milk cooling 

refrigeration systems. It is prudent to harness and store solar energy during peak periods of 

high solar energy for milk cooling during low or insufficient solar energy availability. This 

study has analyzed solar energy predicting models from literature reviews and annual solar 

energy trends from different sites and selected a solar radiation prediction model for predicting 

mean daily solar radiation levels. The input parameters considered are readily available in most 

meteorological stations in remote regions. The performance of four mean daily solar radiation 

prediction models namely; Gadiwala (MI), Seme (M2), Sendanayake (M3) and Samani (M4) 

when compared with measured data in Nakuru indicated a strong correlation of coefficient R2 

of 0.826, 0.735, 0.810 and 0.760 respectively. Three refrigeration systems with AC 

reciprocating compressor capacities of; 200 W, 250 W and 350 W were investigated for 

maximum cooling loads under varying mean daily solar radiations. Equal amounts of water 

stored in milk cans were surrounded by an ice layer, followed by an outer brine solution, which 

was then insulated by a polystyrene jacket. In each system, water in the milk can was cooled 

by an evaporator submerged in the brine solution, forming a layer of ice surrounding the milk 

cans. Four PV panels, each of 200 Wp, connected via an inverter provided the power required 

to operate the compressors in each refrigeration system. Temperature variation of the water in 

the milk cans and the amount of ice formed were used to determine the solar driven 

refrigeration system with maximum cooling load, based on solar radiation available. The 

cooling curve obtained in each refrigeration system provided nonlinear regression 

mathematical models for predicting maximum cooling loads for the solar-driven refrigeration 

systems. The coefficient of correlation R2 between the actual and predicted maximum cooling 

loads for the 200W, 250W and the 350W solar refrigeration systems were 0.8647, 0.9413 and 

0.956 respectively. An accurate model for predicting the solar-driven refrigeration capacity of 

a milk cooling system with the provision of sensible thermal energy storage for matching solar 

energy availability and milk cooling load energy demands at any site could be a useful tool for 

optimization in the design and application of solar-driven milk cooling refrigeration systems. 

Designer and manufacturer of solar-powered milk cooling systems for large, medium and small 

businesses would find the solar driven refrigeration maximum cooling models load a suitable 

tool. 
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CHAPTER ONE 

INTRODUCTION 

1.1  Background of The Study 

A Quick Overview of Radiant Cooling's History Residents in the Northern Hemisphere 

heated the interiors of their underground shelters by drawing smoke from fires via stone-

covered, floor-cut ditches during the Neolithic period (Teitelbaum et al., 2019). Despite the 

exceedingly harsh outside temperatures, the heated stones would transmit heat from the floor 

into the living rooms, creating extremely comfortable interior settings. The widespread use of 

radiant heating systems driven by water has occurred in Europe over the last century. Warm 

water is transported back and forth between these systems via a network of pipe loops 

constructed into the concrete floor slab. The slab's temperature can be adjusted, allowing for 

hitherto unattainable comfort levels. This is accomplished by altering the water temperature. A 

radiant slab may also transmit energy far more effectively than a forced-air system since the 

capacity of water to carry heat is significantly larger than that of air (Shu et al., 2020). For 

many years, embedded copper tubes were the preferred for cooling the vast majority of new 

installations (Gupta & Sharma, 2021). Copper was thought to be a material that was both easy 

to work with and inexpensive at the time. However, it was beset by issues like kinks during 

installation, corrosion, pitting, and material buildup, all of which contributed to the system's 

efficacy gradually deteriorating and a shorter overall lifespan.   

According to Do et al. (2022), the three primary categories into which radiant systems 

are grouped in the REHVA manual on radiant systems are radiant cooling panels (RCP), water-

based embedded surface cooling systems (ESCS), and thermally activated building systems. 

RCPs are metal panels that hang from the ceiling and contain pipes. The temperature of the 

heat transmission medium is usually between the room and ambient temperatures: cement 

screed, gypsum board, or plaster cover ESCS pipes. Thermal insulation separates these pipes 

from the main building construction (the floor, the walls, and the ceiling). They can be found 

in a wide range of structures and cool by reacting with heat carriers at relatively high 

temperatures. Last but not least, "systems with pipes embedded in the building structure (slab, 

walls)," also known as TABS, take advantage of the building structure's thermal storage 

capacity and operate at heat carrier temperatures close to ambient. These systems serve a 

variety of applications due to their different thermal and control features; as a result, their 

design and scaling approaches are as diverse. 

One of the most notable advantages of radiant cooling systems is their ability to utilise 

less energy than conventional cooling systems (Teitelbaum et al., 2020). Radiant cooling has 
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been demonstrated to significantly reduce energy consumption, with potential savings varying 

depending on the local temperature. Berkeley National Laboratory in California conducted this 

research. (Tang et al., 2021). According to their findings, the average savings in the United 

States compared to traditional systems is thirty percent. There is a 17 percent chance of saving 

in hot and humid places, whereas there is a 42 percent chance of keeping in hot and dry regions. 

Several factors contribute to lower energy use, the majority of which are related to the 

benefits of hydroponics in general and the unique qualities of radiant heat transmission 

(Rapisarda et al., 2022). Pumping water is much easier than blowing air to transport the same 

amount of British thermal units. A pump uses significantly less electricity than a fan. 

Furthermore, the air handling component of a radiant cooling system is far smaller than that of 

traditional cooling systems, resulting in decreased electrical energy usage. Significant, 

incredible surfaces act as heat sinks in radiant cooling systems, drawing heat away from our 

bodies and into the system (Li & Fan, 2019). The overall amount of heat that must be 

transmitted through convection is minimized because the majority of heat is lost through 

radiation. This allows customers to set a greater air temperature without sacrificing comfort. 

As a result, energy consumption is reduced, and general comfort is improved. In systems with 

a significant mass, radiant cooling provides an extra alternative for energy savings. This 

cooling technology allows a portion of the cooling load to be shifted to off-peak, less expensive 

nighttime hours. 

Another significant benefit of radiant cooling system is that they provide comfort to the 

people who use the room (Radzai et al., 2022). Because of its cooling effect, the excellent 

massive surface acts as a heat sink, drawing heat away from our bodies and providing an 

extraordinarily comfortable and stable interior climate. The volume of forced airflow is 

considerably reduced compared to traditional air conditioning systems. This eliminates chilly 

draughts and eliminates the potential of allergens and dust flowing. Due to the absence of a 

great reduction of noise produced by fans or blowers, radiant cooling systems have a deficient 

background noise level (Nardell, 2021).  

Biological causes account for the bulk of food spoilage and losses and physical and 

chemical contamination. The biological reasons are influenced by environmental elements like 

as temperature, relative humidity, and air velocity (Yahaya & Mardiyya, 2019). It is critical to 

creating novel food processing and storage methods to reduce the influence of biological 

factors, prevent post-harvest contamination, and limit post-harvest losses. 

According to Zavala-Nacul and Revoredo-Giha (2022), in the majority of developing 

economies in rural areas such as Kenya, a shortage of chilling milk technology is directly linked 
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to the inconsistent availability and price fluctuations of the national grid electricity power. 

According to Girma (2020), the problem of electrification in remote rural and pre-urban areas 

can be handled by deploying autonomous electrical power systems that are solely powered by 

environmentally benign energy sources like solar power. Solar energy is a viable energy source 

since it is readily available in most emerging economies, particularly in tropical countries 

where vast quantities may be produced. The technologies are efficient, low-maintenance, and 

highly dependable (Ahmadi et al., 2018). 

One of the most common disadvantages associated with the usage of solar energy 

technology is its unpredictability, which is entirely reliant on the current weather conditions, 

the time of year, and the geographic location. As a result, the load may be rejected, resulting in 

poor solar energy refrigeration system performance and efficiency (Selvaraj & Victor, 2021). 

Energy markets, like fossil-based energy, rely on exploration and proven reserves for economic 

support. The evaluation of solar radiation resources is required to design and sell energy 

technology in the renewable energy industry (Benedek et al., 2018). Solar radiation is used as 

the primary energy source in a variety of solar-based renewable energy technologies, including 

photovoltaic conversion systems. Nwaigwe et al. (2019) discovered a linear link between the 

degrees of uncertainty in solar photovoltaic (PV) system life cycle savings and the degrees of 

uncertainty in the sun resource or radiation. 

System performance and characterization can be improved when reliability, mismatch 

in solar energy availability, and solar energy demands are considered during a solar-powered 

milk chilling system, resulting in more efficient, dependable, and cost-effective systems 

(Panchal et al., 2020). Large, medium and small businesses have attempted to design and 

manufacture solar-powered milk cooling systems. A range of strategies has been developed to 

reduce the amount of energy required by dairy processing enterprises, according to Singh et al. 

(2019). Heat and power cogeneration are one of these technologies (CHP). The majority of 

today's solar systems store solar energy in batteries. This improves the dependability of 

equipment like solar cooling and raises disposal issues once the batteries' useful life has passed. 

The main impediment to using solar technology to cool milk is the lack of sufficient 

equipment to store solar energy during periods of low solar radiation or when solar energy is 

absent. This is the primary challenge that solar technology applications encounter. Ice, molten 

salts, phase change materials (PCM), and undercooled secondary refrigerants have been 

researched as alternate thermal energy storage mediums. The trouble with milk chilling was 

caused, according to Orwa et al. (2021) by the short time required to cool the milk to 4 degrees 

Celsius, which was less than three hours. As a result, the slowest and least effective 
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refrigeration technologies have very limited application in the milk cooling industry. 

According to a study conducted by Sidney et al. (2022) an off-grid system consisting of 

photovoltaic panels and a refrigerated compressor is the most cost-effective way to cool milk. 

Suppose the design and development of the technologies are flawed. In that case, solar milk 

cooling refrigeration systems on medium and minor scales may be inefficient, uneconomical, 

and out of reach for the bulk of dairy applications in emerging countries. 

A model that predicts the cooling load energy generated by a solar-driven milk cooling 

refrigeration system based on solar energy availability in a specific geographic location would 

make the system affordable and available to the majority of small and medium-sized enterprises 

(SMEs) in rural settings in developing economies. All of these advantages would improve rural 

dwellers' quality of life. It would be possible to offer milk cooling energy even when solar 

energy is in insufficient supply by collecting and storing excess solar energy available during 

peak periods and converting the excess solar energy into sensible thermal energy. The milk 

would be chilled consistently and reliably as a result of this method. 

 

1.2  Statement of the Problem 

Solar radiation energy is the most direct, abundant, and steady source of energy on 

Earth because of nuclear fusion in the sun. Solar radiation data for different locations are 

needed for a variety of purposes, such as determining power levels in photovoltaic (PV) 

modules, calculating cooling loads in buildings, and calculating water budgets. Solar 

technologies' capacity and performance are determined by the amount of solar radiation 

available in the area where they will be deployed. Precision data and knowledge of available 

global solar radiation in the region of interest are required to construct solar energy application 

systems with precision. This makes it possible to create more efficient systems. For a variety 

of reasons, including economic and historical ones, few weather stations in developing 

countries, particularly those in rural areas, are less equipped to measure solar radiation.  

The amount of solar radiation that reaches the earth surface is dependent on local 

meteorological variables. Studying solar radiation under local meteorological conditions is 

critical. In areas where meteorological data is lacking, solar radiation can be estimated using 

models and empirical correlations based on available data. In these places, solar radiation can 

thus be approximated. Several different models have been examined in order to generate an 

accurate estimate of solar radiation from current weather data. 

However, most models require astronomical and physical data, the vast majority of 

which are unavailable in developing countries like Kenya. The bulk of artificial neural network 
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models have limited uses in developing nations because of a lack of data on astronomical 

factors such as sky transmittance, albedo, relative air pressure, clearness index, and cloudiness 

index. The variable levels of solar radiation throughout the year and at different times of the 

day makes solar technology ineffective and unreliable due to lack of an accurate design tools 

for predicting the capacity of solar milk cooling system based on the solar radiation of a specific 

location. As a result, the amount of accessible solar energy on daily and seasonal milk cooling 

loads are out of sync. The load on the system may be rejected at some time, resulting in poor 

performance of the self-contained solar energy refrigeration system. Hence, this study sought 

to develop a mathematical model for predicting the solar driven refrigeration system capacity 

for milk cooling based on the mean daily solar radiation available at a specific location. 

A model that predicts the cooling load energy generated by a solar-driven milk cooling 

refrigeration system based on solar energy availability in a specific geographic location would 

reduce design inaccuracy, improve efficiency, and make the system more affordable and 

available to the majority of small and medium-sized enterprises (SMEs) in rural settings in 

developing economies. All of these advantages would improve rural dwellers' quality of life. 

This study aimed to develop mathematical models based on actual cooling loads that 

might be met by available sun radiation in a given region. The built models should be able to 

predict the maximum cooling demand that solar radiation can meet and the quantity of solar-

powered refrigeration capacity that is appropriate for the location. As a result, the models 

would calculate the amount of cooling load available at a given area based on the available 

mean daily solar radiation 

 

1.3  Objectives 

1.3.1  Broad Objective 

To develop a mathematical model for predicting the solar-driven refrigeration system 

capacity for milk cooling. 

 

1.3.2  Specific Objectives 

i. To establish the best fitting models(s) for predicting solar radiation at various sites in 

Nakuru county 

ii. To determine the capacity of a solar-driven refrigeration system that provide maximum 

cooling load energy based on available. Solar energy  

iii. To develop and validate mathematical models for predicting the optimum solar driven 

refrigeration cooling loads for a solar driven refrigeration system  
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1.4  Research Questions 

i. Which model from the literature review and solar energy availability trends would 

predict daily mean solar availability in various site within Nakuru county? 

ii. What capacity of a solar-driven refrigeration system would provide maximum cooling 

energy loads from solar energy available in various sites in Nakuru county? 

iii. Which mathematical model would predict the solar-driven refrigeration system with 

maximum cooling load capacity based on the solar and how accurate is the 

mathematical models compared to the prototype solar-driven refrigeration system?  

 

1.5  Justification of the study 

Before starting the design and construction of any solar energy system, it must be 

determined that the system will be able to meet the projected demand and do so at a cost that 

is affordable over the system's entire life cycle. Milk cooling capacity and component 

specifications must be carefully assessed when manufacturing solar-powered refrigeration 

systems for milk cooling, based on the amount of available solar energy and the amount of 

energy required to meet the milk cooling loads' energy demands. This is particularly critical in 

order to ensure that the systems are constructed efficiently and economically. 

Energy demand and supply compatibility must be maximized when building a solar 

refrigeration system for milk cooling. This can be accomplished by collecting and storing solar 

energy for use when solar energy is scarce. It would be helpful to have a method for estimating 

a solar-driven refrigeration system's maximum solar driven refrigeration capacity so that 

enough solar energy can be captured and stored as sensible thermal energy for use during 

periods of low solar energy. This would help close the gap between the amount of solar energy 

available and the amount of milk cooling load energy needed. An accurate model for predicting 

the solar-driven refrigeration capacity of a milk cooling system with sensible thermal energy 

storage (TES), for matching solar energy availability and milk cooling load energy 

requirements at any geographical location, will be a valuable tool for optimizing the design and 

application of solar-driven milk cooling refrigeration systems. In any region, this model will 

be able to match solar energy availability with milk cooling load energy needs. 

Solar energy can be stored in a variety of ways, the most common of which are alkaline 

batteries, ice banks, and low-temperature secondary refrigerants. The use of ice banks and low-

temperature secondary refrigerants necessitates precise refrigeration system sizing, which must 

be proportional to the amount of readily available solar energy at a given location. 
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This project aims to develop mathematical models for forecasting the cooling loads of 

solar-driven refrigeration systems based on the amount of solar radiation available in a given 

region. This research aims to close the gap between the highest available energy supply and 

the lowest available energy demand. 

 

1.6  Scope and Limitations  

1.6.1  Scope 

Only vapour compression refrigeration systems with reciprocating AC compressors and 

R134a refrigerant were investigated for milk refrigeration in this research. The cooling process 

involves a rapid rate of cooling to significantly reduce the levels of microorganisms present in 

the milk in less than three hours. The vapour compression refrigeration system is the most 

effective for this application compared to other refrigeration systems. The mathematical 

modelling is based on nonlinear regression models created from cooling curves shown against 

the best performing system based on the material utilized and solar radiation levels measured 

at the site. This was necessary due to the intricacy of the designs utilized in refrigeration 

components and equipment from many manufacturers. 

 

1.6.2  Limitations 

The analysis of the performance was carried out using water in place of milk. 
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CHAPTER TWO 

LITERATURE REVIEW  

2.1  Introduction 

Reviews of relevant prior research to the question we were trying to address in this 

study section. Previous authors' opinions on the process of constructing a mathematical model 

for evaluating the milk-cooling performance of solar-powered refrigeration systems were 

investigated in this work. Several theoretical techniques for developing mathematical models 

for prediction were investigated. Graphics depicting the relationships between the several 

researched components presented the conceptual framework. 

 

2.2  Solar Energy 

Throughout this historical period, the continuous delivery of electric power is critical 

to the ever-increasing rate of innovation in all fields. Fossil fuels are required for the production 

of reliable and consistent energy. Still, they are costly, are known to generate dangerous 

emissions, and are subject to changes in the worldwide price of oil. On the other hand, solar 

power is a plentiful, cost-effective, and environmentally friendly source of energy that can be 

produced in any country. It is dependable is limited due to its dependency on weather 

conditions. Solar power prediction helps to provide a steady supply by compensating for 

volatility of the source (Yin et al., 2020). 

Because fossil fuels are becoming increasingly scarce, research into alternative energy 

sources has exploded (Safari et al., 2019). Photovoltaic cells are currently the most common 

way of generating solar energy, and the most important renewable energy source. Solar energy 

is appealing for various reasons, including its environmental friendliness, independence from 

volatile markets like oil prices, and less reliance on imported commodities and other external 

sources of supply (Hojjatian et al., 2021). Solar cells are expected to contribute to future energy 

production significantly, yet their low return on investment and high initial cost prevent 

widespread use. There is insufficient supply that can be expected, in part due to the 

unpredictability of the weather. Because photovoltaic cells generate electricity by converting 

solar energy into electric current, the daily solar energy output is essential when sizing a 

photovoltaic system (Hayat et al., 2019). As a result, the amount of energy produced is 

determined by the amount of solar irradiance present on any particular day, influenced by 

various factors such as location, time, and weather. The power received from the Sun in the 

form of electromagnetic radiation that falls within the wavelength range of the solar cell in use 

is referred to as solar irradiance. 
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Bad weather has a major impact on the amount of electricity generated by solar power 

plants, according to Nishiyama et al. (2021). As a result, a power supply firm must obtain the 

remaining energy from various power-producing companies that use more expensive fossil 

fuels in order to meet demand. This step is being taken to meet the energy demands. Both the 

amount of power sought and the urgency of the order are taken into account when determining 

the electricity expenses paid by businesses. According to Fan et al. (2019), placing orders with 

electrical firms on time helps achieve the stated power supply targets and helps save money. 

As a result, having historical data on the amount of energy generated is critical for maintaining 

service levels and cutting costs. By researching both historical and current data on the 

relationship between irradiance and meteorological conditions, it is feasible to develop 

reasonable projections of future solar energy production (lvarez-Alvarado et al., 2021). 

Solar radiation is the most direct source of permanent solar energy available on Earth, 

with approximately a hundred thousand million Watts of this renewable energy reaching the 

surface. Zhu et al. (2021) used an artificial neural network of 30 neurons in the first layer, ten 

neurons in the second layer, and one neuron in the third layer with five inputs and one output 

to forecast the daily distribution of global solar irradiance for clear days. They claimed that for 

clear days, the daily distribution of global solar irradiance is appropriate and that solar radiation 

data is helpful to engineers in selecting the number of solar modules for solar power plants. 

Elmi (2018) claims that the sun is a 1.39109 m diameter sphere of highly heated gaseous 

stuff. It has a temperature of 5,777 K and is 1500 million kilometers from Earth. In the form of 

X-rays and gamma rays, solar energy is radiated to the earth's surface. Solar radiation is 

deflected, dispersed, and reflected as it passes through the atmosphere, losing the majority of 

its energy. Bailek et al. (2020) estimated monthly mean solar radiation over Turkey using 

several regression analyses. They concluded that the sun's energy that reaches the earth's 

surface is a constant of 1.367 kW/m2. 

The three components of solar radiation are beam, diffuse, and total radiation. Direct 

sun energy reaches the earth's surface without being scattered by the atmosphere, whereas 

diffuse solar radiation does after being spread by the particles in the atmosphere. The sum of 

the beam and diffuse solar radiation that enters the earth's atmosphere is known as total solar 

radiation (Apell & McNeill, 2019). 

The geographical location of the earth's surface relative to the sun and the climatic 

condition of a region are important factors in determining the intensity of solar radiation. The 

following words related to solar energy were defined by Guasp et al. (2020). Solar insolation 

is measured in kW/m2 and is the amount of solar energy incident on a unit surface. Solar 



10 

insolation is a constant with 1.367 kW/m2 known as the solar constant. On a given day, the 

peak solar insolation on the terrestrial surface is around 1 kW/m2 due to air factors. Insolation 

can be achieved using a variety of wave lengths, including ultraviolet (magnetic), visible light, 

and infrared thermal wave lengths. However, according to Yang et al. (2019), 50 percent of 

solar energy is thermal, and just about a quarter of that is UV. Solar radiation changes 

dramatically with the number of days in the year, according to Modenese et al. (2018). The 

months of October, November, December, January, and February have the highest solar 

radiation levels, while May, June, and July have the lowest. 

 

2.2.1  Solar Energy Technology 

According to the National Aeronautics and Space Administration (NASA) (Sharafati et 

al., 2019), solar radiation is the most potent energy source on the planet. Due to the rapid 

depletion of convectional energy sources, extensive research into new, more efficient, and 

environmentally friendly energy sources has been promoted. According to G.K. (2011), 

generating electricity in remote places at a fair cost and scaling the power system are significant 

factors, and photovoltaics and other renewable energy systems are ideal possibilities for 

medium and small power equipment. Solar energy technology has made important 

contributions to solving some of the world's most critical energy issues (Shahsavari & Akbari, 

2018). 

According to Alsayah et al. (2019), the fundamental attraction of solar PV systems is 

that they produce electrical power without affecting the environment by directly converting a 

free and abundant source of energy, solar energy, into electrical energy. Fashina et al. (2018), 

demonstrated many key benefits and applications derived from solar energy technologies, 

including direct use of heat for absorption refrigeration systems, direct conversion of light to 

electricity without moving parts, rapid response in output to changes in input radiation, and 

high power to weight ratio, which is essential in space applications. The energy is time cyclic 

and highly dependent on weather and season. Thus, the necessity for energy storage to provide 

power in the absence of irradiation is one of the primary limiting constraints in the deployment 

of solar technology (Karunathilake et al., 2019). 

According to Hafez et al. (2020), only two widely recognised technologies for 

converting solar energy into electricity are addressed in The Future of Solar Energy: 

photovoltaics (PV) and concentrated solar power (CSP), often known as solar thermal. These 

technologies are studied in their existing and potential future forms. Because energy supply 

infrastructure lasts several decades typically, these technologies will continue to dominate 
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solar-powered generation until 2050, and we have no plans to look further forward. We, too, 

do not make any predictions, in contrast to several previous research on the future, for two 

reasons. For starters, a significant expansion of the solar business beyond its current, relatively 

tiny size could result in changes that we can't even predict. Second, we acknowledge that future 

solar energy deployment will be greatly reliant on the unpredictability of future market 

conditions and government policies, including but not limited to activities targeted at 

minimizing the adverse effects of global climate change. 

Solar energy is now the most abundant and environmentally friendly renewable energy 

source (Baloch et al.,2022). The United States of America has some of the most productive 

solar resources. Today's technology allows us to harvest this resource in various ways, allowing 

individuals and businesses to take advantage of the Sun's light and heat in a variety of ways. 

Three fundamental technologies are frequently used to gather solar energy, according to 

Ahmadi et al. (2018). Photovoltaics (PV) convert light directly to electricity; concentrating 

solar power (CSP) uses the Sun's heat (thermal energy) to power large-scale electric turbines, 

and heating and cooling systems collect thermal energy to provide hot water and air 

conditioning. One method for implementing solar energy is distributed generation, in which 

the necessary equipment is installed on rooftops or ground-mounted arrays near the point of 

consumption. Some technologies have the potential to be scaled up to utility-scale applications, 

allowing them to generate energy similarly to a central power plant. 

Photovoltaic (PV) systems convert solar energy directly into electricity (Nazari et al., 

2018). When sunlight strikes a semiconductor-based photovoltaic (PV) module, the atomic 

bonds that retain electrons are broken. An electric current is created when electrons move 

through a circuit. Solar photovoltaic modules have at least thirty years and require little 

maintenance. Photovoltaic (PV) electricity production peaks in the middle of the day, when the 

Sun is at its highest point. This time of day corresponds to the height of daily demand. 

Homeowners can cut or eliminate their monthly electricity expenses by installing a few dozen 

photovoltaic (PV) panels. At the same time, utilities can build enormous "farms" of PV panels 

to supply pollution-free electricity to their consumers (Sreenath et al., 2022). The vast majority 

of electrical items, such as computer chips, audio amplifiers, temperature sensors, and solar 

cells, are made of semiconducting materials. PV modules have traditionally been made from a 

variety of silicon varieties; however, an increasing number of companies are also making PV 

modules using alternative semiconductor materials. Each photovoltaic (PV) technology has its 

own distinct cost and performance characteristics that set it apart, stimulating industry 
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competitiveness. A photovoltaic (PV) system's application and configuration may have 

different effects on its cost and performance. 

Concentrating Mirrors are used in concentrating solar power plants, commonly known 

as CSP plants, to concentrate the Sun's heat and power a traditional steam turbine that creates 

energy (Elbeh & Sleiti, 2021). Regardless of demand, the thermal energy concentrated in a 

CSP plant can be stored and used to generate electricity at any time of day. According to Ding 

and Bauer (2021), around 1,400 megawatts of concentrated solar power (CSP) facilities are 

already operational in the United States, with another 340 megawatts expected to be operational 

within the following year. The two commercially available technologies for concentrating solar 

power are Power Towers and Parabolic Troughs (CSP). The Compact Linear Fresnel Reflector 

(CLFR) and the Dish Engine are further examples of CSP technology. To generate power, CSP 

requires exact circumstances, such as areas with a high concentration of direct sunlight (such 

as the southwestern United States) and large, contiguous stretches of dry, level terrain. 

 

2.2.2  Solar PV energy technology application  

Solar photovoltaics (PV) has a number of societal advantages, including the elimination 

of pollutants from energy production, the use of very little water, the availability of abundant 

resources, the lack of audible operations, a long lifespan and low maintenance (Tazvinga et al., 

2020). However, integrating solar photovoltaics (PV) into electric grids has many issues, the 

most serious of which is variable power generation, which can lead to increased system stress. 

The necessity for additional reserves on the electric grid to compensate for swings in power 

output due to the variable nature of solar photovoltaics (PV) may limit future deployment or 

reduce the potential for lowering carbon emissions. 

The process of evaluating the power generation of solar PV systems typically consists 

of the two steps listed below, according to Kim et al. (2019). The solar irradiance and the 

temperature of the solar PV cell are fed into a power modelling method after meteorological 

data, and an estimate of solar irradiance is collected. According to Zeng et al. (2021), solar 

irradiance can be estimated for the past (hindcasting), present (analysis), and future 

(forecasting). The approaches used to compute the power output are, for the most part, the same 

after establishing the solar irradiation. The method proposed in this paper uses historical data 

and runs the algorithms as if they were current to provide an analysis. 

Regardless of how precise the power algorithm is, if the solar irradiance used as an 

input for photovoltaic power modelling is erroneous, the power output will be incorrect 

(Manoharan et al., 2020). Solar irradiance forecasts are frequently classified into two types. 
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First, short-term forecasting uses a variety of cutting-edge approaches, including neural 

networks (Korkmaz et al., 2021). Solar irradiance can also be calculated using satellite data as 

a proxy, the most used method (Vaishnav et al., 2018). Simple numerical weather prediction 

(NWP) models or ground-collected data are used in the methodologies mentioned above. The 

National Weather Service provided satellite data and hydrometeor assimilation data for this 

story. Because there is no model output for solar irradiance at time zero for the model in use, 

the solar irradiance field from the NWP assimilation model is not used. Shortwave and 

longwave radiation are both included in this field. 

Furthermore, at this moment, specific NWP assimilation models do not produce direct-

normal or diffuse radiation output fields. The amount of radiation received per unit area by a 

plane perpendicular to the Sun's rays is known as direct-normal radiation output. The diffuse 

radiation output is the quantity of radiation per unit area that does not come straight from the 

Sun. 

Inderwildi et al. (2020). After extensive research, solar energy components were 

divided into two kernel subsystems, namely solar collectors and solar thermal energy storage 

applications. The solar thermal subsystem required superb optical performance to release the 

necessary at rapid speed above 200m/s, while the thermal storage subsystem required high 

thermal storage density and excellent heat transfer rate. PVT (photovoltaic/thermal) hybrid 

collectors have been designed to convert solar energy into both electricity and heat. The PVT 

system, which consists of a PV module and an absorber plate, takes heat from the PV module 

and lowers its temperature, increasing the PV module's efficiency by 5 to 20%. This design 

works well in low-temperature applications like residential hot water heating and adsorption 

refrigeration systems (Lima et al., 2020). 

The development of a SCADA based solar-powered irrigation system was identified as 

being quite helpful in areas where there was plenty of sunshine. Still, insufficient water to carry 

out farming activities, such as rubber plantations, strawberry plantations, or any other 

plantation that requires frequent watering (Adenugba et al., 2019). The system was powered 

by a solar system, which is a renewable energy source that converts sunlight into electricity 

using solar panel modules. Creating and installing an automated SCADA controlled system 

using a PLC as a controller was critical for agriculture, oil and gas monitoring and control. 

Furthermore, the system was fueled by an intelligent solar system with solar panels that target 

the Sun's energy. Aside from that, the solar system lowered both energy costs and pollutants. 

Four input sensors were used in the system: two soil moisture and two-level detecting sensors. 

The soil moisture sensor detects the amount of water in the tank, while the level detection 
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sensors sense the humidity of the soil. Two solenoid valves control the output sides, controlled 

by two moisture sensors each. 

According to Imran et al. (2020), one of the most significant fixed expenditures in 

agriculture is energy, which is especially true for greenhouse growers. Traditional energy 

sources, such as fossil fuels, have negative environmental and agricultural consequences. As a 

result, using solar energy for agricultural purposes might save money while benefiting the 

environment. 

Solar photovoltaic (PV) water pumps are helpful in most areas when electricity is 

unavailable. Furthermore, these systems deliver water to areas that are geographically isolated. 

Simple photovoltaic (PV) systems are frequently constructed to operate only when the sun 

shines and give water wherever required. Farmers do not employ solar storage batteries in these 

situations since the water is kept in containers or pumped straight to the crops. Tracking 

mounts, storage channels, and inverters can be used in more extensive systems. Because the 

power is consistent throughout the system, a large-scale photovoltaic system requires minimal 

maintenance from the farmer. Irrigation, cow watering, and pond aeration are just a few of the 

applications for these systems. 

Unreliable electrical supply has a significant impact on agriculture. As a result, several 

farmers have faced serious financial difficulties. Solar energy is less expensive than traditional 

electricity sources for powering agricultural operations (Zhao et al., 2019). Solar energy for 

farming uses can also help mitigate the effects of drought-related problems. One solution to 

the problem is to use solar energy in water-scarce areas, particularly for water pumping and 

irrigation. Technological innovation may help farmers as the agriculture sector becomes more 

sensitive to new ideas and practices. 

Solar energy solves another problem associated with unpredictable power sources 

(Ulsrud, 2020). The farmer will always have access to electricity because of solar energy and 

effective energy storage technologies. One of the most important things to consider in 

agricultural productivity is energy. Farmers are the group most vulnerable to the consequences 

of global warming (Babu et al., 2021). As a result, they must play a critical role in executing 

long-term energy expansion. Solar energy provides a wide range of agricultural output options. 

In terms of solar energy for industrial use, Mariya et al. (2020) researched solar-

powered reverse trash vending machines. The project was carried out to construct a Solar 

Powered Reverse Trash Vendo Machine that would encourage people to recycle and reduce 

the Philippines' practice of inappropriate waste disposal. The device's main processing module 

was a Gizduino X ATMega 1281, with a Gizduino 644 microcontroller board and a GSM 
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Shield module for connectivity. The Gizduino boards were programmed using the Arduino1.6 

IDE. The gadget was powered by a 15V rechargeable battery charged by a solar panel mounted 

on the device's roof to promote energy conservation and green engineering concepts in the 

study's development. The machine was used to process empty plastic bottles (500 ml. max with 

a base diameter of 3.5 inches and aluminium cans). These recyclable materials were scanned, 

crushed, and deposited in a bin after being placed into the machine. 

Chickens must be fed on a regular basis to be productive, so the manner of providing 

them must be examined. Radwan et al. (2020) investigated solar energy utilization to heat 

chicken houses. The traditional way of chicken feeding and warming is to provide food 

continuously. The feeder is aware of the food remaining in cages and feeding the chickens at 

the appropriate moment to avoid a productivity drop. Chicken growers also struggle to 

successfully manage their operations since they must periodically visit the cages to oversee the 

fowl. To feed the chickens at a consistent time, precision and timing are essential. The planned 

feeder was deemed to benefit the business owner in terms of time and effort. Another benefit 

of the technique was the cost reduction for the poultry business owner. This device was created 

to automatically feed hens at predetermined intervals and alert users when feed supplies were 

running low. Solar panels were used to gather power from the sun for this prototype, which 

was then stored in a normal car battery. The feeds were stored in a container and evenly 

dispensed to the chicken feeding basin using a conveyor. It would be more efficient than the 

traditional manual feeding method because less work would be required, and fewer feeds would 

be wasted. Furthermore, the stored energy can be used for lighting reasons by growers to save 

energy and money. 

Microbial fuel cells have been developed as a result of recent solar energy research. 

The solar-powered microbial fuel cell is a new method for generating electricity using 

electrochemically active microorganisms fueled by solar energy via photosynthesized 

metabolites from algae, cyanobacteria, or living higher plants in situ (Yu et al., 2018). 

The pH membrane gradient, which affects cell voltage and power generation, is a 

common issue with microbial fuel cells. Acid production at the anode, alkaline creation at the 

cathode, and nonspecific proton exchange through the membrane contribute to this problem. 

The invention of a reversible bio electrode capable of both bios catalyzed anodic and cathodic 

electron transfer was reported in the study as a solution for a new type of solar energy powered 

microbial fuel cell. The cathodic reduction reaction, which held the formation of a pH 

membrane gradient, utilized anodic generated protons. Depending on aeration or solar energy 

exposure, the microbial fuel cell generated power continuously and repeatedly reversed 
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polarity. Algae, (cyano) bacteria and protozoa were found in the bio catalytic biofilm of the 

reversible bio electrode. These findings support the use of solar-powered microbial fuel cells. 

The company designed and documented a solar-powered, wireless, wrist-worn platform 

to continuously monitor physiological and environmental data throughout daily activities (De 

Fazio et al., 2022). This platform was shown to be capable of producing photoplethysmogram 

(PPG) signals in the investigation. A 574 nm green light source was utilized to get the PPG 

from the radial artery with little signal conditioning in order to stick to a low power budget for 

solar powering. Two monocrystalline solar cells were used to charge the inbuilt 20 mAh lithium 

polymer battery. The device was tethered to a smartphone using Bluetooth Low Energy (BLE), 

which turns the phone into an access point to a dedicated server for long-term data storage. 

Depending on the availability of solar energy, two power management strategies were 

proposed. If the battery is low in low-light circumstances, the gadget obtains a 5-second PPG 

waveform per minute, consuming 0.57 mW on average. The device was designed to enter its 

typical 30 Hz acquisition mode, consuming roughly 13.7 mW in instances when the battery 

was at a sustainable voltage. The research also shows how we're working to improve the charge 

storage capacity of our onboard supercapacitor. 

