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ABSTRACT

In medical service, provisioning vaccination plays an important role in immunizing adults
and children by triggering the body to produce antibodies. Most vaccines are heat and
temperature-sensitive products. Therefore, effective cold storage systems are required to
store and transport vaccines. Rural areas in Ethiopia do not get sufficient vaccines because
most vaccines are produced and temporarily stored in cities. Nowadays, several kinds of
vaccine storage systems are available commercially. Thermoelectric-refrigeration cooled
storages are an innovative and alternative kind of vaccine storages. These storages are
rugged, reliable, quiet, and require less maintenance. Peltier module is an excellent
thermoelectric device as it is energy-efficient and has better performance features under
different working conditions. But the low efficiency and large cooling time is still an issue.
To overcome this issue, it has to improve the coefficient of performance (COP) of the module.
With this consideration, an improved vaccine storage system consisting of Peltier modules,
solar modules, DC-DC buck-boost converter, temperature regulation system, and a back-up
battery is presented. To achieve this, a cooling load, a Peltier module, a solar module, and
a DC-DC converter are modelled mathematically. For the implementation, the selected
environment has a 58.6905W cooling load, minimum solar insolation of Gmin 5000
Wh/m?/day, and has a maximum ambient temperature of 40.38°C. So, the 94.138W electric
power consumed has been designed and simulated using MATLAB Simulink and HOMER
software. The designed solar panel a 45W, 10AH backup battery, and DC-DC converter
lead to achieving the COP is 0.692 of the developed system and drop 11°C of temperature
within 21.5 minutes. The cost to develop this system needs an overall net present cost (NPC)
of $120.04 and a cost of energy (COE) of $0.073/kWh. The COE is feasible as it is
comparable with the national tariff. The prototype of the proposed system excluding the
solar panel and a back battery has been developed. In general, this research work’s for

improvement of cooling time with a better COP.

Keyword: Solar panel, Peltier module, Temperature regulator, Buck-boost converter, COP
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CHAPTER 1

INTRODUCTION

1.1. Background

Basic medical programs are essential for any country, particularly for the survival of infants
and the improvement of human living conditions. In this regard, one of the fundamental
medical services is the provision of vaccines. Most of the vaccines belong to the so-called
thermolabile products. The thermolabile medicines are those that require specific
conservation conditions and usually requiring low temperatures [1] [2]. The cold chain is the
framework of transporting and putting away immunizations inside the secure temperature
run of 2°C to 8°C agreeing to the WHO prerequisite. The chain starts with the fridge or
cooler at the immunization fabricating plant, immunization distributor, and after that to the
provider’s office (immunization clinic), and closes with the management of the vaccine to

the beneficiaries.

The temperature requirement is not full fill the vaccine will damage and wastage. The cost
of most vaccines is expensive, so wastage results in a considerable economic loss.
Imperatively, when vaccines lose strength, there's a misfortune of certainty in immunization
treatment [3]. Hence, diminishing immunization wastage whereas expanding power will
give more compelling immunization within the country, developing world at a decreased
fetched per dosage. One way to address perspectives of the wastage issue is the advancement
of small coolers competent in transporting immunizations, kept up within the appropriate
temperature extend, from the state health center to the far-off client. Coolers utilizing stage
alter materials counting ice are able of keeping up the required temperature extend for a
period, but vaccines in such coolers are in some cases subject to overheating or solidifying

since to the need for temperature regulation.

Solid-state thermoelectric cooling, employing the Peltier effect, offers an important alternate
solution to temperature-regulated vaccine refrigeration. For small loads, thermoelectric

coolers offer critical preferences compared to the more ordinary vapor-compression

1



refrigeration. Ordinary compression mini refrigeration causing the need for more electricity
and consequently more release of CO> which intern exacerbating global warming. Ordinary
cooling and air conditioning frameworks are devouring colossal energy. In line with this, the
use of Chlorofluorocarbons in the convectional systems leads to depletion of the ozone layer.
This calls for alternative environment-friendly energy sources [1]. On the other side,
thermoelectric mini refrigeration (Peltier refrigeration) are distant fewer moving parts that
will require upkeep, no dangers of refrigerant spillage, a lighter, and more compact size. But

the efficiency and cooling time required of the system is still an issue.

The efficiency and cooling time required of a Peltier element application depends on the
coefficient of performance (COP). COP is the ratio of the cooling power of the Peltier
module to the input power of the supply [L1]. To obtain the cooling performance from the
thermoelectric cooler (TEC) by optimizing the size, material, cooling capacity, and the
temperature difference for improving the COP of TEC.

The cooling COP of TEC is depending on the current supply of the module and the
temperature difference between the hot and the cold sides of TEM [4]. To attain this
condition efficient power supply and converters are recommended. Besides, thermal design
is needed to reduce the temperature different. This obtains by optimizing the heatsink and

fan [L2]. Attaining more efficiency is parallelly achieving the small cooling time.

This research provides a concept for the solar and battery-powered thermoelectrically small
cooler to transport safe vaccines. Several similar designs have been proposed in a previous
study. By contrast to many previous studies that were conducted at room temperature. This
cooler was tested with the express purpose of preserving vaccines at a high temperature
(40.38°C), typical of temperatures that would be in the Logiya town the hottest pastoralist

place located Afar region.

The results suggest that vaccines can be maintained safely for 15 hours at its ambient
temperature with one battery full charge. This is enough time in a working day to deliver
vaccines from a regional distribution center to clients' administration and the return trip to
the center. Since many parts of the pastoralist area in Ethiopia have sunny climates, the
potential for solar panels affixed to the sides of the cooler to recharge the onboard battery

was explored.



1.2. Statement of the Problem

The vaccine is the major economic cost and component of the worldwide battle against
infectious and transmitted diseases. WHO ISCL states that about 2.8 million vaccine doses
were lost in east Africa includes Ethiopia. One reason is lacking enough vaccination
coverage due to insufficient cold storage in the vaccine supply chain. In Ethiopia, 30% of
cold-chain equipment being nonfunctional due to lack of maintenance [5]. Among these 7%
of infant death responsible for the cold chain failure which includes vaccine distribution,
storage, and transport [L3]. Most rural areas in Ethiopia such as Logiya, Afar, since a huge

number of the population is living, is suffering this kind of problem.

Currently, Peltier mini refrigeration introduces in different countries to overcome the
wastage of vaccines. However, this mini refrigeration system has issues of efficiency and
cooling time (taking too much cooling time to come to the vaccine temperature requirement).
The efficiency and cooling time of TEC is depending on COP, one way of addressing the
better efficiency is improving COP. COP depends on the current supply of the Peltier module
and the temperature difference between the two sides of TEM. The maximum COP can be
improved by carefully designing the stability and efficiency of the current supply. The DC-
DC converter is responsible for improving the efficiency of the current supply and the power
converter efficiency. Alongside the DC-DC converter, regulating the temperature difference
between the two sides of TEM is crucial for the thermal design of the system. In this research,
different values of COP are compared and discussed with other performance conditions by

considering the power supply and portability of the system.
1.3. Research Questions

This work intends to answer the following basic research questions.

RQ.1. How to determine the maximum load of a mini refrigeration system?
RQ.2. How to select the Peltier module size and specifications?

RQ.3. How to model the solar photovoltaic power supply of the system?
RQ.4. How to control the inside temperature of the refrigeration system?
RQ.5. How to model the entire system with MATLAB/Simulink?



1.4. Objectives
1.4.1. General Objective

The general objective of this thesis is to design and implementation of a solar photovoltaic

power supply based portable mini-refrigeration system utilizing the Peltier effect.
1.4.2. Specific Objectives

To achieve the main goals, the study has the following specific objectives:

e To design the maximum load of the mini refrigeration system.
e To design the solar PV power supply.

e To design a temperature regulator for the developed model.

e To simulate the system by using MATLAB software.

e To implement the prototype of the proposed system.
1.5. Scope of the Study

The thesis focuses on the mathematical modeling of solar panel, Peltier module, and cooling
load of the selected area. Simulation of the design of both the solar module and the Peltier
module using MATLAB/Simulink and cost analysis using HOMER software are presented
in this thesis. Additionally, the implementation of the system is done.

1.6. Limitation of the Study

The limitation of this study is the purchased electronic items are not industrial grade, because
of the COVID-19 pandemic it was difficult to procure industrial grade items, despite their
obvious expensive price. Therefore, the items acquired had a different characteristic than

initially anticipated for the prototype.
1.7. Significance of the Study

The shortage of energy assets and air pollution are the major issues within the world as well
as in our nation. So, the world is moving the energy source utilization from non-renewable
sources that will not accessible after many decades to the renewable energy source.
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Renewable energy sources are eco-friendly with the environment. Currently, these types of
energy sources are accepted in many countries including Ethiopia due to this reason this

research work will help the country for the development of eco-friendly products.

This research will help the APDA (Afar Pastoralist Development Association), located in
Logya town, which works on a wide variety of projects to contribute to the development and
wellbeing of the Afar people. This association focusing on vulnerable women and children,
including mobile health and vaccination. Additionally, it uses for Ethiopia Public Health
institutions sectors for an effective cold chain system for addressing the rural area. This
research work will be adding value for the ASTU Health Center for the case of emergency
first aid service to university workers and the student. It also uses for current world situation
coronavirus (COVID-19) vaccine transport through the regional public health institution

immunization purpose.

Finally, the Peltier mini refrigeration system has enormous use in the field of medical
applications, it has too many advantages over the conventional fridge for small-scale
applications. Based on easy manufacturers, eco-friendly, and small initial capital is required,
this research work will turn to an entrepreneurship business idea for the Ethiopian market.

1.8. Thesis Organization

This thesis organizes into five chapters.
Chapter 1:  Presents introduction of the research work, statement of the problems, objectives,

research questions, significance, scope, and limitation of the research.

Chapter 2:  Includes a literature review of the previous work and theoretical background of the
thermoelectric refrigeration system and different types of the thermoelectric effect,
the working principle of Peltier cooling, and an overview of the solar panel

technology.

Chapter 3:  The analysis of data, cooling load calculation, Peltier module modeling, solar

module modeling, and the proposed system implementation are covered.
Chapter 4:  The proposed system results are discussed in this chapter.

Chapter 5:  Finally, this chapter made conclusions and recommendations.



CHAPTER 2

THEORETICAL BACKGROUND AND
LITERATURE REVIEW

2.1. Chapter Overview

This chapter reviews vaccine cold chain properties, the interaction of vaccines with
temperature, and sensitivity of the heat and light. Also, it discusses the history of
thermoelectric with its material types, effects, and application for the refrigeration system;
additionally, the Peltier cooling principles of N-type, P-type, and P and N-type materials
semiconductors are reviewed and discussed. Also, the overview of solar panel, energy
storage system, comparison of batteries, charge controller, and DC-DC converters are

discussed. Finally, closely related works-are reviewed and discussed.
2.2. The Vaccine Cold Chain

The system utilized for putting away vaccines in great condition is called the cold chain. It
is in some cases alluded to as the Vaccine supply chain, or the immunization supply chain.
The cold chain comprises an arrangement of links that are planned to keep immunizations
inside WHO-recommended temperature ranges, from the point of manufacture to the point
of administration [6]. The reason for the vaccine cold chain is to preserve product quality by
guaranteeing that vaccines are stored and transported within recommended temperature
ranges. To preserve a reliable vaccine cold chain at the peripheral level it has to follow the

following conditions

e Store immunizations and diluents inside the specified temperature range at all
destinations,

e Pack and transport vaccines to and from outreach locales agreeing to prescribed
procedures, and

o Keep immunizations and medicines inside the suggested cold chain conditions amid

an immunization session.



