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Abstract 

 
This study explores the development of a solar-powered thermoelectric cooler (TEC) for 

sustainable and efficient food preservation. The system combines solar photovoltaic panels as a 

renewable energy source and air-cooled TEC modules for effective refrigeration. The use of air-

cooled heat sinks ensures enhanced heat dissipation, optimizing the performance of the TEC 

modules and improving the system's reliability. 

The design is tailored for portability and ease of use, making it suitable for applications in remote 

areas and off-grid locations. The system's integration of solar energy and air-cooled TEC modules 

reflects an innovative approach to addressing challenges in sustainable refrigeration. Future work 

will involve experimental validation, performance enhancement, and scalability for broader 

deployment in diverse conditions. 

 

Keywords: Thermoelectric cooler, Thermal storage, Food preservation,  
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Chapter 1  

Introduction 

This chapter focuses on the importance of refrigeration in modern life and its role in preserving 

perishable goods. It explains traditional refrigeration systems, including vapor compression 

refrigeration (VCR) and other types, highlighting their limitations. The chapter also delves into the 

thermoelectric module (TEC) as a sustainable alternative, detailing its working principles and 

advantages. Additionally, it outlines the research objectives, motivation, and scope of the study. 

 

1.1 Background 
 

In industrialized countries, the food industry is one of the largest manufacturing sectors, with 

rising consumption driving up environmental impacts, notably greenhouse gas emissions. Since 

chlorofluorocarbon (CFC) and hydrochlorofluorocarbon (HCFC) refrigerants emerged in the 

1930s, vapor compression refrigeration has become the dominant cooling technology across food 

manufacturing, distribution, and retail [1]. 

The first successful refrigeration machines were designed by James Harrison, born in Renton, 

Scotland, in 1816. After moving to Australia in 1837, he worked in printing and journalism. 

Drawing on his knowledge of ether cooling, used in cleaning type, he developed a system based 

on the Perkins model. In 1851, a refrigeration plant based on Harrison’s design was reportedly 

operating in Bendigo. Harrison went to England in 1856 to build more powerful machines, and 

Siebe Bros. began manufacturing them, showcasing one at the 1862 International Exhibition. 

These machines, later produced for years by Siebe Bros. and successors, became the world’s first 

series-produced refrigerators [2]. 

Refrigeration is the process of moving heat from one place to another. It has various applications, 

including household refrigerators, industrial freezers, cryogenics, air conditioning, and heat 

pumps. Refrigeration in food storage aims to slow deterioration caused by microorganisms, 
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chemical, and physical processes. Food preservation is the largest application of mechanical 

refrigeration today. Modern refrigeration enables the packing industry, transport of perishables, 

and preparation of many foods, preventing spoilage of fruits, vegetables, dairy, and more. It has 

revolutionized global diets, allowing people to access foods from all over the world, regardless 

of season or location. This capability has fostered agricultural and livestock developments in 

distant countries and made tropical fruits and foods widely available [3]. 

Solar energy is a vital renewable resource with widespread applications and immense potential 

for sustainable development. As a clean, inexhaustible, and abundant source of energy, solar 

power is harnessed through technologies such as photovoltaic (PV) systems and solar thermal 

collectors to generate electricity and provide heating and cooling solutions[4] The importance of 

solar energy extends across various sectors, including residential, commercial, industrial, and 

agricultural domains, where it plays a critical role in reducing reliance on fossil fuels and 

mitigating climate change impacts[5]. In particular, solar energy's application in cooling 

technologies offers promising pathways to address the escalating global demand for energy-

efficient and environmentally friendly cooling solutions[6] 

 

1.2 Types of refrigeration 
 

Methods of refrigeration can be classified as 

➢ Non-cyclic 

➢ Cyclic 

➢ Thermoelectric 

➢ Magnetic refrigeration 

➢ Other methods 

Non-cyclic refrigeration cools by melting ice or subliming dry ice, commonly used for small-scale 

cooling in labs, workshops, or portable coolers. Ice is effective due to its constant melting point at 

0°C, which helps preserve food at or slightly above this temperature, extending its storage life. 

In cyclic, a refrigeration cycle removes heat from a low-temperature source and releases it to a 

high-temperature sink with the help of external work, while the thermodynamic power cycle 

operates in reverse. In the power cycle, heat is supplied from a high-temperature source to produce 

work, with the remaining heat rejected to a low-temperature sink. This process aligns with the 

second law of thermodynamics. 
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Cyclic refrigeration can be classified as: 

1. vapor cycle 

2. gas cycle 

 

Vapor cycle refrigeration can be further classified as: 

1. vapor-compression refrigeration 

2. vapor-absorption refrigeration 

 

Thermoelectric cooling works using the Peltier effect, which creates a heat transfer between two 

different materials, typically a semiconductor and a metal. When an electrical current passes 

through the junctions of these materials, one side absorbs heat and cools down, while the other side 

releases heat and warms up. This process is efficient and easy to control, making it great for 

applications that require compact cooling solutions. Thermoelectric coolers are commonly used in 

portable coolers for camping and outdoor activities, as well as in electronics to keep components 

like computer processors and small devices from overheating. 

 

Magnetic refrigeration, or adiabatic demagnetization, is a cooling technology that uses the 

magnetocaloric effect, a property of magnetic solids. It typically uses a paramagnetic salt, like 

cerium magnesium nitrate, where the active magnetic dipoles are from the electron shells of the 

paramagnetic atoms. 

Other methods are  

• Air Cycle Machine (ACM): Used in aircraft, replaces Freon with air in a gas cycle for 

cooling. 

• Vortex Tube: Splits compressed gas into hot and cold streams, used for spot cooling. 

• Thermoacoustic Refrigeration: Uses sound waves in a pressurized gas to transfer heat. 

• Steam Jet Cooling: Uses high-pressure steam to evaporate water, cooling it through 

evaporation and recycling the water in the system [7]. 

1.3 VCR cycle  

 
Vapor Compression Refrigeration Systems (VCRS) are widely used to provide cooling or freezing 

for domestic/ office buildings, supermarkets, data centres, etc., which expend 15% of globally 

electricity and contribute to ∼10% of greenhouse gas emissions globally[8].  
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Vapor Compression Refrigeration System (VCRS) is the most popular and widely used 

refrigeration system, which has a market share of 80%, Because pf its high efficiency, reliability, 

and cost-effectiveness. It provides consistent cooling across a wide range of temperatures, making 

it suitable for both residential and industrial applications. VCR systems are easy to scale, from small 

refrigerators to large industrial units, and benefit from readily available refrigerants. The proven 

and optimized design of the vapor compression cycle ensures effective and efficient refrigeration. 

However, VCR systems have drawbacks, including environmental concerns related to refrigerant 

leaks, high energy consumption, and the need for regular maintenance due to the mechanical 

components involved. 

 

 
Figure 1.1 Vapor-compression cycle[9]. 

 

Vapor-compression refrigeration systems (refer Figure 1.1) work by boiling a refrigerant at low 

pressure in the evaporator (4 → 1), absorbing heat from a low-temperature source, such as the 

refrigerated space. The resulting vapor is then compressed to a higher pressure (1 → 2). This vapor 

is condensed back to a liquid (2 → 3), releasing heat to a higher-temperature sink, such as ambient 

air. The refrigerant is then reduced to its original pressure to complete the cycle (3 → 4). In the 

thermodynamic diagram, the condensation and evaporation processes occur at constant pressure 

and temperature, while the compression process is ideally at constant entropy[9].  

Vapor-compression systems are commonly found in various devices, ranging from compact 

refrigerators to large-scale systems that provide cooling for entire university campuses, office parks, 

or industrial complexes, offering cooling capacities of several megawatts. 
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1.4 Thermoelectric cooling 

Thermoelectric devices have gained significant attention over the past three decades due to their 

wide applications, cost-effectiveness, and eco-friendly nature. They are categorized into 

thermoelectric generators (TEGs) and thermoelectric coolers (TECs). TEGs convert heat into 

electricity through the Seebeck effect, where a temperature difference between two conductors 

generates a voltage. TECs, on the other hand, use electricity to dissipate heat through the Peltier 

effect[10].  

Thermoelectric cooling, based on the Peltier effect (refer Figure 1.2) is an excellent option for 

various applications such as food refrigeration and medication storage. When a direct current 

passes through a junction of two distinct semiconductors (n-type and p-type), cooling occurs. A 

thermoelectric cooler (TEC) absorbs and transfers heat from one side to the other when electrified, 

creating a temperature differential across the PN junction. Multiple PN junctions connected in 

series form a complete TEC to meet cooling space demands[11]. A current flow performed to one 

side as illustrated in (refer Figure 1.3) provides movements in the holes of the P-type 

semiconductor and in the electrons of the N-type semiconductor and these movements are 

consistent with the current direction[10].  

 
Figure 1.2 . Physical model of a thermoelectric cooler[11] 
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Figure 1.3 TEC's operating principle is depicted schematically[10] 

The thermoelectric performance of a material is determined by the properties of the conductor 

materials and the joint's temperature, expressed as the figure of merit (ZT), a dimensionless 

parameter. ZT is defined by the equation: 

                                                                  𝑍𝑇 =
∝2

𝑘
𝜎𝑇                                                            (1) 

where 𝜎 is the electrical conductivity, T is the temperature, and k is the thermal conductivity. The 

thermal conductivity k includes both electrical conductivity 𝑘𝑒 and lattice conductivity 

𝑘𝑒.Various thermoelectric materials, including semiconductors, ceramics, and plymers, exhibit 

different properties. Alloys of bismuth telluride (Bi-Te) are commonly used in thermoelectric 

modules due to their high ZT values[12].  

A higher figure of merit (ZT) in thermoelectric materials indicates superior energy conversion 

efficiency, which directly influences the coefficient of performance (COP) of thermoelectric 

devices. For optimal performance, materials used in thermoelectric coolers (TECs) must exhibit 

high ZT values near room temperature. Commonly employed materials include bismuth telluride 

(Bi₂Te₃) as n-type and bismuth-antimony-telluride (BST) as p-type, both of which maintain ZT 

values exceeding 1 in the temperature range of 300 to 450 K, making them ideal for TEC 

applications. Recently, tin selenide (SnSe) has gained attention due to its promising room-

temperature ZT of 1.25. 