Increased solar power generation necessitates automated forecasting systems to reduce 

power loss, cost, and environmental impact for houses and companies that create and consume 

power (Nwaigwe et al., 2019). Based on machine learning, image processing, and audio 

classification approaches, Al-Hajj et al. (2021) conducted a study on methods of solar power 

forecasting for people and small enterprises. To develop reliable ANN projections, these new 

energy market participants and prosumers required new artificial neural network ANN 

performance tuning methodologies.  

Input masking, a neural network (ANN) tuning approach initially developed for 

acoustic signal classification and image edge recognition, was applied to prosumer solar data 

to increase prediction accuracy over typical macro grid ANN performance tuning techniques. 

Based on error clustering in the time domain, ANN inputs customize time-of-day masking. The 

R2 value improved prediction to target correlation, cutting sample prediction inaccuracy by 

14.4%, with matching reductions in a mean average error of 5.37 percent and root mean squared 

error of 6.83 percent. 

Apart from photovoltaic solar energy applications, vast amounts of solar thermal energy 

have been used in numerous technologies, as detailed below, particularly in power plants using 

solar concentrators. 
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2.2.3  Concentrating Solar Power Plants  

Concentrating solar power, or CSP is a new technique with a lot of potential for 

countries with abundant sunshine and clean skies (Hernández et al., 2021). Its electrical output 

is ideally matched to the fluctuating daily electricity demand in areas where air conditioning 

systems are becoming more prevalent. It provided services such as electricity that could be 

dispatched as needed, allowing it to be used for the base, shoulder, and peak loads when backed 

up by thermal storage facilities and combustible fuel. It will be able to compete with coal 

facilities that emit far more CO2 than CSP within one to two decades. The sunniest places, such 

as North Africa, may be able to export excess solar electricity to nearby regions, such as 

Europe, where renewable energy demand is high. Concentrating solar plants can also produce 

hydrogen, which can be mixed with natural gas to produce low-carbon liquid fuels for 

transportation and other end uses in the medium to long term. For CSP to claim its share of the 

approaching energy revolution, scientists, industry, governments, financial institutions, and the 

general public must work together during the next ten years. This road map is meant to aid in 

the advancement of these critical advancements. 

A study on heat transport phenomena in concentrating solar power systems was 

undertaken by Palacios et al. (2020). Solar thermal energy is used to drive a thermal power 

cycle for the generation of electricity in concentrated solar power (CSP). CSP systems are 

designed as big, centralized power plants, such as power towers and trough systems, to benefit 

from economies of scale through dispatchable thermal energy storage, a key advantage over 

alternative energy generation methods. Compared to other solar-fossil hybrid power plants, the 

combination of large solar concentration ratios and high solar conversion efficiencies provides 

a strong opportunity for specific power cycles like the Brayton gas cycle, which uses 

supercritical fluids like supercritical carbon dioxide CO2. This study of numerous heat transport 

processes seen in CSP technologies provides a detailed thermal-fluids evaluation. Receivers, 

heat transfer fluids (HTFs), thermal storage media and system designs, thermodynamic power 

block systems/components, and high-temperature materials are among the sub-systems and 

heat transfer fundamental phenomena visible inside CSP systems. This research includes 

literature reviews, trade studies, and phenomenological comparisons of heat transfer medium 

(HTM), components, and systems, all aiming to promote high-performance and efficient CSP 

systems. Furthermore, more research is being done to develop sophisticated heat transfer 

modelling methodologies for gas-particle receiver systems and performance and efficiency 

enhancement recommendations, notably for solarized supercritical power systems. 
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Mehellou et al. (2018) created solar concentrators for solar-pumped solid-state lasers 

to boost both efficiency and laser output power. A primary concentrator with a 2 m by 2 m 

Fresnel lens captured natural sunlight, which was restricted by a cone-shaped hybrid 

concentrator. A cylinder with coolant encircling and a liquid light-guide lens was used to 

couple solar power to a laser rod (LLGL). The cylindrical LLGL's performance was studied 

both theoretically and empirically. Since the diameter is 14 mm, LLGL produces effective and 

consistent pumping along a rod with a diameter of 6 mm and a length of 100 mm, with a 120 

W laser output and a slope efficiency of 4.3 percent. The collecting efficiency was measured 

at 30.0 W/m2, 1.5 times higher than the previous measurement. The entire conversion 

efficiency was more significant than 3.2 percent, comparable to that of a commercial lamp-

pumped solid-state laser. The concept of the light guiding lens was recommended for 

concentrator photovoltaics and other solar energy optics. 

Similarly, Belgasim et al. (2018) used geographic information systems to conduct a 

study on the potential of concentrating solar power in all provinces of South Africa, with a 

good prospect for the development of large-scale concentrating solar power facilities. The 

regions were deemed viable provided they received enough sunlight, were close enough to 

transmission lines, were flat enough, had no threatened vegetation, and had an excellent land-

use profile. The solar resource, slope, places with 'least threatened' vegetation, proximity to 

transmission lines, and areas ideal for the development of big concentrating solar power plants 

were all depicted on various maps. It was discovered that the selected appropriate locations 

could host plants with a nominal capacity of 510.3 GW in the Northern Cape, 25.3 GW in the 

Free State, 10.5 GW in the Western Cape, and 1.6 GW in the Eastern Cape, giving a total 

potential nominal capacity of 547.6 GW for the country. 

A concentrated solar power (CSP) system must include thermal energy storage (TES). 

It allows plant operators to generate electricity outside of daylight hours and feed it into the 

grid to fulfil peak demand (Pelay et al., 2017). Molten salts are used as both the heat transport 

fluid and the heat storage medium in current CSP sensible heat storage systems. The maximum 

operating temperature for these systems is roughly 400 OC. Future TES systems are projected 

to run at temperatures ranging from 600 to 1000 degrees Celsius to achieve improved thermal 

efficiency and lower electricity costs. A TES idea based on thermochemical cycles (TCs) based 

on multivalent solid oxides was presented to suit future operating temperature and electricity 

cost requirements. The system uses a pair of reduction and oxidation (REDOX) reactions to 

store and release heat. Hot air from the solar receiver is utilised to lower the oxidation state of 

an oxide cation, such as Fe3+, to Fe2+ in the storage step. As a result, heat energy is retained 
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in chemical bonds, and the oxide becomes charged. The reduced oxide is re-oxidized in the air, 

producing heat to liberate the stored energy. 

There is no need for fluid storage because air is employed as both the heat transfer fluid 

and the reactant. The research looked into the technical and financial viability of the suggested 

TES concept. The DOE's storage cost and LCOE targets are $15/kWh and $0.09/kWh. 

Thermodynamic simulations and bibliographic information were used to identify sixteen pure 

oxide cycles. The kinetics of re-oxidation of various oxides was found to be a significant hurdle 

to adopting the proposed approach. A down selection was made based on operating 

temperature, material costs, and preliminary laboratory data. Cobalt oxide, manganese oxide, 

and barium oxide were chosen for development research to increase REDOX reaction kinetics. 

A novel strategy based on mixed oxides was proposed to improve the REDOX kinetics 

of the selected oxides. Some of the primary oxide cations are partially replaced with secondary 

cations. This generates a charge imbalance in the lattice, increasing the anion vacancy density. 

These vacancies improve ionic mass transfer and speed up re-oxidation. The inclusion of a 

secondary oxide enhanced the re-oxidation fractions of Mn3O4 to Mn2O3 and CaO to CO3O4 

by up to 16 times. In barium-based mixed oxides, however, there was no improvement. Mixed 

oxides were found to assist in stabilizing or improving the TES properties following long-term 

thermal cycling and improving short-term re-oxidation kinetics. A reduction in particle size in 

the mixed oxides could account for some of this improvement. Manganese-iron, cobalt-

aluminium, and cobalt iron mixed oxides have been recommended for future engineering scale 

demonstrations based on the measurement results. We were able to demonstrate the charge and 

discharge of the TES media in both a bench top fixed bed and a rotating kiln-moving bed 

reactor using cobalt and manganese mixed oxides. The fixed bed arrangement is simple, but 

charging requires a high mass flow rate and a higher fluid temperature (Pelay et al., 2017). 

The rotating kiln allows for direct solar irradiation and vastly improved heat 

transmission; however, designs for transporting the TES oxide into and out of the reactor must 

be established. The CSP plant's economics will determine the final reactor and system 

architecture. A materials compatibility analysis was also carried out. Inconel 625 was 

discovered as a promising high-temperature engineering material for building a reactor that 

could store either cobalt or manganese mixed oxides. A packed bed reactor model was used as 

a baseline to examine the economics of such a CSP facility. The model was used to apply 

measured cobalt-aluminium oxide reaction kinetics, and the effects of bed characteristics and 

process parameters on the overall system design were studied. A network of eight fixed bed 

reactors with charge and discharge temperatures between 1200oC and 600oC, providing a 
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constant output temperature of 900oC, was found to be the best TES system design. The charge 

and discharge times are both eight hours. This design was incorporated into a CSP plant's 

process flowsheet, and the system's economics were calculated using Aspen Plus and the 

National Renewable Energy Laboratory's Solar Advisory Model. Storage costs are highly 

dependent on material costs and were estimated to be roughly $40/kWh for cobalt-based mixed 

oxide. Because of lower materials costs on a large scale, it could drop to $10/kWh. The 

calculated LCOE was between $0.22 and $0.30 per kW-h. The high LCOE in this first concept 

is due to the high charging temperature required and the expensive cost of cobalt oxide. A 

manganese oxide-based moving bed reactor is projected to enhance the proposed concept's 

economics significantly (Pelay et al., 2017). 

Electricity generated by concentrated solar power (CSP) systems is said to be a future 

energy source. Islam et al. (2018) discussed previous experiments (including the French 

Thermis project) and the various strategies now in use. He pointed to the areas that appeared 

to be the best candidates for this procedure. The three primary systems were given in the study: 

parabolic cylinder, tower, and Stirling cycle installations. The study proposed a pricing 

assessment and its evolution and the investments made in various installations (in Italy, Spain, 

Germany and Portugal). The study studied the case of hybrid installations (sun and gas), 

evoking the Desertic project, a collection of hybrid installations presented by the German 

industry. According to the findings, there has been no major technological advancement in this 

technique.  

 

2.2.4  Solar Water Heater using Refrigerant R134a 

An experimental investigation was conducted on a heat pipe solar water heater 

prototype that used the refrigerant R134a as a transfer fluid (Sitepu et al., 2018). The study's 

goal was to learn more about the prototype's attributes and performance. The refrigerant R134a 

was utilized as a transfer medium to transfer heat from the collector to the heated fluid 

effectively. The initial pressure inside the heat pipe was changed in the trials. For three days of 

the experiment, the prototype was subjected to solar irradiation near Medan city. The system's 

efficiency was determined by measuring solar collector temperatures, solar radiation, water 

temperature, and ambient temperature. The findings revealed that when the initial pressure of 

the working fluid increases, the temperature of the hot water rises. However, the rise was not 

linear, implying an optimal beginning pressure existed. The maximum hot water temperature 

and maximum thermal efficiency were 45.36oC and 53.23 percent, respectively, when the 
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refrigerant pressure was 110 psi. The key conclusion was that solar water heaters employing 

R134a should be run at a pressure of 110 psi. 

Refrigeration and heating systems use a lot of energy all over the world (Waite et al., 

2017). However, because of the thermal capacity, the system had the potential to store 

"coldness" or heat. This feature enabled various load shifting and shedding tactics to reduce 

energy consumption while maintaining the original cooling and indoor climate quality. They 

looked into the possibilities of such a method and its capacity to drastically reduce the cost of 

operating systems like supermarket refrigeration and heat pumps for residential homes in this 

study. They used weather forecasts and predictions of varying electricity prices to apply more 

load to the system when the thermodynamic cycle was most efficient and consume larger shares 

of the electricity when demand and thus prices were low, using modern Economic Model 

Predictive Control (MPC) methods. The capacity to regulate power use in response to power 

grid demands was a popular feature in a future Smart Grid. The efficient use of more renewable 

energy necessitates ways to control power consumption such that it increases when there is an 

energy surplus and lowers when there is a shortage. This should happen almost quickly to 

handle intermittent energy sources such as wind turbines. They hoped that their power 

management method would allow thermal storage devices to be used for flexible power 

consumption. The combination of numerous units would greatly contribute to the reduction of 

total electricity demand. 

Elsayed et al. (2022) conducted an experimental investigation and performance tests on 

a thermal bubble pump to lift the refrigerant absorbent solution from the generator to the 

separator in a 100 percent solar-powered diffusion absorption refrigerator (DAR), leaving 

gravity circulation to complete the refrigeration cycle. The system included a Methanol-

charged experimental apparatus for testing the performance of various bubble pump topologies 

utilizing solar energy gathered by two modules of flat plate solar collectors, each with a 1m2 

aperture cross-sectional area. Temperatures and flow rates the measurements were made at 

operating vacuum pressures, and the results were examined. Experiments revealed that a riser 

with an 8mm diameter, 0.2 submergence ratio, and an 800 mm head provided the best solution 

delivery. The DAR was designed to keep vaccinations, fruits, and vegetables fresh in farms 

and rural areas where regular electricity was sparse or unreliable. The findings of this study 

showed that the pump tube diameter of 8mm, pump lift of 0.8m, and submergence ratio of 0.2 

is the best parameters for better solution circulation and subsequent adaption to the diffusion 

and absorption refrigeration system. 
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2.2.5  Refrigerant Operated Solar Thermal Plants  

A feasibility study was conducted on a system that combines a solar collector-thermal 

storage system with a primary Rankine cycle power generator using R123 refrigerant and a 

heat transfer fluid (Khatoon et al., 2021). Mineral oil was heated in solar collectors with 

evacuated tubes before being transferred to a thermal storage tank. A heat exchanger generates 

a superheated refrigerant vapour that alternates between mineral oil and refrigerant and powers 

a radial turbo generator. Due to supplemental natural gas fire, the system delivered a continuous 

output of 50 kW while maintaining a consistent temperature in the thermal storage independent 

of available solar energy. The system's performance was simulated for sunshine conditions in 

southern California during the hottest summer day and the coldest winter day. A thorough 

economic analysis was also carried out. The selection of essential permanent evacuated tube 

collectors, which are less prone to breakage in harsh desert environments, was vital to the 

system's competitive advantage over more modern solar thermal power plants. Furthermore, 

because fossil fuels fueled the power plant, it could run continuously even when there was little 

sunlight or when night fell. 

 

2.2.6  Power and Refrigeration Cogeneration Plants 

Jiang et al. (2017) designed and investigated a cascading cycle for electricity and 

refrigeration cogeneration. The revolutionary cascading cycle Pumpless Organic Rankine 

Cycle (ORC) operated as the initial stage, and the refrigerant R245fa was chosen as the working 

fluid. The second stage of the sorption refrigeration cycle was the development of a silica gel 

and LiCl composite sorbent for better sorption characteristics. The experimental system was 

set up, and several hot water inlet temperatures ranging from 75 to 95 degrees Celsius were 

investigated for the study of cogeneration performance. Under the conditions of 95°C hot water 

inlet temperature, 25°C cooling water temperature, and ten °C chilled water outlet temperature, 

the peak power and refrigeration output were able to reach 232 W and 4.94 kW, respectively. 

The cascading system's total energy and exergy efficiency ranged from 0.236 to 0.277 and 

0.101 to 0.132 for various working situations. When the hot water inlet temperature is 95°C, 

the exergy efficiency of heat utilization varies from 30.1 percent to 41.8 percent, which is 144 

percent and 60 percent greater than pumpless ORC and sorption chiller, respectively. 

A resorption system for electricity and refrigeration cogeneration was the subject of an 

experimental investigation (Surrya et al., 2019). By then, energy conversion technologies, 

particularly for power generation and refrigeration powered by low-temperature heat, had 

gained traction. Because there is no ammonia liquid in the system, reabsorption refrigeration 
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is considered safer and more straightforward construction than adsorption refrigeration. Three 

HTS (high-temperature salt) unit beds, three LTS (low-temperature salts) unit beds, one 

expander, three ammonia valves, two oil valves, four water valves, and connection pipes made 

up the cogeneration system. MnCl2, CaCl2, and NH3 solutions were chosen as a chemical 

working pair. The scroll expander was selected for the expansion process because it is ideal for 

small type power generation systems. The cogeneration system was filled with 4.8 kg MnCl2 

and 3.9 kg CaCl2 impregnated in expanded natural graphite treated with the sulfuric acid type 

(ENG-TSA). The maximum cooling power of 2.98 kW was achieved in the experiments. In 

contrast, full-shaft power was around 253 W with an average value of 82.3 W. When the heat 

source temperature is less than 170°C, the cogeneration system can be used. Total energy 

efficiency rises to 0.417 percent before falling to 0.407 percent, while exergy efficiency rises 

to 0.16 percent. 

The impact of various refrigerants on the performance of binary geothermal power 

plants was studied (Unverdi & Cerci, 2018). The paper tried to review the debate over the usage 

of working fluids in binary cycle power plants from a broader perspective. One of these devices 

was a binary cycle that allowed power to be generated from geothermal energy sources. 

Thermal energy from geothermal sources was transferred to a second working fluid in the 

cycle. As a result, the choice of a second working fluid had a significant impact on cycle 

performance. A sample geothermal binary power cycle was modelled in the study, and 12 

refrigerants were chosen as working fluids, including HFC, HC, and zoetrope refrigerant 

mixes. For 12 refrigerants, binary cycle energy and exergy efficiencies were computed. The 

examined refrigerants R 236ea, R 600 R 600a, and R 227ea have tremendous energy and exergy 

efficiencies in dry fluids. On the other hand, wet fluids R 143A, R 415A, R 290, and R 413A 

demonstrated poorer energy and exergy efficiencies. 

 

2.2.7  Biomass Gasification Based Combined Power and Refrigeration Plant 

The performance of a biomass gasification-based combined power and refrigeration 

system for community-scale use was investigated (Chattopadhyay & Ghosh, 2020). The study 

looked at the thermal performance and size of a biomass gasification-based combined power 

and refrigeration plant (CPR). The plant could generate 100 kW of electrical power while also 

creating a refrigeration impact that ranged from 28 to 68 tonnes of refrigeration (TR). The top 

gas turbine cycle is an all-air indirect heated cycle. A CHX unit (combustor heat exchanger 

duplex) burns, producing gas and transferring heat to the air. This arrangement eliminated the 

need for complex gas cleaning for biomass-derived producing gas. The topping GT's exhaust 
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air was used to power a bottoming ammonia absorption refrigeration (AAR) cycle via a heat 

recovery steam generator (HRSG), with steam produced by the HRSG giving heat to the 

refrigeration cycle's generator.  

Critical operating parameters such as the topping cycle pressure ratio and turbine inlet 

temperature (TIT) on the plant's energy performance are investigated. Energy efficiency needs 

biomass consumption, and the fuel energy savings ratio is used to assess the plant's energetic 

performance (FESR). The FESR calculation approach was helpful in demonstrating the fuel 

savings of a combined power and process heat plant over separate power and process heat 

plants. According to the study, in the pressure ratio range of 8-10, the topping cycle achieved 

a maximum power efficiency of 30%. The needed air flow rate through the GT unit reduces 

with increasing pressure ratio up to a certain point and then increases with increasing pressure 

ratio. The AAR unit's refrigeration capacity drops until it reaches a particular value of topping 

the GT cycle pressure ratio, then increases as the pressure ratio rises. The most outstanding 

value of the FESR was determined to be 53 percent at a pressure ratio of 9 (when TIT was 

equal to 1100 OC). For more significant TIT levels, the FESR is higher. It was also discovered 

that the topping cycle pressure ratio has an impact on heat exchanger sizing. 

 

2.2.8  Combined Hybrid Solar-Biomass Power System  

Sahoo et al. (2017) created a groundbreaking poly producing approach that may be used 

in hybrid solar-biomass systems to make power, cooling, and desalination all at the same time. 

In a hybrid solar-biomass (HSB) system with increased energy efficiency, the poly generation 

process involves the simultaneous production of electricity, vapour absorption refrigeration 

(VAR) cooling, and a multi-effect humidification and dehumidification (MEHD) desalination 

system from a variety of heat sources. All of these operations are carried out in a hybrid solar-

biomass (HSB) system. It is one of the possibilities for meeting energy demand from renewable 

sources while simultaneously helping to reduce carbon dioxide emissions. 

The extracted heat from the turbine is used to power the VAR cooling system. In 

contrast, the desalination system uses the VAR cooling system's condenser heat to create 

sufficient amounts of drinkable water. Even if the heat extraction from the turbine for VAR 

cooling and desalination results in a reduction in power generation, the complete system can 

still satisfy the required energy requirements and save more primary energy (PES). A 

thermodynamic evaluation and optimization of the HSB system in the poly generating process 

for integrated power, cooling, and desalination is being done to examine the effects of the 

multiple operational parameters. In the HSB system, the poly production process's principal 
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energy savings (PES) were reduced by 50.5 percent. This method improves the quantity of 

energy produced by 78.12 percent compared to a standard power plant. 

 

2.2.9  Natural Gas Micro Turbine Power Plant and Refrigeration 

Other cogeneration methods, beyond solar concentration power plants, were researched 

and are worth considering in refrigeration systems. Yin et al. (2018) studied the experimental 

results and thermodynamics of a small-scale natural gas cogeneration facility for power and 

refrigeration. The findings of an experiment with a small-scale cogeneration plant for energy 

and refrigeration are presented. A natural gas microturbine and a steam-fired ammonia and 

water absorption chiller were installed in the facility. Different turbine loads, steam pressures, 

and chiller outlet temperatures were used to test the system. The first and second Laws of 

Thermodynamics were also used to assess the situation. The plant can provide 19 kW of 

saturated steam at a pressure of 5.3 bar and a temperature of 161°C at an ambient temperature 

of 24°C with a microturbine at full load, corresponding to 9.2 kW of refrigeration at 5°C with 

a COP of 0.44. It was discovered that there is an optimal chiller outlet temperature that 

maximizes energetic chiller efficiency from a 2nd law perspective. In order to reduce plant 

exergy destruction, the microturbine had the highest irreversibility, followed by the absorption 

chiller and the HRSG. 

The research was done on the exert economic analysis and optimization of a new 

cogeneration system that produces both power and refrigeration (Kordlar & Mahmoudi, 2017). 

A unique combination of cooling and power cogeneration system powered by geothermal hot 

water is proposed in this study. From the standpoints of thermodynamics and economics, the 

design, which was a combination of an organic Rankine cycle and an absorption refrigeration 

cycle, was examined and optimized. 

Ammonia is the working fluid of the organic Rankine cycle, and an ammonia and water 

solution were used in the refrigeration cycle. Before optimization, parametric studies were used 

to find decision parameters. Three design instances were explored to optimize system 

performance: designs for maximum first law efficiency (case 1), maximum second law 

efficiency (case 2), and minimal total product unit cost (case 3). The overall product unit cost 

in example 3 was roughly 20.4 percent and 24.3 percent cheaper than in cases 1 and 2, 

respectively. In comparison to cases 1 and 2, the reduced product unit cost in instance three 

was followed by a fall in first and second law efficiencies of 10.21 percent and 4.5 percent, 

respectively. The results also showed that the turbine, condenser, and absorber are the most 
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expensive components to modify in terms of capital and exergy destruction costs. The two 

pumps in the system are the final component in this order. 

 

2.2.10  Solar Updraft Power Generator and Solar Thermoelectric Generators 

A solar updraft power generator, or SUPG, is a facility that uses the sun's updrafts to 

generate renewable energy. Unlike traditional wind turbines, which rely on the natural wind 

blowing through the atmosphere and frequently experience intermittent airflow or even a 

complete loss of connection to the wind source, the SUPG generates artificial wind as a result 

of solar-induced convective flows. The SUPG has a naturally low overall efficiency because it 

converts heat energy into pressure energy. 

A solar updraft power generator with radial and curved vanes was evaluated by Akbar 

and Curiel-Sosa (2019). Their goal was to increase the collection's overall efficiency by 

constructing a series of guide walls within it. They were well aware of the collector's 

inefficiency and its promise as a renewable energy source. Different types of guide walls were 

used, including radial and curved vanes. When compared to data collected without vanes, data 

collected with curved vanes showed a considerable increase in updraft velocity. Updraft 

velocity was enhanced by 18%, while mechanical power was boosted by roughly 64%. 

Furthermore, the configuration of the radial vanes was determined to have a more significant 

impact on the smoothness of the updraft velocity profile than on the overall system efficiency. 

 

2.2.11  Solar Thermoelectric Generators  

In the lab, Jurado et al. (2019) demonstrated that solar thermoelectric generators 

(STEGs) can achieve a sun-to-electricity efficiency of more than 10%. They also showed that 

STEGs could be combined with phase-change materials (PCM) for thermal storage, allowing 

them to function even when the sun isn't shining. In order to meet its overall objectives, the 

project made significant progress in a number of required activities. 

A precise Thermoelectric Generator (TEG) model was built, complete with contact 

resistances, realistic contact materials, and radiative losses. High-performance contact 

materials for skitterier and thermoelectric TE segments and brazing and soldering techniques 

for the construction of segmented TEGs were developed for the physical manufacturing of 

TEGs. These advancements were made possible by the discovery of a thermoelectric TE 

section. Precision measurement systems for assessing device performance (rather than just TE 

material performance) were developed and used to characterize TEGs for this project. On the 

side of the optical components, a spectrally selective cermet surface with strong solar 
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absorption and low thermal emission was developed. The thermal stability of this surface could 

also be maintained at high temperatures. At high temperatures, absorbance and total 

hemispheric emittance were determined using a measurement technique that was also 

developed. This method was used to characterize the manufactured spectrally selective 

surfaces. A novel reflecting cavity was also set in order to reduce radiative absorber losses and 

achieve high receiver efficiency with low concentration ratios. 

It was demonstrated using a prototype cavity that adopting this approach can 

significantly reduce radiative loss. Several devices were developed for the overall focusing 

STEG system and put to the test on a test platform built specifically for the purpose of 

determining their levels of effectiveness. In addition, difficulties with the integration of PCM 

thermal storage were conducted, and the storage time of the lab-scale system was evaluated. 

The most recent round of testing gave a 9.6% efficiency grade for STEGs, indicating a 

promising future for STEGs with high active component concentrations.  

 

2.2.12  Solar Chimney 

Large power plants typically employ solar chimneys to generate steam, which is then 

used to generate other energy sources. Researchers from several disciplines have conducted 

several studies with the goal of improving plant performance and efficiency. The solar chimney 

is a tall, vertical chimney that serves as a collector and is located in the centre of a large area 

(Khidhir & Atrooshi, 2020). There are concerns regarding the chimney's stability and economic 

sustainability, requiring complex engineering techniques to build a chimney of that height. 

An "Inclined Solar Chimney" (ISC) was built along a mountain's slope that receives the 

highest solar insolation throughout the year. The building is now robust, economical, and 

simple to construct due to merging the chimney and collector into a single component. A 

mathematical model including the entire energy balance was built with the goal of determining 

the temperature, velocity, and kinetic power of the emerging air draught given particular values 

of other factors. The model also indicated the amount of solar energy converted into various 

forms. As a result, it anticipated the kinetic of emerging air draught's dependency on the size 

of the chimney and the quality of the materials utilized. Furthermore, external breezes were 

shown to increase the kinetic energy of the emerging air. As a result, ISC would be able to 

benefit from the wind power generated at the mountain's crest. 
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2.2.13  Solar Thermal Power Station and PowerPoint Tracking Solar Thermal System 

The design and modelling of a low-temperature solar thermal power station were vital 

tasks completed and studied (Ahmad et al., 2018). A binary aqua–ammonia mixture transforms 

its state from liquid to vapour through heat recovery in a Kalina cycle, with the more volatile 

ammonia vaporizing first and the water following to match the temperature profile of the hot 

fluid. This study optimized the heat recovery from solar thermal collectors using a low 

temperature Kalina cycle. For power generation, hot liquid from a solar parabolic trough 

collector with vacuum tubes is utilized to generate ammonia-rich vapour in a boiler. The turbine 

inlet conditions are adjusted to meet the fluctuating hot fluid temperature with the solar 

radiation's intermittent nature. Intense solution concentration, temperature separator, which 

affected the hot fluid inlet temperature, and turbine ammonia concentration were the important 

parameters considered in this study. A solar parabolic collector system with vacuum tubes was 

built at the optimal power plant conditions. The findings can be utilised to optimise power 

production systems' power output and efficiency by selecting boiler, separator, and turbine 

conditions. According to the model, the maximum limit temperature for the separator in Indian 

climatic circumstances is 150°C. At 80 percent intense solution concentration and 140°C 

separator temperature, full specific power of 105 kW per kg/s of the working fluid can be 

achieved. The efficiencies of the plant and cycle were 5.25 percent and 13 percent, respectively. 

However, at 150°C separator temperature, maximum efficiencies of 6% and 15% were 

recorded for the plant and Kalina cycle, respectively. 

Solar heating system maximum power point tracking control was conducted and 

analysed (Omairi et al., 2017). The study developed an ultimate power point tracking control 

(MPPT) technique to reduce the energy required for pumping at optimal heat collection. 

Experimentally discovered the net solar energy gain Qnet = (Qs Wp/e) cost function for MPPT 

with the maximum point. The feedback tracking control system was created to track the best 

Qnet configuration (denoted Qmax). The instantaneous tracking target Qmax was determined 

using a tracking filter generated from the solar heating system's thermal analytical model (t). 

A step response test was utilised to derive the system transfer function model of a solar heating 

system, which was then employed to design a tracking feedback control system. The PI 

controller was created for a quadratic time function tracking target Qmax(t). 

A microprocessor-based controller was used to create the MPPT control system, and 

the test results demonstrated good tracking performance with minimal tracking errors of less 

than 5%. The average mass flow rate for the specific test periods on five different days was 

between 18.1 and 22.9 kg/min, with average pumping power of between 77 and 140 W, which 
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is significantly lower than the standard flow rate of 31 kg/min and pumping capacity of 450 

W, which is based on the flow rate 0.02 kg/sm2 defined in the ANSI/ASHRAE 93-1986 

Standard and the total collector area of 25.9 m2. The average net solar heat collected Qnet is 

between 8.62 and 14.1 kW, depending on the weather. The MPPT control of a solar heating 

system has been proven to reduce pumping energy consumption while maximizing solar heat 

collection. 

 

2.2.14  Solar Power Generation Cost Benefits Analysis 

Using traditional carbon-based fuel as a benchmark, the cost and advantages, both 

financial and environmental, of two prominent sources of solar power generation, grid-tied 

photovoltaic cells and Dish Stirling Systems, were analysed (Guerra et al., 2020). First, they 

established how and why these solar technologies would be implemented. Then they created a 

model city with its own set of characteristics to evaluate the two solar-powered electric 

distribution technologies. 

The restricting assumptions for each technology were then established, which served as 

parameters for the system computations. Finally, they estimated the present value of the total 

cost of conventional energy required to power the model city and used this as a baseline when 

evaluating the benefits and costs of solar models. Grid-tied photovoltaic cells under net-

metering, the most common method of distributed electricity generation, allow individual 

houses to achieve some level of electric self-sufficiency while still making a profit. Substantial 

subsidies, however, were required to complete the investment viably. 

Large dish Stirling engine installations, on the other hand, had demonstrated a 

substantially greater potential rate of return, but they had a number of practical restrictions. 

The report stated that both technologies were suitable investments for customers, but 

considering that the dish Stirling consumer obtains 6.37 dollars per watt vs 0.9 to 1.70 dollars 

per watt for a house photovoltaic system, the former appeared to be the better option. The 

research concluded that attracting a few strong investors to build a solar farm of this scale was 

considerably more possible than convincing 150,000 households to install photovoltaic arrays 

on their roofs despite the high cost. The development of a solar farm could have environmental 

consequences, given the amount of land required for this undertaking. However, there are 

certain advantages, such as a significant reduction in CO2 emissions. 

Emerging construction technologies that concentrate on the research and development 

of energy-efficient equipment have the potential to help solve a wide range of environmental 

and natural resource-related issues. Fossil fuels, greenhouse gases, and nonrenewable energy 
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sources are examples of these issues (Fatima et al., 2022). Alternative energy sources such as 

solar, wind, geothermal, and biogas have the potential to become a more economically viable 

option than the electrical current sources, leading residential developers to take notice (Hou et 

al., 2018). Because it is one of the most sustainable and environmentally friendly sources of 

electricity, photovoltaic technology has attracted a broad spectrum of clients interested in 

various federal incentive programs and financial returns. Alternative energy technologies are 

gaining popularity among homeowners because, when compared to more traditional energy 

sources, they have the potential to save them money (Mughal et al., 2018). 

Solar energy has a number of advantages as an alternative energy source, including the 

ability to meet a large portion of a system's electrical demand, lower operational costs, reduce 

the amount of electricity generated using fossil fuels, and lower energy costs (Mohamad et al., 

2018). costs associated with energy consumption as fossil fuels have risen, global climate 

change concerns have grown, and a more comprehensive range of alternative power production 

methods has been introduced. 

PVs, or photovoltaic cells, are one of the many technologies that could help ameliorate 

these climate-related challenges (Benohr & Gebremedhin, 2021). PVs are capable of absorbing 

solar radiation and directly converting it to electricity. The practice of putting power-generating 

cells near the end consumer or any power-generating station is known as distributed generation. 

These cells could be found anywhere. The economic returns created by a photovoltaic (PV) 

investment can vary from market segment to market segment, depending on the consumer's 

needs. 

 

2.3  Solar Energy Photovoltaic Systems 

In tropical and subtropical locations, photovoltaic solar energy has become a popular 

source of electricity, facilitating new business and improving economic growth in rural and 

pre-urban areas where grid power is unavailable (Catalbas et al., 2021). 

According to Sulich and Sooducho-Pelc (2021), fossil-generated electricity dominates 

global electricity generation, followed by renewable and nuclear energy. However, according 

to Abulut and Sardemir (2021), fossil fuels are a finite energy source that emits greenhouse 

gases, which negatively influence the ecosystem. Nuclear energy is a greener energy source, 

but it faces numerous obstacles in deployment, safety, and waste management (Bersano et al., 

2020). Day et al. (2018) looked at the safety, health, and environmental consequences of solar 

energy technologies on the long-term viability of human activities and concluded that 

renewable technologies based on renewable energy sources have become more appealing and 
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accessible in more places. Researchers have examined and proved that solar energy systems 

have become more competitive with inefficiency and investment cost, making them more 

usable (Luderer et al., 2022). Pang et al. (2020) back this up after reviewing solar electric and 

solar thermal systems. They compared solar electric and thermal-mechanical systems to 

thermal absorption systems regarding energy efficiency and economic feasibility and found 

that solar electric and thermal-mechanical systems are more expensive. 

Thermally driven small-scale refrigeration systems such as absorption and Rankine 

vapour compression refrigeration systems have proven good feasibility in urban areas as the 

cost of solar energy components such as photovoltaic panels has decreased (Chakravarty et al., 

2022). 

Photovoltaic is defined as a process in which solar radiation is transformed into 

electricity without stimulating devices, and a photovoltaic system is defined as any system that 

employs these phenomena (Hassan et al., 2017). It is the most practical strategy for utilizing 

modern energy sources. Various systems with varying capacities (0.5 watts to several 

megawatts) have been installed and run around the world, and their application is growing 

every day due to their reliability and performance. Photovoltaic is a solid-state electrical device 

that uses the photoelectric effect to convert sunlight into electric current. Mono-crystalline 

silicon, polycrystalline silicon, amorphous silicon, cadmium telluride, and copper indium 

selenite/sulphides are currently utilised in photovoltaic solar cells (Thirunavukkarasu et al., 

2021). 