The overall cold chain flowchart as shown in Figure 2-1. The best push of bolts appears the
stream of vaccine down to the health facilities; the foot push of bolts appears where
information is collected, recorded, checked, and analyzed, and how reporting data streams
back up the chain. Taking after this grouping guarantees that cold chain performance is

properly observed in which the vital data is assembled for vaccine determining.

Vaccine arrival accine storage

& handling at Vaccine

administration

Vaccine Vaccine

; sotriht at provider
manufacturing distribution fgcility srovider facili

Manufacture ~ Manufacture/ Provider T T
responsibility ~ distribution responsibility
responsibility

Figure 2-1 The cold chain flowchart

2.2.1. Temperature Requirements for VVaccines

Vaccines are biological product items. A few vaccines are delicate to solidifying, a few to
warm, and others to light. VVaccine potency, meaning its capacity to satisfactorily ensure the
inoculated understanding, can lessen when the vaccine is uncovered to unseemly

temperatures. Once misplaced, vaccine strength cannot be recaptured.

To preserve quality, immunizations must be ensured from temperature extremes. Note that
the heat stability data appeared for freeze-dried immunizations applies as it were to unopened
vials; most freeze-dried vaccines quickly lose strength after reconstitution. Other than, it is
imperative to keep opened multi-dose antibody vials that don't contain additive at
temperatures between +2°C and +8°C amid the immunization session, or within six hours

after opening.

Table 2 1 appears prescribed immunization capacity temperatures at each level of the cold
chain. All those who handle vaccines and diluents must know the temperature sensitivities
and the prescribed capacity temperatures for all the immunizations. The vaccine also

sensitive to heat, freezing, and light.



Table 2-1 Recommended temperatures and storage times [6]

: Intermediate Health | Health
Primary
Vaccines Region District center post
6 months 3 months 1 month | 1 month | Daily use
OPV -15° to -25°
BCG WHO no longer
Measles recommends that freeze-
MMR dried vaccine be stored at -
MR 20°c. Storing them at -20°c
is not harmful but is
YF unnecessary. Instead, these
Hib vaccines should be kept in

freeze-dried

refrigeration and transported

+2° to +8°C

at +2°c to +8°c

DT

DTP

DTP-HepB

HepB

Hib liquid

D

1T

2.2.2. The Cold Chain at the Health Center

At the health facility level (usually health centers and health posts), all health specialists in

a facility ought to know how to screen the cold chain. They can satisfactorily secure vaccines

by doing the taking after:

2.3.

Keep immunizations improper vaccine refrigeration hardware.

Temperature observing device to guarantee temperatures stay between +2 to+8 °C.
Checking and recording vaccine temperatures twice a day regularly.

Properly putting away vaccines, diluents, and water packs.

Handling preventative upkeep of the cold chain equipment.

Thermoelectric Technology

The converter of heat into electricity is called thermoelectric generator (TEG) or

thermoelectric pile (within the 19th century). The working rule of the TEG is based on the



Seebeck effect found in 1821. The conspire of direct conversion of heat energy into
electricity of different materials A and B sets associated in an arrangement through electrical
conductor [7]. The device shown in Figure 2-2 can be utilized not as it were for the
conversion of the heat into electricity but moreover for the converse process. When a current
is provided to this device, it produces the contrast in temperatures between its two sides
(Peltier effect, found in 1834). In this case, the device is called Thermo-Electric Cooler
(TEC) [8]. The TECs were created within the form of Peltier pastilles for little capacity
applications and constrained space. They are utilized broadly for controlling the temperature

of electronic components and cooling it.

Conductor Cold side
LN r— <= || — <« |
v | A 4 |
A B A B
A A
«— || [ —=~— |
Heat side

Electric current

Figure 2-2 TEG / Thermoelectric pile
2.3.1. Thermoelectric Material

In order to choose the thermoelectric material, the figure of merit (ZT) will be considered.
The figure of merit (ZT) characterizes as the proportion of electric potential difference to
temperature difference within the absence of electric current flow [9]. ZT may be an
exceptionally helpful figure for comparing the potential efficiency of devices built of
distinctive materials. The values of ZT is an approach to one considered to be great material.
Different types of a thermoelectric material are listed in Table 2-2. The figure of merit of

those materials is listed in Figure 2-3.

In order to choose the thermoelectric material, the figure of merit (ZT) will be considered.
The figure of merit (ZT) characterizes as the proportion of electric potential difference to
temperature difference within the absence of electric current flow [L4]. Values of ZT =1 are

considered great material type.



Table 2-2 lists several semiconductor materials that are currently being used for TEG and
cooling applications [L4].

Thermoelectric Material Symbol
Silver(1) telluride Ag2Te
Bismuth (I11) selenide Bi>Ses
Bismuth selenide granular (melted), 99.999% trace )
) Bi2Ses
metals basis
Bismuth (III) telluride powder, —325 mesh, 99.99% ]
. BixTes
trace metals basis
Lead (11) selenide 99.99% PbSe
Lead (1) telluride 99.998% trace metals basis PbTe
Antimony (1) selenide 99.99% trace metals basis Sh.Ses
Antimony (III) telluride powder, —325 mesh,
. ShyTes
99.96% trace metals basis
1.4
12 +
i La Te
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Figure 2-3 Approximate figure of merit (ZT) for various p-type and n-type thermoelectric

materials [L4]
2.4. Application of Thermoelectric
2.4.1. Refrigeration

Thermoelectric materials can be utilized as refrigerators, called "thermoelectric coolers", or
"Peltier coolers” after the Peltier effect that controls their operation. As a refrigeration
10
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innovation, Peltier cooling is distant less common than vapor-compression refrigeration. The
most focal points of a Peltier cooler (compared to a vapor-compression fridge) are its need
no moving parts or refrigerant, required low power, and it's small in size and adaptable shape.

Today, Peltier coolers are widely used in small-scale applications [L5].
2.4.2. Power Generation

Thermoelectric proficiency depends on the figure of merit, ZT. There's no hypothetical upper
restrain to ZT, and as ZT approaches infinity, the thermoelectric productivity approaches the
Carnot limit. Thermoelectric generators serve application specialties where effectiveness

and the cost are less imperative than unwavering quality, lightweight, and small in size [L5].
2.4.3. Comparison of Thermoelectric Refrigeration with a Compressor Fridge

Table 2-3 Comparison of thermoelectric based and compressor-based fridge [10]

Features Thermoelectric Compressor Based Comment
Based
Best with . .
i No proportional Thermoelectric cooler
proportional control . ..
Power usage | . . control; affects the | assembly is more efficient
in cooling mode and . .
) overall efficiency over a wider range of T
heating mode
Workin . Thermoelectric has little
g > 70,000 hours Undetermined

Time maintenance required

DC more flexible to
Power input DC required AC required accommodate multiple
geographic regions

Solid-state heat Mechanical pump,
Reliability pumpi_ng; refrigerants, _Fan is only mov_ing part
proportional fans. On-off in a thermoelectric cooler
control, switching cycle

Refrigeration utilizing thermoelectric coolers are often considered as an alternative to
conventional vapor-compression systems for enclosure cooling. Because a thermoelectric

cooler is compact, robust, and completely solid-state, the inherent reliability of such a system
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Is attractive to engineers and end-users alike. However, there is an inherent reluctance to
choose a thermoelectric-based system due to preconceptions about energy efficiency or lack
of experience with thermoelectric [10]. The comparison has been made by contrast two
cooling technologies. Comparisons of efficiency, reliability, control, as well as installation
and maintenance, demonstrate that a thermoelectric based solution can have significant
advantages over conventional compressor-based systems. The comparison are shown in
Table 2-3

2.5. Thermoelectric Effect

The thermoelectric effect is the change of a temperature gradient into a voltage difference or
the process of using electricity to gain a temperature gradient between two different materials
that conduct electricity [11]. By the advancement of current semiconductor materials, the
thermoelectric effect can be utilized for thermoelectric power generation or thermoelectric
cooling. The term “thermoelectric effect” encompasses three separately known effects those
are the Seebeck effect, Peltier effect, and Thomson effect.

2.5.1. Seebeck Effect

The Seebeck effect named after Thomas Johann Seebeck is the phenomenon in which a
temperature gradient between two different electricals (semi)conductors produces a voltage
difference [11]. Once the semiconductors are connected to an electric circuit in series, heat
can be converted into electricity. The Seebeck effect results from the diffusion of charge
carriers from the hot side to the cold side in the thermoelectric material due to the charge
carriers having higher thermal energy on the hot side compared to the cold side as illustrated

in Figure 2-4.

Heat source

Cold sink

o

Figure 2-4 Seebeck effect
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2.5.2. Peltier Effect

The Peltier effect is the reverse process of the Seebeck effect. When an electrical current is
passed through two different electricals (semi) conductors, heating occurs at one end of the

junction and cooling at the other end [11] as shown in Figure 2-5.

Cold source

Dissipated heat

of =]
Figure 2-5 Peltier effect

2.5.3. Thomson Effect

The Thomson effect characterizes as an electric current is passed through a conductor having
a temperature gradient over its length, heat will be either retained by or removed from the
conductor [11]. Whether heat is retained or ousted depends on the direction of both the
electric current and temperature slope shown in Figure 2-6. This phenomenon is known as

the Thomson effect.

Absorption

»w ————-

Electric current directio

Figure 2-6 Thomson effect
2.6. Peltier Cooling

The Peltier effect happens at whatever point electrical current flows through two different
conductors; depending on the heading of the current stream, the intersection of the two
conductors will either retain or release heat. The heat will be moved within the course of
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charge carrier movement throughout the circuit [12]. In the world of thermoelectric
technology, semiconductors (ordinarily Bismuth Telluride) are the material of choice for

creating the Peltier effect since they can be more effectively optimized for pumping heat.

2.6.1. Peltier Cooling with N-type Semiconductor

The N-type semiconductor material is utilized to manufacture the pellet so that electrons will
be the charge carrier utilized to make the bulk of the Peltier effect [16]. As shown in Figure
2-7 N-type semi-conductor has an electron in its Fermi level. When the DC voltage source
connected as shown in figure 2-8, electrons will be repulsed by the negative pole and pulled
in by the positive pole of the supply; due to this fascination, electrons at the Fermi level
move towards the positive terminal by discharging heat and making the holes within the
Fermi level.Due to the continuous supply of current, electrons move from the valance band
(lower energy band) to the Fermi level by absorbing energy from the intersection [12]. so, it
can say that, in Peltier cooler utilizing N-type of semiconductor, heat is ingested within the
junction close to the negative terminal, and heat is rejected at the junction close to the

positive terminal.