However, materials with ZT values around 1 are typically adequate only for low-power 

commercial cooling applications, such as personal cooling devices and chip cooling systems. 

TECs have found applications across a wide array of domains, including space cooling, wearable 

and portable coolers for personal thermal management, processor and on-chip cooling, light-

emitting diodes (LEDs), batteries and battery packs, solid-state and portable refrigerators, 

freshwater generation, medical and biological devices, and cooling systems integrated with solar 

panels in buildings[13].  
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For a given thermoelectric module and fixed hot/cold side temperatures, there is an optimal 

current that results in the maximum Coefficient of Performance (COP). This relationship is 

demonstrated in (refer Figure 1.4), which illustrates how the cooling COP of the thermoelectric 

module varies with the optimum current, assuming a fixed hot side temperature of 300 K. 

                                             (𝐶𝑂𝑃)𝑐,max =
𝑇𝑐

𝑇ℎ−𝑇𝑐
⋅

√1+𝑍𝑇𝑚−
𝑇ℎ
𝑇𝑐

√1+𝑍𝑇𝑚+1
                                               (2) 

The graph illustrates the relationship between the cooling coefficient of performance (COP) and 

the cold side temperature (𝑇𝑐) for a thermoelectric module with a fixed hot side temperature (𝑇ℎ) 

of 300 K. It shows that as the figure of merit (ZT) of the thermoelectric material increases, the 

COP improves, indicating better cooling efficiency. The graph also highlights that the cooling 

COP increases as the cold side temperature decreases, with the theoretical maximum COP 

represented by the Carnot efficiency curve, which serves as an ideal upper limit that the actual 

performance approaches but cannot exceed[14]. 

 

 

Figure 1.4 Cooling COP of a thermoelectric module under optimum electrical current with fixed 

hot side temperature of 300 K[14].  

The main drawbacks of thermoelectric cooling are its high cost and poor energy efficiency. 

Although discovered in the nineteenth century, significant development of the thermoelectric 

cooling effect began in the 1950s with the understanding of the fundamental physics of 

thermoelectric materials. Thermoelectric devices are solid-state, noise-free, and pollution-

free[11].  
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1.5 Thesis Organization 

 
         Chapter 1 This chapter focuses on the importance of refrigeration in modern life and its 

role in preserving perishable goods. It explains traditional refrigeration systems, including vapor 

compression refrigeration (VCR) and other types, highlighting their limitations. The chapter also 

delves into the thermoelectric module (TEC) as a sustainable alternative, detailing its working 

principles and advantages. Additionally, it outlines the research objectives, motivation, and scope 

of the study. 

 

        In Chapter 2, This chapter describes the design process of the prototype, incorporating TEC 

modules, solar power systems. It details the selection of materials, design features, and the cooling 

system's working principles. Technical schematics and design optimizations are also discussed. 

 

         Chapter 3 This methodology presents a thorough analysis of the system components, their 

configuration, and the operational processes, ensuring that each element of the experimental design 

plays a crucial role in meeting the research goals. It outlines the step-by-step approach, from 

choosing and assembling the key components to carrying out the experimental tests. The early 

sections of the methodology provide a detailed overview of the thermoelectric refrigerator, the 

arrangement of the thermocouple system for temperature measurements, and the specifications of 

the solar panel and battery setup that power the cooling unit. 

 

       Chapter 4 This chapter provides a comprehensive overview of the experimental setup used 

to evaluate the performance of the solar-powered thermoelectric cooler for food preservation. It 

details the system components, including the thermoelectric cooler (TEC), photovoltaic (PV) 

solar panel, along with the methods used to measure temperature and power consumption. The 

chapter highlights the design considerations for each component and how they interact to maintain 

optimal cooling conditions. 

 

        In Chapter 5, In the discussion chapter, the experimental results are analyzed in detail, it 

will be compared the performance of the solar-powered thermoelectric cooler with traditional 

refrigeration systems. The impact of key factors such as the efficiency of the TEC, and the overall 

system integration is examined. Potential challenges, limitations, and avenues for future 

improvements in the system's design and efficiency are also explored. 
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Chapter 6, Future work will involve testing the prototype with varying temperatures, 

controlling six individual modules, and evaluating its performance with different food items. 

Research will also explore modular designs, hybrid systems to improve scalability and 

efficiency for commercial applications, including food transportation and delivery. 
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1.6 Motivation of research  
  

The increasing need for sustainable and energy-efficient cooling solutions has made it essential to 

explore alternatives to traditional refrigeration systems. Conventional cooling technologies, which 

largely rely on vapor-compression cycles, present challenges like high energy use, dependency on 

non-renewable power, and environmental harm from refrigerants. These limitations are even more 

critical in remote areas with unreliable electricity, where maintaining food and medical supplies is 

essential for public health and safety. 

 

Thermoelectric cooling (TEC) offers a promising alternative due to its compact size, simplicity, and 

environmental friendliness. Unlike conventional systems, TEC modules do not rely on harmful 

refrigerants or moving parts, making them ideal for sustainable applications. However, TEC 

systems have efficiency limitations that need to be addressed to make them more viable for practical 

use. 

 

Integrating solar energy into TEC systems provides an opportunity to create a self-sufficient cooling 

solution. Solar power is clean, renewable, and widely accessible, making it an excellent energy 

source for off-grid applications.  

 

Despite these benefits, challenges like optimizing heat dissipation, improving TEC performance, 

and designing portable, user-friendly systems remain. Addressing these issues is vital to creating a 

practical solution that is both efficient and affordable. 

 

This research is driven by the need to develop a cooling system that integrates solar energy, TEC 

modules into a portable, sustainable design. Such a system has the potential to reduce food waste, 

support vaccine distribution, and provide environmentally friendly cooling solutions for a wide 

range of uses. 
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Chapter 2 Literature Survey 
          Chapter 2, This chapter provides a detailed review of existing refrigeration technologies, 

emphasizing the role of solar-powered cooling systems  to enhance energy efficiency. It examines 

the latest advancements in thermoelectric cooling technologies, focusing on their potential for 

sustainable and energy-efficient refrigeration. 

 
Refrigeration plays a vital role in human survival, whether it is for preserving vaccines, 

medications, beverages, or food. By slowing bacterial growth, refrigeration extends the freshness 

of perishable items far beyond what would be possible at room temperature. However, traditional 

refrigeration systems rely on a constant power supply to support the vapor compression cycle, which 

often involves the use of harmful refrigerants such as chlorofluorocarbons (CFCs). These 

substances significantly harm the environment, particularly the ozone layer. Eliminating the use of 

such harmful refrigerants could substantially reduce global food waste, which amounts to 

approximately 1.3 billion tons annually.  

This highlights the pressing need for a sustainable refrigeration system capable of maintaining 

consistent storage temperatures to minimize waste. Thermoelectric refrigerators offer a promising 

alternative to conventional systems, as they do not rely on moving parts or harmful refrigerants, 

making them an eco-friendly and efficient solution to the challenges of modern refrigeration[15].  

The authors proposed an equivalent circuit topology specifically for a thermoelectric cooler (TEC). 

In this study, the earlier analysis has been expanded to develop a universal equivalent circuit that 

encompasses both thermoelectric cooler (TEC) and thermoelectric generator (TEG) operations, 

enabling a more comprehensive representation of thermoelectric devices. 
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Figure 2.1 Typical one-stage 18-couples TEM with two electrodes and ceramic plates[16] 

Thermoelectric cooling operates on the Peltier effect, where heat is absorbed or released at the 

junction of two dissimilar materials when direct current (DC) is applied. The direction of heat flow 

depends on the current's polarity and the materials' Seebeck coefficients. A thermoelectric module, 

or Peltier module, functions as a solid-state heat pump, comprising p-type and n-type semiconductor 

couples connected in series electrically and in parallel thermally (refer Figure 2.1), sandwiched 

between conductive but electrically insulating substrates. 

While bismuth telluride (Bi₂Te₃) is the most common material, alternatives like lead telluride 

(PbTe), silicon-germanium (SiGe), and bismuth-antimony (Bi-Sb) alloys are also used in 

specialized applications. These systems are lightweight, noiseless, and reliable, using electrons 

instead of refrigerants to transfer heat. Their compatibility with solar photovoltaic (PV) cells makes 

them ideal for outdoor use and sustainable refrigeration. 

Thermoelectric coolers can switch between heating and cooling by reversing the DC polarity, 

eliminating the need for separate systems. With no moving parts, they are wear-resistant and 

environmentally friendly, offering a green alternative to conventional refrigeration methods[17]. 

A solar thermoelectric refrigerator is a unique type of cooling system that uses solar energy instead 

of conventional electricity to power a thermoelectric module. In this setup, the thermoelectric 

module generates a temperature difference, creating a cold side for refrigeration and a hot side 

where heat is expelled. To enhance performance, heat from the module's hot side is dissipated using 

heat sinks and fans. By utilizing solar energy, the system operates as a renewable and 

environmentally friendly solution, avoiding the electrical hazards associated with traditional 

systems and eliminating the use of harmful chlorofluorocarbons (CFCs) that contribute to ozone 

depletion. 

Additionally, the solar thermoelectric refrigerator is vibration-free and noiseless due to its distinct 

mechanical design. Compared to conventional refrigerators, it releases significantly less heat into 

the environment, making it an eco-friendlier option. A portable prototype of the solar thermoelectric 
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refrigerator was fabricated and tested for its cooling capabilities. The system’s performance was 

evaluated using a canned beverage as the refrigerated object, with experiments conducted under 

sunny outdoor conditions. The results indicated that the refrigerator's efficiency depends heavily on 

solar radiation intensity and the temperature difference between the hot and cold sides of the 

thermoelectric module. The tests demonstrated a maximum temperature difference of 22°C under 

outdoor conditions. While the current energy efficiency of solar thermoelectric refrigerators is lower 

than that of compressor-based systems, advancements in materials and technology could lead to 

marketable models with acceptable performance levels in the future[18].  

The progress of thermoelectric refrigeration technology has been slower than anticipated, largely 

due to inefficiencies in heat dissipation systems. The high heating power generated by the Peltier 

module on a small surface area makes efficient heat dissipation challenging, leading to a significant 

drop in the coefficient of performance (COP). As noted in earlier research, the advancement of 

thermoelectric refrigeration depends primarily on material development and secondarily on 

effective thermal design. Studies have shown that reducing the temperature difference between the 

Peltier module's hot side and the surrounding environment by just one degree Celsius can increase 

the COP by over 2.3%. 