Solar applications face difficulties compared to typical energy sources, mainly due to 

power supply fluctuations. According to Krauter (2018), specific applications, such as ordinary 

refrigerators, must be adapted to work with solar energy in order for photovoltaic systems to 

be successful. More recent research by Sidney et al. (2021) found that adapted vapour 

compression refrigeration systems powered by a DC compressor were more efficient than AC 

compressors. 

Because solar systems are expensive and inefficient, there has been a lot of research on 

enhancing their performance and efficiency. The efficiency of photovoltaic systems has been 

proven to be proportional to temperature and sun irradiation (Rangel-Heras et al., 2022). The 

employment of fuzzy-based sun monitoring and maximum power point tracking at the same 

time has been found to boost power-delivery by 24.5 percent, resulting in a reduction in solar 

panel size, weight, and cost in photovoltaic systems (Shenoy et al., 2021). 
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2.3.1  Photovoltaic Technology 

Photovoltaic technology generates power by utilizing the electrical characteristics of 

semiconductor materials (Rajoria et al., 2018). When a semiconductor material is exposed to 

sunlight, it generates an electrical charge that may be passed through a circuit to anything that 

uses electricity. These semiconductors are made in the form of cells in a PV system, which are 

then integrated with a structural panel. Depending on the amount of energy required, panels 

can be combined into larger groups or arrays to create increasing electricity amounts. Solar 

arrays come in a variety of sizes to meet the needs of a home, office, or more extensive facility. 

Yang et al. (2020) demonstrated that solar energy is very inexpensive compared to other 

energy sources, is always available, and can be obtained in large amounts in many places. 

Because of its dependability, cost-effectiveness, and reachability, renewable energy, 

specifically photovoltaic solar energy systems, is critical for rural livelihood development. A 

photovoltaic solar system provides an alternate source of electricity for people who cannot 

acquire it from the national grid due to the distance and costs involved. It is challenging to 

promote health, education, or poverty reduction without access to affordable energy. Brunet et 

al. (2018) suggested that photovoltaic solar energy (solar electricity) is cost-effective and 

efficient energy that has revolutionized socio-economic lives in African villages, cities, and 

countries. Giving poor people access to modern energy services changed their lives and helped 

them break the cycle of poverty. 

As described, the relevance of solar energy in rural families and community 

development is undeniable (Shahsavari & Akbari, 2018). It is a cost-effective and economical 

source of energy for rural dwellers. It is a source of energy that many individuals in the 

community may access regardless of their economic condition. When compared to alternative 

sources of energy, Shahsavari and Akbari (2018) discovered that photovoltaic solar systems 

are significant to rural households since their electricity is cost-effective and environmentally 

benign. It saves money because, depending on how much electricity the household consumes, 

the recovery/payback period for this expenditure can be brief; once the initial investment has 

been recovered, solar energy is effectively free. 

Photovoltaic solar energy can work as a catalyst for various activities, creating a space 

where education and health can be improved, assisting in poverty eradication efforts. 

According to studies, solar energy has been shown to be significant in bringing development 

to marginalized communities, mainly rural areas. It enables the use of electric illumination for 

evening study, electrical gadgets such as TVs, radios, cellular phone charging, and, most 

importantly, income-generating activities (Allen et al.,2019). Suppose the rural community's 
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livelihood is to be improved. Therefore, it is not only essential but also required to look at 

various alternative energy sources, such as renewable energy, particularly solar energy, rather 

than maintaining track of sources that appear to have endless obstacles. 

Okaka and Odhiambo (2018) examined the importance of solar energy by reviewing 

the risks and dangers caused by fuel combustion, which adds to the already high levels of 

greenhouse gases that contribute to global warming. Photovoltaic and solar concentrator energy 

as a solution, with a bright future due to its ability to power the entire world. However, he 

stated that even engineers find harnessing this free energy at high efficiency a problematic task. 

In addition, according to Bohra and AnvariMoghaddam (2022), critical atmospheric energy 

sources such as solar and wind power should be harnessed more effectively and converted 

directly into electricity and heat energy to meet the growing demand for cheaper power supplies 

and the challenges posed by the unprecedented increase in population and industrial products, 

as well as the development of technology. Humans seek ways to use more and more energy 

while avoiding damaging or even destroying the natural environment. 

 

2.3.2  Photovoltaic Systems Power Output Maximization  

Money and space can be saved by maximizing the output power of solar panels utilizing 

a combination of sun-tracking and maximum power point tracking done by fuzzy controllers. 

This is an essential factor to consider (Bhukya & Nandiraju, 2020). When working with low 

energy conversion efficiency applications, increasing output power increases efficiency. The 

characteristics of the surrounding environment and the load profile have a significant impact 

on the solar panel's maximum output power. 

This research aimed to develop a strategy for maximizing the amount of energy 

generated by a solar panel in a photovoltaic system. The names of the two fuzzy controllers 

employed simultaneously were fuzzy-based sun tracking and maximum power point tracking. 

Two DC motors with the appropriate design were used to change the horizontal and vertical 

alignment of the solar panels in order to perform sun tracking. An AC-to-DC converter was 

used to track the peak power point of the solar panels. In addition, the presented system was 

capable of obtaining I-V curves from solar panel data, which indicate current and voltage. 

Experiments demonstrated that the proposed fuzzy techniques enhanced the amount of 

electricity delivered by the solar panel, leading to smaller, lighter, and less expensive 

photovoltaic solar panels. 
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2.3.3  Performance of Solar Photovoltaic Modules Models 

The power output of a solar photovoltaic module was investigated using several models. 

One of the research goals was to build an adequate model for predicting the performance of 

solar photovoltaic modules (Al-Waeli et al., 2020). Adjustments to the layouts of solar 

photovoltaic systems were performed using the model in order to provide a sustainable 

electricity supply. This research looked at various models, including efficiency, power, fill 

factor, and current-voltage characteristic curve models.  

When the weather was gloomy, the models anticipated a yield of just 40% of the rated 

power, but they predicted a yield of up to 80% when the sky was bright. When low irradiance 

was taken into account, the models performed brilliantly, preserving electricity on cloudy days. 

The design of the better model, which included both analytical and numerical methods, resulted 

in an inaccuracy of +/- 2% compared to the rated power output of a solar photovoltaic module. 

The proposed model is more adequate in terms of the number of variables used and acceptable 

performance in humid environments. 

 

2.3.4  PV Modules Power Prediction 

Predicting the cost evolution based on cumulative installed capacity is the first step in 

growing the use of photovoltaics for electricity generation (Pahle et al., 2022). This learning 

curve was first published and used to create PV module predictions, followed by predictions 

for system cost reduction. Forecasts based on the time axis are more subject to the impact of 

political actions and altering market conditions than this technique. Cost reductions due to 

innovation, scaling effects, enhanced project management, standardized procedures, including 

the hunt for better sites, and project size optimization were only possible during the first 

construction of a project. As a result, it was suggested that a comparison be established between 

CAPEX and cumulative installed capacity in order to demonstrate the technology's future 

advancement potential to the market and political system. Despite this, it was unable to derive 

a learning curve from the extensive literature on the cost of CSP that it had read. It was critical 

to design a coherent cost structure for direct and indirect capital expenditures to conduct future 

evaluations.  

Reference costs were generated using typical power plant layouts and then forecast 

future prices. The Levelized Cost of energy for solar thermal power plants should only be 

computed for specific projects with varied capacity factors at different locations, taking into 

account the cost structure and learning curve. 
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A unique approach for assessing solar irradiance has been created by modelling solar 

irradiance and solar PV power generation to develop a resource evaluation using linear multiple 

multivariate regression. This method was created by Kumar et al. (2020). A solar photovoltaic 

resource dataset was created using satellite data. These data were combined with variables from 

numerical weather forecast assimilation models. Furthermore, ground-to-base measurements 

with excellent resolution were reported. Around 152,000 geographical areas, each dataset has 

about 26,000 hourly time increments. The outputs of solar irradiance were diffuse horizontal 

irradiance (DHI), global horizontal irradiance (GHI), and direct normal irradiance (DNI). The 

method was developed primarily in the United States of America, with ten different locations 

used to train a linear multiple multivariate regression scheme. The procedure was then used to 

examine data from various places across the entire geographic domain. In order to calculate 

solar PV power within the range of estimations for a 13-kilometre-diameter grid cell, the 

predicted irradiance was entered into the solar PV power modelling technique. The dataset was 

examined, and the results were used to calculate prediction capacity factors for solar resources 

across the United States from 2006 to 2008. Statistics were provided to demonstrate the 

system's efficacy in geographic regions that were not included in the training set.  

 

2.3.5  Photovoltaic Power Management Algorithms 

Other methods for analyzing the effects of power tracking algorithms on the longevity 

of power electronic devices used in solar systems have been developed and implemented 

(Abdulrazzaq & Ali, 2018). In photovoltaic solar energy systems, power management 

algorithms (PMAs), also known as maximum power point tracking (MPPT) algorithms, are 

frequently used to gather the maximum amount of available power at any given time. However, 

this may restrict the number of solar energy installations available.  

This is the fundamental reason for thermal stresses and disturbances imposed on the 

accompanying power electronic converters (PECs). The study looked into how PMA 

influences solar system DC-DC converter lifespan consumption, thermal stressors, and the 

number of breakdowns. Initially, theoretical analysis and model of photovoltaic solar systems 

were built, which included the electrothermal characteristics of converters. Then, utilizing two 

different PMAs, perturb and observe (P&O), and incremental conductance, research was 

conducted on photovoltaic solar systems. The research was carried out using these two PMAs 

(IC). Data was captured in real-time using a thermal imaging camera and d SPACE in a range 

of working scenarios. The thermal characteristics of the system are included in this data. 

Thermal cycling of converters was around 3 degrees Celsius hotter than IC techniques. The IC 
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reached 52.7 degrees Celsius at steady-state, whereas the P&O reached 42.6 degrees Celsius. 

Even though the IC technique provided a more precise power management tool, it caused more 

severe thermal stresses, resulting in 1.4 times the life consumption of the perturb and observe 

methods, according to the study's findings (P&O). 

 

2.3.6  Photovoltaic (PV) Array  

PV solar energy has the potential to be a viable alternative to fossil fuel-based 

generators (Hereher & El Kenawy, 2020). After examining the components and operating 

conditions of the refrigeration system that chills 150 litres of milk per day, this conclusion was 

reached. The system consisted of twenty photovoltaic modules rated at 120 watts peak each, 

two direct current motors rated at 650 watts and 24 volts, and two permanent magnets. It is 

critical to have simple solar-powered systems that give an adequate performance at a low cost 

in order to make more efficient use of PV solar energy generated by decentralised photovoltaic 

generators. Users will be able to build their economic activity without relying on third-party 

technologies as a result of this. Solar photovoltaic cooling research and development have 

mainly focused on developing chilling milk systems. 

A solar photovoltaic (PV) panel, according to Khatibi et al. (2019), is made up of PV 

cells that individually contain a semiconducting substance and are encased in glass. These cells 

are then connected to a load. When sunlight shines on a semiconductor, the electrons within it 

are excited. Following that, the electrons are gathered into an external circuit, resulting in 

electricity generation. An inherent internal field within the semiconductor performs this action. 

An array is made up of interconnected modules, whereas a photovoltaic module is made up of 

several corresponding PV cells. A collection, a charge controller, a DC-to-AC converter, and 

a battery are components of a PV solar system. 

The photovoltaic effect allows solar cells to receive photons and release electrons by 

including light-absorbing materials in their construction. The fundamental components and 

efficiency of various solar cells were examined and analysed by Mehdizadeh et al. (2018). 

Amorphous silicon is less efficient than crystalline silicon, and multi-crystalline silicon solar 

cells have efficiencies ranging from 14 to 19 percent. Other forms of solar cells are also 

included, as Battersby (2019) has already discovered. 

 

2.3.7  Influence of Temperatures on PV Cells 

The power output from a PV cell is essential as it determines the cell and the module 

power conversion efficiency. Huaulmé et al. (2020) stated that the loss of power output from a 
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PV cell declines with the increase of cell temperature and is expressed as output  

( ) CSTCAro TTTPP −=  Where; oP is PV cell power output rP rated power output, AT  ambient 

and Standard Test Temperatures, respectively, and 
CT is the Temperature Coefficient. The 

influence of cell output temperature was also shown to vary with cell temperature by Tress et 

al. (2019). 

 

2.3.8  Evaluation of Solar Photovoltaic Panel Driven Refrigeration System 

Ratlamwala and Abid (2018) investigated the performance of a solar photovoltaic 

panel-powered refrigeration system. Solar photovoltaic (PV) panels are used in the 

refrigeration system, and they play an essential role when paired with storage batteries. The 

performance of a solar PV panel-driven refrigeration system was examined experimentally. 

The variation in battery voltage was investigated in relation to panel size. To produce 

24 V, different series and parallel combinations were applied to four 35 W solar PV panels. 

Depending on the solar intensity, a current of 3-5 amperes was achieved using the above 

mixture. The experiment employed a refrigerator with a capacity of 50 litres and power 

consumption of 0.80 amperes AC at 230 V. An inverter that draws around 7 amperes DC from 

the battery bank at 24 V provided the requisite current and voltage. The refrigerator's 

compressor used 110 watts, which meant a 176-watt PV panel was needed. It's worth noting 

that the compressor used approximately 300 W for the first 50 milliseconds, 130 W for the next 

five seconds, and finally 110 W in 65 seconds. As a result, the panel size should be large enough 

to compensate for the early load requirements. 

 

2.4  Solar Refrigeration and Cooling of Perishable Products  

The Photovoltaics for Sustainable Milk for Africa via Refrigeration Technology (PV-

SMART) project, funded by USAID, is a unique and imaginative proposal to provide solar 

milk refrigeration on-farm to Kenyan dairy farmers. PV-SMART stands for "Photovoltaics for 

Sustainable Milk for Africa through Refrigeration Technology" (Sempiira, 2019). It combines 

a modified off-the-shelf direct-drive photovoltaic refrigerator (PVR) with unique chilling and 

energy storage technology to cool milk on the farm at night and transport it to dairy collecting 

facilities the next day. The battery-free PVR device is optimized for use in areas where there 

are at least four average peak sun hours per day. Farmers might earn a premium if they supply 

dairy processors with chilled evening milk of superior quality that would otherwise deteriorate. 
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The solar radiation heat gain that comes via the window and the impact of room surfaces 

and furnishings on how efficiently they absorb and transmit radiant heat define the Solar 

Cooling Load (SCL) variables (Verso et al., 2019). 

Refrigeration is necessary for the preservation of perishable foods such as milk (Vrat 

et al., 2018). In many regions of the world, rural areas produce vast amounts of food; 

nevertheless, these areas often lack preservation technology, such as freezers, resulting in 

significant food waste. Because there is a rough correlation between energy availability and 

cooling demand, solar refrigeration appears to be a viable option in most areas without access 

to electricity. Photovoltaic cells power compression refrigerators, but solar heat powers 

absorption refrigerators. Both types of solar refrigerators have their own set of benefits and 

drawbacks. This study investigates solid adsorbents and desiccants in thermal solar 

refrigeration systems. 

Commercial milk cooling systems are divided into extensive systems with a cooling 

capacity of over 20,000 litres, medium systems with a cooling capacity of 10,000 to 20,000 

litres, and small systems with less than 2,000 litres. Large and medium-sized commercial milk 

cooling systems have a high-power usage of more than 20kW. Most renewable energy sources, 

such as solar, are excellent for small milk cooling systems (Edwin et al., 2022). 

Sidney et al. (2022) planned, produced, and studied the operating conditions of a stand-

alone solar refrigeration plant using ice for thermal storage for 150 litres of milk. To generate 

the requisite ice for milk cooling, the refrigeration system components were of high capacity, 

and the system required two refrigeration cooling circuits. 

The milk temperature is around 37 degrees Celsius when it is finished being milked, 

and it will spoil if it is not chilled to at least 20 degrees Celsius within three to six hours 

(Gautam & Curtis, 2021). It is possible to reduce the amount of milk that spoils by storing it at 

cooler temperatures and adhering to proper hygiene standards (Zavala-Nacul & Revoredo-

Giha, 2022). As a result, milk should be kept at a low temperature to prevent bacteria from 

growing and keep bacteria levels within permissible limits set by national standards. For 

example, the Kenyan standard KS EAS 67:2007, as well as other national standards, establishes 

quality requirements for raw cow milk1. The process of cooling milk allows for extended 

storage times while also protecting the quality of the milk during transit. Milk is usually kept 

at 4 degrees Celsius for 48 hours (Meesilp & Mesil, 2019). However, in rural regions, because 

of the high energy cost provided by conventional electric grids and standalone diesel 

generators, this cooling method is usually restricted or not employed. These variables present 

an opportunity to adopt renewable energy-based sustainable energy practices. Because 
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photovoltaic systems are now available in rural areas of many African countries, this 

technology has become a viable choice for energy generation. After milking, quickly reducing 

the temperature of the milk prevents microbial multiplication and inhibits any chemical or 

enzymatic reactions that could compromise the milk's quality (Odeyemi et al., 2020). 

The solar milk cooling gadget freezes milk using solar energy (Sidney et al., 2022). The 

ice is placed in an insulated milk container's ice compartment, where sublimation is used to 

cool the milk. The farm's output and profitability have increased as a result of this system's 

ability to maintain cooler temperatures throughout transit and overnight storage. This type of 

chilling equipment has the potential to improve milk quality and provide value throughout the 

milk supply chain. 

Solar panels are connected to a control panel and batteries for the freezer with an ice 

maker in the ice-based solar-powered cooler. The system also includes a solar-powered ice 

maker (Abdelwanees, 2018). Small-scale farmers who struggle to keep their milk fresh and are 

not connected to their country's national electrical grid would greatly benefit from a solar-

powered cooler. Solar-powered ice is made in a separate container within the solar-powered 

cooler's highly insulated churns. The solar-powered chiller is used to store the ice. Milk can be 

chilled for up to 12 hours without risk of bacterial growth as a result of this. The system's ability 

to function in regions with limited solar radiation and high ambient temperature is due to the 

efficient storage of ice blocks utilised to keep the milk cooler. 

 

2.4.1  Solar-driven refrigeration system 

Solar-powered refrigeration systems get their energy from the Sun either directly as 

heat or indirectly through photovoltaic panels or clear photovoltaic glass (Memon et al., 2020). 

Solar panels that employ basic photovoltaic technology are presently the most cost-effective 

way to generate electricity. Photovoltaic glass, on the other hand, allows for the generation of 

power from previously unusable surfaces such as building windows (Cannavale et al., 2020). 

Many lenses or reflectors are used in concentrated solar power to collect a considerable amount 

of the Sun's thermal energy. Only the solar panel turns solar energy into direct current (DC) 

power. The direct current electricity leaves the solar panel and is transformed into alternating 

current by an inverter (Kim & Parkhideh, 2018). The inverter drives the compressor motor, 

converting the direct current (DC) power to alternating current (AC). A range of auxiliary 

components, such as a charge controller and a backup battery, are commonly used when 

building a solar-powered system (Lee & Callaway, 2018). 
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Ghodbane and Husse’n (2021) stated that a solar-powered refrigerator runs on solar 

energy instead of traditional electricity. Solar-powered refrigerators in hotter climes may be 

able to keep perishable commodities like meat and dairy cool. These coolers are also used to 

keep vaccines at the right temperature to prevent them from deteriorating (Owusu-Kwarteng et 

al., 2020). Solar-powered freezers are projected to become popular in less developed parts of 

the world to combat poverty and climate change. Vaccines can be safely stored in plug-in 

coolers with backup generators in wealthy countries; however, other chilled alternatives are 

required in developing countries with unreliable energy sources (Biswas et al., 2019). Solar 

freezers have been distributed throughout the developing world in an effort to lessen reliance 

on the two most frequent alternatives, kerosene or gas-powered absorption refrigerated coolers. 

The solar-powered refrigeration system at Johnson Space Center comprises the 

photovoltaic panel, vapour compressor, thermal storage and reservoir, and electronic controls 

(Diaby et al., 2021). For the refrigeration system to work, the solar panel's capacity to convert 

sunlight into direct current (DC) electricity is critical (Alsayah et al., 2019). The compressor is 

powered by direct current electricity, which circulates the refrigerant through a vapour-

compression refrigeration loop to remove heat from an insulated enclosure. The phase change 

material and the heat reservoir are contained in this container. This substance will begin to 

freeze as the heat from the container is removed. The creation of an "ice pack" as a result of 

this method permits the cage's temperature to remain constant despite the lack of sunshine. 

The refrigerator can maintain its cool temperature all year thanks to a well-designed, 

well-insulated cabinet, phase change thermal storage, variable speed compressor, and solar 

photovoltaic panel (Abdolmaleki & Berardi, 2022). Compressor control that maximizes 

available energy helps to increase the efficiency with which solar electricity may be converted 

into stored thermal energy. Two further power-saving measures are providing extra current at 

the start of the compressor's startup cycle and smoothing the power voltage with a capacitor. A 

controller monitors the rate of change of the smoothed power voltage to determine whether the 

compressor is operating at a power level above or below the maximum available power level. 

This allows you to change the compressor's speed if necessary. The compressor's operation has 

been tweaked so that it now aids in the conversion of the vast majority of available solar energy 

into thermal energy that can be stored. A cold-side water loop or the inclusion of an evaporator 

within the thermal storage could be beneficial uses. Electronic controllers can also be installed 

to supply backup power from another source, such as the electric grid. 
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2.4.2  Solar Small-scale Ice Maker Plants 

Solar photovoltaic (PV) systems provide a significant opportunity for ice production 

for cooling and refrigeration applications. Xiang et al. (2022) showed that ice might be made 

and used in agricultural settings without electricity, which is critical for the processing and 

preservation of food, pharmaceuticals, and vaccines. 

Several studies on solar-powered ice production refrigeration systems have been done 

to improve performance, lower costs, and minimize the environmental effect. Specifically, 

solar ice manufacturing systems use batteries, charge controllers, and PV systems (Li et al., 

2020). According to their findings, there is an urgent need to phase out the use of batteries due 

to their short life cycles, which make disposal difficult after their useful lives (Omariba et al., 

2018). 

Kasera et al. (2022) devised and tested a solar ice maker that does not require batteries. 

The refrigerated compressors in the system were controlled by a proprietary controller based 

on an innovative design that allowed for easy startup, maximum power tracking, and power 

management. As a result, the mission was completed successfully. They came to the conclusion 

that using ice to store thermal energy is acceptable not just because of ice's ability to provide 

power quickly but also because of ice's ability to retain a substantial amount of latent thermal 

energy. Because milk chilling procedures must be finished promptly in order to limit the 

number of germs present in milk and, as a result, retain the required quality of milk, ice thermal 

storage systems have been used in milk cooling (Ahrens et al., 2021). 

The performance of a small on-farm milk chilling system was investigated for PV 

applications in order to develop a simplified model for use in solar simulations (Torres-Toledo 

et al., 2018). The formation of ice and the cooling of milk in traditional milk cans are done with 

DC refrigerators, which are the backbone of the milk cooling system. The cooling system 

created ice blocks, which were then placed in a 20-litre milk can containing 17 litres of milk 

and 3 kilograms of ice to speed up the cooling process. This was done to speed up the chilling 

of the milk. According to the findings, the ambient temperature significantly impacted the 

refrigeration system's performance. At 20°C, 30°C, and 40°C ambient temperatures, the 

system's specific total energy consumption per litre of milk was 30 Wh/L. This value ranged 

from 43 to 58 Wh/L. The findings also provide a mechanism for predicting the energy required 

by a chilling milk system operating at a specific ambient temperature. This further optimization 

of solar system sizing in particular regions, ultimately providing business models with 

economic data inputs. 
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Using ice as a thermal storage medium for solar photovoltaic systems' thermal energy 

could greatly reduce the gap between peak and valley power demand in power generation 

systems (Pokhrel et al., 2020). In addition to changing loads, ice thermal storage systems move 

their customers' power usage from peak to off-peak hours, lowering their energy bills (Hamzeh 

& Miansari, 2020). According to Sanaye and Khakpaay (2020), ice thermal storage systems 

can reduce power plant equipment capacity by shifting peak power demand and lowering 

energy costs through conventional refrigeration systems. 

Li et al. (2019) compared the following thermal load and following electrical load 

methods to compare operation strategies for integrated cooling, heating, and power systems 

with thermal cooling storage. Thermal and electrical load following procedures were compared 

in this study. The article concludes that systems that use either of the two techniques produce 

environmental and energy savings. As a result, the most considerable percentage savings were 

achieved, including a 46.5 percent reduction in operational costs, a 37.4 percent reduction in 

carbon dioxide emissions, and an 18.5 percent reduction in primary energy usage. This shows 

that peak load in commercial operations has been steadily increasing, resulting in a significant 

difference between peak and valley loads over time. This increase could be due to the fact that 

peak load has risen over time. 

According to several experts, including (Rüdisüli et al., 2019), an increase in the 

difference between the peak and the valley could lead to additional power plants, resulting in 

an increase in fossil fuel use. This would have an impact on the global effort to protect the 

environment. Milk must be quickly cooled to avoid the formation of microorganisms and, as a 

result, to maintain its quality (Odeyemi et al., 2020). The effectiveness and cost of rapid milk 

cooling in a PV system might be achieved by completing the method in two steps using chilled 

water circulation and evaporator chilling to the required temperature, as illustrated by. This 

would speed up the chilling of the milk while also saving money (Owusu-Kwarteng et al., 

2020).  

 

2.4.3  Solar Powered Supercapacitor 

Combining energy storage and conversion of a solar-powered supercapacitor, coupled 

solar-powered supercapacitor with a plasmonic quantum dot solar cell (QDSC) sources as the 

photocurrent for charging and discharging a conjoined supercapacitor based on multiwalled 

carbon nanotubes (MWCNTs) was demonstrated by Kelly (2018). Gold Au fibres were 

integrated into a titanium dioxide/cadmium sulfide (TiO2/CdS) electrode to yield a 

TiO2/CdS/Au photoanode. The plasmonic effect of Au fibres was reflected in the higher 
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incident photon to current conversion efficiency (IPCE = 55%) and an improved overall power 

conversion efficiency (3.45%) produced by the TiO2, CdS and Au photoanode relative to the 

non-plasmonic TiO2 and CdS photoanode. A Janus type bi-functional electrode composed of 

MWCNTs on either face separated by the glass was prepared. It is coupled with the TiO2, CdS, 

Au electrode, and another MWCNT electrode to yield the tandem solar-powered 

supercapacitor. By channeling the photocurrent produced by the QDSC part under 0.1 sun 

illumination, the capacitance of the symmetric supercapacitor, without an external bias, was 

150 F g−1 which compares well with that of an external bias. Their innovative design for a 

photo supercapacitor offered a new paradigm for combining low-cost photovoltaics with 

energy storage to yield a technologically sound device that needs nothing else but solar energy 

to run. 

 

2.4.4  Solar Refrigeration Systems Models  

Various researchers have developed a number of models based on ice thermal storage 

systems for use in building air conditioning in order to optimise cost and life cycle. These 

models include: Raccanello et al. (2019) developed a theoretical model that can be used to run 

dynamic simulations of encapsulated ice storage. Micena et al. (2020) offered a thorough 

overview of ice storage as well as a road map for conducting economic analyses. Hinkelman 

et al. (2022) built an ice storage system model that used a more impressive tower, a pump, and 

a fan to simulate their operation. 

There have been models produced for the many components of solar refrigeration 

systems; however, because many companies manufacture these components, it has been 

challenging to find a solution to the model for the numerous components currently available. 

According to Garcia-Torres et al. (2021), a poorly sized solar refrigeration system causes the 

system's functioning to be terminated, resulting in low overall reliability and efficiency. 

The size of photovoltaic refrigeration systems, including PV panels, batteries, charge 

controllers, and height, has been predicted using general algorithm (GA) models. On the other 

hand, the models can only compute the size by repeatedly applying GA-based algorithms to 

every possible combination of systems and components in the manufacturer's component 

database. (Burhan et al., 2018). The PV cell and battery dimensions were incorporated into the 

Particle Swarm Optimization (PSO) model (Dai et al., 2019). The model outperformed the GA 

models, but its technical performance indicators were faulty, and due to the necessary revisions, 

it took a long time to provide meaningful results. 



44 

The performance of a compact milk cooler with ice storage that used DC compressors 

and adapters was studied by researchers (Antônio et al., 2018). Computer models were built as 

a result of the research to anticipate heat transmission inside the refrigerator in proportion to 

the volume of milk that needed to be chilled and the amount of ice that formed. In order to 

solve nonlinear heat transfer equations, the model used finite differences. This allowed the 

machine to calculate the ice temperature required for ice manufacturing. The model produced 

correct results when it came to calculating transient energy usage over a wide range of 

temperatures. However, there was little discussion on the system's modelling in terms of the 

volume of milk that could be refrigerated by it based on the solar insolation of a given location. 

Similarly, there has been a scarcity of information about models that can anticipate the 

available cooling load for a convectional AC refrigeration system with adapters for milk 

chilling based on the quantity of solar insolation available in a given geographic location. This 

is critical since solar insolation received at a given site varies. So, the amount of solar insolation 

is likely to alter the size of the system. 

 

2.4.5  Ejector Refrigeration Systems 

According to Sleiti et al. (2020), an ejector refrigeration system is a variation of the 

traditional vapour compression cycle (VCC). Ejectors are used in refrigeration systems instead 

of compressors to pressurise the refrigerant vapour generated from the evaporator and transfer 

it to the condenser. While being heated in the generator, the working fluid is subjected to high 

pressure and temperature. A high-pressure refrigerant vapour fills the nozzle. The working 

fluid is then accelerated to a high velocity, where it entrains motive steam from the evaporator, 

cooling the system. The mixed vapour steams directed to the condenser after being emitted 

from the nozzle. They are cooled and turned into liquids there. 

A portion of the liquid refrigerant is recirculated back to the evaporator via an 

expansion valve, while the remainder is pumped to the generator. Ejector cooling technology 

can provide air conditioning in large buildings and trains (Mao et al., 2021). On the other hand, 

ejector refrigeration systems always have a lower coefficient of performance (COP) than 

vapour compression systems. Nonetheless, when waste heat, solar energy, or exhaust heat is 

used to heat the generator of an ejector system, it might be more practical and cost-effective. 

COP stands for coefficient of performance (Hafner & Ciconkov, 2021). 
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2.4.6  Solar Bi-Ejector Refrigeration System 

The researchers developed and evaluated a mathematical simulation of a solar bi-ejector 

refrigeration system (Tan et al., 2018). A bi-ejector refrigeration system was presented in the 

study. The dual ejector refrigeration system lowered electricity consumption by replacing the 

mechanical pump with a vapour liquid ejector. It was a hugely important aspect of the ejector 

refrigeration system, which has a lot of applications based on solar energy and low-grade heat 

source regeneration or reutilization. The vapour and liquid ejector entrainment ratio were 

investigated using a performance model. The results revealed that the vapour and liquid 

ejectors operated similarly to the gas ejector. 

The vapour and liquid ejector continued to work at high efficiency when the discharge 

pressure was equal to the motive pressure. The effects of increasing the producing temperature 

on the gaseous, vapour, and liquid ejectors would have been different. The system COP grew 

as the generating temperature increased from 80°C to 95°C, but when the generated 

temperature exceeded 95°C, the COP declined. This was due to the vapour liquid consuming 

more motive vapour as the generating temperature increased. Based on the mathematical 

simulation model, the COP of such a bi ejector refrigeration system was anticipated to reach 

0.35. The producing, condensing, and evaporating temperatures were 90°C, 32°C, and 80°C, 

respectively, with R123 as the refrigerant. 

 

2.4.7  Ejector Refrigeration Cycle with Solar Collectors 

Khan et al. (2018) compared the arrangement of solar collectors for an ejector type 

refrigeration cycle. To examine the performance of three types of solar collectors, flat plate, 

evacuated tube, and compound parabolic solar collectors were used. The performances 

included the behaviour of heat absorbed by the collectors, heat loss from the collectors, and 

working fluid outlet temperature at various solar collector slopes. To forecast the performance 

of solar collectors, a new reliable heat transfer analysis approach was used. 

The analysis was based on various assumptions, such that the sky in Bandung is clear 

and dry from 0800 to 1700 hours and that thermal resistance at the cover and absorber plate is 

minimal. The numerical calculations show that the evacuated tube's solar collector performed 

better than the others under identical operational conditions. The most incredible heat that 

could be absorbed by an evacuated-tubes solar collector system with an aperture area of 3.5 m2 

with the highest sun intensity of 970 W/m2 at 12.00 with the solar collector horizontal was 

3.992 kW. The most extraordinary water temperature at the exit is 347.15 K, with a mass flow 

rate of 0.02 kg/s and an inlet temperature of 298 K. 
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2.4.8  Ejector Refrigeration Cycle  

Exergy studies and parametric adjustments were carried out for various cogeneration 

power units in the cement sector (Sani et al., 2020). The proposed construction of an entirely 

new power and refrigeration cycle was based on combining the Rankine cycle and the ejector 

refrigeration cycle. This integrated cycle allowed for the production of energy and refrigeration 

simultaneously. It can also run on flue gas from a gas turbine or engine and solar, geothermal, 

and industrial waste heat.  

An exergy study was performed in order to guide the thermodynamic increase of this 

cycle. After that, parametric research was conducted to see how the most critical 

thermodynamic parameters affected the combined cycle's performance. Furthermore, the 

settings were optimized using a genetic algorithm to attain the highest possible exergy 

efficiency. According to the data, irreversibility produced the most exergy loss in the heat 

addition activities, while the ejector generated the second-most exergy loss. Furthermore, the 

pressure at the turbine's inlet, the pressure at the turbine's outlet, the temperature of the 

condenser, and the temperature of the evaporator all have a major impact on the turbine's power 

production, refrigeration output, and combined cycle exergy efficiency. The optimal exergy 

efficiency was calculated to be 27.10 percent under the given circumstances. 

 

2.4.9  Solar Combined Ejector-Vapor Compression Cycle 

On the basis of the performance study, a model of a solar combined ejector-vapour 

compression refrigeration system was investigated (Ouelhazi et al., 2020). An internal heat 

exchanger was installed to improve the cycle's performance. The impacts of the working fluid 

and operating circumstances on system performance were explored, including entrainment 

ratio, COP, compression ratio RP, and exergy efficiency. R 114, R 141b, R 123ae, R 245a, 

R600a, R 365mfc, R 123ae, and R 1234ze were recommended working fluids. The maximum 

COP and exergy efficiency were found in R 114 and R 1234ze, followed by R 245fa, R 123ae, 

R 365mfc, R 141b, R 152a, and R 600a. For all operating conditions, the new solar ejector-

vapour compression refrigeration cycle has a higher COP than the standard ejector-vapour 

compression refrigeration cycle with R 1234ze. Due to its superior performance and 

ecologically benign qualities, R 1234ze was found to be a viable refrigerant for use in solar 

combined ejector vapour compression refrigeration systems. 
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2.4.10  Combined Power and Ejector–Absorption Refrigeration Cycle 

A study was done to compare the effectiveness of several ejector refrigeration methods. 

A parametric analysis of the combined power and ejector–absorption refrigeration cycle was 

carried out by Wang et al. (2019). It was suggested that the Rankine cycle and the ejector-

absorption refrigeration cycle could be merged to create new combined power and ejector-

absorption refrigeration cycle that could provide both energy and refrigeration concurrently. 

An ejector was inserted between the rectifier and the condenser in this combined cycle derived 

from processes previously presented by other writers. As a result, performance was improved, 

but the system's complexity remained relatively unaltered. A parametric study is required to 

determine the impact of the essential thermodynamic parameters on the cycle's performance. 

The temperature of the heat source, the condenser, the evaporator, the pressure at the turbine 

inlet, the temperature at the turbine inlet, and the concentration of the fundamental solution 

ammonia had a significant impact on the combined cycle's net power output, refrigeration 

output, and exergy efficiency, it was discovered. 