Conduction band

i 0000000000000\

Fermi level
Extra electron
energy levels

Valence band

Figure 2-7 N-type semiconductor energy band diagram
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flow flow voltage
source
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Heat absorb € Electron flow

Figure 2-8 Peltier cooling with N-type semiconductor
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2.6.2. Peltier Cooling with P-type Semiconductor

In the thermoelectric industry, P-type semiconductor pellets are also employed. Figure 2-9
shows the energy band diagram of the P-type semiconductor. In this, holes are at the Fermi
level (higher energy level). When DC voltage source is applied through the circuit as shown
in Figure 2-10; holes get attracted to the negative terminal of the source. By this attraction,
holes move to the negative terminal by releasing heat. Due to the continuous supply of
current, holes from the conduction band moves to Fermi level by absorbing heat from the
junction So, we can say that in Peltier cooler using a P-type of semiconductor, heat is
absorbed in the junction near the positive terminal, and heat is rejected at the junction near

the negative terminal. [12].

Conduction band

Extra hole
energy
levels

Fermi level

\OOOOOOOOOOOO

Valence band

Figure 2-9 P-type semiconductor energy band diagram
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Released Heat = Hole flow
Figure 2-10 Peltier cooling with P-type semiconductor

2.6.3. Peltier Cooling with P & N-type of Semiconductors

By arranging N and P-type pellets in a couple and forming a junction between them with a
plated copper tab, it is conceivable to design an arrangement circuit that can keep all of the

heat moving in the same direction. Figure 2-11 outlined that the free (foot) conclusion of the

15



P-type pellet is associated with the positive voltage potential and the free (foot) end of the

N-type pellet additionally associated with the negative side of the voltage.

By arranging the circuit as like in Figure 2-11, it is conceivable to discharge heat to one side
and retain it from another side. Utilizing these special properties of the TE “couple”, it is
conceivable to group numerous pellets in rectangular clusters to make practical

thermoelectric modules as in Figure 2-12.
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Figure 2-11 Peltier cooling by a couple of N&P
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Figure 2-12 Peltier cooling by multiple pallets
2.6.4. Fabrication of Peltier Cooler

Based on the previous section, for creating thermoelectric effect couples of P-type and N-
type semiconductors are associated in series by metal plates. By doing this it retains the heat
from one side and releases the heat to another side. So, the solid-state P-N materials are
associated electrically in series and thermally in parallel, it makes one thermoelectric unit as
shown in Figure 2-13. Considering an ordinary thermoelectric system planned to cool air in
a walled-in area is shown in Figure 2-14. This is often likely the foremost common sort of
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TE application. Here the challenge is to accumulate heat from the inside of the box, pump it
to a heat exchanger on the outside of the box, and release the collected heat into the
surrounding air. Ordinarily, typically done by utilizing two heat sink/fan combinations in
conjunction with one or more Peltier devices. One of the heat sinks is utilized on the inside
of the walled-in area; cooled to a temperature underneath that of the air within the box, the

sink picks up heat as the air circulates between the fins.

Controlled Side Ceramic Substrate
(Component or Heat Source)

Electrical Interconnect

Uncontrolled Side
Ceramic Substrate

(Heat Sink| -
p-type Semiconductor
Pellet

n-type Semiconductor
Pellet

Figure 2-13 Fabrication of Peltier module [12]
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Figure 2-14 Configuration of air-to-air thermoelectric cooler [12]
2.7. Overview of Solar Panel

Increasing the demand for eco-friendly energy sources and the steady decay of solar
photovoltaic (PV) costs have been the driving drive behind the development in solar capacity
[13]. Figure 2-15 shown that solar clusters that deliver electricity through individual PV
boards connected in series or parallel. This form of energy collection is practical in districts

of the world where the sun is abundant and can be utilized in isolated locales or on houses
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to supplement the rising cost of power from a power grid. The efficiency of the panel is
determined by the semiconductor material that the cells are made from as well as the process
used to construct the cells [14]. Figure 2-16 shows the photovoltaic system typically includes
an array of solar panels, MPPT, an inverter, and sometimes a battery and interconnection
wiring [15]. Considering ample resource availability, significant market potential, and cost
competitiveness, solar PV is expected to continue driving overall renewables growth in

several regions over the next decade.

Figure 2-15 Solar panel [13]

DC Load

PV

DC AC Grid

1

MPPT AC conversion

Figure 2-16 Solar installation block diagram
2.7.1. Working Principle of Solar PV

Solar cells change over the energy in daylight to electrical energy. Solar cells contain a
material such as silicon that retains light energy. The energy thumps electrons free so they
can flow openly and deliver a distinction in electric potential vitality, or voltage. The flow
of electrons or negative charge makes an electric current. Solar cells have positive and

negative contacts. If the contacts are connected with a conductive wire, current flows from
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the negative to positive contact which illustrated in Figure 2-17. A single photovoltaic cell
can deliver approximately 1 to 2 watts of electricity. To extend the yield of power, several
photovoltaic cells are electrically connected to create a photovoltaic module and these
modules are further electrically connected to make a photovoltaic board photovoltaic array
shown in Figure 2-18. The number of modules associated to make a cluster depends on the

sum of solar electrical energy required [L6].

Solar Cell Solar Module Solar Panel

Figure 2-18 Solar cells, solar module and solar panel [L6]
2.7.2. Comparison of different types of solar panel

Most of the solar panel options currently available fit in one of three types: monocrystalline,
polycrystalline (also known as multi-crystalline), and thin-film. These solar panels vary in
how they’re made, appearance, performance, costs, and the installations each are best suited
for. Depending on the types of installation will considering, one option may be more suitable
than the others. There are three major types of solar panels: monocrystalline, polycrystalline,
and thin-film. Each type has its unique advantages and disadvantages, and the solar panel
type best suited for your installation will depend on factors specific to the property and

desired system characteristics [16].
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Table 2-4 Comparison of different types of solar panel [16]

Types of panel Advantage Disadvantage

« High efficiency

Monocrystalline « High performance
o Aesthetics

e Higher costs

o Lower efficiency

i e Low cost
Polycrystalline « Lower performance

o Portable and flexible

Thin-film e Lightweight
o Aesthetics

o Lowest efficiency
o Lowest performance

2.7.3. Energy Storage System

The sun-based energy is fluctuating in nature and to preserve the steadiness of the power
network supporting energy sources is required. It is ordinarily an energy storage framework
and it gives supplementary or reinforcement power when it is required. The energy storage
system (ESS) can provide a wealthy extend of points of interest to the electric system, to
power end-clients, and society in general. The assortment of ESS can be assembled with

diverse application/use classifications [17]:

e Charging and discharging cycle based on time,
e Reduction of network infrastructure,
e Benefits to clients,

¢ Integration with the renewable energy era, and others.

2.7.4. Battery

Solar energy has to be stored for use of the sun is not shining. To store this energy battery is
used. There are two types of battery those are primary battery and secondary battery. The
basic difference of this battery is; the primary battery is not rechargeable its one-time use
and has a short life but the secondary battery is rechargeable and has long time usage. Most
solar technologies are used secondary battery to store the energy.
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2.7.5. Comparison of Battery

Rechargeable batteries play a critical part in our lives and numerous day by day chores would
be incomprehensible without the ability to energize. The foremost common rechargeable
batteries are lead-acid, NiCd, NiMH, and Li-ion. Here could be a rundown of their
characteristics in Table 2-5. The foremost commonly used battery for residential PV
applications is the lead-acid battery [L8].

Table 2-5 Summary of the characteristics of different type of battery [L8].

Li-ion
Specification Lead Acid | NiCd | NiMH
Cobalt | Manganese | Phosphate
Specific Energy | - 50 50 | 4580 | 60-120 | 150-250 | 100-150 | 90-120
(wh/kg)
Charge Time 8-16h 1-2h 2-4h 2-4h 1-2h 1-2h
Cell Voltage 2v 1.2v 1.2v 3.6v 3.7v 3.2-3.3v
i 70% slow charge
y 90% fast charge

2.7.6. Charge Controller

A charge controller sometimes alluded to as a photovoltaic controller or battery charger, is
as it were necessary for frameworks with battery back-up. The essential work of a charge
controller is to avoid overcharging of the batteries. Most have a low voltage disengage that
avoids over-discharging batteries. Other than, charge controllers avoid a charge from
depleting back to solar modules at night. A few modern charge controllers join the most
extreme power point following, which optimizes the PV array’s yield, expanding the energy
it produces [18].

2.7.7. DC-DC Converter

For the control of electric power or power conditioning, the conversion of electric power
from one form to another is necessary and the switching characteristics of the power devices

permit these conversions. The static power converters perform these functions of power
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conversions. A continually increasing demand for power systems has placed power

consumption at a premium.
2.7.7.1. Working Principle of DC-DC Converters

The general principle of DC-DC convertors involves the storage of electrical energy into
components, such as capacitors and inductors, and the release of energy to loads. By
controlling the time for energy storage and release, the average voltage level that appeared
at the converter load can be controlled. The average load voltage level can thus be either
higher or lower than the voltage level of the power source. DC-DC converters utilize duty

ratio as the switching control signal for its advantage of linear control over the load power.
2.7.7.2. The Topology of a DC-DC Converter

The dc converters can be used as switching mode regulators to convert a dc voltage, usually
unregulated to a regulated dc output voltage. The regulation is normally achieved by duty
ratio at a fixed frequency and the switching driver is normally BJT, MOSFET, or IGBT [19].
There are different topologies of switching-mode regulators that are shown in Figure 2-19,

this research work uses non-isolated converters especially buck-boost converter.

A buck-boost converter gives a yield voltage that will be less than or more prominent than
the input voltage thus the title “buck-boost”; the yield voltage polarity is opposite to that of
the input voltage. This converter is additionally known as an altering controller. The circuit

course of action of a buck-boost converter is shown in Figure 2-20.

/7 DC-DC Converter

Non-Isolated Isolated Type
~| Boost Converter Fly-back
Buck Converter Forward
—| Buck-Boost Converter

Figure 2-19 Different topologies of a DC-DC converter
22



(-
[
|_

i1
A

_T_
Vin ("_') %L C R<Vo
1

Figure 2-20 Circuit diagram of the buck-boost converter
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2.8. Related Works on the Thermoelectric Refrigeration System

This portion reviews some researches that have been done before based on a thermoelectric
refrigeration system by the criterion of time taking for cooling the environment, power

consumption, designed temperature, and desired temperature.

The improvement of the COP of a thermoelectric cooler is presented in [20]. The author of
this paper uses the multistage of thermoelectric modules to improve the COP. It obtains 1.2
COP using those overlap of the modules. It is good achieving but the multistage of the
module is increases the size of the heat sink and the box. So, it difficult to transport from
place to place.

The author in [21] , studied smart refrigeration systems based on an embedded system. This
paper emphasizes is to achieve long-term cooling in case of power failure for the refrigerator
by using a 12V battery. Also, it uses the AC power supply. The system developed to provide
active cooling with the help of a 12V thermoelectric module is used to provide adequate
cooling. The merit of this paper is to achieve long-term cooling in case of power failure for
refrigerators and use an embedded system to control the temperature. On the other side, the
demerit of this paper is, it takes more than three hours to drop the inside temperature to 5°C
from ambient temperature. This is not suitable for the storage of vaccines because vaccines

need a fast recovery of temperature.