In most thermoelectric refrigeration applications, heat dissipation from the Peltier module's hot side 

relies on fin heat sinks and fans. However, these systems often exhibit poor thermal resistance due 

to the limited contact area between the heat source and the heat sink base. To address this issue and 

achieve uniform heat distribution across the heat sink base, a thermosyphon-based device 

incorporating phase change (referred to as "TSF") was developed. This design significantly reduces 

thermal resistance and the temperature difference between the Peltier module's hot side and the 

environment, ultimately improving the system's COP and overall efficiency[19].  

compares both systems, Compressor-based refrigeration systems offer excellent performance but 

are highly expensive to fabricate, primarily due to the need for high-quality propane gas. Absorption 

refrigeration systems, which use refrigerants like liquid ammonia, present an alternative but pose 

safety risks due to the potential lethality of leaks. Ensuring the integrity of refrigerant-carrying tubes 

can mitigate these risks. Recent advancements in solar refrigeration have integrated solar PV panels 

with electrochemical methods, providing sustainable solutions but also facing challenges with 

thermal energy waste management [20]. 

Among various technologies, thermoelectric cooling systems stand out for solar cold storage due to 

their higher coefficient of performance and lower cost. These systems are economical and simpler 
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in design, making them a promising option for regions with abundant solar resources and a need for 

cost-effective refrigeration.  

This literature review examines the growing demand for air conditioning systems and their 

environmental implications, including increased energy consumption and costs. According to the 

United Nations Environment Programme (UNEP), buildings account for 40% of global energy use 

and 36% of CO2 emissions, underscoring the need for more sustainable cooling and heating 

solutions. The review proposes using thermoelectric modules as an eco-friendly alternative, 

highlighting their benefits and operational capabilities. 

The proposed thermoelectric system leverages renewable energy sources and simpler module 

designs, offering cost advantages over conventional methods. It effectively lowers room 

temperatures from 31°C to 21°C and can achieve a significant temperature differential using 

additional Peltier modules. Solar energy integration enhances the system's cooling efficiency and 

overall performance. Advantages of thermoelectric modules include their reversible operation for 

both cooling and heating, maintenance-free operation due to the absence of moving parts, long 

operational lifespan exceeding 200,000 hours, robustness in diverse environmental conditions, and 

eco-friendly composition without harmful substances like CFCs. They can function in any 

orientation and maintain precise temperature control, even below ambient temperatures. However, 

thermoelectric modules exhibit lower efficiency as power generators compared to traditional 

methods, typically below 0.3, and have lower coefficients of performance (COP) ranging from 0.4 

to 0.7[21].  

[22]gives the objective to identify the best standards for utilizing solar energy in refrigeration and 

air conditioning systems, focusing on thermoelectric and thermionic technologies for large-scale 

applications. These technologies are promising, achieving performance levels of at least 30%, 

making them suitable for climates like that of Egypt. A thermoelectric air conditioner was designed 

and built for personal cooling and heating, utilizing four thermoelectric coolers (TECs) powered by 

an external DC power supply. 

In this research, investigates that, the solar thermoelectric refrigerator is designed for use by the 

Bedouin people in remote areas of Oman and other regions lacking electricity. It is suitable for use 

in remote parts of the world or outdoor conditions where an electric power supply is not readily 

available. The refrigerator's major components include a thermoelectric module, solar cells, an 

aluminium box, plastic plates, a finned surface (or heat sink), and a cooling fan[18]. 
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The design leverages the thermoelectric module's principle to create hot and cold sides. The cold 

side is used for refrigeration (Figure. 6), while the heat from the hot side is dissipated using heat 

sinks and fans. Solar energy powers the thermoelectric module, making the refrigerator an 

environmentally friendly product that avoids unnecessary electrical hazards and does not produce 

chlorofluorocarbons (CFCs), which deplete the ozone layer. Additionally, the system operates 

without vibration or noise due to its unique mechanics. 

The performance of the solar thermoelectric refrigerator is strongly dependent on the intensity of 

solar insulation and the temperature difference between the hot and cold sides of the thermoelectric 

modules. Under outdoor conditions, the maximum temperature difference achieved was 22°C. 

 

Figure 2.2 Diagram of thermoelectric as a small refrigerator [23]  

The system utilizes the cooling effect of a thermoelectric module (TEM) to maintain a refrigerator 

space at a desired temperature (refer Figure 2.2). Designed to maximize the efficiency of the TEM, 

the system also harnesses the heat rejected from the hot side for low-temperature heating 

applications. The cooling chamber, a well-insulated rectangular container made of aluminium, 

effectively maintains low temperatures. The system is engineered to achieve a target temperature 

of 10°C within the cooling chamber, ensuring its functionality as a refrigerator. Experimental results 

validated the system's capability, successfully reaching the target temperature of 10°C in the cold 

chamber. On the hot side of the TEM, the temperature reached approximately 40°C, demonstrating 

effective use of waste heat. The system achieved a coefficient of performance (COP) of about 0.61, 

indicating efficient performance for both cooling and heating applications [24].  
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[25]reviews cooling parameters in such way that Thermoelectric cooling, a key application of 

thermoelectric devices, is especially important in microelectronics due to the absence of moving 

parts. This review highlights the development of high figure-of-merit materials, such as those 

achieving ZT values around 3, and the enhancement of cooling capacity through multi-stage 

modules, which can improve performance by over 35% compared to single-stage modules. While 

traditional thermoelectric devices exhibit a COP below 0.5 for temperature differences above 20 

K—less competitive than vapor-compression refrigerators with a COP of about 2.5—they offer 

excellent controllability and flexibility for demand-side management in smart energy systems. This 

flexibility is further enhanced by phase change materials (PCM), which slow the rise in internal 

temperature during power outages. The modularity, noiseless operation, and potential for replacing 

polluting refrigerants in sensitive environments make thermoelectric cooling systems highly 

advantageous for household air-conditioning and vehicle applications. Future contributions will 

explore the flexibility aspects of thermoelectric systems in smart energy deployments. 

This review gives the difference between both colling systems, Thermoelectric coolers (TECs) have 

a lower coefficient of performance (COP), typically below 0.5 at a 20°C temperature difference, 

making them less efficient and more energy-costly compared to conventional cooling devices. 

Despite this, TECs are valued for niche applications requiring less than 25W, such as military uses, 

due to their small size, lightweight, high reliability, and compatibility with electrical and industrial 

environments[23]. 

A conventional refrigerator uses an evaporator, compressor, and condenser, while a TEC system 

uses the Peltier effect to eliminate heat. TECs are used in various applications including small 

refrigerators in hotel rooms, vehicle air conditioning, aircraft drinking water cooling, medical 

equipment cooling, marine equipment, and restaurant equipment like butter or cream dispensers. 

The main differences between conventional refrigerators and thermoelectric refrigerators are 

outlined in a table (refer Table 2.1). 

Table 2.1 Comparison between TE refrigerator and conventional refrigerator[23] 

Properties Thermoelectric refrigerator Conventional refrigerator 

Work principle Depends on the Peltier effect Equilibrium phenomenon 

Size Very small sizes can be moved to any 

place 

Large size and must be put in one 

place 

Cost Low cost High cost 

Efficiency Low efficiency High efficiency 

complexity Simple and easy to use  Complex and sometimes dangerous 

lifespan 200,000 Hours Around 10 years 
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The objective of this study is to design and develop a functional thermoelectric refrigerator with a 

5L interior cooling volume, capable of maintaining temperatures between 5°C and 25°C using the 

Peltier effect (refer Figure 2.3). Various heat transfer methods were explored, including natural 

convection, liquid cooling, and forced convection. The thermal transfer coefficient (K) for natural 

convection was found to be approximately 25 W/mK, compared to 100 W/mK for forced 

convection, indicating that a natural convection heat sink would need to be four times larger than 

one for forced convection. 

A data acquisition system was developed for automated temperature monitoring using RTD sensors 

with ±0.5°C accuracy, capable of measuring temperatures at 30 points. Tests were conducted at 

ambient conditions of 21°C, 15°C, 32°C, and 43°C. The prototype demonstrated temperature 

control between 15°C and 5°C, with a variation of less than 1°C within the TEC. Retention time 

under power outage was 52 minutes, limited by the high current demand (6A) of the Peltier cell, 

necessitating a larger battery than typically used in automobiles. To improve retention time, an 

alternative approach incorporating an additional heater on the heat sink was tested, increasing the 

retention time to 57 minutes. Cooling load calculations and laboratory simulations validated the 

theoretical design, proving the feasibility of achieving the desired cooling with a single-stage 

thermoelectric cooler[26]. 
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Figure 2.3 Prototype of Thermoelectric Cooler[26]  

This study investigates the integration of solar panels and Phase Change Materials (PCM) to create 

a more efficient and sustainable cooling system. The system's design ensures full portability, with 

a connection between a laptop and the thermoelectric cooler established through T-type 

thermocouples and the NI-DAQ system. The solar panel, battery, and charge controller were 

interconnected using 12-gauge wires, which are capable of handling up to 20 A. The thermoelectric 

cooler (TEC) was mounted on an aluminium container (refer Figure 2.4 and Figure 2.3) enclosing 

an acrylic container with specific side and bottom gaps for optimized heat dissipation. A notable 

innovation in this experiment is the use of RT 5HC, an organic PCM by Rubitherm, which has a 

melting temperature range of 5–6°C, ideal for food preservation. The PCM's heat storage capacity 

of 250 kJ/kg allows for efficient latent heat absorption and release during phase change 

processes[15]. 

To evaluate the system's performance, five tests were conducted, considering various water contents 

in different foods. The initial test was conducted with the prototype empty to assess the impact of 
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food items on the cooling load. In this baseline test, the ambient temperature was maintained at 

21°C, and the system successfully reached food-safe temperatures in under 10,000 seconds 

(approximately 2 hours 47 minutes). The temperature remained stable at around 1°C for the 

following 25,000 seconds (around 7 hours), demonstrating the system’s effective cooling 

capabilities. 