 

2.4.11  Solar Vapor Ejector Refrigeration System 

Because the solar heat supply fluctuates in reaction to changes in the amount of solar 

irradiation received by the system, maintaining the generator temperature of a solar vapour 

ejector refrigeration system is problematic (Devarajan et al., 2021). The study employed 

computational fluid dynamics (CFD) simulations to investigate the usefulness of a variable 

throat ejector (VTEJ) as a technique for increasing the performance of ejectors. The outcomes 

of the investigation lead to assumptions and conclusions. When enlarged, an ejector with a 

larger throat area and solar collector allows for a more comprehensive operating range of 

generating temperatures; nevertheless, when the ejector is used to its maximum capacity, the 

cost of the ejector rises dramatically. Limiting the generator's throat area, on the other hand, 

will restrict its operating temperature range. As a result, an ejector with a fixed throat area 

would be unsuitable for using solar radiation as a source of heat. Based on the experiment's 

findings, a link was established between the proper throat area ratio and operating temperatures 

for a VTEJ. The ejector can achieve optimal and consistent performance despite varying solar 

heat supply by adding this connection to modify the throat area ratio. 

 

2.4.12  Combined Power and Ejector Refrigeration System Analysis 

A zeotropic mixture was used to undertake a theoretical investigation of a combined 

power and ejector refrigeration cycle (Maalem et al., 2020). The effects of various combination 
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compositions were compared and contrasted. An exergy study was carried out on the cycle. 

According to the statistics, more than 40% of the exergy is lost in the ejector, where most 

exergy degradation occurs. The generator's heat exchange is the second-largest source of 

wasted exergy, accounting for more than 28% of the total. The proportionate amount of exergy 

eliminated by each component altered as the mass fraction of isobutane declined from one 

hundred percent to zero. At 7.83 percent, the blend of 50/50 isobutane and pentane had the 

highest exergy efficiency. For each of the mixes, the parametric analysis of the generator, 

condenser, and evaporator temperatures revealed that each of these three thermodynamic 

factors had a significant impact on the cycle's performance.  

 

2.4.13  Exergoeconomic Analysis and Optimization of Ejector Refrigeration Cycle 

The researchers conducted an exergoeconomic analysis and multi-objective 

optimization of an ejector refrigeration cycle powered by an internal combustion (HCCI) 

engine (Khaliq et al., 2021). According to several academics, ejector refrigeration systems 

fueled by low-grade heat sources are an intriguing area for research. This study used the waste 

heat generated by an HCCI (homogeneous charge compression ignition) engine's exhaust gases 

to power the ejector refrigeration system. A new two-dimensional model for the ejector has 

been devised, taking into account the effects of friction on the ejector wall. A study of the 

recommended system's energy, exergy, and exergoeconomic was undertaken using MATLAB 

software. 

Furthermore, using the exergy efficiency and product unit cost as objective functions, 

a multi-objective optimization was performed on the system to determine the ideal values for 

its design variables, such as the temperatures of the generator, condenser, and evaporator. This 

allowed the outstanding values for those variables to be determined. We were able to reduce 

the unit cost while increasing the product's exergy efficiency by using the evolutionary method. 

The Pareto frontier was drawn using the results of multi-objective optimization as a set of 

optimal spots. The ejector refrigeration cycle is operating at its best in terms of product unit 

cost and exergy efficiency when the generator, condenser, and evaporator operate at 

temperatures of 94.54 °C, 33.44 °C, and 0.03 °C, respectively. This was decided based on the 

results of the optimization. 

 

2.4.14  Vapor Absorption Refrigeration System 

According to Ghodeshwar and Sharma (2018), the majority of a vapour absorption 

refrigeration system consists of a binary solution consisting of a refrigerant and an absorbent 
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serving as the working fluid. The evacuated vessel on the left carries liquid refrigerant, while 

the connected vessels on the right hold binary solutions or absorbents. Both vessels have been 

evacuated and are connected. The pressure within the cooling vessel falls due to the solution's 

ability to absorb vaporised refrigerant from the container. 

The evaporation of the refrigerant contained within the cooling vessel causes the 

refrigeration effect. The circulating solution will progressively become diluted due to the high 

concentration of absorbed refrigerant. The refrigerant is circulated throughout the system via 

the pumps in the system. According to Li et al. (2019), Vapour absorption refrigeration 

technologies are inconvenient and difficult to modify to meet the needs of the milk cooling 

process. 

The refrigerant is taken from the evaporator and compressed at high pressure by the 

compressor in a vapour compression system (Bilen et al., 2022). Furthermore, the compressor 

allows unfettered refrigerant transport throughout the refrigeration cycle. Two different 

devices, absorbers and generators, are responsible for suction and compression during the 

vapour absorption cycle. The absorber and generator replace the compressor in the vapour 

absorption process. The absorber allows the refrigerant to flow by absorbing its heat as it moves 

from the absorber to the generator. The manner by which energy is transferred into the system 

is another significant contrast between vapour compression and vapour absorption cycles. An 

electric motor operated by an electric motor is the source of energy that is input into a vapour 

compression system in the form of a mechanical function. The output of an energy supply in a 

system that uses vapour absorption is heat. This could be due to the heating process or the 

steam generated by hot water. 

All of the processes in a vapour compression refrigeration system also occur in a vapour 

absorption refrigeration system. These processes include compression, condensation, 

expansion, and evaporation. Ammonia, water, or lithium bromide are used as refrigerants in 

vapour absorption refrigeration systems (McLinden et al., 2020). In the condenser, the 

refrigerant condenses, while in the evaporator, it evaporates. The refrigerants exert their 

cooling effect in the evaporator while releasing heat into the condenser's atmosphere. 

 

2.4.15  Thermodynamic Analysis of Refrigeration Systems 

The refrigerant used in the systems is an essential parameter for evaluating the 

performance of refrigeration systems. Yi et al. (2022) investigated the thermodynamic and heat 

transport properties of R1234yf and R1234ze (E) as R134a drop-in replacements in a small 

power refrigeration system. The study presents two independent assessments of R1234yf and 
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R1234ze as drop-in replacements for R134a in a modest power refrigeration system. The first 

study assumes that evaporation and condensation temperatures are the same before and after 

the refrigerant change. The second analysis was carried out under similar cooling medium 

conditions in the condenser, taking into account the three refrigerants' transport properties and 

heat transfer characteristics. 

A simulation model was created to do the studies, taking into consideration the 

dimensions, characteristics, and specific data of the critical components of a small power 

refrigeration system. For R134a, the model was validated using experimental data, and it was 

then used to predict behaviour for R1234yf and R1234ze. The results demonstrated that if the 

decrease in the analysis was carried out for equal condensation temperatures or similar 

temperatures of the cooling medium in the condenser, various conclusions could be drawn and 

that these results are influenced by the condenser design. R1234yf appears to be an excellent 

drop-in refrigerant for R134a, although R1234ze may function better when an override 

compressor is used to match the cooling power of the refrigerating system.  

 

2.4.16  Optimization Solar-Powered Adsorption Refrigeration System 

The rate of heat transfers and the amount of mass delivered by the collector dictate the 

performance of absorbent refrigeration systems. It's critical to figure out how the two variables 

differ for optimization purposes. The structure of a solar-powered finned-tube adsorption 

refrigeration system was optimised, and performance tests were done, according to Wang et al. 

(2018). 

A large-diameter aluminum-alloy finned-tube absorbent bed collector was designed 

and optimised. This was done to improve the collector's heat and mass transmission. The 

relatively constant temperature distribution aided the adsorption/desorption of the adsorbate in 

the absorbent bed in the absorbent bed. The adsorbent bed collector's collection effectiveness 

ranged from 31.64 to 42.7 percent, and the temperature distribution was stable. A solar-

powered solid adsorption refrigeration system was created using an absorbent bed collector 

with finned tubes. Experiments related to the adsorption/desorption process were done with 

and without valve control in four different weather conditions. On this beautiful day, there was 

a clear sky, a partly cloudy sky, a cloudy sky, and an overcast sky. The working pair for 

adsorption refrigeration in the testing was activated carbon and methanol. This combination 

was used. A maximum COP of 0.122 and a maximum daily ice output of 6.5 kg were attained 

over the course of the study. Different meteorological conditions were used to observe ice-

forming activities, including sunny with a clear sky, partly cloudy sky, and a foggy atmosphere. 
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When total solar radiation was 11.51 MJ and the sky was cloudy, the cooling effectiveness of 

the system was 0.039 percent. This was true even when the device was exposed to direct 

sunlight. In the adsorption/desorption process, the solar-powered adsorption refrigeration 

system with valve control has a much greater cooling efficiency than the system without valve 

control. 

 

2.4.17  Solar-Powered Adsorption Cooling System 

Solar-powered adsorption cooling systems have difficulty providing cold constantly 

throughout the day due to the intermittent nature of solar radiation. The systems will have to 

deal with this. A study investigated a thermodynamic analysis of a hypothetical solar-powered 

adsorption refrigeration system in continuous operation (Oluleye & Boukhanouf, 2019). The 

design and implementation of a solar-powered adsorption cooling system have been completed. 

The proposed system, which worked successfully around the clock, could provide the essential 

cold whenever needed. 

The theoretical foundation for the system's thermodynamic operating cycle was the 

adsorption process at a constant temperature. The cooling system's operational strategy and the 

thermodynamic cycle have been thoroughly documented and explained. In addition, all 

processes and components of the newly introduced system were subjected to a steady-state 

differential thermodynamic analysis. The research was based on energy conservation theory 

and equilibrium dynamics of adsorption and desorption processes. The adsorption equilibrium 

equation of Dubinin and Astakhov was used in this study. 

Furthermore, the refrigerant's thermodynamic properties were estimated using its 

equation of state as a starting point. This case study looked at a water chiller that activated 

carbon and methanol to cool water. The chiller was capable of producing 2.63 kg of cold water 

at 0°C per kilogramme of adsorbent per day from 25°C water. The suggested technology also 

achieved a cooling performance coefficient of 0.66.  

 

2.4.18  Solar Adsorption Refrigerator Powered by a Parabolic Trough Collector  

The authors reported a scenario in which the reactor was heated by a parabolic trough 

collector (PTC) and linked to a heat pipe (HP) in their investigation of the solar adsorption 

cooling machine (Ouagued et al., 2018). The reactor's porous media was activated carbon, 

which interacted with ammonia by adsorption. The refrigerant's equilibrium equations, 

adsorption isotherms, heat and mass transfer within the adsorbent bed, and energy balance in 

the hybrid system components were used to build a model. The model used actual climate data 
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to calculate the machine's performance. The expected results showed that the recommended 

system, compared to existing systems driven by flat plate or evacuated tube collectors, can 

reach a high level of performance due to the high efficiency of PTC and the high flux density 

of heat pipe. Because of PTC's effectiveness, this was conceivable. 

Cavallaro et al. (2018) proposed using solar refrigerators to store vaccines in regions 

where daily energy is less than eight hours. The WHO specifications were more stringent. It 

was unable to evaluate whether solar refrigerators are advantageous in locations where power 

outages are less frequent. The researchers simulated solar versus electric mains-powered 

refrigerators (which will be referred to as "electric refrigerators" in the following paragraphs) 

at various supply chain locations and under varying conditions using a computational model of 

the Mozambique routine immunisation supply chain generated by HERMES. The annual cost 

of each solar refrigerator is 132 percent higher than the yearly cost of each electric refrigerator 

at the district level. 

In comparison, the annual cost of each solar refrigerator is 241 percent higher at the 

health facility level. Solar refrigerators were more cost-effective than electric refrigerators 

when there were more than five one-day power outages per year at the district level or health 

institutions. This was true even when the carryover period for electric refrigerators was longer 

than the outage. Solar refrigerators saved money because power outages lasting two days 

occurred more than three times per year at the district level and more than twice per year at the 

health facilities. Solar refrigerators saved money when one-day outages occurred more than 

once per year at the facility level, when two-day outages occurred more than once per year at 

the district level, or when they occurred once per year at health facilities because their annual 

cost was only 75% higher than an electric refrigerator. Solar refrigerators become cost-effective 

on both levels as a result of this. The outcomes of the study matched WHO and Gavi's 

recommendations. Compared to refrigerators powered by electricity, solar refrigerators may 

have lower total expenses per dose of medication due to fewer power disruptions. Their study 

determined the number and duration of power interruptions required for solar refrigerators to 

produce a lower overall cost per dose when compared to electric refrigerators at various solar 

refrigerator pricing. 

 

2.4.19  Solar-Powered Adsorption System with Activated Alumina and Activated Carbon  

When activated alumina was submitted to a series of laboratory tests using a continuous 

radiation heat flow, it was well known that it had a higher adsorption capacity. Sugiartha (2020) 

used activated alumina and activated carbon as sorbents in an experimental study of a solar-
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powered adsorption refrigeration cycle. In solar-powered adsorption refrigeration cycles, 

activated carbon is a common type of adsorbent. During this investigation, a solar-powered 

adsorption refrigeration cycle with a generator packed with various adsorbents was exposed to 

solar radiation in the Indonesian city of Medan. 

The generator is heated by flat-plate solar collectors measuring 0.5 metres by 0.5 

metres. Experiments on solar-powered adsorption cycles were carried out using four different 

types of generators: one filled with 100% activated alumina (designated as 100AA), one filled 

with 75% activated alumina and 25% activated carbon (designated as 75AA), and one filled 

with 100% activated carbon (designated as 100AC). Each case was investigated for three days 

in total. The performance, as well as the temperature and pressure histories, were then presented 

and analysed. The coefficients of performance (COP) for 100AA, 75AA, 25AA, and 100AC, 

respectively, were determined to be 0.054, 0.056, 0.06, and 0.074. The most important 

conclusion from these findings concerns Indonesian conditions and flat plates. 

Employ a mixture of ammonia and water as the working fluid in a combined-power 

Rankine refrigeration cycle and an artificial neural network to analyse its thermodynamic 

properties. Zhang et al. (2019) proved that the combined cycle might generate power and 

refrigeration from a single external heat source. A secondary turbine was built after the boiler 

in order to expand the hot, weak solution that was being released. This was done in order to 

attain the best possible exergy efficiency. Furthermore, an artificial neural network (ANN) was 

used to describe the thermodynamic properties of the cycle as well as the impact of the input 

thermodynamic variables on the cycle's performance. This was done to ensure that the results 

were correct. The combined cycle's net power production, refrigeration output, and overall 

output were shown to be heavily influenced by energy efficiency, turbine inlet pressure, 

refrigeration temperatures, and heat supply. Furthermore, the ANN's conclusions are similar to 

those of the mathematical simulation, and they cover a more excellent range of cycle 

performance evaluations. The combination of activated carbon and methanol outperforms 

activated alumina in solar collectors. 

 

2.4.20  Solar Adsorption Refrigeration System with Concentrated Collector 

Aramesh et al. (2020) experimented with a concentrated collector and a solar adsorption 

refrigeration system. The adsorbent bed, condenser, evaporator, cooling subsystem, and solar 

collector were the system's most essential components. The vapour-saturated mattress was 

heated by sun radiation during the experiment's first phase. As a result, the bed's temperature 

and pressure increased. A switch was turned to connect the bed to the condenser after the 
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required bed pressure was achieved. As a result, water vapour continuously flowed from the 

bed to the condenser, where it was cooled and condensed into a liquid. The bed needed some 

time to cool down after completing the desorption process. The bed's circulating water loop 

became available due to the solar-shielding state produced using aluminium foil. The heat built 

in the bed was released due to the constant flow of water through the bed, resulting in a 

reduction in the pressure imposed on the bed. The valve leading to the evaporator was opened 

when the pressure in the bed fell below the saturation pressure at the evaporation temperature. 

The zeolite material did an excellent job absorbing the massive amount of water vapour that 

had just entered the bed. The refrigeration effect was caused by significant evaporation of the 

water contained within the evaporator. Regardless of the adsorption time, the SAPO-34 zeolite 

had a higher COP (system performance coefficient) and SCP (system-specific cooling power) 

than the ZSM-5 zeolite, according to the results. This was true regardless of the time gap 

between adsorptions. The SAPO-34 zeolite-based system achieved a maximum COP of 0.169. 

Sorption systems, which include absorption and adsorption refrigeration systems, were 

among the most efficient solar heating and cooling technologies. Sztekler et al. (2021) 

investigated solar-powered air conditioning systems that can adjust to a variety of solar 

collector temperatures. A modular silica gel and water adsorption chiller was built and put 

through its paces during testing. A LiBr chiller with a single/double effect and a water 

absorption chiller was used and evaluated. It was conceptualised, designed, and tested a LiBr 

and water-based absorption chiller. We built and tested a CaCl2 and AC–ammonia adsorption 

refrigerator. A new ice maker that absorbs H3 and H2O and has improved internal heat 

recovery has been developed. A single/double effect LiBr and water adsorption chiller and a 

modular silica gel and water adsorption chiller are among the five systems available. The 

researchers exhibited a water and ammonia absorption chiller, a CaCl2/AC (activated carbon) 

and ammonia adsorption refrigerator, and a water and ammonia absorption ice maker with 

improved internal heat recovery. The five sorption chillers/refrigerators we've looked at work 

in a wide range of operating temperatures and can handle a wide range of refrigeration needs. 

A presentation on the systems' thermodynamic design and system development was followed. 

All of the systems were more advanced than the previous ones, and they held a lot of promise 

for highly efficient solar cooling in the near future. 

 

2.4.21  Solar-Powered Closed Sorption Refrigeration Systems 

Day et al. (2018) highlighted in their general reviews on solar-powered closed sorption 

refrigeration systems that the negative environmental consequences of burning fossil fuels had 
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forced the energy research community to investigate renewable sources such as naturally 

accessible solar energy. The energy research community has been forced to explore renewable 

alternatives due to the severe environmental repercussions of fossil fuel burning. For thermally 

powered refrigeration, two methods are used: thermo-mechanical technology and sorption 

technology (open systems or closed systems). 

An in-depth look into closed solar sorption (absorption and adsorption) refrigeration 

systems with functioning pairs (fluids). A report on the evolution of solar sorption refrigeration 

technology and the most recent technological breakthroughs was delivered after an explanation 

of the underlying concepts underpinning these systems. Most of the time, the adsorption 

cooling temperature needed was lower than the absorption cooling temperature requirement. 

Absorption systems are preferred over adsorption systems based on the coefficient of 

performance (COP). However, solar adsorption systems might readily handle higher 

temperature problems if used instead. The thermodynamic properties of the majority of 

currently used working fluids and the use of ternary mixtures in solar-powered absorption 

systems were examined in this study. As a result of this research, a number of novel solutions, 

such as the creation of hybrid or thermal energy storage adsorption systems, have been 

proposed to increase the fundamental adsorption cycles' operational efficiency and long-term 

viability. According to the findings of this study, solar-powered closed sorption refrigeration 

technologies can be viable alternatives not only for air conditioning, refrigeration, ice 

production, thermal energy storage, or hybrid heating and cooling applications but also for 

energy conservation and environmental protection (Razmi et al., 2019). 

 

2.4.22  Absorption Refrigerator Driven by Solar Cells 

In areas where electricity is unavailable, solar energy could power a portable or vehicle-

mounted absorption refrigerator (Du et al., 2018). A solar-powered absorption refrigerator was 

used for experiments and research (Erzen et al., 2019). The goal of this experiment was to see 

how a solar-powered absorption refrigerator worked. An energy storage battery provided 

power in the evenings and on days when the weather was bad. If an alternating current (AC) 

power supply was available, the energy storage battery might be fully charged to serve as a 

backup supply. The suggested system was validated by cycling between 550 and 700 W/m2 of 

solar irradiation as a source of solar energy and 500 cc of room-temperature water as a cooling 

load. 

The proposed refrigerator can maintain a temperature of 5 to 8 degrees Celsius after 

160 minutes, and the COP of the NH3-H2O absorption refrigeration system is around 0.25. As 
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a result, this system was expected to be used in isolated places for the refrigeration of food and 

beverages during outdoor activities in remote and desert areas, for long-distance food road 

transportation, or for low-temperature vaccine refrigeration to prevent food or vaccines from 

decaying. 

 

2.4.23  Solar Absorption Cycle of Ammonia 

The utilised couples of absorbents refrigerating fluids and the solar energy collecting 

and unit refrigeration using an improved, have been conceived of and explored following the 

completion of a bibliographic study project on absorption cycles (Al-Yasiri et al., 2022). The 

simulation results under a permanent regime addressed variation in performance standards 

based mainly on the study's retained workers. The findings showed that ammonia's improved 

mono-pressure absorption cycle is perfect for producing cold using solar energy. An essential 

plate collector may obtain a power output of 900 watts, sufficient for household use. 

An investigation into the performance analysis of an independently operating solar 

absorption refrigerator was done (Galindo et al., 2018). Water and a Libr machine were used 

to keep the temperature cool during the day. The performance of the refrigerator was simulated 

using a dynamic model. The solar-powered absorption device could be used for two different 

purposes. The sun's radiated radiation provided the thermal component of valuable energy. It 

was required to use more power in addition to the electric energy to operate the pumps, fans, 

and control system. 

On the other hand, the sun can provide all of the energy required. Heat concentrators 

and solar cells were both used in this case. The user must be aware of the geometric properties 

of each component, such as the exchange areas and internal volumes, in order to simulate the 

dynamic regime of the cycle. The applied thermodynamic research unit (ATRU) of the 

Engineers' National School of Gabes (Gabes) provides information on the essential qualities of 

a stocked refrigerator. The thermal and matter balances in each component of the cycle had to 

be created in order to model the performance of a solar absorption refrigerator operating with 

the water and LiBr couple for air cooling in the dynamic regime. This breakthrough allowed 

for the simulation of the cycle. The proposed model was capable of completing intermittent 

refrigeration cycles on its own. 

 

2.4.24  Modified Solar Absorption Refrigeration System 

Several improvements were made to improve the performance coefficient of a solar-

powered absorption refrigeration system (COP). The addition of a refrigerant storage unit and 
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the recovery of waste heat from a dephlegmator were changing. Simulated results from Shabari 

et al. (2018) indicated a 10% increase in the COP of the conventional design with dephlegmator 

heat recovery and an 8% increase in the COP of the traditional design with refrigerant storage. 

The COP of the conventional design increased by 8% as a result of these two increases. 

According to the data, the cumulative effect of the adjustments results in an 18 percent increase 

in the COP compared to a traditional design. The computed coefficients of performance show 

excellent agreement with those obtained through measurement. 

It was observed that even a slight increase in the thermal efficiency of power cycles 

might result in significant cost savings in the generation of energy; hence, having a tool that 

allowed simulation of power cycles enabled modelling of the best changes for the best results 

(Zare & Palideh, 2018). During this period, research on the Organic Rankine Cycle (ORC), 

which intended to create energy at low power through cogeneration and whose working fluid 

is often a refrigerant, also increased dramatically. This area of study grew in popularity. A tool 

for designing the components of an ORC cycle and selecting the working fluid would be 

helpful. This is because the heat sources from cogeneration are so variable, and each situation 

would require a unique design. The development of a multiplatform simulation programme for 

power cycles and refrigeration is part of this study. The software was written in the C++ 

programming language and had a graphical user interface. It was created in a multiplatform 

environment and is Windows and Linux compatible. The programme allowed users to create 

custom power cycles, choose the type of fluid (thermodynamic properties are computed using 

the Cool Prop library), calculate the plant's efficiency, identify flow fractions in each branch, 

and generate an educational report in pdf format using the LaTeX tool. 

 

2.4.25  Hybrid Solar Cooling System 

The tested and reported solar hybrid cooling architecture featured radiant cooling via 

absorption refrigeration and a desiccant dehumidification system. This design was created to 

meet a typical subtropical location's high cooling load requirements (Fong & Lee, 2020). The 

ventilation load (predominantly latent) is handled by desiccant dehumidification. In contrast, 

chilled water from absorption refrigeration and radiant cooling manages the zone cooling load 

(which is mainly sensible). This is the case for the typical cooling load of a building. The 

regeneration of the desiccant wheel and the operation of the absorption chiller are powered by 

solar energy in this hybrid system.  

Desiccant dehumidification was used since the high chilled water temperature 

generated by the absorption chiller was insufficient to manage the needed latent load. Desiccant 
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dehumidification, radiative cooling, and absorption refrigeration were all driven by solar 

energy. Radiant cooling was also included in the system. Using dynamic modelling, the 

researchers in this study were able to assess the application potential of a solar hybrid cooling 

system for high-tech offices in subtropical locations. Internal sensible heat gains were quite 

prominent in high-tech offices due to electrical equipment. One of the offices' characteristics 

was this. Two of the most critical performance measures were the fraction of energy derived 

from the sun and the amount of primary energy consumed. Both passive and active chilled 

beams, both popular forms of chilled ceilings, were used in the comparative research for the 

solar hybrid cooling system. The solar hybrid cooling system was technically feasible for more 

outstanding cooling demand applications. The classic vapour compression refrigeration system 

consumed roughly 36.5 percent more primary energy per year than the solar hybrid cooling 

system. When combined with a solar hybrid cooling system in a hot and humid environment, 

passive chilled beams were the more energy-efficient choice. This was the case when 

comparing the two options for chilling ceilings. It would be beneficial to power air conditioners 

with solar energy to mitigate the effects of climate change and contribute to reducing carbon 

emissions. 

Absorption refrigeration and reversible solid/gas processes can be combined to create 

hybrid systems with the continuous operation and excellent thermal performance of absorption 

systems and the energy storage efficiency of thermochemical systems. These hybrid systems 

can be made by combining technology. Rosato et al. (2020) proved that hybrid systems could 

correct the mismatch and run continuously even when the driving source is intermittent, such 

as solar heat. They may also be ideal for autonomous operation off the grid if adequately 

constructed and sized. Both absorption and thermochemical systems use natural working fluids 

that do not deplete the ozone layer or contribute to global warming. 

 

2.4.26  Solar Ammonia Absorption Refrigeration system 

Even in the absence of electric grid connectivity, the Solar Ammonia Absorption Cycle 

(SAAC) refrigeration system provides low-cost, efficient, and stable refrigeration. Garcia and 

Rosa (2019) used the Intermittent Solar Ammonia Absorption Cycle (ISAAC) to examine 

refrigeration. The study was carried out in underdeveloped countries. A compound parabolic 

solar collector, two pressure vessels, a condenser, a cold box or refrigerated chamber, and 

simple connecting pipes made up the refrigeration system. The majority of the components are 

simple plumbing or building supplies, which are readily available in many isolated locations. 

Because it includes semi-skilled labour that is reasonably easy to learn, this technology has the 
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potential to produce a low-cost and reliable source of ice and a source of employment for the 

local economy. Storage of vaccinations for use in medical clinics, fish, meat, dairy products, 

and personal consumption are all possible applications. Significantly, this technology improves 

the quality of life in impoverished countries without depleting fossil fuel supplies or increasing 

greenhouse gas emissions like carbon dioxide and chlorofluorocarbons. This is a significant 

achievement. 

 

2.4.27  Combined Power and Absorption Refrigeration systems 

The device that combined the Rankine and absorption refrigeration cycles used a binary 

mixture of ammonia and water as the working fluid and produced both power and refrigeration 

from a single heat source. The parametric optimization analysis research of Moghimi et al. 

(2018) focused on a combined power and refrigeration cycle. A parametric analysis was used 

to assess how thermodynamic factors affect combined cycle performance. 

The temperature of the refrigeration system, the temperature of the turbine inlet, the 

temperature of the heat source, the temperature of the environment, the pressure at the turbine 

inlet, and the concentration of basic solution ammonia had a significant impact on the combined 

cycle's exergy efficiency, net power output, and refrigeration output. A genetic algorithm was 

used to optimise settings in order to obtain maximum possible exergy efficiency. The ideal 

exergy efficiency was 43.06 percent under the given conditions. 

 

2.4.28  Solar Lithium Bromide Absorption Refrigeration Cycle 

The performance of refrigeration systems based on a linear Fresnel solar thermal 

photovoltaic system was tested by Singh and Das (2021). The Solar Lithium Bromide 

Absorption Refrigeration Cycle was the name given to their research. This paper explains the 

operation and system components of the linear Fresnel solar lithium bromide absorption 

refrigeration cycle. The report also discusses several absorption refrigeration cycles, such as 

single-effect, two-stage, and double-effect lithium bromide absorption refrigeration cycles. A 

linear Fresnel solar absorption chiller system was modified by adding an absorption chiller 

system built utilising the optimal parameters. The field refrigerator performance test results 

show that, based on this heat cycle design and processing lithium bromide absorption 

refrigeration power up to 35,2 kW, it is capable of meeting theoretical expectations, has good 

flexibility and dependability, and provides guidance for solar thermal energy utilisation. 

In addition to flat plate collectors and the hot water storage tank, Elsheniti et al. (2021) 

developed a computer programme to simulate the functioning of a two-bed silica gel and water 



60 

adsorption cooling system. This application was used to affect the operation of a solar 

adsorption cooling system. The programme was then used to simulate the functioning of a 

sample solar adsorption cooling system in order to cool a group of rooms in the Iranian city of 

Ahwaz with a total size of roughly 52 m2. The system was modelled using typical Ahwaz 

climatic data, such as the amount of solar radiation and average temperatures. The data includes 

adsorption/desorption bed, evaporator, condenser temperature profiles, and hot, cooling, and 

chilled water profiles. The impact of cycle time, switching time, and hot water temperature on 

COP and refrigeration capacity is also investigated. Furthermore, the effects of solar collector 

surface area and storage tank volume on total system cost are analysed in order to determine 

their optimal values for optimising the thermo-economic performance of the investigated 

system. This is done in order to determine their optimal values, which are capable of identifying 

their optimal values. 

 

2.4.29  Optimization of Solar Absorption Refrigeration Systems 

Figaj and odek (2021) used the dynamic behaviour of a solar absorption refrigeration 

system working under a reversible paradigm to optimise a solar-powered absorption 

refrigerator in the transient domain. Introductory thermodynamics, mass, and heat transfer 

principles were used in the research. To do this, the time spent exchanging heat was reduced 

in order to maximise performance. The temperature of the collector has a significant impact on 

the model's parameters, with effects comparable to those of thermal load and thermal 

conductance. The dynamic manner of theoretical examination of an absorption refrigeration 

system using a reversible model is the subject of this paper. Solar energy was used to power 

the device, which operated as a cold-producing station. A chilled room, an absorption 

refrigerator, and a solar collector shape made up the cycle. The fundamentals of 

thermodynamics, mass transmission, and heat transport were all incorporated into a 

mathematical model. The numerical simulation was conducted using a variety of operational 

and conceptual parameters. A worldwide optimization with the goal of reducing time was 

carried out in order to attain optimal performance. It was critical to creating appropriate 

dimensionless categories. The collector temperature has a much more significant impact on 

conceptual and functional aspects than the stagnation temperature. The thermal load in the 

refrigerated space and the thermal conductance of the walls, on the other hand, showed parallel 

impacts, showing that these factors must be considered during the actual design process. As a 

result, the model is a valuable tool for modelling, designing, and optimising solar collector-

based energy systems. 
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Solar collectors can function in a wide variety of temperatures. Therefore solar-

powered air conditioning systems can still be helpful. The most efficient sun cooling options 

are sorption systems, which include absorption and adsorption refrigeration systems. An 

ammonia adsorption refrigerator, a water and ammonia absorption ice maker with improved 

internal heat recovery, a modular silica gel and water adsorption chiller, a single/double effect 

LiBr water absorption chiller, a LiBr water absorption chiller with CaCl2 and AC (activated 

carbon), and an ammonia adsorption chiller were among the five systems demonstrated. The 

five sorption chillers/refrigerators we've looked at work in a wide range of operating 

temperatures and can handle a wide range of refrigeration needs. As illustrated, the systems 

were designed with thermodynamics and system development in mind. These approaches are 

more efficient than those currently in use and could provide extremely desirable solar cooling 

options in the near future. 

Huang et al. (2018) developed an anti-idling system that uses a battery and an engine-

driven generator to run the refrigeration system's compressor for an optimal power 

management system for a regenerative auxiliary power system to deliver refrigerated vehicles. 

In refrigerated delivery vehicles, this technique would be used. He concluded that idling could 

be eliminated by turning off the engine and using the battery to provide auxiliary power 

whenever the truck was halted for loading or unloading. Regenerative braking was also used 

to improve the amount of gasoline saved. For this system's power management to work 

correctly, it is required to meet two requirements. It needed to reduce the total gasoline used 

during the cycle first. Second, it had to ensure that the battery had enough power to keep the 

refrigeration system functioning while the engine was turned off. As a means of meeting these 

goals, a two-level controller was proposed. A fast-dynamic programming technique was used 

in the higher level of this controller to identify the suboptimal beginning and final State of 

Charge SOC values for any two consecutive loading/unloading stops. This strategy made use 

of statistical data derived from a refrigerated truck's drive and duty cycles. Based on the upper-

level controller's beginning and final SOC values, the lower-level controller used an adaptive 

equivalent fuel consumption minimization (A-ECMS) method to calculate the split ratio of 

auxiliary power between the generator and the battery for each segment. According to the 

simulation results, the newly devised technology has the potential to eliminate the practise of 

refrigerator trucks idling and significantly cut their fuel consumption. As a result, the expense 

of replacing components could be recouped in a short amount of time. 

Valencia et al. (2019) investigated an adsorption-desorption refrigeration and air 

conditioning system powered by the sun and using nanostructured materials as the adsorptive 
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medium. These nanostructure materials include aerogels, zeolites, and sol-gels. Molecules of 

refrigerant could be adsorbed onto the enormous surface area of the nanostructural material 

while it was kept at a temperature close to room temperature. It's possible that this happened at 

night. The refrigerant was thermally desorbed from the surface of the aerogel during daylight 

hours when the nanostructure components were heated by the sun. Within the aerogel-

containing vessel, this resulted in the creation of a pressurised gas phase. The sun creates this 

pressure, which forces the heated gaseous refrigerant through a condenser and opens an 

expansion valve. The condenser is in charge of collecting heat from the refrigerant by cycling 

air or water through the system and then removing it. The cooled gaseous refrigerant expands 

isothermally through a throttle valve and into an evaporator, similar to traditional vapour 

recompression systems. 

 

2.4.30  Solar Adsorption Chiller Using Silica Gel Water Mixture 

Adsorption refrigeration systems were developed to replace conventional systems that 

use environmentally hazardous refrigerants and consume high-grade electrical power, 

according to a research project conducted by Pan and Wang (2018) to review solar adsorption 

chiller utilising a mixture of silica gel and water. When addressing cooling needs in remote 

places, such as air conditioning, ice making, water chilling, and medicinal or food preservation, 

solar adsorption refrigeration systems are essential. Furthermore, they did not corrode, emit 

noise, or negatively affect the environment.  

When using adsorption refrigeration, several refrigeration pairings were discovered to 

be available (Chen et al., 2019). The authors of the review research looked at a number of 

different silica gel-water adsorption refrigeration systems. According to the study's 

conclusions, the bulk of the system could operate at a low generation temperature of 70 to 80 

degrees Celsius, with chilled water temperatures of 10 to 20 degrees Celsius. The pressure 

range of the system is 1 to 12 kilopascals (kPa). The adsorption chiller's performance 

coefficient (COP) was between 0.3 and 0.5. 

 

2.4.31  Solar Adsorption Refrigeration System with CPC Collector 

The flat plate collector is commonly used to design and test collectors for solar 

adsorption cooling systems. On the other hand, concentrating collectors have gotten virtually 

little research in this area. CPCs, or compound parabolic concentrators, are versatile solar 

collectors that may be customised to a wide range of geometries and applications. Masood et 

al. (2022) researched the topics mentioned above. Only a piece of a CPC collector with a 
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tubular receiver containing the sorption bed was exposed to solar radiation in the paper. Only 

a portion of the receiver was exposed to sunlight to achieve this. The geometric specifications 

of the proposed CPC are detailed here, including the profile, length, and height of the reflecting 

sheet. A solar adsorption chiller prototype using this collector and the activated carbon-

methanol working pair has been detailed in detail, with representative experimental results 

published. Solar COP has been measured to be between 0.078 percent and 0.096 percent. 