The paper in [22], studies the solar-powered eco-friendly mini-fridge. This paper establishes
a solar fridge with temperature monitoring as well as controlling. And also implemented
using solar panels for charging a Lead Acid Battery (12V, 1.2 Amp hrs.) and Peltier

thermoelectric device. It uses a limited number of Peltier modules. So, it doesn’t give
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sufficient performance of the cooling environment for the box. The design temperature is

not suitable for vaccine storage as well.

Peltier based eco-friendly smart refrigerator for rural areas is studied in the paper [23]. It
demonstrated that an eco-friendly methodology for the implementation of the solar-powered
thermoelectric refrigeration system. The merit of this study was achieving of cooling effect
for the ambient temperature of 32°C. This paper has experimental results based on its result
and it takes more power to cool down 12.5 liters of the box from ambient temperature to
14.28°C.

The author in [24], a solar energy-based temperature-controlled chamber is presented in
this paper. In this paper, the Peltier module is used for heating and cooling. Both heating and
cooling are done in the same chamber. The minimum temperature achieved was found to be
20°C for cooling and the maximum temperature was 60°C for heating in this experiment.
The achieving temperature is not sufficient for vaccine storage. Technically vaccine storage

needs a specific range of temperature.

In paper [25] is developed the portable solar thermoelectric refrigerator. This paper uses a
solar panel, Peltier module, and battery. And shows that the temperature of the refrigeration
was reduced 500ml of water from 27°C to 12°C in approximately 50 min. The coefficient of
performance of the refrigerator was calculated and found to be about 0.17 by using 10
modules. As an advantage, it reduces 15°C within an hour but the number of Peltier modules
will consume too much power. This may lead to the net weight of the mini-fridge will large,

the size of the solar panel will large.

Paper [26] investigated the solar energy-based refrigeration system using the Peltier device.
This paper aims that providing a refrigeration system to the remote area where power supply
is not accessible by using a thermoelectric module, battery, and solar panel like other but the
capacity of the cooling chamber is 7.8L. this paper puts one of the application areas of this
system is medical and pharmaceutical equipment. This application is focusing on this

research work.

As a summary of the reviewed literature in this section, the thermoelectric refrigeration

system takes too much time to meet the desired temperature, designed ambient temperature
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is low and some of them have taken high power. Based on that, this research can take the
merit of each research and overcome the demerit of those reviewed. Tha Table 2-6 show

some of the literature comparison based on the performance of the refrigeration system.

Table 2-6 Some literature review comparison

Temperature MITIEEs s
Paper P o of COP | required | Advantage | Disadvantage
range (°C) .
modules (min)
M. Barawkar 35.5 Multi- i 150min Reached the Usgs Iar_ge
et.al stage lowest temp| cooling time
K. Rokde 35-15 3 i 570min Small No. Usgs Iar_ge
et.al module | cooling time
e Uses large No.
ADRITRAJU | 9715 10 | 017 | 50min - |of module and
' cooling time
Jatin Patel Up to 10 3 Multi- 191 i High COP N_eeds large
et.al stage size of box
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CHAPTER 3

METHODOLOGY

3.1. Introduction

This chapter deals with data collection and analysis; mathematical modeling and selection
of the thermoelectric module (Peltier module); cooling load calculation of designed
temperature; solar panel selection, sizing, MPPT design using Perturb and observation
method, and battery sizing and selection; and temperature controller using Arduino
microcontroller. Finally, the system is simulated by using MATLAB software both in

Simulink and script.
3.2. Methods

The method used in this thesis to accomplish the required task is shown in Figure 3-1. The
closely related papers and literature are reviewed. Then the necessary data used throughout
this research are collected and analyzed. This research could follow this method to solve the

problem state in chapter one.

Specification

Literature llect ta’ .
are data’s are taken C(a)tree;nej dza:ag 7], Cooling load
reviewed from NASA and mathema%;call mathematically
other relevant y modeled

A A

A 4 Y \ 4

Simulate, evaluate Design and Desian and Desian and
and analyisis the modeling of g. g.
performance of temperature selection of selection of
design using regulation appropriates appropriate
MATLAB

Implementation of
the prototype

Figure 3-1 Methodology
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The block diagram of the developed system shown in Figure 3-2 The purpose of a solar panel
of this system is to deliver electrical power to the system. The solar panel power is depending
on the irradiation of the environment. So, it will fluctuation according to the variation of the
irradiance. The Peltier module needs a regulated DC power supply. To regulate the power
solar panel perturbs and observer MPPT technique is used. The heat sink and the fan is
integrated into the Peltier module to reduce the difference temperature of each side of the
module. Together the MPPT, heat sink, and fan are helping the system achieve maximum
COP.

Giving a cooling effect is not enough for this system, the temperature inside the mini-
refrigeration system must be regulated. The is a close loop operation is available in the
temperature controlling process. The microcontroller takes the action of the temperature
regulation process in this system. A temperature sensor called DHT22 play a vital role in the
regulation process, it senses the environment and gives the feedback signal to the
microcontroller. This microcontroller operates the refrigeration temperature according to the
required range. The control action is including the on/ off control of the Peltier module and
fan, the LCD temperature display for human interaction, and the indicator of multi-LED to
show the status of the temperature.

DC-DC .
Solar J| buck-boost Peltier Mo_dule LcD
Panel 1 and Cooling
Converter Fan
A A
Charge
> MPPT Controller .
Micro- Temperature
/ Controller | sensor
v (Arduino (DHT22)
Battery (Li-ion) meqa)
12v, 10AH

Figure 3-2 System block diagram
3.3. Description of the Case Study Area

Afar is one of the hottest regions in Ethiopia located in northeast Ethiopia have it covers a

vast area of 270,000 square km running up the border with Djibouti and Eritrea [L9]. Logiya
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is one of the towns in the Afar region with a latitude of 11.7559, longitude of 40.95876.
Logiya has a low altitude in Afar and hot dry climatic conditions. a total population of
23,300.

3.3.1. Data Gathering

The secondary data used in the design of the solar module and cooling load estimation
collected from the National Meteorological Agency Research and Training Center
(NMARTC) and the Federal Minister of Health-Ethiopia (FMOH), World Health
Organization (WHO), Center for Disease Control and Provision (CDC) and from NASA

using the latitude and longitude of the address of the site.
3.3.2. Solar Insolation and Temperature Data

The solar insolation data of Logiya town at Latitude: 11.7559 or (11°48°21°’), Longitude:
40.95876, or (40°57°31") is given in Table 3-1. It is a 30-years meteorological and solar
monthly & annual climatologies from January 1984 to December 2013 at two meters [L10].

Table 3-1 Solar insolation and temperature data of Logiya [L10].

Month Solar Insolation (kW/m?/day)  Temperature (°C)

JAN 6.46 32.43
FEB 6.33 34.04
MAR 6.25 35.56
APR 6.25 36.59
MAY 6.66 38.87
JUN 6.07 40.38
JUL 5.23 36.69
AUG 5 35.12
SEP 5.65 36.16
OCT 6.7 35.81
NOV 7.75 34.06
DEC 7.23 32.4
ANN 6.3 35.67
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Figure 3-4 Annual temperature graph
3.4. Vaccine Cold Chain System Specifications

The recommended vaccine storage temperatures at each level of the cold chain shown in
Figure 3-5. All those who handle vaccines and diluents must know the temperature
sensitivities and the recommended storage temperatures for all the vaccines in the
national schedule [6]. According to the CDC U.S department of service [27], The
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refrigerators should maintain temperatures between 2°C and 8°C (36° F and 46° F) and
freezers should maintain temperatures between -50° C and -15° C (-58° F and +5° F).

National Sub-national District Service
(up to 6 months) (up to 3 months) (up to 1 month) (up to 1 month)

+8 °c
|Lyophile| |Lyophile| Lyophile Lyophile

-15°%

Acceptable Acceptable
v v

25 5¢ @ Lyophile @ Lyophile

Figure 3-5 Recommended vaccine storage temperatures

3.4.1. Vaccine Storage Temperature

Vaccines can be stored in cold rooms, freezer rooms, refrigerators, or freezers. They are
transported in insulated vaccine carriers or refrigerated transport vehicles. Vaccine carriers
require a supply of ice packs and sufficient refrigeration capacity to freeze them.

Refrigeration and transport equipment should be chosen after considering [28]:

e Space requirements; e Equipment installation costs;
e Infrastructure costs; e Running costs;
e Equipment purchases costs; e Replacement costs.

3.5. Cooling Load Calculation for Vaccine Storage

The total refrigeration load in vaccine transport refrigeration systems have transmission load,
product load, internal load, infiltration air load. These loads constitute the net heat load for
which a refrigeration framework is to be given. Hence, the net heat load furthermore
equipment heat load is the whole refrigeration load for which a Peltier module must be

chosen [29].
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3.5.1. Transmission Load

Transmission load is heat exchanged into the refrigerated space through its surface. This
transmission load can depend on cold box shape, material type, thermal conductivity,
insulation thickness and sun effects on each surfaces this can be illustrated in Table 3-2,
Table 3-3, and Table 3-4. The sun effect can calculate with the ambient temperature of the
selected place which has 40.5°. The designed temperature is 5°C. The circular shape icebox
can capable of holding 7 liters of vaccine and have only one door at the top side. Figure 3-6
shows the selected cold box shape and structure for vaccine storage. This cooler choice is by
considering the worst-case design and accessibility in the Ethiopian market.

Table 3-2 Refrigeration icebox specification

Dimension Internal External Thermal
Diameter | Height Material Material | Conductivity

23cm | 25.2cm | Polyethylene | Polyethylene | 0.033 W/mK

Figure 3-6 Selected cold box

Sensible heat gain through walls, floor, and the ceiling is calculated at a steady state in
Equation (3.1)and the overall coefficient of heat transfer U of the sides, floor, and roof can
be stated in Equation (3.2) [29]:

Qtrans = UA(TO -T|) (31)

U= for a single material, U =

X | =~

(3.2)

>
xIX|

1
71+&+
kl k2

~ ‘wx

3
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Where Quans 1S heat gain (w) by transmission due to temperature difference, A is outside

area of section (m?), T, is the outdoor temperature (K), Ti is Indoor temperature (K), U is

overall coefficient of heat transfer (W/m?K).

Table 3-3 Allowance for sun effect on light-colored surfaces and Insulation thickness

Sun effect Insulation thickness
Sun effect Surface Thickness, Thermal
(°C) temperature (°C) x (m) conductivity(w/mK)
Roof 5 455 0.035 0.033
Floor 0 40.5 0.035 0.033
East 3 43.5 0.013 0.033
2 North 2 42.5 0.013 0.033
)
(7] West 3 43.5 0.013 0.033
South 2 42.5 0.013 0.033
Table 3-4 Transmission load
Diameter | Height | Area u | AdRceNt | AT | iccion
m || | g || Toadw
Roof 0.23 0 0.01323 | 0.94285 | 298.15 | 40.5 0.24938
Floor 0.23 0 0.01323 | 0.94285 | 293.15 | 355 0.18704
East 0.23 0.225 | 0.05175 | 2.53846 | 296.15 | 38.5 2.36458
2 North 0.23 0.225 | 0.05175 | 2.53846 | 295.15 |37.5 2.23321
)
@ | West 0.23 0.225 | 0.05175 | 2.53846 | 296.15 | 38.5 2.36458
South 0.23 0.225 | 0.05175 | 2.53846 | 295.15 |37.5 2.23321
Total 7.26743

3.5.2. Product Load

Product load is heat removed from the products brought into the refrigerated space [29]. The

heat that must be removed from the product to reduce the product temperature to storage
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temperature and the heat generated by the products in storage, mainly vaccines. Table 3-5
shows the product load mathematical calculation by using Equation (3.3) and Equation (3.4).