 

Figure 2.4 solar panel integrated with PCM for food refrigeration experimental setup[15]  

This study presents the development of a PCM-enhanced thermoelectric refrigeration system for 

food storage. The system integrates a Thermoelectric Cooler (TEC) module with Phase Change 

Material (PCM) for improved cooling and storage performance (refer Figure 2.5). The TEC is 

attached to an aluminium container (refer Figure 2.6) (27 × 14 × 13 cm) with a 3D-printed PLA 

container (22 × 11 × 10 cm) placed inside, creating a gap for PCM. RT 2HC PCM, with a melting 

temperature of 2°C and heat storage capacity of 200 kJ/kg, is used between the two containers. 

Styrofoam insulation is applied around the aluminium container, and an acrylic enclosure is added 

for strength and aesthetic appeal, further enhancing thermal resistance. The system is designed to 

maintain temperatures below 4°C, suitable for food preservation. Testing was done with food items 

like potatoes, cucumbers, carrots, and eggs, to determine the time needed to cool them from 21°C 

to below 4°C. The system successfully maintained temperatures below 4°C with a minimum power 

input of 4W to the TEC. At a maximum power input of 52.8W (12V, 4.4A), the TEC wall 

temperature reached -15°C, and the internal temperature went down to -5°C, demonstrating the 

system’s effectiveness for food refrigeration[27]. 
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Figure 2.5 Illustration of the food storage container components: (a) aluminum container; (b) 3D-

printed PLA small container; (c) placing PLA container inside the aluminum and filling up the 

gaps with PCM; (d) styrofoam for insulation purposes; (e) acrylic enclosure; (f) schematic 

diagram of the cross-section view of the overall container arrangement. 

 

Figure 2.6 TEC module attached to the container[27].  

 [28]review, Solar-Assisted Cooling Systems (SACSs), despite their potential, face significant 

barriers to market adoption. These challenges include high initial and installation costs compared 

to traditional electric-powered systems, technical complexities such as lower coefficient of 

performance (COP) relative to conventional systems, and the need for specialized maintenance 

expertise due to the intricate nature of both the chiller and solar components. 
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In practice, photovoltaic (PV) panels directly convert sunlight into electricity to operate 

conventional cooling systems. These systems, known as solar electric/vapor compression 

refrigeration (SE-VCR) or solar PV-assisted cooling systems, represent a specific application within 

the broader spectrum of solar-assisted cooling technologies.  

explains the role of solar systems in refrigeration as, the energy output from conventional solar 

panels varies and rarely achieves maximum potential under normal operating conditions due to the 

fixed positioning of the panels, which limits exposure to sunlight. The power output of photovoltaic 

(PV) panels is directly influenced by sunlight concentration, achieving peak performance when the 

panels are perpendicular to the incident sunlight. Solar Tracking Systems (STS) enable continuous 

solar radiation reception, increasing electricity generation by up to 35%, thereby enhancing the 

overall efficiency of the solar system. Research indicates that dual-axis STS can boost power output 

by 20% to 50% compared to static arrays. An experimental study investigated the design and 

performance of Solar-Powered Thermoelectric Refrigerators (SPTR) with and without STS. The 

study found that maximum solar irradiance for fixed panels and STS were 850 W/m² and 948 W/m², 

respectively. A linear relationship was observed between the current from PV panels and solar 

irradiance. However, the temperature of the PV panels negatively impacted the system's Energy 

Conversion Efficiency (ECE). The performance of SPTR depends on the temperature difference 

across the Thermoelectric Modules (TEM). For directly coupled fixed panel SPTR, the cold side 

temperature dropped from 25°C to 0°C, while for SPTR with STS, it dropped from 25°C to -5°C. 

The highest cooling rate occurred initially due to the significant temperature gradient between the 

refrigeration space and the product being refrigerated[29].  

The passage highlights the environmental challenges associated with modern refrigeration and air-

conditioning technologies, including greenhouse gas emissions from refrigerant leakage and fossil 

fuel-based electricity usage. Despite increasing affordability due to rising incomes, the operational 

costs, particularly electricity, continue to escalate. Approximately 15% of the global population 

benefits from refrigeration and air-conditioning, consuming about 20% of global energy. In many 

areas, air-conditioning is becoming essential for maintaining indoor comfort and air quality, 

especially in the face of rising global temperatures[30].  

This literature review examines the performance and applications of semiconductor refrigeration 

plates, focusing on TEC1-12706 and TEC1-12712 types, within the context of cold-chain 

transportation. Semiconductor refrigeration offers advantages such as compact size, simple 

structure, low noise, fast cooling, and minimal maintenance, making it promising for cooling 
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applications without a cooling medium. Experimental findings show that TEC1-12706, with hot-

side air cooling, maintains an average temperature of 6°C for 10 hours in a storage box under 30°C 

ambient conditions, suitable for long-distance cold storage. Conversely, TEC1-12712, utilizing hot-

side water cooling and a parallel cold-side fan arrangement, achieves an average temperature of -

2°C for 3 hours, ideal for short-distance freezing applications. The study underscores the efficiency 

benefits of aligning the fan parallel to the cold side for enhanced cooling performance. Additionally, 

it highlights the critical influence of food stacking porosity and cold-side air velocity on internal 

cooling rates, emphasizing their role in optimizing semiconductor refrigeration in practical cold-

chain settings[31].  

Renewable and low-grade waste energy resources, such as solar energy, wind energy, biomass, and 

industrial low-temperature waste energy, offer significant potential for addressing current energy 

challenges. Thermal energy storage (TES) has (refer Figure 2.7) garnered substantial interest from 

both the scientific and industrial communities as a promising solution for effective energy 

management. TES can store thermal energy in three main forms: sensible, latent, and sorption. 

Sensible TES involves storing heat in a material by changing its temperature without a phase change 

and has been successfully implemented in large-scale district heating and cooling plants. Latent 

TES utilizes phase change materials (PCMs) to store and release heat at specific phase transition 

temperatures, allowing for a more compact storage unit due to the high energy density of PCMs, 

though it is primarily in the laboratory research stage. Sorption TES stores energy through sorption 

processes and also remains under investigation at the laboratory level. Practical applications of TES 

must consider factors such as cost-effectiveness, environmental sustainability, reliability, and 

stability. From a sustainable perspective, TES can be integrated into various systems, including hot 

water supply, air conditioners and heat pumps, building construction, power production cycles, 

cogeneration, food transport, solar cookers, and vehicle thermal comfort systems, highlighting its 

versatility and potential impact on enhancing energy efficiency[32].  
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Figure 2.7 Various TES forms. 

[33]reviews, Phase Change Materials (PCMs) are advantageous for thermal protection due to their 

high thermal inertia, offering reliable protection against heat and cold during transport or storage. 

This protection is applicable to a range of products, including solid food, beverages, 

pharmaceuticals, blood derivatives, electronic circuits, cooked food, and biomedical products. 

Specific applications of cold storage utilizing PCMs include: 

➢ Cooling Applications: Utilizing off-peak electricity rates and reducing installed power 

needs through ice banks. 

➢ Thermal Protection of Food: Ensuring the safe transport and storage in industries like hotel 

trade and ice-cream. 

➢ Medical Applications: Facilitating the transport of blood, supporting operating tables, and 

enabling cold therapies. 

➢ Industrial Cooling Systems: Assisting in processes such as regasification terminals. 

Proper cold storage systems incorporating PCMs can reduce operating costs, lower initial costs, 

minimize the size of chilling equipment, enhance operating flexibility, and expand the capacity of 

existing systems. A significant process in PCM storage systems is the solidification phase, where 

stored energy is extracted, and the liquid PCM freezes near the heat transfer surface, forming a 

moving boundary layer of solid material that releases its heat of fusion. 

[34]explains, Phase Change Materials (PCMs) are latent thermal energy storage (TES) materials 

that utilize the solid/liquid phase transition for energy storage, avoiding the technical challenges 

associated with the large volume changes in liquid/gas and solid/gas transitions. PCMs are 

categorized into organic, inorganic, and eutectic materials. Organic PCMs include paraffin and non-

paraffin compounds, with paraffins being hydrocarbon chains and non-paraffins including 
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substances like sugar alcohols and fatty acids. Inorganic PCMs are divided into salt hydrates and 

metallics. Eutectic PCMs are combinations of organic and/or inorganic materials. For subzero 

applications, the most commonly studied PCMs are eutectic water-salt solutions and paraffins. 

Paraffins have an operational range down to -53.5°C, while sugar alcohols and fatty acids have 

melting points above 0°C. Eutectic water-salt solutions can operate down to -62°C, with some 

commercial products melting at temperatures as low as -114°C.  

In this study, a cooling system for vaccine preservation using a thermoelectric cooler (TEC) 

integrated with a vacuum wall was investigated. The vacuum wall, known for its excellent insulation 

properties, reduces the heat load on the system. The designed cooling box maintained internal 

temperatures of 17, 19, 21, 23, and 25°C under vacuum conditions of −15, −20, and −25 in Hg. 

The results demonstrated that as the internal temperature increased, the power required by the 

system decreased. The study highlighted the efficient and reliable performance of TEC devices 

when used with a vacuum wall, which showed a fast response in achieving the desired cooling 

effect. Additionally, lower vacuum levels resulted in reduced power consumption, enhancing the 

system's overall efficiency. 

Historical context was provided by earlier studies: 

• In 2002, TEC cooling-maintained temperatures between 5–10°C using solar cells. Without 

load, the temperature dropped from 23°C to 5°C in 4,000 seconds, achieving a coefficient 

of performance (COP) of 0.3. 

• In 2009, another study reported a solar cell-powered TEC system that cooled from 27°C to 

5°C in 44 minutes, with a COP of approximately 0.16. 

These findings suggest that a TEC cooling system with a vacuum wall is suitable for vaccine 

transportation to rural areas, where power sources are available. The system's ability to maintain 

low temperatures reliably and efficiently makes it a promising solution for off-grid vaccine 

preservation[35]. 

compares both systems, Compressor-based refrigeration systems offer excellent performance but 

are highly expensive to fabricate, primarily due to the need for high-quality propane gas. Absorption 

refrigeration systems, which use refrigerants like liquid ammonia, present an alternative but pose 

safety risks due to the potential lethality of leaks. Ensuring the integrity of refrigerant-carrying tubes 

can mitigate these risks. Recent advancements in solar refrigeration have integrated solar PV panels 
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with electrochemical methods, providing sustainable solutions but also facing challenges with 

thermal energy waste management[20]. 