 

2.4.32  Adsorption Reactor Solar Refrigeration System 

Alvarez et al. (2021) investigated a solar refrigerating unit using an adsorption reactor 

and evacuated tube collectors. The principles of operation of a solar refrigerator with the 

following fundamental components were provided: a reactor, a set of evacuated tube solar 

collectors, a condenser, a heat exchanger, and an evaporator. Solar energy was captured during 

the heating phase and transmitted to the reactor via a vapour thermal syphon loop for 

desorption. A second water vapour loop released heat from the reactor to the atmosphere during 

the cooling phase. During the adsorption and desorption processes, ambient data was recorded 

on a daily basis for 18 years and then separated into hourly values for use in replicating the 

temperatures of the reactor, which used salt loaded with graphite and ammonia. The results 

showed that the refrigerator worked effectively in Fortaleza, with better results expected in the 

Ceara countryside. Finally, it was demonstrated that the system could use a high-efficiency 

collector set. 

Bagheri et al. (2019) conducted an exergy analysis of a combined vapour power cycle, 

and boiler flue gas has driven double effect water–LiBr.This study presented a combination 

vapour power cycle (PC) and double effect water and LiBr absorption refrigeration system 

(ARS). The boiler leaving the PC's flue gas is the heat source for the dual effect ARS's high-

pressure generator (HPG). An exergy study of the suggested system was carried out to show 

how the topping PC's performance and the bottoming ARS changed when the HPG temperature 

increased from 120 to 150 degrees Celsius. The performance of a double effect ARS integrated 

combined power, and cooling system was also compared to a single impact ARS integrated 

system. The HPG temperature of the dual impact ARS was 80OC, and the generator temperature 

of the single effect ARS was 120OC. The power and efficiency of the topping PC reduce as the 

HPG temperature rises due to a fall in the boiler's steam output rate. Exergy and COP efficiency 

of the double effect ARS decreased as HPG temperature increased. Due to increased exergy 

loss with HPG exiting flue gas and irreversibility of the ARS components, irreversible losses 

in PC components were reduced. 
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In contrast, the total irreversibility of the combined power and cooling system grew 

with HPG temperature. The replacement of the double effect ARS with the single product ARS 

had little impact on PC performance. In contrast, the dual effect system achieved more 

outstanding COP and exergy efficiency with significantly reduced irreversible losses in the 

HPG and ARS condenser. 

 

2.4.33  Constant Temperature Adsorption Refrigeration System 

As a result of recent advancements, CO-SAR, which stands for continuous operation 

solar-powered adsorption refrigeration, was born. Alahmer et al. (2020) investigated the 

dynamic analysis of the CTAR cycle (constant temperature adsorption refrigeration). The first 

SAR machine, which stood for solar-powered adsorption refrigeration, was a cold-production 

gadget that only worked intermittently. The continuous temperature adsorption refrigeration 

(CTAR) cycle provided the theoretical basis of the CO-SAR machine. 

The adsorption process occurs at a constant temperature equal to the temperature of the 

surrounding environment in this cycle. There must be a temperature difference between the 

adsorption bed and the surrounding atmosphere in order to have a driving potential for heat 

transfer. The study's dynamic analysis of the CTAR cycle provided may be seen here. This 

study compared and contrasted the theoretical and practical applications of the CTAR cycle. 

The dynamic model was built on the basis of the adsorption equilibrium equation and the 

energy and mass balances in the adsorption reactor. The findings suggest that the idealisation 

of the constant temperature adsorption process, often known as the theoretical CTAR cycle, 

was not too far off the mark and might be corrected. Furthermore, increasing heat transmission 

between the adsorption bed and the surrounding environment during the bed pre-cooling phase 

speeds up heat rejection from the adsorption reactor, bringing the process closer to isothermal 

operation.  

 

2.4.34  Characterization of Autonomous Solar Adsorption Refrigeration System  

The construction of an autonomous solar adsorption refrigerator was documented by 

Wu et al. (2021). The researchers praised the refrigerator's portability and small size. The 

refrigerator operates continuously throughout the day and night cycles, using water as its 

working fluid and silica gel as its adsorbent. A collector and absorber surface area of one cubic 

metre was required for a cooling volume of approximately 100 litres, and the total mass of the 

system was around 150 kilogrammes. Lightweight materials were used in the equipment's 

construction to reduce its mass as much as possible. A high-performance insulation material 
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was used to insulate the cold storage room, which reduced heat loss while maintaining an 

acceptable level of cooled volume. The need for manual manipulation during normal operation 

has been eliminated thanks to the development of a brand-new automatic valve system. In a 

Sahelian climate, proper cooling system sizing allowed for a daily temperature reduction of 30 

K for the equivalent of 2.5 to 3.7 kg of water. The evaporator was built to store cooling energy 

as ice, gradually released over three days of cloudy weather. The solar-powered refrigerator 

was assembled through a collaborative effort involving a number of locally owned businesses 

and workshops. Between May and September of 2012, the system was tested thanks to a 

collaboration with a non-governmental organisation. The tests were carried out in a Sub-

Saharan African region where an equivalent model had been built using locally available 

materials. In Burkina Faso, a market study was carried out to determine the viability of solar 

adsorption refrigerators in the country. According to the study's findings, establishing a 

production workshop in Burkina Faso for the manufacture of such refrigerators would be 

advantageous. 

According to Hayat et al. (2019), the photovoltaic effect is the most crucial factor in 

converting solar energy into usable electricity. Photons bombarding photovoltaic cells cause 

an electromotive force to be generated within the material. The Seebeck effect is a phenomenon 

in which an asymmetric thermal differential causes charge carrier mobility. By combining solar 

evacuated tube technology with commercially available Bismuth Telluride semiconductor 

modules, the study advances the state-of-the-art in thermoelectric system management. The 

primary heat source was chosen to be solar radiation, and the direct heat sink was chosen to be 

thermal convection into the surrounding air. The wind-aided the forced convection process. 

These energy sources were replicated in a controlled laboratory environment in order to 

maintain a thermal dipole across a thermoelectric module. Following that, the device was tested 

in a natural setting. Experimental confirmation of theoretical electrical characteristics in 

relation to a varying electrical load and a net thermoelectric power gain that can be 

implemented in applications in ambient environments are among the novel aspects of this work. 

The energy efficiency of a sophisticated solar-powered refrigeration system was 

investigated. Lekbir et al. (2018) examined a solar refrigeration system incorporating the most 

recent and significant technological advances in training solar systems (SCS) and improved 

absorption units. The energy behaviour of an absorption refrigeration system with an air-cooled 

natural gas-solar heat exchanger was evaluated and analysed with the help of a hybrid power 

plant (GAX). The intended methodology called for a calculation sequence for the external 

currents and an iterative procedure for the internal currents due to the high degree of 
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nonlinearity displayed by the resulting system of occupations. Both of these processes would 

be carried out again. The unit's working fluids were ammonia and water, and its capacity was 

10.6 kilowatts, which was equivalent to 3 tonnes of refrigeration cooling load. A GAX cycle 

configuration ensured a maximum of 19 percent solar input at full load, with the possibility of 

more at part loads. This GAX cycle configuration was recommended because internal energy 

integration was prioritised. Despite using air at 40 degrees Celsius and 24 to 25 percent relative 

humidity as a cooling medium, a coefficient of performance (COP) of 0.86 in cooling mode 

and 1.86 in heating mode was achieved, with an internal energy integration of 1.013 mJ/min, 

which is 37 percent more energy than is supplied in the generator. Compared to the flow rates 

of an essential cycle, the circulation rate and flow rate of the mass in the GAX cycle were 73 

percent and 62 percent lower, respectively, than the flow rates of a primary cycle. 

A study was conducted on the performance analysis of minimally nonlinear, 

irreversible refrigerators with a finite amount of cooling power (Long et al., 2018). The 

coefficient of performance, or COP, for universal refrigerators with a limited cooling capacity 

was thoroughly investigated using the least nonlinear irreversible model. The work proposes 

minimum and maximum values for the COP in various operating areas. Considering the tight 

coupling requirements, they estimated the universal COP limits for a number of distinct 

operating environments. When the refrigerator was utilised in a region with a lower external 

flux, the researchers discovered that the general boundaries of 0 contained significant values. 

This was in contrast to the relatively small amount of electricity lost during peak cooling 

capacity. When the amount of cooling power was the primary concern, it was determined that 

it was preferable to operate the refrigerator at a slightly lower level of cooling power than the 

maximum level, as even a small reduction in cooling power results in a significantly greater 

increase COP. 

 

2.4.35  Solar Collector Adsorptive Refrigeration System  

Using a solid adsorption cooling unit based on the binary silica gel and water couple 

was a promising way of harvesting solar energy for refrigeration via an adsorptive refrigeration 

system that incorporated a solar collector with a thermal insulating module (Entezari et al., 

2018). The study led to the creation of a mathematical model for modelling the system in a 

range of scenarios, which was shown to be congruent with experimental findings. Several 

completed simulations demonstrated the need to build a regulated reactor that can cool at night.  

In addition, the simulations demonstrated the advantages of using a solar collector that 

is easily accessible, as well as how the thermal insulating module should be positioned across 
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the glass near the thermal radiation once the desorption process is complete. As a result of the 

better nighttime cooling of the collector, the simulation results show that this arrangement has 

a more outstanding COP. 

 

2.4.36  Trough Collector Solar Adsorption Refrigeration System 

Bellos and Tzivanidis (2018) investigated the design and performance characteristics 

of a parabolic trough collector-based solar adsorption refrigeration system. The work done, 

which included both experimental and statistical optimization methodologies, revealed that a 

built model of a solar adsorption refrigeration system might be designed to match specific 

needs and specifications. The most modern design can function as a refrigerator and cooling 

unit in remote locations. Olive waste was used as the adsorbent, while methanol was used as 

the adsorbate in this system—a solar collector with a parabolic trough reflector powers the 

system (PTC). The cooling output, coefficient of performance, and COP a were used to 

determine the system's efficiency (gross cycle coefficient of performance). 

Statistical analysis and hands-on experimentation were used to obtain the best values 

for the system design parameters in this study. The cooling chamber's lowest temperature was 

4 degrees Celsius, while the outside temperature was 27 degrees Celsius. As the actual cooling 

began, the temperature gradually dropped between 20 and 30 degrees Celsius. The temperature 

dropped more till it hit 4 degrees Celsius at 01:30 the following day when it began to rise again. 

The COP value of 0.75 was discovered to be the highest. 

 

2.4.37  Freeze Proof Solar Powered Adsorption Cooling System 

The mechanical and experimental performance of a freeze-proof solar adsorption 

cooling tube made from activated carbon and methanol was investigated (Zhao et al., 2018). 

The study focuses on a freeze-proof solar-powered adsorption cooling tube through mechanical 

and empirical research. The testing findings showed that the most incredible adsorbent bed 

temperature was below 110 °C when solar radiation was between 15.3 and 17.1 MJ per m2. 

When the evaporation temperature was around four °C, the freeze-proof solar cooling tube had 

a cooling capacity of approximately 87 to 99 kJ and a coefficient of performance (COP) of 

more than 0.11. 

 

2.4.38  Solar Powered Thermoacoustic Refrigeration System 

De and Ganguly investigated a cold storage system's design and dynamic behaviour 

with a solar-powered thermoacoustic refrigerator (2019). According to the study, a heat-
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powered thermoacoustic refrigerator consists of a thermoacoustic engine that generates 

acoustic work using heat and a thermoacoustic cooler that turns this acoustic energy into a 

cooling effect. These units had already proven their worth in laboratory and space cooling 

applications. Previous research has shown that concentrated solar energy can be used as a 

thermal energy source for low-power heat-driven thermoacoustic refrigerators. Even while the 

cooling requirement generally increased with the strength of solar radiation, like with other 

solar refrigeration systems, one of the primary challenges was ensuring a frigorific power 

supply when there was no or low solar radiation. 

This research aimed to investigate a kW-scale solar thermoacoustic refrigerator capable 

of reaching industrial refrigeration temperatures. This refrigerator was paired with latent cold 

storage to ensure enough chilling capacity in the face of refrigeration loads regardless of output 

changes. The examined prototype was described, and the model constructed to characterise the 

transient behaviour of the machine's primary components was presented. The findings of a one-

week simulation with fundamental solar radiation were introduced, and the behaviour and 

energetic performances of the complete system were investigated. Finally, the impact of cold 

storage system sizing was explored. With the optimal storage design, the system was capable 

of producing a cooling power of 400 W at a temperature of 20°C or below, with a solar 

thermoacoustic refrigerator average coefficient of performance of 21%. 

 

2.4.39  Solar Electrochemical Refrigeration System 

A dye-sensitized solar cell and a thermally regenerative electrochemical refrigerator 

were coupled to study an idea for a solar-powered electrochemical refrigerator. This made it 

possible to create a solar-powered electrochemical refrigerator (Zhao et al., 2020). The 

researchers accounted for a variety of irreversible losses that occur within the dye-sensitized 

solar cell, the thermally regenerative electrochemical refrigerator, and between these two 

devices to derive mathematical formulas for the performance parameters of the dye-sensitized 

solar cell, the thermally regenerative electrochemical refrigerator, and the solar-driven 

electrochemical refrigerator. The energy balance equation calculated the electric current 

relationship between the dye-sensitized solar cell and the thermally regenerating 

electrochemical refrigerator. The solar-powered electrochemical refrigerator has a maximum 

cooling rate density of 800.47 W m2 and a maximum performance coefficient of 0.80. These 

are their values. A tiny layer thickness was appropriate for getting the best results from the 

system. The performance of the solar-powered electrochemical refrigerator was greatly 

enhanced by increasing the photoelectron absorption coefficient, specific charge capacity, 
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isothermal coefficient, or regeneration efficiency. If the Schottky barrier is more considerable, 

the internal resistance is more excellent, and the temperature differential between the hot and 

cold heat reservoirs is more significant, the performance of the solar-powered electrochemical 

refrigerator will be reduced. The findings could have benefited the design and optimization of 

a refrigerator of this type in the future. 

Cheekatamarla's research aimed to promote the development of liquid/gas absorption 

cycles by using solid/gas chemical interactions at high temperatures. The study came up with 

some exciting ideas for thermally integrating solid/gas thermochemical processes with 

liquid/gas absorption. These restrictions do not apply to solid/gas thermochemical working 

pairs, but they do to water/lithium bromide and ammonia/water, two well-known liquid/gas 

absorption working pairs. Due to their corrosiveness and thermal disintegration at high 

temperatures, these limitations do not apply to solid/gas thermochemical working couples. To 

achieve additional refrigeration effects, it is feasible to thermally combine single-effect and 

double-effect liquid/gas absorption with solid/gas reaction in a high-temperature area. The 

study offers and evaluates a number of coupling configurations that could be used with a variety 

of working pairs. 

Furthermore, it creates a mechanism for estimating the global machine's COP. Suresh 

et al. (2020) discovered that hybrid systems are a viable alternative if the primary goal is to 

reduce CO2 emissions. This is because hybrid systems can compensate for the shortcomings 

of one technology by utilising the advantages. This is because hybrid systems can compensate 

for one system's weaknesses by using the capabilities of the other. 

The "happening in these systems" phenomenon describes the transformation of thermal 

energy into chemical energy and vice versa that occurs as a result of thermochemical reactions 

(Parida et al., 2022). Depending on the design and desired outcome, these processes can 

produce cold or heat. If, on the other hand, a solid sorbent is used, the refrigeration unit will 

come to a halt. In terms of energy storage, however, thermochemical methods are preferred. 

The thermal energy supplied to these systems is either stored as chemical bonds or chemical 

potential, and the inverse process can be employed to retrieve this energy later (Mahon et al., 

2021). These systems are ideal candidates for long-term energy storage, generally referred to 

as seasonal storage, because of the high energy density of the working pairs and the low heat 

losses that occur during operation. As a result, we know more about these devices' storage 

capacity, which bodes well for their use in solar-powered applications. 

The term "thermochemical storage" refers to various techniques that may or may not 

include sorption (Aydin et al., 2015). Both chemical adsorption and chemical absorption are 
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formed in chemical sorption. As the fundamental distinguishing property between the two types 

of sorption, the sort of force at work distinguishes physical sorption from chemical sorption. 

Chemical sorption is caused by valence forces, while Van der Waals forces cause physical 

sorption. Another distinction between chemical and physical sorption is the process's 

thermodynamic unpredictability. The valence equals two in the case of physical absorption and 

adsorption but one in the case of chemical sorption. Mono variant processes are commonly 

used to describe solid-gas sorption processes. Reversible solid-gas reactions have a high energy 

density because they are dependent on reaction heat, which is greater than both sensible and 

latent heat. This reduces the required equipment's size, cost, energy density, and the energy 

stored (Moumin et al., 2019). The existence of a solid, which creates a constraint in heat and 

mass transmission and has a negative impact on the system's kinetics, is the fundamental 

limitation of storage systems based on reversible solid-gas processes. Because the constraint is 

imposed by the solid, this is the case. A variety of potential solutions to this problem have been 

proposed in the literature, including the usage of fluidized reactive beds.  

 

2.5  Performance Evaluation of Solar Adsorption Refrigeration System 

The effectiveness and efficiency of a solar adsorption refrigeration system using a 

wing-type compound parabolic concentrator were investigated by Ojha et al. (2021). Using a 

wing-type compound parabolic concentrator (CPC), a simulation study was conducted on a 

solar adsorption refrigeration system using a wing-type compound parabolic concentrator 

(CPC). The system includes a condenser, a refrigerator, an adsorption bed, and an angle-

adjusted wing-type collector for maximum efficiency. As opposed to a linear collector, a wing 

collector may gather more solar energy in the morning and afternoon and maintain an adequate 

temperature for a more extended period. The study's purpose was to assess the system's 

performance, quantify the impact of wing length, and compare the performance of other linear 

CPC systems and wing types. 

The mass and energy balance equations served as the foundation for developing a 

comprehensive dynamic simulation model. The simulation demonstrated that the system 

performance of a wing-type CPC increased by up to 6% in the summer and up to 2% in the 

winter when compared to a linear CPC with the same collector length. The wing-type CPC 

allows for a 13 percent increase in ice output during the hot summer months. This demonstrated 

that the wing-type CPC outperforms the linear CPC with the same collector length and without 

the necessity for tracking in terms of system performance. 
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2.5.1  Performance of Mobile Solar Adsorption Refrigeration System  

Adsorption results in a decrease in pressure, which can lower the temperature to the 

desired level. Thiangchanta et al. (2020) investigated the design and prediction of solar 

adsorption cooling for mobile vaccine refrigerators. Adsorption cooling is a technique for 

chilling a substance that uses a pressure decrease generated by the adsorption of adsorbate onto 

an adsorbent. This method can transport vaccines that need to be kept at temperatures between 

-2 and -8 degrees Celsius to stay viable. The temperature in the primary chamber can be 

lowered via water adsorption into zeolites, which can also result in a decrease in pressure. The 

process of water absorption will become less critical until it achieves saturation. Heat is 

essential for the system's continuity since it starts the desorption process. The portable 

vaccination refrigerator can reach 2 degrees Celsius in 180 seconds and provide up to 1,530 

watts of cooling electricity, according to a simulation done in MATLAB. The temperature of 

the vaccine compartment may remain within the permissible limit for up to 15.6795 hours due 

to the insulation. 

The absorption vapour compression hybrid refrigeration cycle has been proposed as a 

possible way to reduce the amount of mechanical effort required when using low-grade heat 

sources like solar energy. Yang et al. (2019) researched the best refrigeration settings, 

behaviour switching, and thermodynamic analysis for a hybrid absorption–compression 

refrigeration cycle. The thermodynamic process behind the hybrid refrigeration cycle will be 

investigated in this study. The ultimate refrigerating temperature (also known as the maximum 

temperature lift) and behaviour turning are considered fundamental notions that have been 

improved. The interaction mechanism of raising compressor pressure with other relevant 

factors and the effect of increasing compressor pressure on cycle performance were explored 

using this data. The most critical requirements were the concentration differential, the working 

fluid circulation ratio, and other factors. According to the investigation, when the compressor's 

output pressure changed, the performance of the hybrid refrigeration cycle changed. 

Furthermore, whether the absorption or compression subsystem was dominant 

determined the performance of the hybrid refrigeration cycle. When the parameters are 

changed, the behaviour switches direction and the heat-powered coefficient of performance 

reaches its maximum value. The performance of the hybrid refrigeration cycle was at its peak 

in this circumstance, as low-grade heat consumption was the most efficient. A solar hybrid 

refrigeration cycle with R134a and DMF as the working pair was simulated to support the 

theoretical analysis. The Peng–Robinson equation of state was chosen as the most suited 

method for obtaining the thermophysical properties of the R134a and DMF system. This 
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decision was taken after examining the prediction models' accuracy using data from the 

relevant literature. The results were very similar to the theoretical investigation. 

An absorption refrigeration cycle-based automotive air cooling system was investigated 

and modelled by Liang et al. (2020). The waste heat-driven vapour absorption refrigeration 

system is a replacement for the traditional vapour compression refrigeration technique used in 

automotive air conditioning. To cool the vapour, this system absorbs it. A steady-state 

simulation model was needed to undertake a performance analysis of the vapour absorption 

refrigeration system and examine the limits imposed by the proposed system. When compared 

to the typical refrigerants commonly used in vapour compression refrigeration applications, the 

water lithium bromide pair was chosen as a working mixture because of its superior 

thermodynamic and transport qualities. The suggested vapour absorption refrigeration system's 

pump requires less electricity than standard vapour compression refrigeration systems' 

compressors. It has been claimed that vehicles might have a single absorption system layout. 

 

2.5.2  Performance and Simulation Solar Vapor Absorption Cooling System 

The performance and modelling of a solar-powered vapour adsorption cooling system 

were investigated by Xu et al. (2019). Saudi Arabia has three distinct climates, and the study 

evaluated the efficacy of a single-effect absorption cooling system in each of them. The 

proposed system has a capacity of 10.5 kW and will run on LiBr and water pairs. The analysis 

discovered that the cooling cycle's significant dynamic response increased the time required to 

establish steady-state operations by up to 30% and made the system more susceptible to the 

formation of lithium bromide precipitation. The performance dynamics were also investigated 

under various heat inputs. 

The results showed that increasing the heat input reduced the transient's duration. In 

addition, the solar absorption system's effectiveness was assessed by simulating a typical 

summer day in each of Saudi Arabia's climate zones. If there is no alternative heat source 

between the hours of 9:00 a.m. and 4:00 p.m. every day, the results indicate that a combination 

of distinct collector zones must meet the absorber heating demand. Between midnight and nine 

a.m., it was concluded that external heating was required. Based on the data, the system was 

predicted to run more efficiently in Riyadh than in Jeddah and Dhahran. This study 

demonstrated that while analysing the performance of such systems, the thermal inertia of the 

system's components must be taken into account. 
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2.5.3  Performance Analysis of Solar Adsorption Cooling System  

Altun and Kilic (2020) investigated the effect of heat storage tank placement on solar 

adsorption cooling system performance. A solar-powered adsorption cooling system was added 

to the design and an insulated storage tank. The storage tank was expected to play a substantial 

role in the chiller's overall performance, which it did. The solar-heated storage tank was 

connected to a single-stage, two-bed primary adsorption chiller. Two different ways to activate 

this chiller were silica gel and water. The solar collectors supplied hot water to the desorption 

bed, and the desorber's effluent was collected in a reserve tank. The reserve tank also provided 

water to the collector and completed the heat transfer cycle. The solar collector was in charge 

of sending hot water to the tank and then forwarded it to the desorber. The desorber's effluent 

was supplied to the collector once more. Studies comparing both systems were undertaken 

while they were in their steady states, in addition to the heat storage tank. The system's 

architecture was stable, and it was discovered that the system's performance improved after 

sunset due to heat storage. 

Many researchers are motivated to examine its possibilities because of the economic 

and environmental benefits of the solar adsorption refrigeration (SAR) system in the design of 

cooling systems. Panda et al. (2021) used multidimensional mathematical models to forecast 

the value of the SAR system's coefficient of performance (COP), which was obtained as a 

function of the evaporator, condenser, and generator temperatures. A mathematical model 

based on one-dimensional data gathering was constructed using fuzzy logic and regression 

analysis. The model provides several correlations between the COP value and condensation, 

evaporation, and generation temperatures. One-dimensional data gathering was used to create 

this model. Observations revealed that the results of calculating COP with the two different 

models matched the measured values quite well. Compared to the computed COP value, 

however, the fuzzy logic technique significantly outperformed the regression model. This is 

owing to the optimal nature of the procedures involved in creating the needed model using 

fuzzy logic. 

Halon et al. (2019) investigated the use of artificial neural networks to forecast the 

performance of solar adsorption refrigeration systems. The researchers suggested a method for 

analysing the performance of a single-stage solar adsorption refrigeration system with activated 

carbon R134a as the working pair. An artificial neural network was presented to calculate the 

system's performance parameters, including the coefficient of performance, specific cooling 

power, adsorbent bed discharge temperature (thermal compressor), and solar cooling 

coefficient of performance. The neural network toolbox in MATLAB (version 7.8) was used 
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to create the artificial neural network (ANN) utilised to predict performance. Temperature, 

pressure and sun insolation were the input layer factors. Researchers used a back-propagation 

technique with three different variations scaled conjugate gradient, pola-ribiere conjugate 

gradient, and Levenberg-Marquardt (LM) and logistic to find the optimal strategy sigmoidal 

transfer function. The 9-neuron LM algorithm was the most suitable for modelling a solar 

adsorption refrigeration system after training. R2 values for ANN performance parameter 

predictions are close to 1, and the maximum error rate is less than 5%. This means that the 

forecasts and the experimental results agree. The RMS and covariance values were found to be 

within the acceptable ranges. 

 

2.5.4  Simulation of Solar Autonomous Absorption System 

Because of Algeria's vast terrain and the significant number of geographically isolated 

rural districts, there is a high demand for solar-powered, autonomous cooling systems that do 

not require an auxiliary boiler. In Batna, Algeria, Ammari et al. (2018) investigated the 

performance of a small capacity solar autonomous absorption air-conditioning system in 

combination with a low-energy residential building. Using the TRNSYS-EES application, a 

dynamic simulation model for solar autonomous absorption air-conditioning systems was built. 

The model was used to explore the system's practicability and evaluate its performance using 

the meteorological conditions in Batna, Algeria. With a single effect, the suggested system 

used solar thermal flat plate collectors to power a modest-capacity LiBr water absorption 

chiller. This was done to suit the cooling needs of a typical low-energy residential construction 

with a floor area of 120 m2. A model of a 4.5 kW cooling capacity commercial absorption 

chiller was created using EES software. Because the prediction and experimental data had a 

high degree of concordance (R2 > 0.98), the validation findings demonstrated that the model 

could accurately anticipate the chiller's performance. According to the dynamic analysis 

results, the proposed mechanism and size allow the chiller to operate for up to ten hours each 

day. This ensured a steady supply of cold water (between 8 and 18 degrees Celsius) and a 

comfortable temperature of 26 to 28 degrees Celsius. 

Alizadeh et al. (2018) studied solar-powered perfect adsorption cooling systems, 

including numerical modelling and performance evaluation. In a solar-powered adsorption 

cooling system, the study looked at one of the environmentally beneficial approaches to 

reducing cooling energy requirements. To analyse the broad theoretical performance trends of 

a solar-powered adsorption cooling system, TRNSYS and MATLAB were used throughout the 

investigation. Several constant and seasonal transient models investigated the effects of a range 
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of cycle improvements, working pairs, operating and design circumstances, and how these 

affected overall performance. A normalised model was also developed to assess the effects of 

various system sizes, the need for a backup power system, numerical modelling, the collector 

area, and the adsorbent mass. The results were presented as cooling capacity values and ratios 

weighted by the performance coefficient (COP). Under the investigated conditions, wet cooling 

towers, the thermal wave cycle, high evaporation temperatures, and evacuated tube collectors 

had the highest COP values. For both the primary and heat recovery processes, the adsorbent 

bed's heat capacity and shell were lower. To attain the highest COP possible, the adsorbent bed 

must be cooled to condensation temperatures in all circumstances. It was discovered that the 

temperature of the available heat source influenced the choice of a functional pair. This was 

the case because each working pair had a temperature range within it could perform. 

Pandya et al. (2018), from India, presented a paper that comprised the modelling and 

simulation of a solar absorption cooling system. The article illustrates a solar-powered, single-

stage absorption cooling system that uses a flat plate collector and a water-lithium bromide 

solution. Computer software was built to simulate various cycle configurations for the 

absorption system. Several meteorological data for the village of Bahal in the Bhiwani district 

in the Indian state of Haryana were used to do this. The impact of hot water inlet temperatures 

on the absorption cooling component's performance coefficient and surface area is being 

examined. The surface area of several system components was affected by the temperature of 

the entering hot water. The impact of the reference temperature, which was the lowest 

allowable hot water inlet temperature, was also assessed in terms of the fraction of total load 

satisfied by non-purchased energy (FNP) and the performance coefficient. A higher reference 

temperature increased the system COP while reducing the surface area of system components, 

whereas a lower reference temperature gave better FNP results. 

Cagnoli et al. (2018) created a detailed one-dimensional numerical model that 

explained the heat and fluid-dynamic behaviour inside a compound parabolic concentrator 

(CPC) utilised as an ammonia vapour producer. A two-phase flow model of a solar concentrator 

was used in this study to see if it might be used as an ammonia vapour generator in an 

absorption refrigerator. The governing continuity, momentum, and energy equations and the 

energy equation in the tube wall and the thermal analysis in the solar concentrator were solved 

in the CPC absorber tube. The computational methods developed and implemented aided in 

the design of the solar vapour generator used in absorption cooling systems. A number of 

analyses were carried out to see how different CPC design characteristics affected the exit 

temperature and vapour quality. The accepted half-angle and CPC lengths, the diameter of the 
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absorber tube, it is a coating, and the materials used to make the cover, reflector, and absorber 

tube, were among the criteria. When striving to increase ammonia-water vapour production, it 

has been determined that the reflector material, absorber tube diameter, selective surface, and 

acceptance half-angle are the most important design aspects to consider. After ranking the 

criteria from most important to least significant, this conclusion was reached. The direct 

ammonia-water vapour generation produced by a 35-meter long CPC was coupled to an 

absorption refrigeration system model to calculate the solar component, cooling capacity, 

coefficient of performance, and overall efficiency during a typical operational day. It can 

provide roughly 3.8 kW of cooling at a temperature of -10 OC, with solar efficiencies of up to 

46.3 percent and total efficiencies of 21.2 percent. 

Rashidi and Yoo (2018) looked at the thermodynamics and economics of two new high-

efficiency power-cooling cogeneration systems based on the Kalina and absorption 

refrigeration cycles. Two innovative power and cooling cogeneration systems based on the 

Kalina cycle (KC) and the absorption refrigeration cycle (AC) have been explored and 

proposed. The Kalina Power-Cooling Cycle (KPCC) combines the Kalina Cycle (KC) with the 

water and ammonia absorption chiller's refrigerant loop. An evaporator and two throttle valves 

make up the refrigeration circuit. A portion of the KC mass flow is sent to the evaporator to 

generate cooling after condensation in the KPCC system. The KPCC is a flexible system that 

can adjust its power and cooling cogeneration to meet the needs of the situation. The Kalina 

lithium bromide absorption chiller cycle is the second technique that has been proposed 

(KLACC). It consists of a single-effect KC and a lithium bromide-water absorption chiller (AC 

LiBr-water). Heat is released from the KC subsystem and passed to the AC LiBr water disrober 

before it can condense in the condenser. Performance and cost analyses are performed on both 

proposed systems and the stand-alone KC, and the results are compared. The sensitivity of 

efficiency and the amounts of electricity and cooling generated to the essential operating factors 

were explored using a parametric analysis. According to the data, the KPCC system's thermal 

efficiency and total yearly costs were reduced by 5.6 percent and 8%, respectively, whereas the 

KLACC systems grew by 4.9 percent and 58 percent, respectively. Because KLACC has a 42 

percent higher power-cooling efficiency than KPCC, it can be employed in situations where 

cooling generation is the primary goal, regardless of cost. 
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2.5.5  A Mathematical Model for Performance of Zeolite Water Adsorption Cooling 

System 

A mathematical model was developed and analysed to simulate the thermal 

performance of a single bed zeolite water adsorption cooling system (Ahmed et al., 2018). We 

were able to solve a set of equations expressing the energy balance of the system's components 

using the application Engineering Equation Solver (EES). An experimental test loop was 

created to verify the model's and system's technological viability. The temperature fluctuations 

in the adsorption bed, condenser, and evaporator were tested and analysed. The performance 

coefficient of the system was discovered to vary depending on the mass concentration ratio of 

the water vapour present in the system. The ideal coefficient of performance (COP) was 0.39 

when the minimum and maximum adsorbate concentration ratios were around 0.077 and 0.2, 

respectively. When the temperature was around 170 degrees Celsius, the coefficient of 

performance (COP) was at its highest. As a result, the model could be considered a valuable 

tool for researchers and engineers to use in designing, simulation, and analysing the adsorption 

cooling system's performance. The model's findings showed acceptable consistency with the 

experimental results. 

Traditional steam and gas turbine cycles are powered by sun thermal producing 

facilities that focus on direct solar energy (also known as concentrating solar power, or CSP). 

They can be used with huge facilities that store heat at high temperatures to produce thermal 

energy. According to Srivastava and Yadav's (2018) study on CSP, in addition to wind and 

photovoltaic electricity, concentrating solar thermal power (CSP) contributes significantly to 

the availability of energy from renewable sources. CSP is a well-established technology with 

a proven track record of cost and performance. This is due to the roughly thirty years of multi-

megawatt operational expertise in its development. It is feasible to offer power according to 

demand by combining thermal energy storage with electricity. There are 1.3 gigawatts (GW) 

of solar thermal power plants operating worldwide, with another 2.3 GW under construction 

and 31.7 GW in advanced planning. It is possible to reach temperatures of up to 1,000 degrees 

Celsius depending on the concentration factors in order to create saturated or superheated steam 

for use in steam turbine cycles or compressed hot gas for use in gas turbine cycles. The heat 

lost during these thermodynamic cycles can be reused for seawater desalination, industrial 

processes, and as a central source of cooled water. Even though the cost of generating power 

from CSP plants is now greater than from wind turbines or photovoltaic panels, the value of 

this method of electricity generation is higher due to its independence from daily fluctuations 

in wind speed and solar radiation. To compete with conventional power plants for mid-load 
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electricity in the next ten to fifteen years, technological advancements will need to be combined 

with mass production of components, increased plant capacity, and more expertise in planning 

and operating the plant. The DESERTEC Industry Initiative was formed on October 30, 2009, 

when a number of major industrial businesses banded together. By 2050, this initiative intends 

to create 15% of Europe's electricity from renewable energy sources in North Africa and ensure 

the region's energy, water, income, and employment opportunities. 

The Badia region of Jordan has serious electrical challenges, according to Sharmin's 

(2021) findings from the first experimental demonstration of a solar updraft tower power plant 

in Jordan in. This aim appealed to all of us since it would safeguard the environment while 

enabling easy access to the refrigeration process, allowing food and medical vaccinations to be 

stored at reasonable prices. A solar cooling method that uses solar power instead of batteries 

or electrical power, for example, allows for the storage and continuing use of a power system. 

A solar refrigerator pilot project was put to the test to guarantee that method control tests are 

accurate and exact and that technological data is collected consistently. Solar refrigerators don't 

need electricity since they use convection and conduction to heat and chill the food within. 