_ Quemou
Qproduct - 36880):['\ (33)
Where n is allotted time in hrs.

Qremove = mcp(vaccine) (Tl - TZ) (34)

Table 3-5 Product load
Mass | specific heat capacity Actual Desired Heat Product
(m) of vaccine (Cpwaccine)) | Temperature | Temperature | Removed Load
7kg 4.17588kJ/kg T1=8°C T,=5°C 175.387k] | 12.181W

The refrigeration capacity required for products brought into storage is determined from the
time allotted is 24 hours for heat removal and assumes that the product is properly exposed
to remove the heat at that time.

3.5.3. Infiltration Load

Infiltration load is heat gain associated with air entering the refrigerated space. The
contribution of the air exchange to the refrigeration load is more complex to assess.
Penetration by direct flow through entryways, whereas opening, in refrigerated spaces
prepared with always or regularly open entryways, these air flows specifically through the

entryway.

The impact is indistinguishable from that of open entryways uncovered to the wind and the
heat pick up may be exceptionally huge. The typical air velocity through a door is 0.3 to 1.5
m/s. this infiltration load is calculated in Table 3-6 using Equation(3.5) [29].

Qinf = VAprDt (hl _hr) (35)
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Table 3-6 Infiltration load

_ Door_ Door Enthalpy Density Dom_)rway Velocity Infiltration

dimension area (ki/kg) (kg/m?) time /s load
(m) (m?) factor (W)

Diameter A hi hr pr pi Dt % Qinf
0.23 0.166106 | 22.1 | -4.7 [ 141 | 13 0.0043 15 5.889
3.5.4. Internal Load

The internal load is warm created by inner sources [29]. All electrical hardware is dissipated

warm energy within the refrigerated space. So, this warm must be evacuated from the

refrigerated space. For this reason, this refrigeration system uses a BLDC motor that has
1.24\W power.

3.5.5. Total Cooling Load

The total cooling load (refrigeration load) of the vaccine transport refrigeration system which

has been removed from refrigerated space. Table 3-7 shows the total cooling load of

refrigerated space which includes 10% safety protection of the vaccine and answered RQ.1.

Total cooling load = Transmission load + Product load + Infiltration load + Internal load

Table 3-7 Total cooling load

Load Summary Load (W)
Transmission load 12.466
Product load 12.181
Infiltration load 27.468
Internal load 1.24
Sub-total 53.355
Safety 10% 5.3355
Total Load 58.6905
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3.6. Thermoelectric Coolers

This area defines a set of rearranged ideal equations for a thermoelectric cooler, with a few
suspicions, to display the common characteristics of thermoelectric coolers. The maximum
parameters are characterized, which are the most extreme current, greatest temperature
distinction, greatest cooling power, and greatest voltage. At that point, the normalized
parameters are plotted as common characteristics for the coolers. The ideal equation is based
on three fabric properties: the Seebeck coefficient, electrical resistivity, and thermal
conductivity. The basic equation for the rate of heat flows per unit area q was defined as
shown in Equation (3.6) [30],

where o is the Seebeck coefficient, j is the current density, k is the thermal conductivity, and

V is the gradient. This equation relates the heat flow, the electric current, and the thermal

conduction, leading to the steady-state heat diffusion equation [30], which is rewritten as:

—

v.(k§Tj+j2p-T:—$f§T=0 3.7)

Where p is the electrical resistivity. The primary term gives the thermal conduction, the
moment term gives the Joule heating, and the third term gives the Thomson effect, which
comes about from the temperature-dependent Seebeck coefficient. Equation (3.6) and (3.7)

govern thermoelectric phenomena.

Consider a steady-state thermoelectric cooler module as appeared in Figure 3-7. The module
comprises of numerous p-type and n-type thermocouples, where one thermocouple (uni-

couple) with length L and cross-sectional area A appears in Figure 3-8.

An electrical current is connected and actuates a warm flow at the cold and hot intersection
temperatures as appeared. With the suspicions that the Seebeck coefficient is free of
temperature, no thermal or electrical contact resistances, and no heat losses [30], Equation

(3.7) rearranged to:
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Figure 3-7 Cutaway of a typical thermoelectric module [L11]
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Figure 3-8 Thermoelectric cooler with p-type and n-type thermoelements [L12]
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The solution for the temperature gradient with two boundaries (Tx=0=T¢ and Tx==Thn) is

ar
dx

L  T,-T,

= (3.9)
w0 2A% L

Equation (3.6) is expressed in terms of p-type and n-type thermocouples [30],
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dT dT
=n* (o, -a )T.I+| kA — +| kA=~
o. {<ap ) tas(1a8] o aadl

b
x=0 (3.10)

where n is the number of thermocouples and Qc is the rate of heat absorbed at the cold

Where n* is the number of thermocouples.

junction. Substituting in Equation (3.9) in Equation (3.10) gives

_ 1, ppr p,L kp‘ o KA,
= -a | TI-=1 + - + T -T
Qc n[(ap an) c 2 { A A L L ( h c)

P ! P ! (3.11)
Finally, the cooling power at the junction of temperature T¢ is expressed as
1o

Q. =n aTCI-EI R-K(T,-T,) (3.12)

Where, o=, -, (3.13)
R - pPLP + ann

A A (3.14)
= KA KA

L, L (3.15)

If it assumed that the p-type and n-type thermocouples are similar, we have R = pL/A and K
=KkA/L, where p = pp + pn and k = kp + kn. Equation (3.12) is called the ideal equation, which

has been widely used in science and industry.
The rate of heat liberated at the hot junction is calculated as:
Q, = n[aTCI-%IZR-K(Th -TC)} (3.16)
Considering the first law of thermodynamics over the thermoelectric device,
W=Q, -Qc

(3.17)
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The amount of work per unit time over the module (rate of work) is gotten substituting
Equations (3.12) and (3.16) in Equation (3.17).

W =n[al(T,-T,)-I’R] (3.18)

The primary term is the rate of work to overcome the thermoelectric voltage, and the moment

term is the resistive loss. Because the power is W= 1V, the voltage across the couple will be
v=n[o(T,-T,)-R | (3.19)

The COP is defined as the ratio of the cooling power to the input electrical power.

n{aTCI-;IzR-K(Th -TC)}

_Q
cop= ¢ (3.20)

n[ol(T,-T,)-I’R |
For the solar-driven thermoelectric systems, the performance of the whole system (I]peitier)
can be written as the product of the thermoelectric refrigeration system performance (COP)
and the PV efficiency (I]pv), that is,

T]peltier = COP x an (321)

Two values of the current are of special intrigued: the current Imp that yields the maximum

cooling control and the current Icop that yields the maximum COP.

The maximum cooling power can be gotten by differentiating Equation (3.12) with respect

to I and setting it to zero. The current for the maximum cooling power is found to be

_aT

Iy = 28 (3.22)

The optimum COP can be obtained by differentiating Equation (3.20) and setting it to 0.

d(cop)
di

Therefore, the COP current can be written as:

=0
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oAT
legp =—F—F——=— (3.23)

R( 1+zT-1)

2

Where AT=T, -T,Z= Q_K and T is the average temperature of T¢ and Th. In terms of T,
p

ZT is expressed by:

ZT = ZT, - AT (3.24)
2T

h
3.6.1. Maximum Parameters

Let us consider a thermoelectric module shown in  Figure 3-7 with the theoretical
maximum parameters in the ideal equation. The module comprises of a few thermocouples
as appeared. The ideal equation accepts that there are no electrical or thermal contact
resistances, no Thomson effect, and no radiation or convection. It is noted that the theoretical
maximum parameters might vary from the manufacturers’ maximum parameters that are as

a rule gotten through estimations.

The maximum current Imax is the current that produces the maximum possible temperature
difference AT,,.x, Which always occurs when the cooling power is at 0. This is obtained by
setting Qc is 0 in Equation (3.12), replacing Tcwith (Th AT), taking the derivative of AT
concerning I, and setting it to 0. The maximum current is finally expressed by

| = %(\/(Th +%T T, %J (3.25)

AT, ax 1S the maximum possible temperature difference AT, .4, Which always occurs when

the cooling power is 0 and the current is maximum. This is obtained by setting Q¢ 0 in
Equation (3.12), substituting both I and T¢ by Imaxand Th ATy, ax, respectively, and solving

for AT, . The maximum temperature difference is obtained as
ar. =1+ f(r+ 1) (3.26)
max Z Z
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where the figure of merit Z (unit: K'%) is given by:
l=—=— (3.27)

Using Equation (3.26), Imax may be written as:

| = 4Ty - ATy ) RATmax) (3,28)

The maximum cooling power Qc max is the maximum thermal load that occurs at AT = 0 and
| = Imax. This can be obtained by substituting both | and Tc in Equation (3.12) by Imax and
Th, respectively, and solving for Qc max. The maximum cooling power for a thermoelectric

module with n thermocouples is

no’ (T; - ATS,, )
2R

Qcmax = (3 29)

The maximum voltage is the DC voltage that delivers the maximum possible temperature
difference AT, at I=lmax. The maximum voltage is obtained from Equation (3.19), which

is shown in Equation (3.30).
V.. = naT, (3.30)

3.6.2. Design for Specification Cooling

A Peltier cooler is designed as a green energy replacement for the conventional cold box
type storage. A thermoelectric module with heat sinks consists of n = 127 p-type and n-type
thermocouples, one of which is shown in Figure 3-8. An electric current is applied in a way
that a heat flow (cooling power) should be absorbed at the cold junction temperature of 5°C
and liberated at the hot junction temperature of 40.5°C.

The TEC material of bismuth telluride (Bi2Tes) is used having the properties as ap= on= 200
uV/K, pp=pn= 1.0 x 103Qcm, and kp= ko= 1.52 x 10"/ cmK. The cross-sectional area and
leg length of the thermoelement are An = Ap= 2mm?and L= L, = 1 mm, respectively.
Assuming that the cold and high junction temperatures are steadily maintained.
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0= 0, -0, = 400x10°V /K

Material properties: p=p, +p, =2.0x10°Qm
k=k, +k, =3.04w/mK
The number of thermocouples is n = 127. The hot and cold junction temperatures are:
T, = (40.5+273.15)K = 313.65K
T = (5+273.15)K = 278.15K
AT =T, -T, =313.65K -278.15K = 35.5K

Using Equation (3.27) the figure of merit is:

o (400x10°v/ K’

=2.632x10°K™
pk  (2.0x10°Qm)x(3.04w / mK)

/=

Also, the dimensionless figure of merit is:

ZT, =(2.632x10°K™* x 278.15K ) = 0.732

The resistance R and the thermal conductance K are calculated by using Equation (3.14) and
Equation (3.15)

oL (2.0><10'5§2m)><(1><10'3m)
A 2.0x10°m?