Among various technologies, thermoelectric cooling systems stand out for solar cold storage due to 

their higher coefficient of performance and lower cost. These systems are economical and simpler 

in design, making them a promising option for regions with abundant solar resources and a need for 

cost-effective refrigeration.  

In the investigation of enhancing the heat transfer surface of a cold thermal energy storage (CTES) 

system, both numerical and experimental methods were utilized to compare finless and finned phase 

change material (PCM) containers. The study revealed that using a finned container significantly 

reduced the charging period and extended the discharging period. Importantly, the finned container 

enabled the PCM to melt during the discharging period, effectively releasing latent cold thermal 

energy. 

To validate the numerical results, the finned container was experimentally tested in a household 

refrigerator. The temperatures inside and outside of the PCM and the cabin's temperature were 

measured using eight T and K thermocouples. Experimental results indicated that the PCM 

completely froze in the charging phase and maintained the cabin's temperature within standard 

thermal conditions. During the discharging process, the temperatures recorded by thermocouples at 

various levels of the PCM container showed that at least 25% of the PCM melted, thus releasing 

25% of its latent heat capacity into the refrigerator cabin. This demonstrated the effectiveness of 

the CTES system in enhancing cold storage performance[36].  

This author gives the objective to identify the best standards for utilizing solar energy in 

refrigeration and air conditioning systems, focusing on thermoelectric and thermionic technologies 

for large-scale applications. These technologies are promising, achieving performance levels of at 

least 30%, making them suitable for climates like that of Egypt. A thermoelectric air conditioner 

was designed and built for personal cooling and heating, utilizing four thermoelectric coolers 

(TECs) powered by an external DC power supply[22]. 

The review highlights the importance of thermoelectric technologies in refrigeration and air 

conditioning, especially when integrated with clean energy sources like solar cells. Solar energy 

provides a reliable DC power supply for TECs, enhancing their performance. Laboratory 

assessments demonstrated the high performance and large cooling capacity of thermoelectric 

systems, with a notable example achieving 430 W cooling capacity and a coefficient of performance 
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(COP) of 2.6. Advances in thermoelectric technology, such as using water to cool and absorb heat 

from the hot side, have significantly improved efficiency and reliability. 

The review concludes that thermoelectric and thermionic technologies, when powered by solar 

energy, consume less energy and are more environmentally friendly compared to conventional 

systems. This makes them a viable and sustainable alternative for large-scale refrigeration and air 

conditioning applications, particularly in regions with abundant solar resources.  

Thermoelectric modules, the core component of TECs, offer numerous advantages. They are highly 

reliable due to their lack of moving parts, which eliminates mechanical wear and tear and reduces 

the need for maintenance. Their quiet operation and long lifespan add to their appeal. The modules 

consist of stacks of thermoelectric unicouples connected in series, increasing their efficiency and 

sustainability. TECs find application in various complex systems due to these robust characteristics. 

The Peltier effect underpins the operation of thermoelectric coolers, wherein an electric current 

passing through the junction of two different conductors causes heat to be absorbed or released, 

leading to cooling. This fundamental principle allows TECs to be utilized in diverse and innovative 

ways across industries[37]. 

In this work, uses TEC for vaccine storage, In rural areas of Africa, maintaining vaccines at the 

correct temperature is critical for successful immunization programs. Health workers face 

challenges in transporting vaccines over long distances while keeping them within the cold chain, 

especially since these regions often lack access to electricity and cannot use standard refrigerators. 

Advances in renewable energy, particularly solar energy, offer a promising solution to this issue. 

Solar energy harnessed through photovoltaic (PV) panels provides a reliable power source for 

thermoelectric cooling systems, addressing the challenges of vaccine storage and extending to other 

thermoelectric applications[38]. 

Existing systems often fall short by being too large, not energy-efficient enough, or unable to sustain 

the required temperature over the necessary period. Additionally, many proposed systems are fragile 

and require high-skilled maintenance, which is not readily available in rural areas, raising concerns 

about their economic feasibility. The research achieved several objectives, including maintaining 

vaccines within the cold chain for up to 72 hours (3 days), achieving temperature control accuracy 

of 1°C, and providing portability with a capacity to store up to 250 vials of vaccine. The developed 

system is robust, user-friendly, and requires minimal maintenance, making it suitable for rural 

settings where high-skilled personnel are not available.  
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In this uses a TEC system for cooling the water, this study focuses on developing and evaluating a 

solar-powered multistage thermoelectric cooling system to tackle the issue of hot domestic water 

during summer in arid regions. The innovative approach, named "cooling the water by the heat of 

the sun," leverages the region's abundant solar energy to cool water for domestic use. The system 

was tested in real-time, demonstrating its ability to cool water from temperatures above and below 

ambient conditions. Performance evaluations with a 5-liter water tank showed achievable 

temperature gradients of approximately -0.004°C/s and -0.003°C/s, respectively, for cooling from 

above and below ambient conditions, with average energy consumption[39]. 

The researcher designs, the PV-refrigerator system designed for transporting vaccines in remote 

areas, independent of the electricity grid, using a PV system as the energy source. The system aims 

for environmental friendliness through efficient energy management. 

During testing, the refrigerator consistently maintained an internal temperature of 4°C for up to 15 

hours across different seasons. This performance is achieved through optimal energy management 

from the PV system and stored battery power, which adapts to varying weather conditions. 

However, challenges were noted during winter months when reduced sun irradiation led to 

decreased PV production. As a result, a significant portion of the refrigerator's energy needs were 

met from the battery bank. To address this, the recommendation is to replace the current PV panel 

with a higher power version (e.g., 100 W) to enhance system performance. This upgrade could 

potentially extend the operating time to more than 30 hours during winter periods. 

Peak PV energy production was observed between 11 am and 2 pm, highlighting the importance of 

capturing solar energy during these hours for optimal system operation. Additionally, lower ambient 

temperatures during winter, if above freezing, contribute to prolonging the refrigerator's internal 

temperature retention when the PV energy supply is insufficient, and the battery is fully discharged. 

A direct current (DC) domestic solar-powered deep freezer has been developed, eliminating the 

need for an inverter charger system. Solar photovoltaic (PV) panels charge batteries directly, which 

power the DC deep freezer retrofitted with a DC compressor. This setup operates continuously, day 

and night, using stored battery energy, thus avoiding environmental pollution from fossil fuel 

generators and reducing initial development costs by eliminating the inverter. 

The system, despite its higher initial production cost due to PV panels and batteries, promises long-

term savings by eliminating recurrent energy bills. It demonstrates the viability of solar energy for 
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cooling and refrigeration in tropical climates, particularly in rural areas lacking grid connections. 

Annually, the system saves approximately 173.60 kg of carbon dioxide emissions, contributing 

positively to environmental sustainability[40].   

This literature review explores the integration of Peltier cells into secondary packaging for 

refrigerated transport, aiming to enhance food preservation efficiency and sustainability across the 

supply chain. The study investigates current food preservation methods in production, distribution, 

storage, and retail stages, emphasizing challenges in maintaining temperature stability during 

transportation. It examines the practical application of the Peltier effect and its incorporation into 

standard packaging to minimize energy consumption and mitigate temperature fluctuations. 

Simulation tests using air bubbles and various fruits in secondary packaging validate the system's 

performance under realistic transport conditions. Experimental prototype development provides 

critical insights into the operational effectiveness of Peltier-integrated packaging, highlighting its 

potential to reduce food waste and energy usage while maintaining food quality and nutrient 

content[41]. 

2.1 Summary of literature 

Thermoelectric cooling offers advantages such as compact design, low maintenance, and 

environmental friendliness, making it suitable for a variety of applications, including food 

preservation, medical storage, and general cooling needs. In our setup, an air-cooled TEC module 

is employed, enhancing operational efficiency through improved heat dissipation, ensuring reliable 

performance across diverse conditions. 

PCM-enhanced TEC systems have emerged as a practical solution for portable food preservation. 

Organic PCMs, with high latent heat storage capacities, provide temperature stabilization, allowing 

the system to maintain food-safe cooling temperatures under minimal power inputs. Additionally, 

solar PV integration ensures energy autonomy, with studies demonstrating the potential for scalable, 

environmentally friendly cooling systems. Innovations in thermal management, including improved 

insulation using materials like Styrofoam and acrylic enclosures, have significantly enhanced 

system reliability and retention times. 

The development of solar-powered thermoelectric coolers integrated with thermal storage for food 

preservation has seen significant advancements in recent years. Previous studies focused on single 

TEC modules, often relying on water cooling to maintain efficient performance. However, our 

approach uses a six-module TEC system, which enhances cooling efficiency and system reliability. 
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This system is paired with high-performance organic PCM, offering excellent latent heat storage 

capacities, allowing the system to maintain food-safe cooling temperatures with minimal power 

input. By integrating solar PV for energy autonomy, the system becomes more sustainable and 

environmentally friendly. 

Furthermore, compared to earlier models, our setup increases the thermal storage space, which plays 

a crucial role in improving the retention time and overall efficiency. The use of a larger thermal 

storage capacity ensures longer cooling durations and better temperature regulation, even under 

varying external conditions. Additionally, greater insulation has been incorporated to minimize heat 

loss, further enhancing the system's efficiency and effectiveness. This innovation, combined with 

solar power integration, makes the system more scalable and suitable for both stationary and mobile 

applications. 

 

 

2.2 Objectives  
 

• Design and Develop a sustainable and energy-efficient, off-grid,  solar-powered thermoelectric 

cooling system integrating and and other potential applications. 

• Test the system's performance for various food items having different water content and specific 

heat capacities to ensure versatility. 

• Explore scalability by evaluating the potential for larger refrigeration needs through modular 

TEC setups. 
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Chapter 3  

Methodology 

The primary goals of this research are as follows: 

1. To develop a system that can establish and maintain temperatures at or below 15°C for 

effective food preservation. 

2. To investigate the self-sustainability potential of a portable thermoelectric cooler powered 

by solar energy, ensuring energy efficiency and minimal environmental impact. 