Furthermore, it was made with widely available resources such as sand, scrap metal, 

and cardboard. An inner metal cylinder is installed inside, while an exterior wooden or plastic 

cylinder is installed on the outside. An organic substance such as (sand, wool, or soil) is placed 

in the space between the two cylinders, and the space is then saturated with water. It is made 

up of two cylindrical halves. The sun's heat evaporates the water, while the inside chamber is 

cooled to keep the temperature at six degrees Celsius. 

 

2.5.6  Economic Investigation of a Solar Thermal-Driven Two-Bed Adsorption Chiller 

Alahmer et al. (2020) conducted a study investigating the dynamic and economic 

aspects of a solar thermal-driven two-bed adsorption chiller while it was operating in the 

climate of Perth. An evaluation of the efficiency of a refrigeration system powered by solar 

thermal energy and consisting of two beds of silica gel-water adsorption was carried out in a 

climate representative of Perth, Australia. Based on the actual data received from the 

Meteonorm programme, version 7.0 for Perth, Australia, a Fourier series was utilised to 

simulate solar radiation. In order to evaluate the economics of the system and optimise the 

demand for solar collector areas, two different economic approaches, namely Payback Period 

and Life-Cycle Saving, are utilised. According to the study's findings, the order of the Fourier 

series did not significantly impact The average cooling capacity of the chiller at peak hour 

13:00 for a normal summer day is approximately 11 kW, while the cyclic chiller system 
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coefficient of performance COP and the solar system COP are about 0.5 and 0.3, respectively. 

According to the economic study results, the payback period for the solar adsorption system 

that was investigated was around 11 years, and the best solar collector surface area was 

approximately 38 m2 when employing a compound parabolic collector (CPC) panel. 

According to the study's findings, it is technically and economically feasible to use solar-driven 

adsorption cooling in environments with weather conditions similar to those seen in Perth, 

Australia. 

A study on the most current developments in the technology of solar thermal sorption 

cooling systems was carried out by Hussain et al. (2018). The most recent advancements in 

adsorption and absorption of solar cooling systems were the primary focus of this study. There 

is both an in-depth thermal analysis and an economic evaluation provided. The absorption 

process operates in a closed cycle and makes use of a variety of liquid sorbents; however, the 

combination of liquid bromine and water is the most prevalent type of refrigerant. The most 

efficient coefficient of performance (COP) that can be attained is 0.8, but the conventional 

cooling system can get up to 3. 

In contrast to the other solar cooling systems, absorption has the highest coefficient of 

performance (COP). The amount of heat and mass transfer, the number of stages, the number 

of beds, the kind of solar collector, the cooling load schedule, the management strategy, and 

the thermal storage capacity all play a role in the performance of the absorption cooling system. 

A vast number of studies have been prompted to find ways to solve these limitations as a result 

of the high initial cost and low efficiency. Utilization of a high-temperature solar receiver, 

double-effect chiller, sophisticated control, and better chiller efficiency are some ways the 

system's efficiency could be enhanced. 

The adsorption method operates in a closed cycle and makes use of a variety of solid 

adsorption and desorption combinations. The system's performance is mostly dependent on the 

kind of adsorption and desorption pairs used, the temperature of the source, the design of the 

adsorption chiller, and the operating conditions. Significant commercial expansion is not 

possible due to the lengthy amount of time required for adsorption and desorption, the scale of 

the system, the high cost of adsorption chillers, and the poor performance of adsorption chillers. 

The coefficient of performance (COP) was measured to have attained 0.45, which, in 

comparison to the other cooling system, was regarded as a very poor result. A high COP and 

SCP could be attained by increasing the amount of heat and mass recovery, as well as by 

creating technologies with several stages and beds and by optimising the operating parameters. 
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Up until that point, the Pb of both the solar absorption and adsorption system had surpassed 

the lifespan in significant portions of the world. 

As a consequence of this, it was essential to enhance the performance of these systems. 

The absorption system achieved the greatest commercial penetration among the several sun 

cooling technologies. The absorption chillers that are fitted with thermal energy storage 

systems have the potential to offer a solution for space cooling that is both technically and 

economically feasible. Based on the results of the economic analysis, it was determined that 

the solar cooling system is only viable for use as a double-purpose system (heating and cooling 

systems), which has a higher coefficient of performance (COP) than single-purpose systems. 

In conclusion, parabolic trough concentrators have the potential to dramatically boost the 

efficiency of solar cooling (Li et al., 2022). 

 

2.5.7  Economic Assessment of Solar Absorption and Absorption Refrigeration Systems 

The team explored the exergy economic assessment of solar absorption and absorption 

compression hybrid refrigeration systems in building cooling (Jing et al., 2018). The study's 

main focus was on the compatibility of solar refrigeration. Exergy-based building cooling, solar 

or natural gas-powered absorption chillers (SNGDAC), solar vapour compressional absorption 

integrated refrigeration systems (SVCAIRSPC), and solar absorption subcooled compression 

hybrid cooling systems were among the options (SASCHCS). The following three cooling 

strategies for a structure were investigated: The Type 1 category includes two- and three-story 

constructions. Type 2 buildings are single-story structures, while type 3 structures are multi-

story structures. Turpan, as well as both Chinese cities, were also considered. 

The rate at which product costs were incurred was the key variable used in the 

calculation. SNGDAC was shown to be a viable choice for Guangzhou type 1 buildings as a 

result of the investigation. This was due to the fact that it used almost no natural gas and had a 

lower flow rate in terms of the product cost. Because of its higher actual cooling capacity and 

lower fuel and product cost flow rate, SVCAIRSPC was more suitable for type 2 buildings in 

Turpan. These two components contributed to the system's overall cost decrease. Furthermore, 

SASCHCS has the highest overall cost-effectiveness; particularly, when employed in all 

building types in Guangzhou or type 3 structures in Turpan, its exergy destruction and product 

cost flow rate are the lowest.  
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2.6  Solar cooling technologies 

The term "solar cooling" refers to the equipment and systems that use solar energy for 

cooling (Huang & Zheng, 2018). Solar cooling systems use operating fluids that are largely 

non-toxic and environmentally friendly, such as water or a salt solution. Furthermore, these 

systems are capable of working on their own. Solar cooling systems can often produce 

refrigeration while conserving conventional energy (Sun et al., 2020). Both active and passive 

cooling systems are potential options (Khosla et al., 2021). When the amount of solar 

irradiation, also known as insolation, is at its highest, solar cooling system capacity is at its 

highest. As a result, solar cooling systems are well suited to meet the needs of countries located 

in sunny regions, when cooling demand is often at its greatest around midday (Laine et al., 

2019). This research attempts to review current solar cooling technologies and the businesses 

that can benefit from them. Solar cooling systems and methods will not be restricted to those 

using sunlight to cool structures. The project will also include water cooling, perishable goods 

refrigeration (pharmaceuticals or food), and saltwater desalination. Solar cooling employs at 

least four different ways that have been proven to be effective: Vapour compression, sorption-

based cooling (including absorption and adsorption chilling), and evaporative cooling are all 

options. Vapour compression is the most common method (Singh & Das, 2021). 

Solar cooling is now the most popular application for CST heat systems and a potential 

application for solar process heat (Eveloy & Ayou, 2019). Throughout the summer, air cooling 

rapidly dominates the midday to evening period of peak electricity demand in many countries. 

This is something that the utility business is well aware of. Because solar irradiation is at its 

peak right now. Any device that can convert solar energy to cold is perfectly positioned to take 

advantage of the perfect storm of high demand and ideal operational circumstances. 

Scientists have previously examined a wide range of solar cooling approaches, 

including PV-driven vapour compression and other options for thermally-driven cold and 

dehumidification cycles (Almasri et al., 2022). The battle to develop the most powerful, 

reliable, or cost-effective technology is still ongoing. However, there will be no single best 

technique because of the many different boundary conditions. Hot and humid temperatures, for 

example, necessitate a different response than dry, desert-like settings. 

A system's cooling capacity is the quantity of heat it can remove from a cooled region 

over time (Afshari et al., 2019). The refrigerant's specific enthalpy in the evaporator is the 

difference in the refrigeration load multiplied by the refrigerant's mass flow rate. The 

refrigeration load has caused this change. 
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Non-steady-state processes must be taken into account when estimating cooling loads. 

This is due to the fact that the maximum cooling demand occurs during the day, and solar 

radiation produces significant environmental changes throughout the day (Nguyen et al., 2020). 

Furthermore, all internal sources contribute considerably to cooling loads. Ignoring them 

would result in an overestimating necessary cooling capacity and a danger of failing to sustain 

acceptable interior conditions. As a result, predicting cooling demands is inherently more 

difficult (Fu, 2018). The sensible and latent loads induced by ventilation and leakage losses in 

the return air ducts and the heat created by the return air fan must all be taken into account 

when determining the system's needed cooling capacity. 

The most popular cooling system powered by solar thermal collectors is absorption heat 

pumps (Huang & Zheng, 2018). The fundamental principle of thermodynamics is summarized 

as follows: Heat received from a collector at a high-temperature T3 is utilized to "pump" heat 

from a low-temperature level T1 to an intermediate temperature level T2. Low temperatures 

cause cooling (the thermodynamic principle of "cooling" is the elimination of heat from a 

system). At T1, a refrigerant is evaporated at low partial pressure, and the heat emitted is 

absorbed by a second working fluid (at T2). The diluted solution is heated outside to freshen it 

(at point T3). This indicates that the solution was boiled in order to eliminate the refrigerant 

(desorbed). It then passes through a second condensation process (at T2) to become liquid and 

given to the evaporator. Although the temperatures of absorption and condensation at T2 do 

not have to be identical all of the time, it is frequently preferable to do so. 

Ammonia/water and water/lithium bromide are the two most common working 

combinations. Water is utilized as the refrigerant in the first case, while ammonia is used in the 

second (Mussati et al., 2019). 

Figure 19.1 depicts this thermodynamic concept as well as the basic heat flux and 

temperature values. The heat transfers from the cold zone, Q1, to the heat driving the system 

is thus characterized as the so-called coefficient of performance (COP)  
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Source: Raj et al. (2019). 

 

2.6.1  Vapor Compression Refrigeration System  

A circulating liquid refrigerant is used in a vapour-compression refrigeration system to 

collect and convey heat from the space to be cooled before dissipating it elsewhere. "Vapor 

compression" is the name for this technique (Roy & Kundu, 2021). The vapour-compression 

refrigeration cooling system is very common to provide air conditioning and supply 

refrigeration. According to Chahartaghi et al. (2019), Vapor compression machines are closed-

loop systems that include a mechanical compressor, condenser, expansion valve, and 

evaporator. These components are in charge of changing the refrigerant's thermodynamic 

states. The compressed and heated vaporous refrigerant is compressed and heated in the 

compressor. The refrigerant is prepared to be condensed into a liquid in the condenser during 

this phase. According to Jiménez-Garca and Rivera (2018), the condensation process 

discharges thermal energy from the refrigerant into the condenser. Water or air can absorb this 

energy and remove it from the system. The condensed refrigerant is subsequently passed via 

an expansion valve, which causes a significant pressure reduction. This causes some liquid 

refrigerant to evaporate quickly, cooling the resulting combination of liquid and vaporous 

refrigerant. The cooled mixture is then passed to the evaporator, using air from the cooling 

chamber to vaporise the refrigerant's liquid part. After that, the combination is given to the 

condenser. This allows the extraction of thermal energy from the air before it is cooled. The 

loop is complete when the vaporous refrigerant is recirculated back to the compressor. The 

development of vapour compression technology began in the nineteenth century (Turner, M. 

W.). [Bibliography is required] (2020). Even though most of the equipment used in the vapour 

compression process is powered by electrical or mechanical energy, solar cooling could 

contribute significantly to the procedure's energy supply. 
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Despite being a highly developed and widely used technology, vapour compression is 

plagued by vibration and noise issues due to the functional principle adherence of its 

components (Zou et al., 2020). According to Capr et al. (2020), there are alternatives to vapour 

compression machines in sorption-based cooling systems. These devices use processes that are 

different from machines that compress vapour. Furthermore, sorption-based cooling systems 

are appealing if the power supply is insufficient or expensive or if thermal energy, such as from 

solar plants or solar heat collectors, is readily available. These circumstances make sorption-

based cooling systems more appealing. Sorption relies on chemicals called sorbents, which 

have the ability to "hold" liquids or gases as a cooling mechanism (Lee et al., 2019). Absorption 

cooling, in which liquids or gases are dissolved in the bulk of the sorbent and then released, 

and adsorption cooling, in which liquids or gases are bound to the surface of the sorbent and 

then released, are the two types of cooling technologies. Sorption cooling refers to these 

cooling processes (Almasri et al., 2022). These phase shifts are always accompanied by a 

release or expenditure of thermal energy. 

Vapour compression refrigeration systems primarily consist of a compressor, a fixed-

orifice expansion device, two heat exchangers (condenser and evaporator), and a light 

secondary fluid known as (refrigerant), which readily evaporates and condenses. Vapour 

compression refrigeration systems are frequently utilised to deliver chilled media for space 

heating and climate control in commercial buildings. Since then, the system has been closed, 

and refrigerant never escapes the system because it is closed (She et al., 2018). 

Two separate refrigeration models have been applied in the chilling food business. 

Photovoltaic energy can power both thermoelectric and vapour compression refrigeration in 

these systems. Dai et al. (2003) reported that a thermoelectric refrigerator powered by solar 

cells has a coefficient of performance (COP) of 0.3 and can maintain a temperature between 5 

and 10 degrees Celsius. A thermoelectric refrigerator can only be used for cold storage due to 

its ability to produce heat. It cannot freeze food due to the limitations of its operating principle. 

Researchers were intrigued by photovoltaic-powered vapour compression refrigeration for the 

reasons stated above. When Riffat et al. (2021) tested the performance of a DC-driven vapour 

compression refrigerator, they discovered that when a DC-driven compressor was used, the 

coefficient of performance (COP) rose by roughly 27%. At an ambient temperature of 42 

degrees Celsius, Ekren (2020) was able to attain a coefficient of performance (COP) of 2.102 

for a solar-powered alternating current (AC) refrigerator. This has a substantially higher value 

than other types of refrigeration systems. Variable-speed compressors supplied by either AC 

or DC can be used in PV-driven vapour compression refrigeration systems. To minimise future 
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issues, it would be smart to assess the functioning of both systems. When it comes to variable-

speed compressors, Su et al. (2020) found that DC compressor operation is significantly more 

efficient than constant speed operation in their experiments. Variable speed DC compressors 

enhanced exergy efficiency by more than 4% and coefficient of performance by more than 7% 

compared to constant speed DC compressors. 

Due to the difficulty of maintaining a consistent sun thermal system throughout the day 

(Muz et al., 2022), solar thermal cooling systems have a lower thermodynamic efficiency than 

vapour solar refrigeration systems. Commercially available solar thermal energy-powered 

cooling systems typically have a capacity of more than 20 TR due to the inability of solar 

collectors to shrink in size. 

The most appealing and cost-effective economic solution is to use traditional vapour 

compression refrigeration systems in conjunction with PV panels, as proved by (Varvagiannis 

et al., 2021). According to Gado et al. (2021), PV vapour compression refrigeration systems 

have proven their competitiveness in terms of efficiency, investment cost, and solar collection 

area, thanks to a considerable drop in PV panel prices. The two most popular cooling 

mechanisms in milk refrigeration systems are vapour absorption and vapour compression. This 

is because the devices can generate temperatures below 0 degrees Celsius, and temperature 

profiling is simple to maintain (Mahalle et al., 2019). 

An evaporator, compressor, condenser, and expansion valve make up a vapour 

compression refrigeration system, according to Joshi et al. (2022). The expansion valve 

separates the high-pressure and low-pressure sides of the system. The compressor's condenser 

and another component are located on the high-pressure side of the system. The evaporator and 

another compressor component are located on the low-pressure side of the system. When the 

liquid refrigerant in the evaporator boils due to low pressure, the refrigeration effect is 

noticeable. Figure 2.1 illustrate the basic components and the refrigerant cycle of the system. 

 

Figure 2.1: Components of VCR system (Source: Khurmi & Gupta, 2008). 
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Zhang et al. (2018) stated that VCR has higher (COPr) than other refrigeration systems 

and is less bulky. Dhamneya et al. (2018) showed the evaporator cooling process in a VCR 

system operating on dry saturated refrigerant to the compressor. Devecioğlu and Vedat (2018) 

showed that the 
rCOP  of a VCR system is expressed in terms of refrigerant enthalpies as in 

Equation 2.22 
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2.6.2  Thermal Design of Evaporators 

The thermal design of Refrigeration Evaporators is complicated due to the difficulty in 

determining the heat transfer coefficients in both the refrigerant and the fluid-cooled 

(Devecioğlu & Vedat, 2018). This arises due to the Heat transfer coefficient varying widely 

along the tubes due to refrigerant evaporation and change of flow regimes from individual 

bubble to stable thin-film boiling regimes, and significant pressure drop in the evaporator, 

which is more critical as it influences the evaporator performance. 

De Blas et al. (2003) developed a correlation of refrigerant's two-phase heat transfer 

coefficient inside a horizontal tube as shown in Equation 2.23.  
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Where; 

  is heat transfer coefficient (W/m2 K) 

lk  is the thermal conductivity of the liquid refrigerant (W/m-K), 
bD is the bubble 

departure diameter (m),
 lq is the heat flux in the liquid (W/m2), 

reT is the absolute 

temperature of refrigerant (K), 
v and

l   densities of saturated vapour and liquid 

refrigerant resp.(kg/m3), 

lPr  is Prandtl number of liquid refrigerants. 

 

The heat transfer rate in the evaporator was expressed by Dabas et al. (2014) as in Equation 

2.24 
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Where; 

EQ is heat transfer rate (W), 
.

m is the mass flow rate of refrigerant in the evaporator 

(kg/s) 

ih is specific enthalpy of the refrigerant at evaporator inlet (kJ/kg) 

oh is the particular enthalpy of the refrigerant at evaporator exit (kJ/kg). 

 

Kashif et al. (2020) showed that the evaporator cooling is expressed as in Equation 2.25  

𝑄𝑒 = 𝑎1 + 𝑎2𝑇𝑒 + 𝑎3𝑇𝑒
2 + 𝑎4𝑇𝑐 + 𝑎5𝑇𝑐

2 + 𝑎6𝑇𝑒𝑇𝑐 + 𝑎7𝑇𝑒
2𝑇𝑐 + 𝑎8𝑇𝑒𝑇𝑐

2 +

𝑎9𝑇. .𝑒
2 𝑇𝑐

2                                                                                                           2.25
 

Where; 

eT and
cT  are evaporator and condenser temperature oC  

1a to 9a are constantly determined by curve fitting experimental data.  

 

If the evaporator is treated as a counter-flow heat exchanger, the mean temperature difference, 

according to Shen and Gong (2018), is expressed as in Equation 2.26 
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2.6.3  Refrigeration Components Models 

The four main components of a vapour compression refrigeration system are the 

compressor, condenser, thermal expansion valve and evaporator (Sun et al., 2020). The 

compressor size model involves the refrigerant mass flow rate in a high heat removal vapour 

compression refrigeration system as expressed in Equation 2.27 by Baakeem et al. (2018). 

vdVm =
.

                                                                                                   2.27 

Where; 

  is compressor speed, dV is displacement volume, 
 ,  is inlet refrigerant density

 

v , is volumetric compressor efficiency, respectively 
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The volumetric efficiency was expressed as in Equation 2.28 
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Where; 

rC , rd is the coefficient of the compressor,
 oP and iP are compressor outlet and inlet 

pressures, 

vC  is specific heat capacities at constant volume in compressor inlet  

pC is heat capacities at a continuous, consistent volume and constant pressure. 

 

Work input to the compressor wiC was expressed as in Equation 2.29 

Herbert and Mohan (2010). 

( )iowi hhmC −=
.

                                                                                                     2.29 

Where; 

oh  is the outlet specific enthalpies of the refrigerant, ih  and is the particular outlet 

enthalpies of the refrigerant at the compressor. 

 

oh is expressed as in Equation 2.30 

( ) siisio hhhh /−+=                       2.30 

Where; 

ish  is the isentropic efficiency of the refrigerant at the compressor inlet. 

 

Pastuszko (2018) stated that for a steady heat transfer rate, the uniform heat flux 
''q  relates to 

the heat transfer rate of an evaporator Eq  as in Equation 2.31. 

EE Sqq = ''

                           2.31 

Where; 

ES
 is the evaporator surface area. 

Herbert and Mohan (2010) considered condenser operating conditions in two or three zones.  
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A two-zone condenser has superheated and liquid refrigerant, while a three-zone consists of 

superheated, saturated liquid and undercooled refrigerant. The heat rejection for a zone K in 

the condenser KqC  is as in Equation 2.32 
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Where; 

KU is condenser overall heat transfer coefficient, KS is surface area, 

coolT  And oKT are the second fluid temperature inlet and outlet at the K zone. 

 

The total condenser heat Cq loss is the sum of heat losses for n number of zones, as in Equation 

2.33 
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Assuming an adiabatic expansion and a constant enthalpy process in the expansion valve,  

the pressure drops in the expansion valve, according to Knabben et al. (2020), is as Equation 

2.34 
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Where; 

VK Its coefficient of expansion valve obtained from the manufacturer 

VA  is the percentage of the opened area of the valve, i is the refrigerant density at the 

inlet of the valve. 

Ewert and Bergeron (2002) discovered that a solar-powered vapour compression 

refrigeration system could be made feasible with the help of thermal storage and inventive 

management tactics in their study of solar-powered refrigeration systems. In one form of the 

invention, the refrigeration system included a photovoltaic panel, a variable speed compressor, 

an insulated enclosure, and a thermal reservoir. Solar electromagnetic radiation is converted 

into direct current by the photovoltaic panel, also known as a PV panel (DC). A compressor is 

driven by DC electrical power to extract heat from the insulated container. In turn, a vapour 

compression refrigeration circuit feeds refrigerant through this compressor. A phase change 
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substance is contained in the thermal reservoir located within the insulated container. The phase 

change compound will freeze when heat is removed from the insulated container. Once frozen, 

the phase change material will act as a heat sink, allowing the temperature of the insulated 

enclosure to be maintained even in the absence of solar radiation. A compressor control system 

that maximises the compressor's consumption of available energy is used to optimise the 

conversion of solar electricity into thermal energy that can be stored. During the compressor's 

startup, a capacitor is used to help level off the voltage from the power supply and give 

additional current. A controller monitors the rate of change of the smoothed power voltage to 

assess whether the compressor is operating below or above the available power maximum. In 

response to this information, the controller adjusts the compressor's speed. The compressor's 

operation is tweaked to convert virtually all of the solar energy available into thermal energy 

that can be stored. 

D'Isep and Sertorio (1983) investigated the non-equilibrium thermodynamic steady-

state behaviour of a model system consisting of a core surrounded by an envelope that interacts 

with solar radiation and an external bath with a specific temperature profile. A core was 

wrapped in an envelope in the model system. The transmission of heat between the core and 

the envelope could be controlled by adjusting the thermal conductivity of the interface between 

the two components. This device worked like a passive heat pump by raising the core's average 

temperature above the typical equilibrium value associated with a constant value of the 

interface conductivity while reducing the oscillation it displayed over time. The system's 

conductivity can be changed to fluctuate over time, allowing it to serve as a refrigerator. Passive 

factors such as surface conductivities, heat capacities, and other comparable features were 

dependent on the performance constraints. The daily cycle was the sort of periodicity 

investigated in this study. 

 

2.6.4  Thermal Storage Vapour Compression Solar Refrigerator 

Thermal storage can be employed in applications where peak demand is limited to a 

few hours per day and load for the rest of the working or operational hours is substantially 

lower, such as milk cooling on farms. There is no load throughout the balance duration of 24 

hours. Process applications, such as milk processing, are typical examples. Refrigeration 

requirements in milk processing are normally limited to six to eight hours per day, with no load 

during 24 hours (Sankar et al., 2018). 
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The scientific community is working hard to optimise the functioning of refrigeration 

plants due to the quantity of energy required by the refrigeration sector, which is estimated to 

be around 15% of total global energy consumption. 

Compressor success in PV refrigeration systems is secured by the installation of a 

specific controller that allows for the simple startup, maximum power tracking, and compressor 

power management (Ramalingam et al., 2021). Batteries are responsible for a considerable 

percentage of the cost and maintenance in standalone PV vapour compression refrigeration 

systems. Batteries pollute the environment due to their high levels of polluting materials and 

short life cycle of 1500 charge/discharge cycles before being disposed of (Lai et al., 2021). 

A study was undertaken by Khalifa et al. (2018) on constructing a battery-free solar 

refrigerator. As a result of NASA's aerospace refrigeration research, the study determined that 

recent technological advancements and a system engineering design approach led to the 

development of a feasible battery-free solar refrigerator. Suppose thermal storage is included 

and a direct link is built between the cooling system and the PV panel. In that case, off-grid 

refrigeration is a good application of solar photovoltaic (PV) power. Water was used as a phase-

change medium in a well-insulated refrigerator cabinet. A microprocessor-based control 

system was developed to allow the direct connection of a PV panel to a variable speed 

compressor. This second advancement enabled peak power-point tracking from the PV panel 

and the removal of batteries from the system. A laboratory unit was created first to prove the 

concept, followed by the production of a commercial team and deployment in a field test. The 

laboratory unit was used to evaluate a variety of cooling systems cycles, including 

thermoelectric, Stirling, and vapour compression. A vapour compression cooling cycle, 

vacuum insulation, a passive condenser, an incorporated evaporator/thermal storage tank, two 

77 watt PV panels, and the unique controller were all utilised in the final form. The variable 

speed BD35 compressor from Danfoss was the only moving portion in the system. With only 

274 watt-hours per day of average PV power, the 365-litre cabinet stayed cool. For several 

months, battery-free testing was carried out with excellent results. The amount of thermal 

storage, compressor size, and power of PV panels linked can be modified to optimise the design 

for a given application and climate. The commercial unit addressed the high cost of the vacuum 

insulated refrigerator cabinet and the stainless-steel thermal storage tank to make the 

technology economically viable. This unit began with a mass-produced 142-litre chest freezer 

cabinet with the evaporator built into the inner walls. 

Solar Chill, a solar PV refrigerator without a battery, was studied by Khalifa et al. 

(2018). A worldwide effort combining Greenpeace International, GTZ, UNICEF, UNEP, 
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WHO, industry partners, and the Danish Technological Institute resulted in the development 

of a solar-powered refrigerator (Solar Chill). The fridge may run entirely on solar PV panels 

without using battery or other electronics, making it ideal for sites where low maintenance and 

reliable operation are required. The Solar Chill Project's major goal is to assist in delivering 

vaccines and refrigeration to the rural poor. The Solar Chill Project was designed and intended 

to make a versatile refrigeration technology that is environmentally sound, technologically 

reliable, economical freely available in order to achieve this goal. Solar Chill's cooling 

technology and insulation do not include any fluorocarbons. Other solar refrigerators are being 

developed for household and small commercial purposes. This upright model is ideal for 

keeping food and beverages chilled in regions where grid electricity is unavailable or 

inconsistent. As a result, both developed and developing countries have the market potential 

for this type of product. Solar Chill is distinguished because energy is stored in ice rather than 

batteries. An ice compartment keeps the cabinet at the proper temperature during the night. The 

report outlined the product development process, potential Solar Chill applications, experience 

with the two types of solar coolers, and laboratory and field test findings. 

The circulation of water through an ice bank is another method of chilling milk (IB). 

An insulated water tank holds a copper tube evaporator array in an IB. Ice forms a cylindrical 

shape around the copper tubes. Water circulates through the cooling device and back to the IB 

in a closed loop. Due to the lower evaporation temperature required for making ice, water 

circulators have greater coefficients of performance (COP) than IBs. Still, IBs are significantly 

more compact and less expensive to purchase and install due to the high energy density of ice 

(Sidney et al., 2020). 

 

2.6.5  Rankine Cycle Vapor Compression for Power and Refrigeration Cogeneration 

By analysing the performance of a combined organic Rankine cycle and vapour 

compression cycle for power and refrigeration cogeneration (Toujani et al., 2018). This paper 

presents a thermodynamic analysis of power and refrigeration cogeneration using low-grade 

sensible energy. The investigation included the limited situation of cold production without net 

electricity output using an organic Rankine cycle (ORC) for power generation and a vapour 

compression cycle (VCC) for refrigeration using the same working fluid. They looked at how 

critical characteristics, including net power production, refrigeration, and thermal and exergy 

efficiency, affected system performance. The total number of transfer units (NTU), size 

parameter (SP), and isentropic volumetric flow ratio (VFR), all of which are proportional to 

the cost of heat exchangers or turbines, were also investigated. The flow division ratio, turbine 
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intake temperature, and turbine inlet pressure were chosen as three key system parameters. The 

investigation was carried out on a variety of working fluids. Due to its relatively high 

efficiency, isobutane was selected for a sensitivity study in a few unique circumstances. The 

findings revealed that the device could successfully employ low-grade heat sources. Both the 

accepted settings and the working fluid have an impact on system performance. 

Yan et al. (2020) looked at energy-efficient refrigeration and flexible power use in a 

smart grid. Refrigeration and heating systems use a lot of energy all over the world. However, 

because of the thermal capacity, the system had the potential to store 'coldness,' or heat or 

cooling loads. This capability allowed for various load shifting and shedding tactics to reduce 

energy consumption while maintaining the original cooling and indoor climate quality. They 

looked into the possibilities of such a method and its capacity to drastically reduce the cost of 

operating systems like supermarket refrigeration and heat pumps for residential homes in this 

study. They used weather forecasts and predictions of varying electricity prices to apply more 

load to the system when the thermodynamic cycle was most efficient and consume larger shares 

of the electricity when demand and thus prices were low, using modern Economic Model 

Predictive Control (MPC) methods. The capacity to regulate power use in response to power 

grid demands was a popular feature in a future Smart Grid. The efficient use of more renewable 

energy necessitates ways to control power consumption such that it increases when there is an 

energy surplus and lowers when there is a shortage. This should happen almost quickly to 

handle intermittent energy sources such as wind turbines. They hoped that their power 

management method would allow thermal storage devices to be used for flexible power 

consumption. The aggregation of numerous units then considerably contributed to the 

reduction in total electricity usage. They illustrated the possibility of exploiting daily changes 

to supply energy-efficient cooling or heating and the implementation of Virtual Power Plants 

in Smart Grid scenarios, using modest case studies. 

Bellos and Tzivanidis investigated a solar-direct driven organic Rankine cycle vapour 

compression cooling ORC-VCC system with an electric motor for an air-conditioning office 

building (2021). This study proposed an ORC-VCC method powered by solar energy and 

propelled by an electric motor in a Guangzhou office building to ensure smooth operation when 

solar radiation was intermittent and unstable. China was chosen for this case study. The 

findings revealed that the beam solar radiation and generation temperature significantly 

impacted system performance. There was an ideal generation temperature at which the system 

performed at its best. In the hybrid solar cooling system design process, the cooling power per 

square metre collector was also considered a critical signal. 
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In comparison to the vapour compression cooling system, I discovered that the hybrid 

cooling system saved roughly 68.23% of electricity. 

In conclusion, the generation temperature had a significant impact on the 

thermodynamic performance of the solar ORC-VCC system, which initially increased and 

subsequently dropped as the generation temperature climbed. More emphasis was devoted to 

cooling power per square metre solar collector when considering the term economic 

performance of the solar ORC-VCC system. With the inclusion of an electric motor, the hybrid 

solar cooling system was able to meet the cooling load for the target building even when solar 

energy was unreliable and intermittent. Electric motor electricity consumption is more affected 

by solar radiation intensity and cooling load. The solar ORC-VCC system saves up to 8094.87 

kWh per day in electricity consumption. 

 

2.6.6  Vapour Compression Refrigeration with Fresnel Lens and Sunlight Tracker 

Chu et al. (2021) studied a solar refrigeration system that included a solar water vapour 

generator, a pump, a condenser, a throttling valve, an evaporator, and a liquid storage tank as 

a Fresnel lens and a sunshine tracker. This system also included a solar water vapour generator. 

The solar water vapour generator was a transparent glass pipeline positioned at the focus of the 

Fresnel lens, water flowed through the transparent glass pipeline, and a substance consisting of 

an expanded graphite layer and a carbon foam layer floated on the water's surface. 

The focusing mechanism of the convex lens lowered the structure of the solar 

refrigeration system. The liquid water was transformed into water vapour using carbon foam 

and expanded graphite, which could be used for refrigeration. A solar energy absorption 

refrigeration system that used hot water as its heat source was compared to this technology. 

The structure of the solar refrigeration system was simplified, resulting in fewer potential 

failure points. Furthermore, the plan was corrosion-free and had a high heat consumption rate. 

 

2.6.7  Phase Change Material Vapour Compression Refrigeration System  

Siddharth et al. (2018) developed, researched, and simulated a phase change material-

based vapour compression refrigeration system. The research focused on designing and 

manufacturing a solar-powered vapour compression refrigeration system. The impact of a 

phase transition material, ice, on a solar-powered vapour compression refrigeration system was 

examined. The battery and solar panels were chosen to allow the system to run independently 

for at least 12 hours. The inclusion of a phase change material in the refrigeration system 

produced a considerable increase in the compressor's off and on time. The ratio in which on 
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time increased was substantially greater than the ratio in which off time increased. The 

compressor on time increased by 219 percent, with the compressor off time increasing by 139 

percent and compressor work increasing by 3.5 percent, with a 5.5 percent loss in COP. When 

there is enough load in the system to make the initial off, and on timings equivalent, the 

inclusion of a phase change material may lead the compressor to have a longer on period than 

its off period. 

Sharma et al. (2020) examined the ESD capacity of several sorption refrigeration 

working pairs, such as absorption, adsorption, solid/gas reaction, and phase change materials 

(PCM). Absorption working pairs had the highest ESDs, 277 Wh/kg; stable/gas reaction 

working pairs had 353 Wh/kg; adsorption available pairs had 82 Wh/kg, and phase change 

materials had 85 Wh/kg. These figures were based on the mass of the species in question (i.e. 

refrigerant and its sorbent pair, except in the case of PCM, where only one specie is involved). 

The higher ESD of absorption thermal energy storage and thermochemical storage makes them 

more appealing for solar refrigeration than conventional thermal energy storage systems. 

 

2.7  Solar Energy Radiation Models 

Solar radiation is the major engine of many physical, chemical, and biological processes 

on the earth's surface, precise dates for specific regions are critical for solar energy technologies 

(Onwuka & Mang, 2018). Because records of worldwide solar radiation are sparse due to the 

high cost of maintaining and calibrating monitoring equipment, empirical solar models are used 

to estimate global radiation. 

It's also worth noting that Kenya, which is on the equator, has an average of 5 sunny 

hours over 700 W/m2 and receives 4 to 6 kWh/m2 per day, which equates to 250 MTOE every 

year. As a result, Kenya has the world's highest homeownership of 30,000 PV modules ranging 

from 20 to 100 watts (Monyei et al., 2018). 

A high-quality solar measurement network is essential for obtaining reliable sun 

irradiation estimations. Multiple commercial networks provide solar radiation mapping for a 

variety of locations. However, the assessments are not based on other weather-related factors 

and are subject to improvements such as better special resolution and temporal resolutions and 

removing biases on RMSE (Awan et al., 2018). 

For research and technical applications, values of global and diffuse radiations for 

individual hours are required. Many stations have hourly global radiations on horizontal 

surfaces, but only a handful have hourly diffuse radiation measurements. As a result, 

decomposition models have been built to estimate diffuse radiation using global data 
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(Boussaada et al., 2018). Similarly, it has been demonstrated that predicting direct irradiance 

beam components is critical in designing solar-energy components such as high-intensity solar 

cells (Benatiallah et al., 2019). According to Heidrich et al. (2018), the two types of solar 

radiation perfection models are sky component-based, parametric, and decomposition models. 

Meteorological characteristics such as cloud distribution, sunlight, air turbidity, and 

precipitation are required for parametric models. Decomposition models anticipate the beam 

and sky components based on global radiation data. 