R= =0.01Q

kA _ (3.04w/mK)x(2.0x10°m?) 6.08x10°w | K
= = b.0oX w

K=— =
L 1x10”m

3.6.2.1. Maximum Cooling Power

Using Equation (3.21), the current for the maximum cooling power is

_aT, _(400x10°v/K)x(278.15K)

- =11.126A
R 0.01Q

Using Equation (3.12), the maximum cooling power can be written as:
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_ 1o,
Quup = n(aTcImp -ElmpR-KATj

(400x10°v/K)(278.15K ) (11.126A)) - %(11.126A)2 x(0.01Q)

Qump = (127
-(6.08x10°w / K )x(35.5K)

Qqp = 51.596W

Using Equation (3.18), the power input can be written as:

VVimp = n(almp (Th 'Tc)_'_IfznPR)
W, = (127)[(400><10'6v/ K)(11.126A)(35.5K )+ (11.126A )" x (0.019)}

W, =178.671W

Using Equation (3.20), the COP at the maximum cooling power is

COP = Qe - SLO%OW _ 0.289
W, 178.671W

imp

Using Equation (3.21) the total energy efficiency of the system is

Npetier = COP XM, =0.289x%0.19 = 0.055 = 5.5%
3.6.2.2. Maximum COP

7T = z% = (2.632><10'3K'1)>< 596.8K _ 785

Using Equation (3.22), the current for the maximum COP can be obtained as:

| o uAT _ (400x10°v/K)x(35.5K)

> R( 1+ZT-1)_ (0.019)(\/1+0.786-1)

=4.224A

Using Equation (3.12), the maximum cooling power can be obtained as:

1
Qeep =N ((xTCICOp -EliopR -KATj
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(400x10°v/K)(278.15K))(4.224A)) - %(4.224A)2 x(0.01Q)

Q.o = (127
-(6.08x10°w / K )% (35.5K)

Quop = 21.107W

Using Equation (3.18), the maximum input power can be obtained as:

Vvi cop cop

=n (0l (T, -T,) +15,R)

W

icop

= (127)[(400><10'6V/ K)(4.224A)(35.5K) +(4.224A)" x (0.019)}

W, =30.516W

icop

Using Equation (3.20), the COP at the maximum cooling power can be determined as:

COP = Qccop - 2LI0PW _ 0.692
W, 30.516W

i cop

Using Equation (3.21) the total energy efficiency of the system can be obtained as:
Neetiier = COP XM, =0.692%0.19 = 0.132 =13.2%
3.6.2.3. Optima (mid-point) Design

ot 11.126A +4.224A

|, = = 7.675A
2

Using Equation (3.12), the maximum cooling power can be determined as:
_ 1o
Qcmia = N| 0T Ly 'EImidR_KAT

Oy = (127) (400x10'6v/K)(278.15K)(7.675A))-%(7.675A)2x(o_om)

cmid —

-(6.08x10°w / K )x(35.5K
(35.5K)

Q,., = 43.975W
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Using Equation (3.18), the maximum input power can be obtained as:

Wi g = n((xI (Th ‘Tc)+I§1idR)

mid

W, iy = (127)] (400x10°v/ K)(47.675A) (35.5K) +(7.675A)"x (0.010) |

imid —

W,

imid

=89.349W

Using Equation (3.20) the COP at the maximum cooling power can be determined as:

43.975W _ 0
89.349W

COP - QCmid -
W

imid

482

Using Equation (3.21) the total energy efficiency of the system can be obtained as:

Npeier = COP X1, =0.482%0.19 =0.092 = 9.2%

In the result that gets using Equations (3.12), (3.18), and (3.20) the maximum cooling power

accompanies the very low COP, while the maximum COP accompanies very low cooling

power. These lead to uneconomical results. The midpoint of current between the maximum

COP and maximum cooling power gives reasonable values for both. The cooling design

intrinsically demands both a high COP and a high cooling power. The summary of results

shown in Table 3-8

Table 3-8 Summary of the results

Parameters Maximum Cooling Maximum Midpoint
Power (mp) COP (cop) (mid)
Current, Ii (A) 11.126 4.224 7.675
Cooling power, Q¢ (W) 51.586 21.107 43.975
Power input, Wi (W) 178.671 30.516 89.349
COP 0.289 0.692 0.482
Efficiency 'Tetier (9) 5 13.2 92
Voltage, Vi (V) 16.059 7.224 11.642
Number of modules (N) 1.13=2 2.718=3 1.33=2
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3.6.3. Electric Motor

The purpose of electric motors in this thesis work is to distribute the cooling air inside the
icebox and diffused out the hot air to achieve minimum temperature difference and the safety
of the Peltier module. The working principle of the motor is converting electrical power to
mechanical power in the form of rotary motion. This electromechanical system is
characterized by a few specific parameters. These parameters incorporate the no-load and
stall speed, torque, current, and voltages, as well as the power factor, and can be gotten

employing a power analyzer.

Each of the three parameters, RPM, voltage, and current, have a direct relationship with
torque, and so, three important connections can be derived; the motor’s torque-RPM slope,
the torque-current slope, as shown in Figure 3-9. Varieties of electric motors are classified
and differentiated by power sources. Among them a few of the points of interest being to

select the fan motor:

e Easy installation
e Speed control over a wide range
e Quick starting, stopping, reversing, and acceleration

e High starting torque and Linear speed-torque curve

A
e — Rated c(;?r?tratmg .A
No load \ P L Stall
speed < i
\ ' Max
Max > : output
! power
No current , Stall
N | /
Torque load

Figure 3-9 BLDC motor torque-RPM slope, the torque-current slope, torque-power, and

torque efficiency graph [L13]

A basic comparison of various machine parameters of a BLDC motor with DC and IM
motors and have highlighted the advantages of the BLDC motor over the other types. The
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comparison describes widely accepted compared to the other types for the most use of the
applications. The comparison shows BLDC motor can replace all the other types owing to
its wide range of merits and its capability to be applied to almost all small application system

where a motor is required. This comparison is shown in Table 3-9.

Table 3-9 Comparison of BLDC moto with IM motor [31] [32] [33]

Feature BLDC motor | Brushed DC motor | Induction motor (1M)
Power supply Dc power Dc power Ac power
Output power High Moderate Relatively low
Efficiency High Moderate Low
Speed range Hight Moderate Low
Dynamic response Fast Slow Low
System cost Moderate Low Low

Depending on the power supply and the performance comparison shown in Table 3-9, this
research work selects a BLDC motor for the proposed system. BLDC has high efficiency,
high-speed range, high dynamic response, and little maintenance. Not only the performance
comparison but also the availability in the market and BLCD can available in small sizes,
the foremost well-known sort is 12 and 24V. This research paper selected a small BLDC fan
with the power of 1.24W [L14].

3.7. Solar Panel Selection and Sizing

The sizing of the photovoltaic framework has the coherent, to begin with, step is to consider
the energy request. Hence, a standalone PV framework sizing starts at the stack side and
continues back to the PV clusters. The reason is, to begin with, to choose the framework
loads required and after that to choose the measure of the PV module, converter, and battery
that are required to meet the energy request from the load side. The sizing technique of the

PV framework is shown in Figure 3-10. The sizing of the photovoltaic system has the logical
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first step is to consider the energy demand. Thus, a primarily standalone PV system sizing

begins at the load side and proceeds back to the PV arrays.

Energy Flow >

- Charge |—| Battey and |— -
t L
PVAray | controller | SCbank — COMverer [ oad

< Sizing Strategy

Figure 3-10 Sizing strategy for a standalone system

3.7.1. Solar Panel Sizing

Before going to the solar panel sizing it has to decide the load of the refrigeration system.
Based on Table 3-7 the total cooling load required for vaccine storage is 58.6905W and
based on Table 3-8 the individual Peltier module gives 21.107W cooling power, 3 Peltier
modules, and 30.516W input power is required. Additionally, the load of electronics that use
in the developed model has a BLDC fan that has 1.24W and Arduino microcontroller has
0.29W. The total power use for this refrigeration system is 94.318W. The summary total

load of the refrigeration system has shown in Table 3-10.

Table 3-10 Total input power estimation

Equipment Power (W)
Peltier modules 3x30.516
BLDC motor 2x1.24
Arduino microcontroller 0.29
Total input power 94.318

Before calculating the energy, based on the size, the brand, and the weight of the
thermoelectric fridges usually take up to 1 hour to get cold. Not only short cooling time but
also its store and hold the inside temperature (which is 5°C) about 4 hours. This condition is
allowed to use a thermoelectric fridge at home or outside the home [L15]. By considering

this situation the total energy is calculating as follows
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Total Energy = Total Power x Total Working Time (3,31)
Total Energy =94.318 W x 2 hr = 0.1887 kWh / day

Gmin = 5000Wh /m? = day, considering summer season

Epv )
Py = x1000W /m
G min (332)

Ppv = 35.044Wp

The selected solar module is a 12V 45W Polycrystalline Silicon solar panel that has 21.24V

open-circuit voltage (Voc) 2.75A Short circuit current (Isn), and 36 Polycrystalline cells.

_ Max.power_from_solar_module

FE 3.33
ISC X VOC ( )
FF = 45
2.75A % 21.24V
FF=0.72
PV,ray (w) =fill_factor(FF) x PV, rayom)
PVarray(W) = 072 X 35044W
PVarray(W) = 25219W
- Pvarray size (W)
The total number of modulesis, N = = (3.34)

Rating_per_module

_ 25.219W

N m
45W

=0.563~1

The total number of modules is required for this system is 1.
3.7.2. Battery Sizing and Selection

The vaccine needs an effective storage system throughout vaccination time. The storage
refrigeration system always has a back-up plan and alternative storage if the fridge needs to

work in the night time and a supply power failure occurs. Battery storage has taken the
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responsibility of the back-up plan to store the vaccine. A battery is a storage device which
used to store a DC source. By considering the specific energy, the efficiency, the charging
time, and the temperature variation of the are lithium-ion (Li-ion) battery is selected shown
in Table 2-5. This research work is selected a 12V 10AH lithium-ion battery based on
Equation (3.35). The total capacity of the battery is calculated as follows,

ELxAD

C,, = 3.35
g T]bat X T]conv X Vn X DOD ( )

_ 0.0943kWh / day x1day %1000
A 0.99x0.96x12vx0.8

=9.7AH ~10Ah

Where EL = 0.0943 kWh/day, AD = 1 day, Va = 12v,n,, =0.99Vv,n,,, =0.96, and
DOD =80% =0.8.

e The charging time required for the battery calculated as follows,

AH(Amper_Hour) _ 10AH

Charging Time =
I(current) 10A

=1 hour is required (3.36)

e The selected solar charge controller is 12V/ 17A. The System charge controller os
the battery calculated as follows,

Charge controller, (1.,,) = I XV, x oversize factor (3.37)

Charge controller, (I.,) =14Ax1x1.2 =16.92A ~17A

tot

Total current
Selected charge controller

Number of charge controller =

16.92A

Number of charge controller = =0.995~1

3.7.3. Modeling of PV Cells

Two diode model comprising series resistance (Rs) and shunt resistance (Rsh) is shown in

Figure 3-11. Two diodes D:and Dzare connected in parallel, having saturation current Iszand
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Is2, the diode factor Aiand A:respectively. Photocurrent (Iph) is generated by the current
source which is dependent on radiation. Resistance Rsis connected in series and Rsh is

connected in parallel.