This methodology presents a thorough analysis of the system components, their configuration, and 

the operational processes, ensuring that each element of the experimental design plays a crucial role 

in meeting the research goals. It outlines the step-by-step approach, from choosing and assembling 

the key components to carrying out the experimental tests. The early sections of the methodology 

provide a detailed overview of the thermoelectric refrigerator, the arrangement of the thermocouple 

system for temperature measurements, and the specifications of the solar panel and battery setup 

that power the cooling unit. 

3.1 Product specifications 
 

The thermal storage system was designed based on the concept of a domestic mini refrigerator, with 

a storage capacity of 50 kg.A Thermoelectric Cooler (TEC) module was mounted on one side of an 

aluminum container with dimensions 57.88 × 57.88 × 87.78 cm³.  Heat transfer across the walls 

was analyzed by considering natural convection on both the external and internal surfaces of the 

portable food carriers, as well as conduction through the materials and the phase change process. 

 

  

Figure 3.1 specific performance of the used PCM (RT 10HC) 
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Table 3.1 a list of components to develop the food storage. 

Component Remarks 

Outer container 57.88 × 57.88 × 87.78 cm³ 

Inner container 54.88 × 54.88 × 85.74 cm³, 

Device volume 50 kg 

Styrofoam Thickness: 2 cm 

Thermoelectric cooler Weight: 0.9 kg 

 

The amount of heat that needs to be removed from the space within the thermal storage was 

calculated to effectively cool the area and make it suitable for food preservation (refer Table 3.1).  

 

 

3.2 Thermoelectric module 
 

The specifications of the TEC module used in the thermal storage system for food preservation are 

as follows: 

Table 3.2 specification of TEC 

Hot side temperature (ºC) 25 (ºC) 50 (ºC) 

𝑄𝑚𝑎𝑥(Watts) 50 57 

∆𝑇𝑚𝑎𝑥(ºC) 66 75 

𝐼𝑚𝑎𝑥 6.4 6.4 

𝑉𝑚𝑎𝑥 14.4 16.4 

Module Resistance (Ohms) 1.98 2.30 

From the table (refer Table 3.2), it is shown that the TEC module can remove 50 watts of heat, which 

corresponds to 50 joules of energy per second. This heat removal capacity makes it suitable for 

maintaining the desired cooling environment for food preservation within the thermal storage 

system. Sixteen TEC modules are implemented, each removing 50 watts of heat, providing a total 

cooling capacity of 800 watts for efficient food preservation. 

𝑄𝑚𝑎𝑥=50 Watts 

𝑄𝑚𝑎𝑥=50×16 = 800 watts = 800 𝐽/𝑠 

With sixteen TEC modules, a total of 800 J/s of heat is removed, amounting to 28,80,000 joules in 

one hour. 
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3.3 Heat Load calculation 
 

3.3.1 Thermal Storage Wall 
Each material layer in the system emits heat, contributing to the overall cooling load. The heat 

transfer through these layers is determined by considering their respective surface areas, which are 

obtained by subtracting the thickness of each layer from the outer dimensions accordingly. The 

outermost layer consists of a thermal storage wall with four layers of insulation. Heat conduction 

through these layers is analyzed using thermal resistance, material thickness, and thermal 

conductivity. The total heat load is then calculated by summing the heat emitted by all layers, 

ensuring an accurate estimation of the cooling energy required for the system. 

Here are the total dimensions of the storage walls, 

𝐻 = 906.00 𝑚𝑚 

𝑊 = 𝐿 = 610 𝑚𝑚 

For Aluminum  

Total thickness of thermal storage walls= 53 𝑚𝑚 (Considering the inner surface of Aluminum 

storage) 

For Aluminum  𝐻 = 906 − 53 = 853 𝑚𝑚 = 0.853 𝑚 

                                𝑊 = 𝐿 = 610 − 53 = 557 𝑚𝑚 = 0.557 𝑚 

Aluminum Surface Area 

𝐻 = 853 𝑚𝑚 

𝐿 = 𝑊 = 557𝑚𝑚 

𝐴 = 2(𝐿𝑊 + 𝑊𝐻 + 𝐻𝐿) 

= 2(557 × 557 + 557 × 853 + 853 × 557) 

= 2(310249 + 475121 + 475121) 

= 2(1260491) 

= 2520982 𝑚𝑚2 

𝑨 = 𝟐. 𝟓𝟐𝟎𝟗𝟖𝟐 𝒎𝟐 

(1) Heat loss by aluminum 

➢ Thermal Resistance 

𝑑 = 3 𝑚𝑚 = 0.003 𝑚 

𝑘 = 237 𝑊/𝑚𝐾 

𝑅 =
𝑑

𝑘𝐴
 

=
0.003

237 × 2.521162
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𝑅 = 0.000005012 𝐾/𝑊 

Aluminum thickness (3 mm) to be extracted from Total thickness 

For Glass wool  𝐻 = 906 − 50 = 856 𝑚𝑚 = 0.856 𝑚 

𝑊 = 𝐿 = 610 − 50 = 560 𝑚𝑚 = 0.560 𝑚 

 

Glass wool Surface Area 

𝐻 = 856 𝑚𝑚 

𝐿 = 𝑊 = 560𝑚𝑚 

𝐴 = 2(𝐿𝑊 + 𝑊𝐻 + 𝐻𝐿) 

= 2(560 × 560 + 560 × 856 + 856 × 560) 

= 2(313600 + 479360 + 479360) 

= 2(1272320) 

= 2544640 𝑚𝑚2 

𝑨 = 𝟐. 𝟓𝟒𝟒𝟔𝟒𝟎 𝒎𝟐 

(2) Heat loss by Glass wool 

➢ Thermal Resistance 

𝑑 = 15 𝑚𝑚 = 0.015 𝑚 

𝑘 = 0.040 𝑊/𝑚𝐾 

𝑅 =
𝑑

𝑘𝐴
 

=
0.015

0.040 × 2.54464
 

𝑅 = 0.1473 𝐾/𝑊 

 

Aluminum thickness (3 mm) + Glass wool thickness (15 mm) to be extracted from Total thickness 

For Styrofoam   𝐻 = 906 − 35 = 871 𝑚𝑚 = 0.871 𝑚 

                                𝑊 = 𝐿 = 610 − 35 = 560 𝑚𝑚 = 0.575 𝑚 

Styrofoam Surface Area 

𝐻 = 871 𝑚𝑚 

𝐿 = 𝑊 = 575 𝑚𝑚 

𝐴 = 2(𝐿𝑊 + 𝑊𝐻 + 𝐻𝐿) 

= 2(575 × 575 + 575 × 871 + 871 × 575) 

= 2(330625 + 500825 + 500825) 

= 2(1332275) 
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= 2664550 𝑚𝑚2 

𝑨 = 𝟐. 𝟔𝟔𝟒𝟓𝟓𝟎 𝒎𝟐 

(3) Heat loss by Styrofoam 

➢ Thermal Resistance 

𝑑 = 30 𝑚𝑚 = 0.030 𝑚 

𝑘 = 0.024 𝑊/𝑚𝐾 

𝑅 =
𝑑

𝑘𝐴
 

=
0.030

0.024 × 2.664550
 

𝑅 = 0.4691 𝐾/𝑊 

Aluminum thickness (3 mm) + Glass wool thickness (15 mm) + Styrofoam Thickness (30 mm) to 

be extracted from Total thickness 

For Styrofoam   𝐻 = 906 − 5 = 901 𝑚𝑚 = 0.901 𝑚 

                                𝑊 = 𝐿 = 610 − 5 = 605 𝑚𝑚 = 0.605 𝑚 

Acrylic Surface Area 

𝐻 = 901 𝑚𝑚 

𝐿 = 𝑊 = 605 𝑚𝑚 

𝐴 = 2(𝐿𝑊 + 𝑊𝐻 + 𝐻𝐿) 

= 2(605 × 605 + 605 × 901 + 901 × 605) 

= 2(366025 + 545105 + 545105) 

= 2(1456235) 

= 2912470 𝑚𝑚2 

𝐴 = 2.912470 𝑚2 

(4) Heat loss by Styrofoam 

➢ Thermal Resistance 

𝑑 = 5 𝑚𝑚 = 0.005 𝑚 

𝑘 = 0.19 𝑊/𝑚𝐾 

𝑅 =
𝑑

𝑘𝐴
 

=
0.005

0.19 × 2.9124
 

= 0.009035 𝐾/𝑊 

𝑅𝑇𝑜𝑡𝑎𝑙 = 𝑅𝑎𝑐𝑟𝑦𝑙𝑖𝑐 + 𝑅𝑆𝑡𝑦𝑟𝑜𝑓𝑜𝑎𝑚
 

+ 𝑅𝐺𝑙𝑎𝑠𝑠𝑤𝑜𝑜𝑙 + 𝑅𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚  

                                           = 0.009035 + 0.469122 + 0.1473 + 0.0000050212 
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𝑅𝑇𝑜𝑡𝑎𝑙 = 0.625462 𝐾/𝑊 

 

𝑄 =  
𝑇𝑖𝑛𝑠𝑖𝑑𝑒 − 𝑇𝑜𝑢𝑡𝑠𝑖𝑑𝑒

𝑅𝑇𝑜𝑡𝑎𝑙
 

=
15 − 25

0.625462
 

𝑸 = 𝟏𝟓. 𝟗𝟖 𝑾 

 

 

3.3.2 Stored Product (Fruits or Other Contents) 
The stored product inside the container contributes significantly to the total cooling load. The 

cooling requirement is determined by considering its specific heat capacity, mass, and temperature 

difference. If the product has moisture content, the latent heat due to condensation is also considered 

in the calculations. 