Due to the significant attenuation of incoming solar flux on its transit through the 

atmosphere, both solar flux composition and cloud distribution, developing reliable solar 

prediction models for the ground level is difficult (Bamehr & Sabetghadam, 2021). Mousavi 

et al. (2017) stated that the computing methods for calculating solar radiation intensity outside 

the earth's atmosphere are well established. Most of the total radiation measured on a horizontal 

surface can be detected using a satellite. However, because meteorological measurements are 

site-specific, they yield more precise estimates. 

Angstrom (1924) devised a regression model based on daylight hours and day length 

for predicting alien and incoming solar radiation, which was later updated by Prescott (1940). 

Several researchers have looked into and tweaked solar radiation prediction algorithms based 

on the Angstrom and Prescott regression models. Samanta et al. (2019) examined models for 

forecasting global solar radiation with different coefficients based on the Angstrom and 

Prescott models. They found that quadratic models were more accurate than linear models in 

predicting global solar radiation. Wang et al. (2022) examined quadratic models based on cloud 

conditions, which are difficult to establish at most local meteorological stations due to 

complexity, a lack of equipment, and staff. Various solar radiation models based on Angstrom 

and Prescott regressions with changed coefficients and environmental parameters were 

examined by Shrestha et al. (2021). Ren et al. (2018) used a combination of a site's mean daily 

temperature and daily precipitation, while Ronno (2018) used latitude and fraction of sunshine 

duration after conducting a study to correlate global radiation with relative sunshine duration 

and determine the variations of their coefficients on a geographical scale as a function of the 

radiation climatic area. Guermoui et al. (2018) investigated the difference between the 

maximum and minimum daily air temperatures and the sunshine duration fraction. 

Gopinathan's (1988) model based on latitude, a fraction of sunshine duration, and height above 

sea level, according to Otunla (2020), produced the best results. 

Vincent et al. provided a global solar prediction model based on solar inclination angle 

and cloud coverage at Oktas-scale (2020). They created a stochastic model that can be used to 
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produce cloud observations for simulations. They also stated that it had a minor impact because 

the model is primarily interested in temporal average projections. The model had the advantage 

of not being geographically limited and not requiring the measurement of other associated 

global solar measures. This model, however, requires a long time of cloud cover observation. 

Vincent et al. (2020) calibrated seven current models to build one new daily solar radiation 

model based on extraterrestrial radiation, maximum and minimum air temperatures, mean 

atmospheric pressure of a site, and vapour pressure at maximum and minimum temperatures. 

They claimed that the new model provided the most accurate estimates for all seven areas 

studied. It may thus be used to estimate daily global solar radiation on a horizontal surface. 

Even though it featured numerous site-specific characteristics, some of them were unavailable 

in the most remote regions, and it performed badly in comparison to other models. 

For the proper design of building energy systems, solar energy systems and a full study 

of the thermal environment within structures is required to understand local solar radiation 

(Faragallah & Ragheb, 2022). Long-term measurements from the site where the intended solar 

system would be installed would make up the ideal database. On the other hand, solar radiation 

models are an absolute necessity due to the limited coverage of radiation monitoring networks. 

Modelling the beam component, also known as direct irradiance, is typically prioritised in 

building solar energy systems, such as high-temperature heat engines and high-intensity sun 

cells because it plays a big part in the process. According to Lee and Callaway (2018), the 

scientific literature has two types of solar radiation models. These models are either parametric 

or decomposition models, and they predict the beam or sky component based on more easily 

quantifiable quantities. 

Parametric models require extensive environmental data to be precise. Meteorological 

factors, including cloud type, number, distribution, and additional statistics like sunlight 

fraction, air turbidity, and precipitable water content, are widely used as predictors (Lawrence 

et al., 2019). The ASHRAE algorithm was simplified, and the engineering and architecture 

communities have now widely accepted it. According to Khan and Malik (2021), the Iqbal 

model is more exact than other, more traditional models. It is feasible to develop correlation 

models that can forecast beam or sky radiation when paired with other solar radiation 

measurements. 

Decomposition models frequently employ only global radiation information to 

accurately predict the beam and sky components (Laiti et al., 2018). These interactions are 

usually expressed using irradiations, time integrals of the radiant flux or irradiance. Irradiance 

is also known as radiant flux. Models of decomposition were created using global irradiance to 



98 

estimate direct and diffuse irradiance. This post looks at a few of the most common solar 

radiation models used in solar energy systems. These models' projected values are compared 

to the actual data collected in Hong Kong.  

 

2.7.1  Gadiwala Solar Radiation Models 

In most remote regions, global solar radiation data and its components are not available  

in all locations due to a lack of sufficient meteorological equipment, and there is a need for 

global solar radiation estimation models which use Climatological parameters (Gadiwala et al., 

2013). The empirical model for estimation of daily global solar radiation based on sunshine 

hours of a location was developed by Gadiwala et al. (2013) as in equation 2.1 
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H is incoming daily global solar radiation ( 12 −− dMJm ) 

Where; 

oH is daily extra-terrestrial radiation ( 12 −− dMJm ); 

A and B  are Empirical constants. 

n is brightness sunshine hours per day ( hr ) 

dL is Astronomical day length ( hr ) 

 

The astronomical day length is calculated by equation 2.2 
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SCI is solar constant and 
S is sunset hours. 

The regular A is considered the fraction of extraterrestrial radiation on overcast days. 

The Sum of A and B is regarded as the fraction of radiation received on a clear day. The 

coefficients A and B are estimated by; 
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Eftimie (2009) performed a simulation of horizontal irradiance using the model and 

found out that the Gadiwala et al. (2013) model had low accuracy in predicting long-term solar 

irradiance beyond eight months. 

 

2.7.2  Coste Model 

Coste and Serban (2011) developed monthly global radiation models based on diffuse 

solar radiation and sunshine duration. Table 2.1 shows the solar radiation models for a few 

months of the year produced by Coste and Serban (2011). 

Table 2.1: Specific Models for global solar radiation 

Month Equation  

January ( ) ( )( ) 0874.00457.0sin += −solartIG oh   

March ( ) ( )( ) 3074.00291.0sin += −solartIG oh   

May ( ) ( )( ) 3623.00258.0sin += −solartIG oh   

Source: Coste and Serban (2011). 

 hG Is Global solar radiation (W/m2), 
oI is Extraterrestrial radiation (W/m2),   is an 

altitude angle in degrees, and solart− r   is the solar sunshine hours (hr).  

The limitation of the models was that they were inaccurate in the prediction of solar radiation 

above 800 W/m2 (Kim et al., 2019). 

 

2.7.3  Seme Models 

Solar radiation models based on the global geographical location by applying an 

artificial neural network in order to predict half-hourly solar irradiation during the day were 

formulated by Seme and Štumberger (2011).  They reported that the results obtained from the 

artificial neural network and the one from meteorological data were in agreement, especially 

for the clear days. The parameters used are as indicated in equation 2.5 

  ( )dtteIH

tt

t

o

o

sin

0


+

=                                                                           2.5 

H is the solar radiation in 2/ mkW ,  oI is Solar constant; 1.367 kW/m2 
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Where; n is the number of days starting from the first day of January  
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 is the solar azimuth angle in degree.  𝑠𝑖𝑛 𝛼 = 𝑠𝑖𝑛 𝐿 . 𝑠𝑖𝑛 𝛿𝑆 + 𝑐𝑜𝑠 𝐿 . 𝑐𝑜𝑠 𝛿𝑆 . 𝑐𝑜ℎ𝑠 𝑠 

L is the latitude of the site in degrees, and
Sh is the hour angle 

S is the solar declination angle 
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The models were formulated for clear days, and more improvement was needed for 

predicting the daily distribution of global solar irradiance on cloudy days (Mirmasoudi et al., 

2018). 

 

2.7.4  Ehnberg and Bollen Model 

Ehnberg and Bollen (2005) reported that geographical parameters-based models were 

inaccurate in determining solar radiation. Thus they developed a Global radiation predictive 

model without geographical parameters but based on cloud observations. The method of 

generating cloud coverage was by discrete Markov model. The Global solar radiation was 

expressed as follows; 
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Where; 

 is the vector of local elevation angle over a period determined by d (rad) 

N is the number of Oktas, 3,1,0,,, =iaaL i  are Empirical constants (W/m2).  

G is global solar radiation over some time in (W/m2) 

d is the day for the year for the period of simulation. 

S is the solar declination angle over a period determined by d (rad) 

r is the tilt of the earth’s surface relative to the orbital plane of the world around them 

sun=0.409rad 
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  Is the location's longitude positive north 

of the equator (rad), 
e is the longitude of the positive location west of Greenwich (radiation).  

UTCt is the coordinated universal time(h) and  
dt is the hours of the day(h)  

According to Sun and Kok (2007), the models required a longer period of cloud 

coverage.  
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2.7.5  Sendanayake Models 

Gadiwala et al. (2013) stated that solar radiation could be predicted using 

meteorological data available in most meteorological stations. However, the most commonly 

available data in meteorological stations are temperature, precipitation and wind-related data. 

Sendanayake et al. (2014) developed a predictive model for estimating daily global solar 

radiation on a horizontal surface based on air dry-bulb temperature differences of any 

geographical location, as shown in equation 2.7  

( ) ( ) 5.01
TDKTHG odh =          2.7 

Where; 

( )TD is the maximum daily temperature minus minimum daily temperature (OC) 

( )1KT = ( ) ( ) 4023.00433.00185.0
2

+− TDTD  

Where; 

dhG  is the daily global radiation on a horizontal surface (MJm-2 day-1) 

oH  is the daily extraterrestrial radiation (MJm-2 day-1) 

The model, when tested on tropical regions by Sendanayake et al. (2014), showed a coefficient 

of correlation of 0.81. 

 

2.5.6  Almorox Daily Global Solar Radiation Models Analysis 

Daily global solar radiation forecast models based on extraterrestrial solar radiation, 

maximum and minimum air temperatures, mean atmospheric pressure, and saturated vapour 

pressure at maximum and minimum air temperatures were investigated (Fan et al., 2018). Yari 

et al. (2020) modified and analysed the models, estimating solar radiation and relating it to crop 

evapotranspiration using minimum climatological data and reporting that the proposed 

modifications allow for the correction of errors related to indirect climatological parameters 

that affect the local temperature range. 

( ) 2
1

minmax TTKrHH oc −=         2.8 

Where;  

cH  is the estimated solar radiation (MJ/m2day), 

oH  is the extraterrestrial radiation (MJ/m2day),  

maxT  and minT  are maximum and minimum daily air temperatures OC. 
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Kr Is an empirical constant, 0.17, 0.16 and 0.19 for semi-arid, interior and coastal 

regions. 

Allen (1997) modified the Kr coefficient to include a function of a site elevation effect 

on atmospheric pressure. The mean daily atmospheric pressure and the empirical coefficient 

A were equal to 0.17 and 0.2 for coastal regions. This model excluded the arid and semi-arid 

areas. The final model, according to Allen (1997) model was presented as follows;  

( ) ( ) 21

minmax

21
1031 TTPAHH oc −=       2.9 

Due to errors in the estimation of solar radiation, Valiantzas (2018) modified the empirical 

coefficient as: 

Kr = ( ) ( ) CTTBTTA +−+− minmax

2

minmax  

The coefficient of BA, and C were 0.00185, -0.0433 and 0.4023, respectively. The 

final model was presented as: 

( ) ( ) ( ) 21

minmaxminmax

21

minmax TTCTTBTTAHH oc −+−+−=           2.10 

Rodríguez et al. (2022) reviewed the daily solar radiation model as an exponential 

asymptotic function of daily temperature range ( )CT o  as follows;  

( ) C

oc TBAHH −−= exp1                                                                                    2.11 

Where ( ) ( ) ( )( )1minminmax 5.0 ++−= iii TTTT  i  and ( )1+i  are current day and the next day 

Coefficients A and C were equal to 0.7 and 2.4 ( )1154.0exp036.0 TB −= . 

A  Represents maximum value for atmospheric transmission coefficient and 

characterises the site pollution and elevation. Coefficient C determined the increment of T  the 

full value of the atmospheric transmission. 
1T  The monthly average temperature ranges from 

0.001945 to 0.007846. 

 Almorox et al. (2013) developed a model that included the daily temperature range and 

the saturated vapour pressure at maximum and minimum temperatures with the following 

relationship;  

( ) ( ) (( )( )( )DB

oC TesTesCTTAHH maxminminmax /exp1 −−−=
                         2.12

 

There C were empirical constants and ( ) ( )minmax , TesTes  maximum and minimum vapour 

pressures (kPa).  
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2.5.7  Collares (1979) Model 

A model for the prediction of hourly solar radiation on a horizontal surface base on the 

ratio of hourly to global radiation was developed by Collares et al. (1979) as in Equation 2.13 

ntt HrI .=                                                                                                            2.13 

Where; tI  is hourly solar radiation at time t , tr is the ratio of hourly to daily global solar 

radiation at time t , nH is the daily global radiation 
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Where; w and sw are hour angle sunset hour angle in degree.  

( ) ( )  tantancos 1 −= −

sw  

Where;  and   are latitude and solar declination angles, respectively. 

 Ya’u et al. (2018) modified the ratio of a specific site by including day daily length of 

the day
oS latitude ( ) and solar declination ( )  

  tan.tancos
15

2
−= −

oS        

 2.14 

 365/284360sin45.23 += n
 

Where; n is the numerical number of the day of the year. 

Al-Aboosi (2020), using the Baig et al. (1991) model to estimate the daily global solar 

radiation on a horizontal surface for the Himalayas region, predicted the month with the least 

sunshine ratio and molar ratio with an accuracy whose correlation of coefficient R2 of 0.71. 

 

2.5.8  Bindi and Miglietta Air Temperature and Rainfall Model 

Wang et al. produced another daily solar forecast model adapted for usage with fewer 

environmental inputs (2018). Daily air temperature differential and precipitation measurements 

were used as inputs. The model first calculates the mean sky transmittance by determining 

which days have a high probability of clear and overcast skies. Latitude and auxiliary data were 

utilised to create station parameters for the model. 22 stations in 11 nations were operated to 

test the model, with estimated and measured irradiance data compared and used as an input to 

a wheat growth simulation model. They reported that the model resulted in a very minor 
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difference in grain yield when measured irradiance was employed. The model related daily 

global radiation ( )R  based on extraterrestrial Insolation ( )Q  and the mean daily sky transmittance

( )K , according to Equation 2.15 below. 

QKR =                                                                                                                 2.15  

The parameters were given values based on whether the day was clear or overcast, 

determined by the daily temperature difference and rainfall amplitude. This model implies that 

the greater the temperature change over two days, the greater the mean sky transmittance. 

However, it has been found that it varies depending on the type of site, such as rural, urban, or 

industrial (Eikenberry & Gumel, 2018). 

 

2.5.9  Climatological Solar Radiation (CSR) Models  

Climatological Solar Radiation (CSR) models, such as the METSTAT algorithms, used 

monthly data provided from National Renewable Energy Laboratories (NREL) satellite 

products to reliably anticipate solar radiation (Salmon et al., 2021). Benkaciali et al. (2018) 

found that METSTAT models had a Mean Bias Difference (MBD) of -15 to 15% and a Mean 

Absolute Error (MAE) of 3%. 

 

2.5.10  Solar Radiation Predictive Model Analysis 

Rao et al. (2018) developed a model to estimate global solar radiation from sunshine 

duration using linear, quadratic, cubic, logarithmic, and exponential models based on six years 

of measured hourly global solar radiation data and concluded that the goodness of global solar 

radiation estimation should be based on measured solar radiation versus calculated solar 

radiation values. The correlation coefficient (R2), Root-mean-square error (RMSE), Mean 

Biased error (MBE), Mean absolute biassed error (MABE), Mean percentage error (MPE), 

Mean absolute percentage error (MAPE), and t-statistics were selected as the most often 

utilised statistical tools by Kaba et al. (2018). (t-stat). The correlation coefficient is used to test 

the relationship between the measured and the predicted values and is expressed as in Equation 

2.16 
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Where; mH is the measured radiation, cH  the calculated model values,the mean 

average, and the number of data. 

MBE provides long-term performance of the correlation by allowing a comparison of 

actual deviation between calculated and measured values (Zhao et al., 2013). MBE and MABE 

were expressed in Equations 2.17 and 2.18 
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Diez et al. (2021) used various inclination angles to investigate the diffuse component 

of solar radiation on a tilted surface. They compared the measured value to the circumsolar and 

anisotropic model results and the isentropic of Kulcher and Hay of Lucknow and Uttar Pradesh, 

India. They claimed that the comparison revealed that the Kulcher model produced accurate 

estimates, particularly at low inclination degrees. The model showed the short-term 

performance information as expressed by RMSE in Equation 2.19 
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Mean Percentage Error (MPE) and Mean Absolute Percentage Error (MAPE) were used to 

determine the long-term performance and are expressed in Equations 2.20 and 2.21 
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2.9  Model for predicting daily mean solar energy availability 

Various solar energy models have been produced in the scientific literature, according 

to Tang et al. (2018), each adopting a different set of methodologies and procedures. Several 

initiatives have used linear mathematical functions, including Algeria, which used satellite data 

in sparse areas and Malaysia. Non-linear functions have also been merged with Angstrom 

coefficients in quadratic and unconstrained procedures to determine daily diffuse solar 

radiation and irradiation models. Furthermore, non-linear functions have been used in a wide 

range of applications (David et al., 2018). Fuzzy logic has been applied to meteorological 
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aspects in addition to short-term energy predictions (VanDeventer et al.,2019). Finally, genetic 

algorithms and artificial neural networks can be employed to create a self-sustaining pump. 

Barrera et al. (2020). According to Linear, models can be simple to understand. Their 

linearity makes them a good tool for ensuring that optimal weights for each component (and 

hence a quasi-optimal solution) are found if the connection is linear. Linear also stated that 

models could accurately predict outcomes. Linear models, on the other hand, have low 

predictive performance on average. This is due to the restricted number of correlations that can 

be taught, which causes people to oversimplify a more complex reality. Furthermore, linear 

models are particularly vulnerable to outliers (anomalies); as a result, outliers must be 

identified and removed before applying linear functions, which is not always an easy task. 

Non-linear functions, according to Akhter et al. (2019), have the advantage of being 

able to deal with more intricate interactions (since they are not constrained only to linear 

functions). However, because there are so many possible options, it is sometimes necessary to 

undertake research to discover which position best fits the existing data. As a result, they 

necessitate a substantially longer time commitment than linear models. Due to their well-

defined rule basis, fuzzy logic models have the advantage of being able to deal correctly with 

inaccurate data. This gives fuzzy logic models a competitive advantage in the market (Okwu 

& Nwachukwu, 2019). Unlike other systems, fuzzy logic models have this feature, which 

allows for greater adaptability. On the other hand, the number of negatives considerably 

outnumbers the number of benefits: rule design can be quite complex, domain expertise is 

necessary to solve the presented problem appropriately, and defining precise values for the 

purpose of constructing the rule base can be difficult. 

Genetic algorithms are effective in solar energy modelling when a near-optimal solution 

is needed (Schellenberg et al., 2018). Furthermore, when it comes to managing noisy functions, 

evolutionary algorithms outperform linear models. However, genetic algorithms must 

converge to be effective, which can take a long time and require a large population, so this 

method is both time-consuming and costly (Barrera et al., 2020). 

Artificial neural networks (ANNs) use graphics cards to boost their computational 

speed (Zuo et al., 2022). As a result, these systems are ideal for making predictions in 

multidimensional spaces, where their high cardinality increases the likelihood of discovering 

non-linear functions between different magnitudes or dimensions. This makes these systems 

ideal for predicting multidimensional space. However, because of the neural network's ability 

to adapt to the distribution function, there is a risk of "overfitting." This risk emerges because 

the neural network will fit the training data too well (Negash & Yaw, 2020). The artificial 
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neural network (ANN) "remembers" the obtained data and loses its ability to make accurate 

predictions. This can give the impression that the model is more accurate than it is. The data 

must be separated into training and test models (either 80%-20% or 90%-10% for different 

samples). This is done to establish the level of accuracy that a model trained on completely 

unknown cases would achieve. ANNs have considerable use in the solar energy industry 

because of their appropriateness for multidimensional settings (Barrera et al., 2020). 

The persistence model, also known as the smart persistence model, is the most 

important technique, according to Zhang et al. (2020), since it uses previous data to anticipate 

the amount of electricity generated in the near future (2-3 hours). This method has the potential 

to be used as a benchmark against which other forecasting techniques can be assessed. A 

prediction is usually divided into two parts. A numerical weather forecast, also known as an 

NWP, is first prepared for a certain period and place. Following the completion of the NWP, 

forecasting algorithms are used to forecast electricity generation. Alternatives include using a 

physical model, a statistical technique, or a machine learning-based strategy. ML algorithms 

are compared to the Smart Persistence (SP) technique in terms of prediction, and the results 

show that ML models beat SP models (Amarasinghe et al., 2020). Grid management has 

become more complex as solar energy penetration rates have risen due to the unpredictability 

of solar resources. One of the most significant barriers to integrating renewable energy sources 

into the grid is the unpredictability and irregularity of power transmission (Babatunde et al., 

2020). As a result, solar power forecasting is becoming an increasingly important component 

for grid stability, unit commitment, and dispatch cost reduction. Machine learning techniques 

can sort through a large number of unusual solar radiation forecast models to solve the 

challenge (Khan et al., 2020). In order to construct accurate prediction models, various 

regression techniques such as linear least squares and support vector machines with a variety 

of kernel functions are considered. 

 

2.10  Challenges of Solar Energy Technology Development and Application 

Solar technology implementation has presented a variety of challenges as compared to 

traditional conventional energy sources utilised to generate power. The challenges of solar 

photovoltaic (PV) milk chilling systems were demonstrated by Rahman et al. (2022). These 

challenges are caused by variations in solar energy throughout the year and on a daily basis. 

These differences may reduce the systems' effectiveness and dependability. This came about 

as a result of the invention of an evaporative cooler and subsequent research into its 

effectiveness as the device was distributed to small-scale dairy farmers in western Uganda. 
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According to Jani et al.  (2018), a number of researchers have looked into the use of 

solar energy technologies in refrigeration systems. These experts have identified solar energy 

fluctuation as a major barrier to solar technology adoption, particularly for on-farm milk 

chilling systems. According to Victor et al. (2016), the availability of solar-generated electrical 

power allows for the implementation of a conventional system. On the other hand, he observed 

that in order to meet the criteria of standalone systems, solar energy systems needed to be 

adjusted to accept the changeable characteristics. 

Calise et al. (2019) published the results of an experimental thermochemical system 

that might provide cooling in the summer and heating in the shoulder seasons for a house 

application. The apparatus utilised the H2O/SrBr2 working pair as its salt component, which 

was contained in a 1 m3 thermochemical reactor containing expanded natural graphite in the 

form of consolidated material to increase heat and mass transfer. During the winter, the system 

provided heating at an intake temperature of Theat equal to 35OC (external ambient temperature 

of Text, mid similar to 7OC) and cooling at an inlet temperature of Theat equal to 18OC 

(external ambient temperature of Text, mid equal to 7oC). Flat plate solar collectors gave the 

source heat with a maximum temperature of Ths, max equivalent to 8 OC (external ambient 

temperature of Text, the sum was equal to 35OC). Based on the experimental data, the study 

team predicted ESD values of up to 218 kWh/m3 using a variety of reactor and reactive solid 

composite combinations. 

Experimental ESD values were given by Wu et al. (2020) for cooling of 42 kWh/m3, 

domestic hot water output of 88 kWh/m3, and heating of 110 kWh/m3. Aside from the 

restrictions imposed by high-temperature heat sources, thermochemical processes may face 

challenges when seeking to generate cold at extremely low temperatures (-30 OC and below). 

During the synthesis phase of a single-stage thermochemical process, the reactor temperature 

is related to the cold production temperature; so, the lower the cold production temperature, 

the lower the reactor temperature. If the reactor's temperature dropped below a particular point, 

removing the heat generated by the reaction using cooling water would be difficult. 

Tang et al. (2019) created a thermochemical technique with an internal thermal cascade 

to alleviate this constraint and applied it to the working pair of NH3 and BaCl2. Because of this 

cascade, their technology, which was designed for deep freezing with a low-grade heat source, 

could produce temperatures as low as -23 degrees Celsius with a heat source of around 70 

degrees Celsius. This means that solar heat can power the process utilising flat-plate collectors. 

The system's prototype demonstrated the method's viability, achieving an experimental global 

COP value of 0.06. This approach comes within the typical range of practical thermochemical 
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refrigeration systems powered by solar heat and creates cold at a lower temperature than prior 

solar refrigeration systems. Exegetical material yielded about 0.06 each year on average. 

Financial restrictions have been identified as the most significant impediment to the 

advancement of solar energy technology. It is considered that solar energy can only advance if 

the cost of photovoltaics is reduced. Mahama et al. (2021) found that the primary impediment 

to adopting renewable energy practices is often not technological capability but a lack of long-

term financial resources. Solar energy technologies have helped the population segments in 

Sub-Saharan Africa with the highest incomes the most. The high cost of photovoltaic solar 

panels is the reason behind this. Due to the region's extreme poverty, solar photovoltaic systems 

are out of reach for the great majority of Sub-Saharan Africans (Szabó et al., 2021). Chowdhury 

and his colleagues investigated the use of solar energy in Bangladesh (2018). This research 

appears to focus on the installation and exhibition of new technology and the technology's 

usefulness in Bangladesh. They determined that the cost of solar panels and the technology 

itself were impediments to the system's flexibility. The applicability of the technology and 

many other technical issues were given top priority. Adwek et al. (2020) researched solar 

energy electrification in Sub-Saharan Africa, concentrating on the relationship between 

technology and society changes or benefits. The study looked at how PV solar energy could be 

used in a variety of urban and rural settings and residences. According to the study's findings, 

the rapid growth of renewable energy technologies can be attributed to the growing demand 

for solar photovoltaic systems in rural homes. According to the study's conclusions, a 

significant number of rural inhabitants have adopted the technology, and the solar sector in 

Sub-Saharan Africa has exploded in recent years. 

According to AlMallahi et al. (2022), one of the significant technological obstacles was 

the high unpredictability of solar power intake and battery capacity. A variety of environmental 

conditions, including weather, humidity, dust, and temperature, contributed to this difference. 

He outlined a set of devices that might be put onboard high-power wireless sensor networks to 

assess battery capacity and condition and the amount of easily available solar power in the 

essay. These characteristics were critical for optimising, sensing, and maximising the system's 

reliability in order to achieve the best possible results. The results of the trials revealed that 

typical lithium-ion batteries degrade dramatically when used outside in a matter of weeks or 

months and that solar energy availability in a solar-powered wireless sensor network in an 

urban setting is highly variable. These findings highlight the importance of energy and power 

estimation approaches. 
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Employees in the solar energy business may be exposed to arc flashes, electric shock, 

falls, and thermal burns. Any one of these hazards has the potential to cause a life-threatening 

injury or even death to a worker. Arc flash burns and explosions are two potential risks, 

according to Gündüz et al. (2021). 

The markets for various forms of risk transfer, such as insurance, are expected to 

increase with the rise of the renewable energy sector (Taghizadeh-Hesary & Yoshino, 2020). 

The amount spent on risk management services in the renewable energy sector is expected to 

increase by more than four fold by 2020, owing to a predicted increase in investments of more 

than 50% by 2020 (Pietzcker and colleagues, 2021). Depending on the scenario, spending on 

third-party risk management services in six of the world's most important renewable energy 

sectors might range between USD 1.5 billion and USD 2.8 billion by 2020. Traditional 

insurance, derivatives, and structured goods are among these offerings. 

Insurance and other forms of risk transfer are becoming increasingly popular for three 

reasons. The sheer increase in the amount of money required for renewable energy projects 

would necessitate the creation of new funding channels. This is because the costs of these 

efforts are skyrocketing. According to Schafer (2018), institutional investors allocate 5% of 

their entire asset allocation to alternative investments. Renewable energy enterprises are 

included in this investing category. 

On the other hand, Bonds typically account for around 40% of total asset allocation. It 

is critical to align the risk/return profile of renewable energy investments with that of bond 

investments in order to attract institutional investors on a bigger scale. This is a must. One way 

to achieve this goal is to reduce the risk associated with the shifting cash flows produced by 

renewable energy assets. 

The third component that adds to the rise in demand for risk transfer solutions is 

everyone who has been affected by the increasing presence of renewable power generation on 

the energy market (Egli, 2020). This is owing to the fact that energy market rivalry is increasing 

at a rapid pace. Renewable energy sources' variable production has prompted the development 

of novel risk management strategies in the power markets (Alola, 2021). This upward tendency 

is projected to continue. Traders and grid operators must contend with significant production 

unpredictability and difficulty in maintaining system equilibrium in addition to low and usually 

negative power pricing. In markets with set feed-in tariff rates, existing electricity suppliers 

must cope with low electricity prices and the requirement to provide backup capacity. As a 

result, current power plants will become less profitable. Complex solutions for managing these 
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risks have the potential to lower the costs associated with changing output in locations with a 

significant number of renewable energy sources (Maulidia et al., 2019). 

 

2.11  Conceptual Framework 

When solar radiation levels are low, solar energy is captured and stored in batteries for 

subsequent use in operating refrigeration systems. However, batteries are linked to a high 

failure rate and pollutants due to their short cycle when thrown after usage. A cooling system 

can be attached to the solar panels for direct power delivery without batteries. The refrigeration 

system creates ice in the ITS system, which captures and stores solar energy as sensible thermal 

energy. When the PV system does not offer enough power to the refrigeration system 

compressor due to low solar radiation levels, the ice provides the thermal cooling load energy 

required for chilling milk. Based on the mean daily solar radiation available at a certain 

location, this research established mathematical models for projecting maximum cooling 

demands from a refrigeration system. The solar-driven refrigeration cooling load model 

received the mean daily solar radiation available at a certain location as input from the solar 

radiation forecast model. Based on the solar radiation of the location, the refrigeration cooling 

capacity output was the maximum cooling load for the solar-driven refrigeration system. 

Lastly, the refrigeration system requires power from a PV supply, calculated using the COPr 

and the refrigeration system's cooling load. Models for PV power delivery to the solar-driven 

refrigeration system have been created.  
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1  Study site  

This research was carried out at Nakuru town in Nakuru County in Kenya at a latitude 

of 36.02O E and a longitude of 0.284O S. The research was carried out in three main sections 

according to the objectives. 

The first section of the research was to establish a model for predicting daily mean solar 

energy availability for a site. The mean daily solar energy output from the established model 

in a specific site is used to determine the refrigeration capacity of a solar driven refrigeration 

system that would provide maximum cooling load based on available solar radiation. Having 

established the solar-driven refrigeration system with maximum cooling load based on 

available solar radiation, mathematical models for predicting the solar-driven 

refrigeration system with maximum cooling load based on solar energy available at a site was 

developed.  

The mathematical models developed from regression analysis curve fitting were 

validated by variation of the solar radiation and comparing the performance of the models to 

the actual cooling loads obtained from the solar-driven refrigeration systems. The last section 

was carried out to determine the system's reliability under varying mean daily solar radiation 

in Nakuru.  The materials and methods used are stipulated as per the outlined objectives. 

 

 3.2  Establishment the best fitting model for predicting solar radiation at varous sites 

in Nakuru county  

Ten years of mean daily solar radiation in Nakuru town was obtained from three 

sources; Satellite data from National Renewable Energy Laboratories, Regional 

Meteorological Centre in Nairobi and the Egerton University meteorological station data.  The 

mean daily solar radiation in W/m2 for the ten years was computed using Excel spread sheet 

2010 from the three sources, and the mean daily solar radiation was obtained from 1stof May 

2008 to 30th May 2019.  

A Pyranometer; Kipp and zomen (Germany) model SP lite 2 with an accuracy %5  

manufacturer calibrated mouted on a roof top and used to measure the daily mean solar 

radiation at Nakuru.  COMBILOG data logger connected to the pyranometer, stored the solar 

radiation measured at a frequency of 3 minutes, from which mean daily solar radiation was 

computed between July 2018 to November 2019. Using origin 2019 b application, A coefficient 
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of correlation test was performed between the historical and the measured data. Figure 3.1 

shows the installation and moumting of the pyramometer  

 

Figure.3.1: Pyranometer mounting and installation 

To determine the accuracy of the measured and historical mean daily solar radiation. 

The correlation coefficient obtained from the measured and historical data. 

 

3.2.1  Inputs for Solar Radiation Prediction Models  

The selection and analysis for the accuracy of daily mean solar prediction models were  

based on the availability of input weather parameters from most meteorological stations in 

remote regions (meteolorogical stations that few equipment for solar radiation measurement 

and recording). The parameters considered readily available in remote meteorological stations 

within Nakuru county, that influenced the establishment of the model’s analysis were; sunshine 

duration, day of the year, maximum and temperatures, Latitude and longitude of the site.  

Four models, namely; Gadiwala et al. (2013); MI, Seme et al. (2009); M2, Sendanayake et al. 

(2014), M3 and Samani (2000) M4, were adopted by this study since they use readily available 

input parameters, namely, Latitude and longitude (O ), Sunshine duration (hours), Maximum 

temperature (OC) and Minimum Temperature (OC) from the remote meteorological centres. 

The Four models Gadiwala et al. (2013); M1, Seme et al. (2009); M2, Sendanayake et al. 

(2014), M3 and Samani (2000) M4 were analyzed for accuracy in the prediction of mean daily 

solar radiation. MATLAB 2012(b) program was used to simulate the daily mean solar radiation 

for each model based on the specific inputs for the model for 365 days. The data obtained were 

compared with the measured mean daily solar radiation by statistical performance tools. The 

Pyranometer 
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four models were found favorable compared to other models whose input parameters were 

unavailable in remote sites. 

 

3.3  Solar Refrigeration System Cooling Loads 

Solar refrigerated cooling loads is the sensible thermal energy generated by the 

refrigeration system in kWh. The determination of the cooling load for the solar-driven 

refrigeration system was based on the annual mean daily solar radiation available at the site 

where the solar-driven refrigeration system is to be installed. 

         The choice of four models for accuracy analysis in prediction of solar radiation was 

based on the availability of the input parameters for models within Nakuru county. Several 

models in the literature review such as Ehnberg and Bollen (2005),  Diez et al. (2021) and 

Collares (1979) required input parameters that were unavailable in most meterological stations 

in Nakuru. 

            After the analysis of the four models under consideration, the correlation coefficient for 

the models were; Gadiwala et al. (2013) model 0.826, (Seme, 2009) 0.735, Sedanayeke, (2013) 

0.809 and Samani (2000) had 0.766. 

Evaluation of the annual mean daily solar radiation available at the site was predicted 

from the Gadiwala et al. (2013) model, as was the accurate solar radiation prediction model.  

 

3.1  System Setup for Solar Radiation prediction and Refrigeration Cooling Loads 

Measurements 

Three vapour compression solar driven refrigeration system were designed to cool 20 

kg water with five hours, and to form ice that would preserve the milk in two cosequitive days 

when the systems are not operating due to insufficient solar radiation availability. Data 

obtained from Danfoss compressors of 200W, 250W and 350W were capable to cool up to 

30kg the five hours. The sizing of the condenser, evaporator and the expansion devices was 

carried out by use of the Danfoss catalogue.  

The refrigeration cooling loads were obtained from three refrigeration systems 

integrated with different AC compressor capacities of; 200 W Danfoss model TL5G Universal 

compressor, 250 W Danfoss model TLS5FT Tropical compressor and 350 W Danfoss model 

SC 12G universal compressor.  

The three AC compressor systems of 200W, 250W and 350W were connected to four 

polycrystalline PV solar panels each of 200 Wp and an effective surface area of 1.34 m2 each. 