I
—

VWO

|Dll |D2l Rs
i (D) \ 4 Ren %l I

D1 D2

O
Figure 3-11 Circuit Diagram for two diode model with series and shunt resistance [L16]

The output current Ip/IL is given by the following equation,

pv ph

Ay -y, -1y, (3.38)

d1” 'd2

Current from second diode D1,

q(va + Rs X Ipv)
A xKxT

Iy = 1a[exp( )-1] (3.39)

Current from second diode D>,

(V,, +Rx1)

q
I, =1 -1 .
a2 = | [exp( A XKXT )-1] (3.40)
The shunt current Isn is given by,
V,, tR %1,
Iy, = (3.41)

sh

So, the characteristics of the solar cell with double diode D1and D2 with series Rsand shunt

Rsn resistance is given as:

V. +R._xI
Ipvzlph-lsl EXp q( - : pV) -1 -ISZ
A XKXT

ox q(VpV+RSxIpV) 4 _va+Rsx|pv
P -5
A, xKxT R,

(3.42)
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The output power P is given by:

(3.43)

The photovoltaic system displays a nonlinear current-voltage (I-V) and power-voltage (P-
V) characteristics. These characteristics vary with the radiation intensity (G) and cell
temperature (T). The dependence of photovoltaic power generated by a PV module is shown

in the current-voltage (I-V) and power-voltage (P-V) characteristics as shown in Figure 3-12.
3.7.3.1. MPPT Techniques used in Solar PV System

The vyield characteristics of a PV array are impacted by the natural components and the
transformation efficiency is low. There are a few strategies accessible, which can move
forward efficiency by adjusting the source and load properly. The Maximum Power Point
Tracking (MPPT) is one such method, which has huge significance within the time of
Photovoltaic Technology. These days this technique is unfathomably utilized to create the
greatest conceivable power from a changing source beneath variable temperature and

irradiance conditions.

As per the maximum power transfer theorem, the maximum power is conveyed to load when
source inner impedance matches load impedance. For deciding MPPT suitable tracker is
presented between the PV framework and load. It is to be designed that gives a great
execution, quick response, and fewer variances. Since the efficiency of the PV is influenced

by the panel’s irradiance and temperature which are stochastic and unpredictable.

A DC-DC converter serves the reason for exchanging maximum power from the solar PV
module to the load. A DC-DC converter acts as an interface between the load and the module.

The basic block diagram of the MPPT system is shown in Figure 3-13 and Figure 3-14.
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Figure 3-13 Block diagram of the MPPT system
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Figure 3-14 Block diagram of typical MPPT system
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Several MPPT methods exist to maximizing output power. Those methods’ characteristics
of MPPT techniques are states in Table 3-11. Among all the MPPT methods, Perturb and
Observe (P and O) commonly utilized since of its straightforward usage and lesser time to
track the maximum power point additionally other financial reasons. Due to the complexity

and detected parameter this research work has chosen the P and O MPPT procedure.

Table 3-11 Characteristics of different MPPT techniques

MPPT Convergence | Implementatio | Periodic Sensed
technique Speed n complexity | Tuning parameters
P&O Varies Low No Voltage
IC Varies Medium No Voltage, current
Fractional VOC Medium Low Yes Voltage
Fractional 1ISC Medium Medium Yes Current
Fuzzy Logic Fast High Yes Varies

3.7.3.1. Perturb and Observe MPPT Method

The P&O algorithms work by periodically perturbing (i.e. incrementing or decrementing)
the array terminal voltage or current and comparing the PV output power with that of the
past perturbation cycle. In the event that the PV array working voltage changes and power
increments (dP/dV > 0), the control framework moves the PV array working point in that
heading; something else the working point is moved within the inverse course. Within

another perturbation cycle, the algorithm proceeds in the same way.

In certain circumstances, like changing climatic conditions and alter in irradiance the
maximum power point shifts from its ordinary working point on the PV curve. In another
cycle, it changes its direction and goes absent from the maximum power point and comes
about in different nearby maxima at the same point. So, the maximum power point deviates
from its original position. P and O MPPT techniques can follow the following algorithm.

This algorithm is represented in a flow chart which is given in Figure 3-15.
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Figure 3-15 Flow chart of Perturb and Observe the MPPT algorithm

3.7.4. DC-DC Converter for Solar PV System

The DC-DC converter was utilized to supply a controlled DC output with the given DC
input. These are broadly utilized as an interface between the photovoltaic panel and the load
in photovoltaic producing frameworks. The load must be balanced to match the current and

voltage of the sun-based board to provide maximum power.

DC-DC converters are depicted as power electronic switching circuits since they change
over one level of voltage to another. These may apply to the transformation of different
voltage levels. By and large, different basic types of converters are responsible as per their
utilize. In this way, this research work has chosen a buck-boost converter to meet the wants
of the power supply. The basic buck-boost converter block diagram is shown in Figure 3-
16.
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Figure 3-16 Block diagram model of the boost converter

3.7.4.1. Modeling of the Buck-Boost Converter

The DC-DC buck-boost converter circuit shown in Figure 3-17 consists of Inductor (L),
Diode (D), Capacitor (C), a load resistor (RL), the control switch(S). These components are
connected in such a way with the input voltage source (Vin) to step up the voltage. The output
voltage of the buck-boost converter can be either higher or lower than the input voltage. The
duty cycle of the control switch controls the output voltage of the buck-boost converter.

Hence by varying the ON time of the switch, the output voltage can be varied [34].

Analysis for the switch closed (DT): - When the switch is closed as shown in Figure 3-18,

the voltage across the inductor is:

di
V, =V, =L+t 3.44
d, _ Vo
dt L

The rate of change of inductor current is a constant, indicating a linearly increasing inductor
current. The preceding equation can be expressed as:

A _ AN _V, 045
At DT L '

Solving for A1, when the switch is closed gives

. V,DT
(AIL )closed - L (346)
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Figure 3-17 Circuit diagram of the DC-DC converter
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Figure 3-18 Equivalent circuit for switched closed

Analysis for the switch open ((1-D)T): - When the switch is open as shown in Figure 3-19,
the current in the inductor cannot change instantaneously, resulting in a forward-biased diode
and current into the resistor and capacitor. In this condition, the voltage across the inductor
is expressed as follows:
I
V =V, = Ldh

dt (3.47)

di__V,
dt L
Again, the rate of change of inductor current is constant, and the change in current is

Ay Ay Y (3.48)

(i )y == (3.49)

For steady-state operation, the net change in inductor current must be zero over one period
and it is expressed using Equation (3.46) and (3.49)

56



(AIL )closed + (AiL)open = 0

V,DT , V, (1-D)T
L L

=0

Solving for AV, using Equation (3.50)

VO - _VS (l]
1-D

(3.50)

The required duty ratio for specified input and output voltages can be expressed as [34]

Vs Ci' iLl % VisVe l

(3.51)

_T_

Vo

I3

Figure 3-19 Equivalent circuit for switched open

The average inductor voltage is zero for periodic operation, resulting in solving for V, yields

the same result as Equation (3.50). Equation (3.50) shows that the yield voltage has an

inverse polarity from the source voltage. The yield voltage size of the buck-boost converter

can be less than that of the source or greater than the source, depending on the duty ratio of

the switch. In case D>0.5, the yield voltage is bigger than the input; and on the off chance

that D <0.5, the yield is smaller than the input. Subsequently, this circuit combines the

capabilities of the buck and boost converters. In a perfect circuit, the yield control of the

converter is rise to the input control which yields.

The efficiency of the system converter can be calculated as [L17]

(3.52)
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P
= 0 3.53
ncov_sys Po + PD ( )

1-
Where Pp total power loss of the converter, P, =V, x|, X(MJ
nconv

Selection of inductor: The average source current related to the average inductor current is

given by:

Resulting, —=V,I D

Substituting for Vo using Equation (3.50) and solving for I,

V2 P VD

0

| = = =
" VRRD VD R(1-D)

(3.54)

Maximum and minimum inductor currents that shown are determined using Equation (3.46)
and (3.54) [34]

_, A, _ V.D VDT
|, =l +=b=— s 4

. (3.55)
2 R(-Dy 2

Ai, _ VD VDT

=1
min L 2 R(l- D)Z 2L

(3.56)

For continuous current, the inductor current must remain positive. To determine the
boundary between continuous and discontinuous current, Imin IS Set to zero in Equation
(3.56), resulting in Equations (3.57) and (3.58).

(Lf )min = T (357)
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L =2 R (3.58)

|max —

B

Imin |/Closed Open

| |
DT T t

VL
Vs _

Vol

Figure 3-20 Buck-boost converter waveforms of inductor current and inductor voltage

Where fis the switching frequency and AlL is the input current ripple. The current ripple
factor (CRF) is the ratio between input current ripple and output current. For a good
estimation of inductor value CRF should bound within 30% shown in Equation (3.48). The
current rating of the inductor should be always higher than that of the maximum output

current.

—L =03 (3.59)

Selection of capacitor: The output voltage ripple for the buck-boost converter is computed

from the capacitor current waveform of Figure 3-21.

|AQ|= (Vﬁj DT = CAV,

Solving for AV, AV, =T = 0

=r (3.60)
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Where AV, is the output voltage ripple which is usually considered as 1% of the output
voltage. The capacitor value can be obtained from Equation (3.60).

C=— (3.61)

Figure 3-21 Buck-boost converter waveforms of diode current and capacitor current

The design values of inductor and capacitor: The DC-DC buck-boost converter for the
developed system is Vin is 19.06v and Vioad IS 12v, lin 13.8A, and lout 11.8A. Also, using
these initial values and Equations (3.47), (3.57), (3. 58), (3. 60), and (3.61). The values of
the components are calculated as follows L=7.04puH, C=1.208mF, the overall calculation of
all months has been done in the appendix. By using Equation (3.53) the efficiency of the
designed converter is 95.98% by selecting the DC-DC buck-boost converter with 96% [L18]

of efficiency.
3.8. Temperature Regulation

Microcontroller: A microcontroller is an integrated circuit that's housed inside each
component that it has to perform the fundamental operations which can perform a particular
task routinely without requiring another boom [35]. The microcontroller could be a computer
on a single integrated circuit that includes a CPU, RAM, some frame of ROM, and 1/O ports
shown in Figure 3-22. Microcontrollers with driving 8- and 16-bit processors are frequently
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favored for low fetched and ease of execution. Todays have a processing capacity of 32 and

64 bits [36].

Figure 3-22 General block diagram of the microcontroller

Selection of microcontroller: Depending on the equipment required for communication
interfacing (USB, SPI, UART, etc.) and uncommon forms (ADC, PWM, DSP, FPU). Also,
the port associations that utilize for the input/output components such as sensor, LCD,
accessibility of the hardware to be utilized, and energy utilization [L19], this research work
has got to select the Arduino microcontroller to control the temperature of the refrigeration

framework.