Typical packing efficiency for fruits 60% to 70% 

Effective volume occupied by fruits  

𝑉𝑓𝑟𝑢𝑖𝑡𝑠 = 𝑃𝑎𝑐𝑘𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟 ×  𝑉𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟  

= 0. .70 × 0.050 

= 𝟎. 𝟎𝟑𝟓 𝒎𝟑 

 

 

Mass of fruits can be found  

Apples,  

𝑀𝑓𝑟𝑢 = 0.035 × 700 = 𝟐𝟒. 𝟓 𝒌𝒈 

∆𝑇 = 25 − 15 = 10°𝐶 

𝐶𝑝 = 3.7
𝑘𝐽

𝑘𝑔 𝐾
 

𝑄 = 𝑚𝐶𝑝∆𝑇 

                                                                         = 24.5 × 3700 × 10 

                                                                     𝑸 = 𝟗𝟎𝟔𝟓𝟎𝟎 𝑱 

3.3.3 Aluminum Container 
The energy required to cool the product to the desired temperature is determined by considering its 

mass, specific heat capacity, and temperature difference. Packing efficiency is taken into account 

to estimate the actual mass of the product within the container, ensuring accurate energy 

calculations. The total cooling load is calculated based on these parameters. 
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Outer dimensions 

𝐿𝑜 = 557 + 2(3) = 563 𝑚𝑚 

𝑊𝑜 = 557 + 2(3) = 563 𝑚𝑚 

𝐻𝑜 = 853 + 2(3) = 859 𝑚𝑚 

Inner dimensions 

𝐿𝑖 = 557 𝑚𝑚 

𝑊𝑖 = 557 𝑚𝑚 

𝐻𝑖 = 853 𝑚𝑚 

Outer volume  

𝑉𝑜𝑢𝑡𝑒𝑟 = 𝐿 × 𝑊 × 𝐻 

= 0.563 × 0.563 × 0.859 

= 0.272 𝑚3 

Inner volume 

𝑉𝑖𝑛𝑛𝑒𝑟  = 𝐿 × 𝑊 × 𝐻 

= 0.557 × 0.557 × 0.853 

= 0.265𝑚3 

𝑉𝑎𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 = 𝑉𝑜𝑢𝑡𝑒𝑟 − 𝑉𝑖𝑛𝑛𝑒𝑟  

𝑉𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 = 0.272 − 0.265 = 𝟎. 𝟎𝟎𝟕𝒎𝟑 

 

 

Mass of Al container 

𝑚 = 27000 × 0.007 

𝑚 = 18.9 𝑘𝑔 

𝑄 = 𝑚𝐶𝑝∆𝑇 

                                                                        = 18.9 × 9000 × 10 

                                                                    𝑄 = 𝟏𝟕𝟏𝟎𝟎𝟎𝑱 

 

 

 

3.3.4 Air Inside the Container 
To determine the cooling energy required for the air remaining between the products, the volume 

of the air gap is first calculated by subtracting the occupied volume of the product from the total 

container volume. The sensible heat is then evaluated based on the mass of air, its specific heat 

capacity, and the temperature difference. Additionally, the latent heat is considered to account for 

the moisture content in the air, which may condense during the cooling process. The total cooling 
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load for the air is obtained by summing the sensible and latent heat components, ensuring an 

accurate estimation of the energy required for cooling. 

Mass of apple= 24.5 𝑘𝑔 

𝑚𝑎𝑠𝑠 = 𝑣𝑜𝑙𝑢𝑚𝑒 × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝑉𝑜𝑙𝑢𝑚𝑒 =
𝑀𝑎𝑠𝑠

𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

𝑉𝑜𝑙𝑢𝑚𝑒 =
24.5

700
= 0.035 𝑚3 

The total volume of the container= 𝐿 × 𝑊 × 𝐻  

                                                                = 504 × 504 × 800 

                                                                = 0.2037𝑚3 

Volume of air= 0.2037 − 0.035 

                      = 0.1687 𝑚3 

Mass of air= 𝑣𝑜𝑙𝑢𝑚𝑒 × 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

                     = 0.1687 × 1.15 

                     = 0.194 𝑘𝑔 

Sensible heat 𝑸𝒔 

𝑄𝑠 = 𝑚𝐶𝑝∆𝑇 

                                                                         = 0.194 × 1005 × 10 

                                                                         = 1949.75 𝐽 = 𝟏. 𝟗𝟒𝟗 𝒌𝑱 

Latent heat 𝑸𝒍 

From psychrometric tables at 25°C: 

Dry bulb Temperature:25°𝐶 

Wet bulb Temperature:16°𝐶 

Humidity (∅)=37% 

𝑃𝑠  𝑓𝑟𝑜𝑚 𝑝𝑦𝑐𝑟𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐ℎ𝑎𝑟𝑡 = 3.169 𝑘𝑃𝑎 

∅ =
𝑃𝑤

𝑃𝑠
 

0.37 =
𝑃𝑤

3.169
 

𝑃𝑤 = 0.37 × 3.169 = 1.17253 𝑘𝑃𝑎 

➢ Humidity Ratio Before cooling (25°𝐶, 37%) 

𝑾 = 𝟎. 𝟔𝟐𝟐 ×
𝑷𝒘

𝑷𝒂 − 𝑷𝒘
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𝑊1 = 0.622 ×
1.17253

101.325 − 1.17253
 

𝑊1 = 0.622 ×
1.17253

100.15247
 

𝑾𝟏 = 𝟎. 𝟎𝟎𝟕𝟐𝟖𝟐
𝒌𝒈

𝒌𝒈
𝒐𝒇 𝒅𝒓𝒚 𝒂𝒊𝒓 

➢ Humidity ratio after cooling (15°𝐶, 0%) 

𝑾𝟐 = 𝟎 
𝒌𝒈

𝒌𝒈
𝒐𝒇 𝒅𝒓𝒚 𝒂𝒊𝒓 

 

➢ Mass of Water removed  

∆𝑊 = 𝑊1 − 𝑊2 

∆𝑊 = 0.007282 − 0 

∆𝑊 = 0.007282 𝑘𝑔 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟 𝑘𝑔 𝑑𝑟𝑦 𝑎𝑖𝑟 

𝑚𝑤𝑎𝑡𝑒𝑟 = ∆𝑊 − 𝑚𝑎𝑖𝑟 

𝑚𝑤𝑎𝑡𝑒𝑟 = 0.007282 × 0.194 = 𝟎. 𝟎𝟎𝟏𝟒𝟏𝟐 𝒌𝒈 

➢ Calculate Latent Heat 

𝑄𝑙 = 𝑚𝑤𝑎𝑡𝑒𝑟 × 𝐿𝜗 

𝑄𝑙 = 0.001412 × 2260 = 𝟑. 𝟗𝟔 𝒌𝑱 

➢ Total Heat to be removed  

𝑄𝑡𝑜𝑡𝑎𝑙 = 𝑄𝑠 + 𝑄𝑙 

𝑄𝑡𝑜𝑡𝑎𝑙 = 1.949 + 3.96 = 𝟓. 𝟗𝟎𝟗 𝒌𝑱 

3.3.5 Time Required  
 𝑄𝑇𝑜𝑡𝑎𝑙 = 𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 𝑄𝐴𝑙𝑢𝑚𝑖𝑛𝑖𝑢𝑚 + 𝑄𝐴𝑖𝑟 𝑉𝑜𝑖𝑑𝑠 

𝑄𝑇𝑜𝑡𝑎𝑙 = 906500 + 171000 + 5909 = 1083409 𝐽 

1 𝑚𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 50 𝑊 

16 𝑚𝑜𝑑𝑢𝑙𝑒 = 50 × 16 = 800 𝑊 

= 800 − (𝑄𝑠𝑢𝑟𝑓𝑎𝑐𝑒) 

= 800 − 15.98 = 784.02 𝑊 

= 784.02 𝑊 = 784.02 𝐽/𝑠 

= 784.02 × 60 = 47041.2 𝐽/𝑚𝑖𝑛𝑢𝑡𝑒𝑠 

𝑇𝑖𝑚𝑒 (𝑡) =
𝑄𝑇𝑜𝑡𝑎𝑙

𝑀𝑜𝑑𝑢𝑙𝑒 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 

𝑇𝑖𝑚𝑒(𝑡) =
1083409

47041.2
= 𝟐𝟑. 𝟎𝟑 𝒎𝒊𝒏𝒖𝒕𝒆𝒔 
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3.1 Experimantal data 
T-type thermocouples, with an accuracy of ±1°C across a temperature range of -250°C to 350°C 

were employed for initial experimental tests. These thermocouples were strategically placed at 

various locations (refer Figure 3.2) on the prototype and connected to a data acquisition system, 

which was linked to a computer for precise data recording.  

 

Figure 3.2 Thermocouple arrangements at different locations of the prototype[27].  

four thermocouples are used, strategically placed at different locations within the thermal storage 

system to monitor and analyze temperature variations. These thermocouples are movable, allowing 

flexibility in temperature measurements across various points within the system. By repositioning 

the thermocouples, the temperature at different spots can be taken, providing a detailed 

understanding of the thermal distribution within the storage and ensuring effective monitoring 

throughout the cooling process. This setup enables precise temperature control and helps evaluate 

the overall performance of the thermoelectric cooling system. 
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3.2 Solar panel and Battery  
 

To ensure the optimal performance of the thermoelectric modules, a 300 W solar panel has been 

incorporated into the system. Additionally, a battery with sufficient energy storage capacity has 

been included to meet the power requirements of the TEC modules, even during periods of low 

sunlight or increased energy demand. This battery is crucial for ensuring an uninterrupted power 

supply to the cooling system, especially during times when solar radiation is unavailable. 

 

3.3 Food items 
 

This section examines the variety of food items used in the experiments, focusing on their initial 

conditions, moisture content, and specific heat capacities to evaluate the cooling system’s 

performance. Moisture content plays a crucial role in food preservation, as items with higher 

moisture levels require refrigeration to prevent spoilage. (refer Table 3.3) provides an overview of 

the tested items, covering a broad moisture range to assess the system’s potential as an alternative 

to conventional vapor-compression refrigeration. 

To maintain consistency, all food items were weighed equally, ensuring a uniform cooling load 

during tests. Their specific heat capacities, which ranged between 2.5 and 4.0 kJ/kg °C, were also 

considered. Foods with higher heat capacities require more energy to cool and release the same 

amount of energy as they return to ambient temperature, directly impacting the cooling system’s 

efficiency. 

Table 3.3 Moisture content, mass, and specific heat capacity of food items will be used in the 

experiment [27]. 