The evaporators for each compressor system were submerged in a 15 kg brine solution in a 
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cooling tank for direct water cooling and ice bank formation. The ‘on’ and ‘off’ status of each 

compressor depended on the solar radiation available, to actuated the control unit and hence 

start the operation of each refrigeration system. A 30 Wp pilot solar panel was placed adjacent 

to the pyranometer to generate a voltage depending on the intensity of solar radiation. Using a 

PLC program, the voltage was converted to the corresponding solar radiation in W/m2 and 

recorded by a COMBILOG data logger at 15 seconds. Figure 3.2 illustrates the layout of the 

solar driven refrigeration system. 

The solar driven refrigeration system cooling load was determined from 3rd June to 31st  

September 2019. Excel spread sheet were used to determine the maximum cooling loads. 

 

Figure 2.2: Solar driven refrigeration plant layout 

 

3.3.2  Calibration of The Control Unit  

To ensure that the control unit regulated the ‘on’ and ‘off’ status of the three  

solar refrigeration systems with the corresponding amount of solar radiation available and 

similar values obtained by the pyranometer, the unit was thus calibrated. The calibration of the 

control unit was done by use calibrated by use of Kipp and zomen (Germany) model SP lite 2. 

Pyranometer with an accuracy of %5 .  
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To determine the accuracy of the generated voltage signal, the solar radiation obtained 

from the pyranometer was plotted against the solar radiation from the control unit. A coefficient 

of correlation between the control unit and pyranometer readings was performed.  

 

3.4  Mathematical modeling for simulating cooling load harnessed by solar driven 

refrigeration system 

Determination of the solar refrigeration system, which provided maximum cooling 

loads, was based on the mean daily solar radiation W/m2 available at a location. This was 

obtained by establishing the cooling loads of three different refrigeration systems integrated 

with the compressor of various sizes, exposed to varying solar radiation for the same time.  

The three AC compressor systems of 200 W, 250 W and 350 W integrated with their 

corresponding evaporator were connected to the 4 PV modules, 200 Wp. An inverter was 

connected to the system that supplied AC power from the DC source generated by the PV 

modules to each refrigeration system compressor. A control unit controlled the ‘on’ and ‘off’ 

switching of the three compressors depending on the available solar radiation levels and the 

power required to operate each refrigeration system compressor. The data logger recorded the 

time taken by each of the refrigeration systems when each compressor was ‘on’ status  

Water at 33OC was drained in to each milk can of the Three refrigeration sytems at the 

beginning of the cooling process. The cooling process started at different time in the three 

compressors depending on the solar radiation level required to start each system compressor. 

All the refrigeration systems were switched off at 4 PM daily. The cooling Load in kWh for 

each of the system was obtained summation of the daily loads. 

The physical properties of raw milk, skimmed raw, and pasturezed milk considered for 

for milk so as to replace it with water were the freezing point and the  density. It was observed 

that the freezing point of milk range from -0.468 to -0.640. and the density ranges from1020 

kg/m3 t0 1027 kg/m3 at 20OC. The physical properties of water at 20OC showed insignificant 

difference to water. 

A cooling vessel consisting of 20 kg of water replaced milk contained in a milk can, 

and a container of the ice with 15 kg of water was placed adjacent to the milk can. The milk 

can was placed centrally in the ice container, which was surrounded by an outer jacket of a 

brine solution of 35% concentration as a secondary refrigerant in which the evaporator of each 

refrigeration system was submerged. To reduce heat influx into and out of the cooling vessel, 

60 mm thick Polystyrene extruded light form insulation of density 21.5 kg/m3 was used. Figure 
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3.4 shows the cross-section of the milk cooling can in each of the solar-driven refrigeration 

systems. 

 

Figure 3.4: Cooling tank cross-section 

Three PT-100 thermometers of accuracy±0.01𝑂𝐶 were used to measure the 

temperature profile of water can in each of the refrigeration systems from 9 am to 4 pm. A 

COMBI-LOG 1021 data logger recorded the temperature changes at 15 seconds for each 

refrigeration system. The mass of ice formed from water in the ice container was determined 

by draining and weighing the water that remained in the ice container at the end of each day. 

The difference between the water collected and the 15 kg of water initially at the beginning of 

the cooling process provided the mass of ice formed.  

 

3.5  Developing Mathematical Models for Predicting Refrigeration Cooling Loads  

Cooling loads mathematical models for the three refrigeration systems were established  

from the regression of cooling loads curves produced by each refrigeration system.  

 

3.6  Validation of Mathematical Cooling Loads Prediction Models 

The validation of the mathematical models was performed by exposing the PV panels  

of three solar-driven refrigeration systems to different mean daily solar radiation of between 

305.824 and 695.613 W/m2 and comparing the cooling loads generated by each of the solar 
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refrigeration the with the cooling loads predicted by the models developed for the three 

refrigeration system for the corresponding mean daily solar radiation. 

 

3.6.1  Solar Driven Refrigeration System Power Supply Models 

The power supply to each compressor from the PV panels and its inversion from DC to 

AC were developed from each of the refrigeration system compressor COPr and the operating 

temperature for the evaporator of each refrigeration system. The COPr values were obtained 

from the manufacturer’s catalogue of each compressor at an evaporator temperature of -5OC. 

 

3.6.2  Validation of Power Supply Prediction Models 

The validation of the power supply models was performed by exposing the PV panels 

of three solar-driven refrigeration systems to different mean daily solar radiation. The power 

supply to each refrigeration system was measured by Aposun digital watt meters model 

CHD900, measuring voltage 0-600 V and current 0-15 A and a current and voltage accuracy 

of 0.35+2 digits 0.5%+2 digits respectively. An inverter of 85 amperes pure sine wave was 

connected to each wattmeter. The power in kWh obtained from the watt meters was compared 

with the power supply from the prediction models for the three refrigeration systems and the 

corresponding mean daily solar radiation between 346.146 and 683.189 W/m2. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1  Establishment of best fitting models for predicting Solar Radiation in Nakuru  

The mean daily sun radiation accuracy over the past ten years was determined using 

satellite data from the National Renewable Energy Laboratories, the Regional Meteorological 

Center in Nairobi, and data from the Egerton University meteorological station. This was 

significant because it provided the foundation for measuring and comparing the anticipated 

mean daily solar radiation from known models to the actual solar radiation of a specific region. 

Figure 4.1 showed a coefficient of correlation of 0.971 when existing mean daily solar radiation 

was tested against measured mean daily solar. This accuracy compares well  

with some of the (Antonopoulos et al., 2019) models. 

  

Figure 4.1: Relation between measured and 10-year mean daily solar radiation for 

Nakuru 

 

Factors that determine the intensity of solar radiation largely depend on the 

geographical location of the earth's surface relative to the sun and the climatic condition of a 

location (Sreenath et al., 2021). The input parameters considered for the models were based on 

their availability in meteorological centres in remote regions. Table 4.1 shows the four 

parameters considered and the models used. 
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Table 4.1: Solar Radiation models and input Parameters 

Parameter Models 

M1 (Gadiwali, 

2013) 

M2 (Seme, 

2009) 

M3 (Sedanayeke, 

2013) 

M4 (Samani, 

2000) 

Latitude and 

longitude (OC) 

       

Day of the year 

from Jan 1 

       

Sunshine duration 

(hours) 

        

Maximum 

temperature (O C) 

      

Minimum 

temperature (OC) 

      

     Indicates input parameter considered 

 

The four models, namely; Gadiwala et al. (2013); MI, Seme et al. (2009); M2, 

Sendanayake et al. (2014), M4 and Samani (2000) M4, which had readily available input 

parameters from the remote meteorological centres, were each simulated for 365 days using 

MATLAB 2012(b) program.  The data obtained were compared with the measured mean daily 

solar radiation by statistical performance tools; RMSE, MBE, MABE, MPE and MAPE. The 

performance of the three models were tabulated in Table 3. When compared with measured 

data from the location, the performance of the four models M1, M2, M3 and M4 was as 

indicated in figures 4.2a- 4.2d. 
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Plot
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Daily solar Radiation
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Figure 4.2a: Relation between predicted (Gadiwala et al. (2013) and measured solar 

radiation 
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Figure 4.2b: Relation between predicted (Seme et al., 2009) and measured solar radiation 
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Figure 4.2c: Relation between predicted (Sendanayake et al., 2014) and measured solar 

radiation 
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     Figure 4.2d: Relation between predicted (Samani, 2000)  and measured solar radiation 

 

Table 4.2 indicate the measures of performance for the relation between predicted and 

measured solar radiation for various models. 
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Table 4.2: Measures of performance for relation between predicted and measured solar 

radiation for various models 

Parameter M1 M2  M3 M4 

1.R2 (unit less) 0.826 0.735 0.810 0.766 

2.RMSE (W/m2) 18.591 22.034 20.565 21.601 

3.MBE (W/m2) -0.592 -0.571 -0.597 -0.604 

4.MABE (W/m2) 15.59 15.88 15.60 16.03 

5.MPE (%) 12.31 12.88 12.83 13.08 

6.MAPE (%) 18.92 21.75 20.10 20.71 

Suns of Errors 2,3,4,5, and 6 64.819 71.973 68.496 70.817 

 

The four models using MATLAB program simulations are as indicated in Figures 4.3a, 4.3b, 

4.3c and 4.3d. 

 

 

Figure 4.3a: Sendanayeke (2013) solar radiation model simulation 
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Figure 4.3b: Samani (2000) solar radiation model simulation 

 

 

Figure 4.3c: Gadiwala (2013) solar radiation model simulation 
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Figure 4.3d: Seme (2009) solar radiation model simulation 

 

Results from Table 4.2 show that the most accurate model for predicting short- and 

long-term horizontal mean daily solar radiation is the Gadiwala (2013) model. Similarly, 

simulation of the four models using the MATLAB programme showed a distinct trend line in 

the year's seasonality as seen in the ten years’ data, with the Gadiwala (2013) model as shown 

in figures 4.3a, 4.3b, 4.3c and 4.3d. This indicates that horizontal mean solar daily solar 

radiation can accurately be predicted by latitude and longitude, length of the day and sunshine 

duration hours. These parameters are available in remote regions. Quej et al. (2017) models 

based on extraterrestrial radiation, maximum and minimum air temperatures mean atmospheric 

pressure showed R2 of 0.76and MPE of 12.3. Quej et al. (2017) models predicted the daily 

global solar radiation in a warm sub-humid environment, the month with the least sunshine 

ratio and solar ratio with an accuracy whose correlation of coefficient R2 of 0.75. Gadiwala 

model prediction lies within the three models. Gadiwala et al. (2013) model is expressed as in 

Equation 4.1 
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( ) ( )  tantancos
15

2 1 −= −

dL , is latitude in degrees and   solar declination angle in degrees 

   SCI is solar constant and 
S is sunset hours. 

 

4.2  Capacity of Solar Refrigeration System with Maximum Cooling Load 

4.2.1  Calibration of the Control Unit 

The solar radiation obtained received by pyranometer was tracked by the voltage signal 

generated by the control unit using a 30 Wp PV panel as the power source. Figures 4.4a and 

4.4b show the voltage tracking in (blue colour) of the solar radiation (in red colour) of the 

control unit during calibration. The COC on the 3rd January 2017 with high and low solar 

radiation peaks with a mean daily solar radiation of 414.37W/m2 was found to be 0.9876. From 

the high performance of the control unit in generating a voltage signal equivalent to the solar 

radiation, the control unit was thus accurate in the ‘on’ and ‘off’ operations of the refrigeration 

system.   

From figure 4.4a, it was observed solar radiation was tracked accurately and actuated the 

compressors of the refrigeration systems with fairly high accuracy as in figure 4.4b, as was also 

observed by (Langdon-Arms et al., 2018).  

 

 

Figure 3.4a: Correlation between measured and controlled unit tracked solar radiation 
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Figure 4.4b: Coefficient of Correlation for solar radiation 

 

4.2.2 Solar Driven Refrigeration System with Maximum Cooling Load  

The time required for the compressors to obtain a temperature drop of 5K of water in  

each milk can vary with mean daily solar radiation bands for each refrigeration system. The 

200W refrigeration system indicated a mean daily solar radiation between 200.281 W/m2 to 

414.382 W/m2. In comparison, the 250 W had a mean daily solar radiation between 420.715 

W/m2 to 580.847 W/m2, and the 350 W refrigeration system was from 580.391 W/m2 to 

664.358 W/m2. The minimum, mid and maximum solar radiation for each band, was 

established from the minimum temperature when the ice started forming, mid-temperature 

when the amount of ice was half full in the milk can, and the maximum temperature 

corresponding to the maximum amount of ice included as recorded by the data logger as in 

Table 4.3. 

Table 2.3: Compressor size/refrigeration system mean daily solar operating bands 

Compressor 

size/refrigeration 

system (W) 

Operating mean solar 

radiation band (W/m2) 

Mean daily solar Radiation (W/m2) 

Minimum Average Maximum 

200 100.281-420.715 213.653 350.682 414.382 

250 420.715-580.391 446.988 497.548 570.847 

350 580.391-670.803 580.391 623.362 664.358 
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Cooling loads variations with the mean daily solar radiation curves for each 

refrigeration system were determined. The cooling profiles for the 200W, 250W, and 350 W 

solar refrigeration systems are shown in Figures 4.5a-c.  

The 200 W refrigeration system cooling profile shows that the cooling process of the 

water in the milk can of the cooling vessel started the cooling process quite early when the 

solar radiation was low, between 100.281 W/m2 and 420.715 W/m2. It is evident that the 

refrigeration system started running before, but the cooling process was slow, as indicated by 

the cooling profile gradient. This is attributed to the capacity of the 200 W compressor 

integrated into the system. The cooling rate was steady when the solar radiation was above 400 

W/m2, and the water temperature dropped from 25OC to 10OC. At about 10OC, the cooling rate 

significantly dropped and resumed cooling when the temperature was about 7OC. The cooling 

profile showed that, the water temperature dropped from 33OC to 4OC in 4 hour and 45 minutes. 
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Figure 4.5a: Cooling profile for 200 W Solar driven refrigeration system 

           The cooling rate in the 250 W refrigeration system indicated a slow cooling rate in the 

early morning hours between 9 am, and 10 am. This resulted from insufficient solar radiation 

in the early hours needed to run the compressor of the refrigeration system, which should be a 

minimum of 420.715 W/m2. The cooling rate was steady and fast between 10:30 am, and 11:50 

am when the solar radiation was between 447 W/m2 and 570 W/m2, sufficient to run the 

refrigeration system's compressor. At 10 OC, the cooling rate dropped significantly and then 

resumed the cooling rate at 7.5 OC. It was observed that the milk temperature dropped from 33 

OC to 4 OC. 
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Figure 4.5b: Cooling load profile for 250 W solar-driven refrigeration system 

When plotted under varying solar radiation, figures 4.6a and 4.6b show the cooling 

curves for the 200 W, 250 W and 350 W refrigeration systems. It was observed that the 200 W 

refrigeration system had the highest cooling rate in the morning hours, with a maximum cooling 

load of 0.245 kWh. Again, this resulted from the small capacity of the system’s compressor 

that allowed the system to start with low solar radiation levels compared to the other higher 

capacity refrigeration systems 

The cooling profile of the 350W refrigeration system exhibited no cooling rates 

between 9 am, and 10:45 am. This resulted from insufficient solar radiation in the early 

morning hours, below the minimum required to run the 350 W compressor of the system. The 

cooling rate improved between 10:50 am to 11:40 am when the solar radiation was above 500 

W/m2, and the water temperature dropped from 33 OC to 10 OC. This section of the cooling 

profile indicated the highest cooling rate. When the water temperature was at 10 OC, the cooling 

rate reduced significantly and resumed when the temperature was 8.0 OC. 
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Figure 4.5c: Cooling profile for 350 W solar-driven refrigeration system 

The 250 W refrigeration system had lower cooling rates than the 200W refrigeration 

system in the morning hours. The highest cooling rate occurred between 450 W/m2 and 570 

W/m2. This was due to the availability of sufficient solar radiation required to start and maintain 

the running of the 250 W compressor. The 250W refrigeration system showed the highest 

cooling load of 0.262 kWh, the highest of the three refrigeration systems. The mean daily solar 

radiation for this particular day was 414.37 W/m2 which meant that the larger number of hours 

of the day experienced solar radiation of between 420 W/m2 to 570 W/m2 hence providing the 

largest cooling load than the other refrigeration systems. 
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Figure 4.6a: Solar driven refrigeration systems cooling loads 
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Mean daily Solar Radiation (W/m2) System mean Cooling loads (kWh) 

200 W 250 W 350 W 

213.651 0.0914 0.0904 0.0665 

350.682 0.183 0.112 0.0791 

414.368 0.229 0.181 0.163 

446.985 0.243 0.221 0.179 

497.848 0.242 0.240 0.226 

570.848 0.241 0.263 0.248 

623.362 0.245 0.260 0.256 

664.358 0.241 0.262 0.258 

Total daily cooling Load (kWh) 1.4744 1.6294 1.4736 

 

The lowest cooling rate in the morning hours was in the 350W refrigeration system for 

the three refrigeration systems. This was attributed to insufficient solar radiation below 570 

W/m2 in the morning to start running the 350 W compressor integrated into the refrigeration 

system. The highest cooling rate of this system was experienced when the solar radiation was 

above 580 W/m2. The refrigeration system recorded the highest cooling load was 0.258 kWh, 

as indicated in table 4.4. The 250 W solar-driven refrigeration system exhibited the highest 

cooling load of the three refrigeration systems as indicted in 4.6a and similar the highest 

summation in cooling loads as in table of 1.6294kWh in. Victor Toress et al. (2016) and Petros 

and Michael (2009) observed a similar trend when experimenting with DC refrigeration 

compressors. 

In determination of each refrigeration system's performance, the total cooling load was 

by adding the direct cooling load and the mass of ice created in each refrigeration system. Table 

4.4 illustrates the average daily cooling loads for each refrigeration system. Table 4.5 shows 

the mass of ice created in each water container during chilling procedures as the mean daily 

solar radiation varies 
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Table 4.4: System mean cooling load 

Mean daily Solar Radiation (W/m2) System mean Cooling loads (kWh) 

200 W 250 W 350 W 

213.651 0.0914 0.0904 0.0665 

350.682 0.183 0.112 0.0791 

414.368 0.229 0.181 0.163 

446.985 0.243 0.221 0.179 

497.848 0.242 0.240 0.226 

570.848 0.241 0.263 0.248 

623.362 0.245 0.260 0.256 

664.358 0.241 0.262 0.258 

Total daily cooling Load (kWh) 1.4744 1.6294 1.4736 

 

4.2.3  Mass of Ice Formed in The Solar Driven Refrigeration Systems 

Apart from direct cooling of milk when there was sufficient solar radiation, the solar-

driven refrigeration system was also designed to cool milk for a minimum of 3 days when there 

was insufficient solar radiation occasioned to weather and seasonal changes. The thermal 

cooling load needed for milk cooling in the event of low solar radiation was provided by ice 

banks formed when there was sufficient solar radiation.  

Table 4.5 shows the mass of ice formed by each of the three refrigeration systems on 

3rd January 2017, when the mean daily solar radiation was 414.37 W/m2, while figure 4.6b 

shows the profiles of the mass of ice formed in the three systems. From table 4.5 and figure 

4.6b, the 200 W refrigeration system produced the maximum amount of ice equivalent to 5.78 

kg between the solar radiation of 213.651 W/m2 and 350 W/m2. The 250 W refrigeration system 

generated the largest ice of 7.35 kg when the solar radiation band range was between 414.368 

W/m2 and 623.362 W/m2. The largest refrigeration system with the highest compressor 

capacity generated 6.95kg of ice above a solar radiation band of 623.362 W/m2.  Thus, the 250 

W solar-driven refrigeration system generated the largest ice, 7.35 kg, compared to the other 

refrigeration systems. This was due to the greater number of hours the 250 W refrigeration 

system was in operation and the compressor's capacity.  Victor Torres et al. (2015), while 

experimenting on a small milk cooling system with ice storage, obtained 6 kg of ice when the 

system operated with mean solar radiation of about 414 W/m2. It was observed that the three 

refrigeration systems received the maximum cooling loads at different solar radiation bands. 
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The 200W refrigeration system had a maximum cooling load of 0.243 kWh and an ice mass of 

6.26 kg at a solar radiation band between 213.651 and 446.985 W/m2. The 250 W refrigeration 

system had a maximum cooling load of 0.263 kWh in six hours when solar radiation band of 

446.985 W/m2 and 570.848 W/m2. The 350 W refrigeration system showed a maximum 

cooling load of 0.258 kWh and ice of mass 6.95 above 664.358 W/m2 

Table 4.5: Mass of ice formed for different solar radiation and refrigeration systems 

Mean daily Solar 

Radiation (W/m2) 

Refrigeration system and mass of ice formed (kg) 

200 W 250 W 350 W 

213.651 4.38 4.18 3.16 

350.682 5.78 5.43 3.26 

414.368 6.27 6.78 4.34 

446.985 6.63 6.89 5.92 

497.848 6.71 7.03 6.88 

570.848 6.73 7.24 6.91 

623.362 6.72 7.35 6.95 

664.358 6.74 7.34 6.94 
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Figure 4.6b: Mass of ice formed in cooling process curves 

 

4.3  Solar Refrigeration Cooling Load Curves  

Since each solar-driven refrigeration system exhibited minimum and maximum cooling  

loads and a corresponding mass of ice formed at different mean daily solar radiation operating 

bands, the cooling load for each refrigeration system, when plotted separately, shows 

regression cooling loads curves as indicated in Figures. 4.7a, 4.7b and 4.7c. 
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Figure 4.7a: Cooling load curve for 200 W solar-driven refrigeration system 
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Figure 4.7b: Cooling load curve for 250 W solar-driven refrigeration system 
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Figure 4.7c: Cooling load curve for 350 W solar-driven refrigeration system 

The cooling load regression curves were used to develop the mathematical regression 

models for each refrigeration system based on the solar radiation between 200W/m2 and 

750W/m2 and the best regression curve fitting. From the cooling curves in Figures 4.7a, 4.7b 

and 4.7c, the three refrigeration systems of 200 W, 250W and 350W generated the regression 

cooling models as shown in Equations 4.1, 4.2 and 4.3.  

𝑄𝐿 = −0.2096 + 0.00184𝑆𝑅 − 2.205𝐸 − 6(𝑆𝑅
2) + 6.756𝐸 − 10(𝑆𝑅

3)   4.1 

𝑄𝐿 = 0.7506 − 0.00636𝑆𝑅 + 1.744𝐸 − 5(𝑆𝑅
2) − 1.3076𝐸 − 8(𝑆𝑅

3)   4.2 

𝑄𝐿 = 0.5195 − 0.00426𝑆𝑅 + 1.1914𝐸 − 5(𝑆𝑅
2) − 9.176𝐸 − 9(𝑆𝑅

3)   4.3     

𝑄𝐿 𝑖𝑠 𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 𝑖𝑛 𝑘𝑊ℎ      𝑆𝑅 𝑖𝑠 𝑚𝑒𝑎𝑛 𝑑𝑎𝑖𝑙𝑦 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑊/𝑚2 

 

Zhang et al. (2021) developed regression analysis models for estimating the 

refrigeration capacity of an ice storage system and obtained prediction of the cooling load R2 

of 0.951 when using gradient boosting decision tree (GBDT) model based on selection of 

input variables to predict the cooling load of commercial buildings. The highest COC was 

0.9834. 
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4.3.1  Models for Predicting Power Supply to Solar Driven Refrigeration System from 

PV Panels   

Power supply to the refrigeration systems compressors was obtained from the PV 

panels, which formed part of the major components of the solar-driven refrigeration system. It 

is important to develop power supply models for the refrigeration systems compressors to size 

PV panel components and equipment of the solar-driven Refrigeration systems. 

The power supply to each compressor of the respective refrigeration system, from the 

PV panels and its inversion from DC to AC, depended on the coefficient od performance of 

the refrigeration COPr and the operating temperatures of the evaporator in each refrigeration 

system (Song et al., 2018). These two factors were stated in the manufacturer’s catalogue of 

each compressor. Equation 4.4 relates the COPr of the refrigeration systems to the cooling load 

and the power supplied to the compressor from the PV panels and the accessories; 

             𝐶𝑂𝑃𝑟 =
𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 𝑘𝑊ℎ

𝑃𝑜𝑤𝑒𝑟 𝑆𝑢𝑝𝑝𝑙𝑖𝑒𝑑 𝑘𝑊ℎ
        4.4 

From Equation 4.4, the power supplied to the compressor was expressed in Equation 4.5 

𝑃𝑜𝑤𝑒𝑟 𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑  𝑡𝑜 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 𝑘𝑊ℎ =
𝐶𝑜𝑜𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑 𝑘𝑊ℎ

𝐶𝑂𝑃𝑟
     4.5 

An extract from the Danfoss compressor catalogue for the 𝐶𝑂𝑃𝑟 of 200W, 250W, and 

350W compressors with evaporator temperatures of -50C are as indicated in Table 6. 

The power supply to each of the three compressors when the solar radiation was between 

200W/m2 and 750W/m2 from Equation 4.6 was expressed in Equations 4.7 and 4.8 for the 200 

W, 250 W and 350 W compressors, respectively. 

 𝑃𝑆 = 𝐶𝑂𝑃𝑟
−1[𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝐿𝑜𝑎𝑑] 𝑘𝑊ℎ 

𝑃𝑠 = [−0.1226 + 1.076−3𝑆𝑅 − 2.377−3𝐸 − 14.236(𝑆𝑅
2) + 0.0962𝐸 − 5.848(𝑆𝑅

3)]     4.6 

𝑃𝑆 = [0.4265 − 2.7125−3𝑆𝑅 + 4.7306−3𝐸 − 0.0237𝐸(𝑆𝑅
2) − 0.03093𝐸 −

               0.2474(𝑆𝑅
3)]                                                                                                                           4.7    

𝑃𝑆 = [0.2778 − 1.1835−3𝑆𝑅 + 1.41−3𝐸 − 0.03525(𝑆𝑅
2) − 0.3233𝐸 − 2.9094(𝑆𝑅

3)]   4.8 

The above equations are applicable when the solar radiation is above 200W/m2 
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Table 4.6: COPr for Danfoss compressors 

Compressor size 

W 

Model Evaporating 

Temperature 

COPr 

200 TLS5FT tropical compressor 

R134a 220-240V 50/60HZ 

ASHRAE   Low Back 

Pressure 

-5oC 1.71 

250 SC12G Universal compressor 

R134a 220-240V 50/60HZ 

ASHRAE Low Back Pressure 

-5oC 1.76 

350 TL4G Universal compressor 

R134a 220-240V 50/60HZ 

ASHRAE Low Back Pressure 

-5oC 1.87 

 

4.4  Validation of Cooling Load Prediction Models 

The validation of the mathematical models was performed by exposing the PV panels  

supplying power to the three solar-driven refrigeration systems to different mean daily solar 

radiation and comparing the cooling loads generated from each of the refrigeration systems 

with the cooling loads predicted by each of the three refrigeration system models at the 

corresponding mean daily solar radiation band. The mean daily solar radiation for the three 

refrigeration systems is indicated in Table 4.7. In contrast, Table 4.8 shows the corresponding 

cooling loads generated by the refrigeration system and the related models predicted cooling 

loads. 

Table 4.7: Mean daily solar radiation 

Compressor 

size (W) 

Operating mean 

solar radiation 

band (W/m2) 

Mean daily solar Radiation (W/m2) 

Minimum Average Maximum 

200 W 305.824 - 486.936 346.146 436.446 473.276 

250 W 497.714 - 615.158 501.188 543.459 609.296 

350 W 620.471- 695.613 629.678 652.791 684.189 

 

For the purposes of comparing results obtained in this research with other similar 

research, statistical analysis on the performance of the cooling load predicting models, was 
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done using the coefficient of correlation in each refrigeration system. Figures 4.8a, 4.8b and 

4.8c shows the correlation coefficients obtained for the 200 W, 250 W and 350 W refrigeration 

systems as 0.845, 0.9413 and 0.956, respectively. 
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Figure 4.8a: Correlation between predicted and actual cooling load for 200 W Solar   

driven refrigeration system 
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Figure 4.8b: Correlation between predicted and actual cooling load for 250 W Solar   

driven refrigeration system 
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Figure 4.8c: Correlation between predicted and actual cooling load for 350 W Solar   

driven refrigeration system 

 

Similarly, the power supply models to the three refrigeration systems of 200 W, 250 W 

and 350W, when tested for accuracy against power supply from the watt meters, showed a 

correlation coefficient of; 0.952, 0.958 and 0.908, respectively, as in Figures 4.9a, 4.9b and 

4.9c.  
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Figure 4.9a: Power supply Coefficient of correlation for 200 W Refrigeration system 
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Figure 4.9b: Power supply Coefficient of correlation for 250 W Refrigeration system 
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Figure 4.9c: Power supply Coefficient of correlation for 350 W Refrigeration system 
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CHAPTER FIVE 

CONCLUSIONS AND RECOMMENDATIONS 

5.1  Models for Predicting Solar Radiation 

In this study four models were evaluated to determine their performance in predicting 

glodal mean solar radiation at different locations. The first models M1 (Gadiwali, 2013) 

showed a COC (R2) of 0.826. The other Three models: M2 (Seme, 2009), M3 (Sedanayeke, 

2013) and M4 (Samani, 2000) had a COC of 0.735, 0.810 and 0.766 respectively. The most 

accurate of the three model from the Coefficient of Correlation was thus model M1 (Gadiwali, 

2013) followed by M3 (Sedanayeke, 2013), M4 (Samani, 2000) and the least was M2 (Seme, 

2009), with the corresponding values of 0.810, 0.766 and 0.735 respectively.  Statically 

measures of errors from the deviation of the predicted and measured solar radiation RMSE, 

MBE, MABE, MPE and MAPE, showed a sum of errors of 64.819 for model M1 (Gadiwali, 

2013). The was the least value from the other four models and thus the most accurate. From 

the two statistical tests mathematical model M1 (Gadiwali, 2013) was the most accurate in 

predicating mean daily solar radiation. 

 

5.1.2  Capacity of solar driven refrigeration system that provide maximum cooling load 

The 200W refrigeration system showed a highest cooling load of 0.229 kWh when 

exposed to the minimum mean solar radiation of 414W/m2. The 250W refrigeration system 

showed a lower cooling load of 0.181kWh at the same mean solar radiation of 414.368W/m2. 

The largest refrigeration system had the minimum cooling load of 0.163 kWh. the was the least 

cooling load of the three refrigeration systems. When the mean daily solar radiation increases 

from 414.368W/m2 to a maximum of 570.848W/m2, the highest cooling load was generated by 

the 250W refrigeration system of 0.263kWh. the 350W refrigeration system once again had a 

moderate cooling load of 0.248W/m2. This cooling load values shows that the 250W 

refrigeration system had the maximum cooling load when the mean daily solar radiation was 

between 414.368W/m2 and 570.848W/m2. The 350W refrigeration system showed a maximum 

cooling load of 0.258 at a solar radiation of 664.358W/m2.  The maximum cooling load for the 

three refrigeration systems was thus dependent on the mean daily solar radiation available. To 

compare among the three refrigeration systems’ maximum cooling load, the total cooling load 

for each day was summed up to obtain the total daily cooling load. The 250W refrigeration 

system exhibited the maximum cooling load of 1.6294 kWh, followed by 200W and lastly by 

the 350W refrigeration system. From the performances the 250W refrigeration system had thus 

the maximum cooling rate when exposed to mean solar radiation of between 213.651W/m2. 
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The maximum amount of ice formed was also a maximum of 7.34 kg from the 250W 

refrigeration system. The other refrigeration systems indicated 6.94 kg for the 350 W and 6.74 

kg for the 200W refrigeration system. once again, the maximum cooling load was the 250W 

solar driven refrigeration system for mean daily solar radiation between 213.651W/m2 and 

664.358 W/m2. 

 

5.1.3  Mathematical Models for Predicting Solar driven Refrigeration Cooling Loads 

The cooling load and volume of ice produced by the vapour compression refrigeration 

system were governed by the mean daily solar radiation available and the compressor capacity 

of the system. Because each refrigeration system's cooling load curve revealed a distinct ideal 

cooling load. Mathematical regression models were generated from the best regression curve 

fitting in each of   three refrigeration systems cooling load curves produced. The maximum 

cooling load mathematical model was thus established as in equation 4.2. However, the other 

mathematical models are applicable in regions were mean daily solar radiation is between 

213.651W/m2 and 414.368W/m2 for equation 4.1 and between mean daily solar radiation of 

570.848W/m2 and 664,358W/m2 for equation 4.3. 

 

5.2  Validation of the maximum solar driven refrigeration system cooling loads models 

           The validation in prediction of maximum cooling load for a solar driven refrigeration 

system that is accurate for a site depending on the mean daily solar radiation available, was 

carried out as follows; the three solar driven refrigeration systems; 200W, 250Wand 350W 

were exposed to different mean solar radiation between 346.146 W/m2 and 683.189 W/m2. The 

actual cooling load from each solar driven refrigeration system was compared with its 

corresponding predicted cooling load calculated from the model.  

The coefficient of correlation between the actual and predicted maximum cooling loads 

for the 200W, 250W and the 350W solar refrigeration systems were 0.8647, 0.9413 and 0.956 

respectively. Hence the maximum cooling loads predicted by the models for each system was 

comparable with the actual cooling loads generated the solar refrigeration system. 

 

5.3  Recommendations 

          The above conclusions can be transferred with appropriate modifications for adoption 

in industrial design, production and operations of commercial solar driven refrigeration 

systems applicable in site with varying mean daily solar radiation. 

 Further research is recommended to determine; 



144 

i. The accuracy of the mean daily solar radiation prediction when models with parameters     

such as sky transmittance, albedo, relative air pressure, clearness index, and cloudiness 

index. 

ii. The accuracy and precision of the maximum cooling load prediction models when other 

types of     refrigeration systems are used such vapour adsorption. 

iii. The effect of exposing the refrigeration system to mean solar radiation above 780W/m2. 

iv. The accuracy of the maximum cooling loads, when a combination of different 

compressor sizes is integrated in a single refrigeration system. 

v. Test the reliability of the maximum cooling load prediction models due to variability 

of solar radiation caused by season of the year.  
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APPENDIX A 

Appendix A 1; Objective number One Publication 
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Appendix A 2; Objective number two and three Publication 
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APPENDIX B 

Appendix B 1: Properties of saturated R134a 
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Appendix B 2: KCC Milk Cooling Loads 
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Appendix B 3: Danfoss Evaporator specifications extracts  

 

 

Appendix B 4: Cooling load prediction data for 200W refrigeration system 
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Appendix B 5: Cooling load prediction data for 250W refrigeration system 

 

Appendix B 6: Cooling load prediction data for 350W refrigeration system 

 

 



184 

 

Appendix B 6: Table 4.8: Cooling loads for refrigeration system and models 

Mean Solar 

Radiation. W/m2 

Cooling Loads(kWh) for system and models 

200 W 

system 

200 W 

Predicted 

250 W 

system 

250 W 

Predicted 

350 W 

system 

350 W 

Predicted 

346.146 0.181 0.191 0.113 0.096 0.087 0.092 

436.446 0.248 0.23 0.147 0.21 0.159 0.168 

473.276 0.246 0.249 0.241 0.261 0.196 0.2 

501.188 0.257 0.246 0.278 0.298 0.241 0.223 

543.459 0.251 0.247 0.296 0.347 0.244 0.252 

609.296 0.237 0.246 0.387 0.394 0.252 0.273 

629.678 0.253 0.243 0.399 0.398 0.265 0.272 

652.791 0.248 0.24 0.398 0.395 0.268 0.266 

683.189 0.246 0.234 0.381 0.378 0.266 0.247 
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Appendix B 7; Research License 
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APPENDIX C 

PHOTOS 

Appendix C 1: Solar Refrigeration system PV power supply equipment 

 

 

Appendix C 2: Cooling vessels setups  
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Appendix C 3: 200W Solar Panels Setup 

 

 

Appendix C 4: Cooling vessels and Refrigeration system setups 
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