Food items Water content (%) Weight (g) Specific heat capacity (kJ/kg°C) 

Apples 80-89 200 3.64 

Cottage cheese 70-79 200 3.27 

Fat-free milk 90-99 200 4.0 

Tomato 93-95 200 3.7 

Cucumber 92-95 200 3.8 

Carrot 85-87 200 3.4 

 

Moisture content is a key factor influencing thermal properties, storage requirements, and the risk 

of microbial growth. This study aimed to understand the system’s performance across various food 

storage conditions by analyzing items with different moisture levels. Additionally, potential 

challenges such as freezing point depression and condensation were examined to provide a thorough 
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evaluation of the system’s efficiency and suitability for practical applications [15].  
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Chapter 4  

Experimental setup  

 
This chapter offers a detailed description of the experimental setup designed to assess the 

performance of the solar-powered thermoelectric cooler. It outlines the primary components, 

including the thermoelectric cooler (TEC) and photovoltaic (PV) solar panel, along with the 

techniques employed to monitor temperature and power usage. The chapter emphasizes the design 

principles behind each component and their interaction to sustain effective cooling conditions. 

 

(refer Figure 4.1) shows a schematic diagram of the experimental setup for the proposed cooling and 

storage system. Also, the DAQ system panel will be placed below the thermal storage with the 

battery. 

 
 

Figure 4.1 Schematic diagram of the experimental set-up. 
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In this setup, the thermocouples placed at different locations within the thermal storage will be 

connected to the Data Acquisition (DAQ) system, which in turn will be linked to a computer for 

real-time data recording and analysis. A DC power supply will be used to provide the necessary 

power to the TEC module, ensuring it operates effectively during the cooling process. 

The Thermoelectric (TEC) modules utilize the Peltier effect to transfer heat from the interior of the 

prototype to the external environment. As the TEC starts expelling heat, the temperature inside the 

prototype decreases, creating a temperature differential across its surface. This gradient facilitates 

the movement of heat from the surrounding environment into the prototype's interior, contributing 

to the cooling process.  

The quasi-steady-state temperature of the prototype will be determined by a combination of Peltier 

cooling, Joule heating from the TEC module, and heat transfer occurring from the surface of the 

prototype. 

The conceptual design presented here illustrates the layout of the system, with the actual prototype 

closely resembling this design. The dimensions of the stand, which supports the solar panel, thermal 

storage, and battery, are also depicted in this design. This setup ensures proper arrangement and 

integration of all key components for efficient operation. 

  

Figure 4.2 schematic design of side view and back view with the dimensions(mm) 
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 In this design (refer Figure 4.2), the solar panel is positioned above the thermal storage, which not 

only supports energy generation but also helps in reducing heat loss. The placement of the solar 

panel ensures that the thermal storage is shielded from direct exposure to external temperatures, 

thereby minimizing heat exchange with the environment and enhancing the system's overall 

efficiency. 

The detailed design of thermal wall insulation of prototype is shown (refer Figure 4.3) 

 

Figure 4.3 detailed design of prototype and the insulation of the thermal storage wall. 

The finalized design of the prototype is presented from multiple angles below, providing a 

comprehensive view of its structure and components. (refer Figure 4.4, Figure 4.5, Figure 4.6, Figure 

4.7) 
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Figure 4.4 Front view of prototype 

 

Figure 4.5 Back view of prototype 
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Figure 4.6 LHS view of prototype 

 
Figure 4.7 RHS view of prototype 
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Figure 4.8 Top view of prototype 

 

Figure 4.9 Bottom view of prototype 
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Figure 4.10 Front view of experimental setup with PV panel 

 

Figure 4.11 Back view of experimental setup with PV panel 
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Figure 4.12 RHS view of experimental setup with PV panel 

 

Figure 4.13 LHS view of expeimental setup with PV panel 
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Figure 4.14 Front view of experimental setup without PV panel 

 

Figure 4.15 RHS view of experimental setup without PV panel 
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Figure 4.16  LHS view of experimental setup without PV panel 

 

Figure 4.17 Back view of experimental setup without PV panel 
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Figure 4.18 Front view of experimental setup without PV panel with open top door  

 

Figure 4.19 Inner view of Thermal storege  
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4.1 Experimental procedure 
 

The system is initially set up by assembling the thermoelectric refrigerator, followed by positioning 

the solar panel to maximize sunlight exposure. The panel is then connected to the battery and 

cooling unit to ensure the electrical system is functional. Various food items, selected for their 

differing moisture content, are prepared and placed inside the refrigerator. Baseline temperatures of 

the interior and food are recorded before initiating the cooling process. Once the system is powered 

on, temperatures are continuously monitored, focusing on the cooling rate . Adjustments are made, 

such as repositioning the solar panel or fine-tuning the settings as needed. System performance is 

assessed using key parameters like the time taken to reach the desired temperature and overall 

energy consumption. This process is repeated across multiple runs to ensure reliability and gather 

comparative data, allowing for performance evaluation under different conditions. 

 

4.2 Sample calculation: Case study for cooling load calculations 
 

 Table 4.1 specification of sample calculations 
 

Component Remarks 

Outer container 57.88 × 57.88 × 87.78 cm³ (acrylic) 

Inner container 54.88 × 54.88 × 85.74 cm³, 

Device volume 50 kg 

Styrofoam Thickness: 2 cm 

Thermoelectric cooler Weight: 0.9 kg 

Hot side temperature (ºC) 25 (ºC) 

𝑄𝑚𝑎𝑥(Watts) 50 

∆𝑇𝑚𝑎𝑥(ºC) 66 

𝐼𝑚𝑎𝑥 6.4 

𝑉𝑚𝑎𝑥 14.4 

Module Resistance (Ohms) 1.98 

Solar panel  250 to 300 w 

Insulation: glass wool - 

Insulation: Styrofoam - 

Battery  500 to 1000 w 

TEC  16 modules  

Thermocouple  3 to 4 nos. 
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Figure 4.20 Time vs. Temperature Graph (First Trial of the Prototype) 

The graph represents the cooling performance of the prototype over time, showing how temperature 

decreases as time progresses. 

Initial Temperature: The system starts at around 23°C at 0 minutes. 

Cooling Trend: As time increases, the temperature gradually decreases, indicating the cooling 

effect of the prototype. 

Stabilization: Around 50-60 minutes, the rate of temperature drop slows down, suggesting that the 

system is approaching its stable cooling limit. 

Final Temperature: The lowest temperature achieved appears to be around 19°C after 

approximately 80 minutes. 

This suggests that the prototype is effectively reducing temperature, but further trials may be needed 

to analyze efficiency, cooling rate, and potential improvements. If the goal is to achieve a lower 

temperature, modifications such as better insulation, improved heat dissipation, or enhanced TEC 

module performance may be considered. 
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Chapter 5  

Discussion 

        In the discussion chapter, the experimental results are analyzed in detail, it will be 

compared the performance of the solar-powered thermoelectric cooler with traditional 

refrigeration systems. The impact of key factors such as the efficiency of the TEC, and the overall 

system integration is examined. Potential challenges, limitations, and avenues for future 

improvements in the system's design and efficiency are also explored. 

 

 
In the experimental setup, the photovoltaic (PV) panel is essential for converting sunlight into 

electrical energy, which is then used to power the thermoelectric (TEC) module. This module, 

located within the cooling chamber, creates a temperature gradient, with the cold side lowering the 

temperature of the internal air. Meanwhile, the hot side of the module releases the heat, helping to 

sustain the system's cooling efficiency. 

When electrical energy is supplied to the TEC module, it uses the Peltier effect to transfer thermal 

energy from the cold side to the hot side. The heat on the hot side is then dissipated into the 

surrounding environment through natural or forced convection. This process lowers the temperature 

of the cold side, creating a temperature difference between the TEC's cold side and other 

components of the prototype. As a result, thermal energy is transferred from the prototype to the 

TEC's cold side and eventually released into the ambient environment. The rate of heat transfer 

from the prototype to the TEC cold side depends on the thermal resistance between different 

segments of the prototype and the TEC. Consequently, the temperature decreases more rapidly in 

the PCM close to the TEC cold side compared to the air inside the prototype. 

In this experiment, it is assumed that all food items will reach the target temperature of 16°C within 

1.5 hours.  

 

Additionally, food items with a lower specific heat capacity will reach the desired temperature more 

quickly compared to those with a higher specific heat capacity, as they require less energy to change 

their temperature. 
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After collecting the experimental data, the Coefficient of Performance (COP) of the prototype will 

be evaluated. If necessary, optimizations will be made to improve the system's efficiency and 

performance. 

After a period, the rate of temperature increase will slow down before accelerating again and 

eventually stabilizing. After collecting multiple temperature values over time, a significant graph 

will be constructed to display the trend of temperature variation. This graph will showcase how the 

temperature changes with respect to time during the cooling process. By analyzing the trend, it will 

be possible to observe the rate at which the temperature decreases and how the system performs 

under different conditions. The graph will serve as a visual representation of the relationship 

between time and temperature, helping to identify patterns and determine the efficiency of the 

cooling system. 
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Chapter 6  

Future works 

Future work will involve testing the prototype with varying temperatures, controlling six individual 

modules, and evaluating its performance with different food items. Research will also explore 

modular designs, hybrid systems to improve scalability and efficiency for commercial applications, 

including food transportation and delivery. 

 

• In future work, multiple tests will be conducted on the prototype, with different temperature 

values recorded over time. Additionally, the system is equipped with sixteen modules, 

which can be controlled in 2 parts.  

• Additionally, different food items will be tested under these conditions, each with varying 

specific heat capacities and water content. The effect of changing the weight of the food 

items will also be observed to understand how the system responds to different loads, 

helping to evaluate its performance across a range of variables. 

• Further experiments will be conducted using different fruit varieties of the same mass to 

analyze their cooling behavior and thermal response. This will help optimize thermal 

storage integration and enhance system efficiency for various perishable items. 

• The developed cooling system will be adapted for use in commercial large-scale 

transportation and local food delivery systems. Additionally, integrating a Photovoltaic 

(PV) solar system with a controller could be an optimal solution to meet the minimum 

power requirements of the TEC, enabling temperature maintenance without relying on 

traditional power supplies during transportation. 
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• The prototype is designed to be portable, allowing it to be easily moved from one location 

to another. Its mobility enhances its flexibility, making it suitable for various applications 

where the cooling system needs to be transported or relocated with ease. 

• Further experiments will be conducted to analyze cooling behavior and thermal response. 

Experimental and theoretical data will be compared to identify discrepancies and optimize 

the system. Strategies to minimize heat loss will also be explored for improved efficiency. 
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