Selection of temperature sensor: Concurring to interaction with the device and temperature
regulation handle, it needs the temperature sensors. There is a different type of temperature
sensors that are accessible in the market [L20]. Depending on the accuracy, the power
required, response time, and DHT22 temperature sensor is the finest choice. Since it has 0.05
to 1.5°C temperature precision, 0.12sec to 10sec response time, and accessible in low to
moderate cost run [L21][L22]. Also, compatibility with the Arduino mega microcontroller

and availability within the Ethiopian market.
3.9. Experimental Modeling

This experimental prototype is implemented to shows that the temperature regulation of the
developed system. This prototype can develop as the block diagram indicated before shown

in Figure 3-23. For experimental modeling, the following data will be considered

Independent variables:- this variable of the system is the temperature inside the system. As
the input data, the microcontroller reads the data from the temperature sensor. For the case

of senor, precise and accurate senora is needed, for that DHT22 is used.
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Dependent Variable:- this variable is the Peltier module, fan, LCD, and LED. As an output
temperature regulation give LED indicator light by turning on and off. The LCD also

displays the current temperature and the status of the mini-refrigeration system.

Material required:- the equipment that uses in the prototype design is listed below.

Pettier module TEC 12706 e DHT?22 sensor DC-DC huck-boost converter
e LCD e Heat sink

BLDC fan

e Multi-LED

Ice-box Connecting wires

e Motor driver 12v/10A power supply

Arduino mega

(b)

Figure 3-23 Prototype modeling of the system (a) side view (b) inside view
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CHAPTER 4

RESULT AND DISCUSSION

4.1. Chapter Overview

This chapter includes the result and analysis of the developed solar-powered refrigeration
system. The simulation results of the developed system are compared with the different
conditions of the Peltier module, the result, and analysis of the solar panel design of the
developed model and simulation result and analysis of the temperature regulation system for

this research work to fulfill the specific objectives of the research and answered RQ.5.
4.2. Resulton TEC

In this section, this research work shows that the Peltier module performance result based
on the selection environment and its ambient temperature. Those performance parameters
are the cooling power that the power required to refrigerate the environment temperature,
the input power that is required to meet the need of cooling power performance, and COP
that the ratio of cooling power to input power. The simulation result shows the performance
and analysis of the Peltier module and the comparison of the modules at the different
condition that calls the maximum cooling power condition, the maximum COP condition,

and the optimal (midpoint) condition. Besides, it answered the question that rise in RQ 2.
4.2.1. Simulation Result of Peltier Module

The performance parameters of the Peltier module that uses in the refrigeration system has
the maximum cooling power of 51.865W, the maximum coefficient of performance is 0.692
and the maximum input power needs to meet the cooling power is 178.671W the simulation
result is shown in Figure 4-1, Figure 4-2 and Figure 4-3 below respectively. This
performance parameter depends on the environment temperature. So, all the parameter
doesn’t meet the maximum cooling power, maximum COP, and the minimum input power

at the same times. Increasing input power above the maximum cooling power that is
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51.865W, is causing a decrease in cooling power shown in Figure 4-1. Equation (3,16) states
that increasing input power is increasing current and voltage. The current will decrease the

cooling power with the square of the input current.
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Figure 4-1 Result of cooling power (Qc)
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Figure 4-2 Result of the coefficient of performance (COP)

The COP of the Peltier module shows that further increase of input power is decreased the
ratio of cooling power to input power that states in Equation (3,20). So, an increase of input
power isn’t giving the desired result in the refrigeration system. The COP of the system is
shown in Figure 4-2.
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The input power of the Peltier module is shown in Figure 4-3. It illustrates that increase of
power above the limit of Peltier intake is considered as wastage. Not only wastage but also

it may damage the Peltier module. It has to be controlled before sent it to the module.
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Figure 4-3 Result of input power (W)

4.2.2. Simulation Result of the Maximum Cooling Power of the Peltier Module

Maximun of Cooling Power Condition
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Figure 4-4 Cooling power (Qc) at the maximum cooling power condition
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In the maximum cooling power, the condition has used the Peltier module at the maximum
cooling power of 51.865W shown in Figure 4-4. Compare to others in this condition the
input power is high, the COP is low, and needs 2 Peltier modules to meet the desired

refrigeration system.

This condition is uneconomical because of high-power is consumption. The advantage of
this condition is giving the maximum cooling power, this gives a fast recovery of the
temperature. But to get the maximum cooling power the solar panel size must be increased.

This can be difficult to transport from place to place because the net weight will increase.

The coefficient of performance in this condition, that shown in Figure 4-5, is lowest than the
other. It has a value of 0.289. because the intake input power is large to get the cooling
power. The lowest COP causes the lowest energy efficiency that has 5.5% compared to

others.
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Figure 4-5 COP at the maximum cooling power condition

The maximum input power needs to meet the cooling power is 178.671W. it has an 11.126A
input current, 16.059v input voltage shown in Figure 4-6 below. The Peltier module may be
damaged by getting this current because the maximum current operating by this module is
around 6A.
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Figure 4-6 Input power (Win) at the maximum cooling power condition
4.2.3. Simulation Result of the Maximum of COP of Peltier Module

The maximum coefficient of performance (COP) condition has the maximum coefficient of
performance that is 0.692 shown in Figure 4-7. The advantage of this condition is it has high
COP and low input power. The large COP leads the large energy efficiency of the system
that has 13.2% compared to others.

Maximum of COP Condition
T T
1 i i = Maximum of COP —
0-5 = H ! ! |
" _ -
-9
=
U _0‘5 - 3 { { |
s -
151 n
_2 | | | |
0 5 10 15 20
Time (Sec)

Figure 4-7 COP at the maximum COP condition
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Maximum COP has the lowest cooling power compared to other performance conditions, it
has 21.4W shown in Figure 4-8. The lowest cooling power uses a large number of Peltier
modules. It needs 3 Peltier modules to meet the desired refrigeration system. This is

considered as a disadvantage of this condition.
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Figure 4-8 Cooling power (Qc) at the maximum COP condition
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Figure 4-9 Input power (win) at the maximum COP condition
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In this condition, the input power is low which is 30.516W, 4.224A input current, 7.224v
input voltage. The smallest input power considers as an advantage because the solar panel
also decreases in size. It can easily transport from place to place. This will help the health
work carry and travel as long as they want. The net weight and complexity of the system

also decrease.

4.2.4. Simulation Result at Optimal (the Midpoint) of the Peltier Module

Optimal (Mid point) Condition
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Figure 4-10 Cooling power (QC) at the optimal (midpoint) condition

The optimal (midpoint) condition uses the average current of the two maximum conditions.
This condition has cooling power is 43.975W, and the simulation result is shown in Figure
4-10. In this condition has the optimal input power, the COP also optimal compared with

others, and needs 2 Peltier modules to meet the desired refrigeration system.

The coefficient of performance is 0.482 as shown in Figure 4-11. The efficiency of the
system is depending on the COP. So, this condition has better efficiency than maximum
cooling power. this optimal condition efficiency has 9.2%. The input power that needs to
meet the cooling power is 89.349W shown in Figure 4-12. It has a 7.675A input current,
11.642v input voltage. This condition is moderates based on input power and the number of
modules. But the current still higher than the limit of the module datasheet.

69



Optimal (Mid point) Condition

= Cofficient of performance (COP)

7

-2
0 5 10 15 20
Time (Sec)

Figure 4-11 COP at the optimal (midpoint) condition
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4.3. Result on Solar Panel

In this section, this research work shows that the performance result of solar panels based on
the selection environment light irradiation and its environmental temperature. Show the
result of the solar PV model with its short circuit current and open-circuit voltage values,
shows the result of solar panel with the interaction of P and O MPPT, buck-boost converter
and load, shows the result of solar panel performance variation of all months in a year, and

its shows the result of charge controller performance.
4.3.1. Simulation Result of the Selection Solar Module

Based on the design and the selection of the solar module of the simulation analysis result.
This result shows that the module has a short circuit current is 14A and an open circuit
voltage is 25v shown in Figure 4-13 and has a maximum power of 287W at the voltage of
21.7v show in Figure 4-14.

The result gates by 5000 W-hr/m? solar irradiation that the lowest irradiation and 40.5°C
ambient temperature that the highest temperature. This result shows that it has the power to
operate the Peltier module.
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Figure 4-13 Result of the I-V graph of the PV module
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P-V Curve of Solar Module
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Figure 4-14 Result of the P-V graph of the PV module
4.3.2. Simulation Result of Input and Output Parameter of the System

The output voltage of the DC to DC converter is less than or greater than the input voltage.
The output voltage of the magnitude depends on the duty cycle. In this simulation result, the
developed system has a duty ratio of 0.248. This result shows the input voltage, which from
the solar module, has to be stepping down the voltages. This operation is called a step-down
mode.

There are many applications use of DC-DC buck-boost converter such as battery-powered
systems, where the input voltage can vary widely, starting at full charge and gradually
decreasing as the battery charge is used up. At full charge, where the battery voltage may be
higher than the circuit being powered, a buck regulator would be ideal to keep the supply
voltage steady. However, as the charge diminishes the input voltage falls below the level
required by the circuit, and either the battery must be discarded or re-charged.

The input and the output voltage of the converter are shown in Figure 4-15. The duty ratio
of the DC-DC converter is generating from the MPPT. The results show that the input
voltage from the solar module is Vin is 19.06v and the output voltage at the load iS Vioad iS
14.24v. The converter is step down the input voltage by 4.82v.
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Figure 4-15 Result of input and load voltage

In the step-down mode, the input voltage is greater than the output voltage. It follows that
the output current is greater than the input current. By using the law conversion energy, the
input power is equal to the output power. The simulation result shown in Figure 4-16 has

given the full verification of the above statements.

The input current from the solar module li, is 13.8A and the output current at the load is ILoad
is 14.2A. the DC-DC buck-boost converter can boost the current to meet the desired
demands. Figure 4-17 shows the power vs time graph, depending on the load, the input power
from the solar module Pin is 236.1W and the output power at the load is Proad is 201.9W. the

load power of the system is enough to power to operate the system.

The buck-boost converter can achieve the desired operational power supply. So it can
improve the COP of the system which leads to gaining the maximum efficiency of the Peltier

module. The overall efficiency is improving using this kind of DC-DC buck-boost converter

or related.
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Figure 4-16 Result of input and load current
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Figure 4-17 Result of input and load power

Equation (3.50) states that the duty ratio of the MPPT output determines the operation mode
of the DC-DC converter. The simulation result, shown in Figure 4-18, clarifies the operation
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mode of the converter is stepping down of the input voltage. The duty ratio of this developed
system is 0.248 and the control of the BJT switching is uses PWM techniques, this PWM

gate pulse signal is shown in Figure 4-19.
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Figure 4-19 Result of the gate pulse
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In the continuous conduction mode, the buck-boost converter conducts the switching ON
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and OFF periods. When the switch is ON the diode will be open-circuited since it does not
allow currents in the reverse direction from input to output. This current in the ON period
operation is zero. So, the inductor feeds the energy from the input and it stores the energy of
magnetic energy. During this state, the inductor charge and the inductor current increases

linearly as shown in Figure 4-20.

When the switch is OFF, L is charged and C is partially discharged. The inductor L now
generates a back (Electro-Motive Force) e.m.f. and its value that depends on the rate of
change of current as switches OFF and ON the amount of inductance the coil possesses;
therefore, the back e.m.f can be any voltage over a wide range, depending on the design of
the circuit. Notice particularly that the polarity of the voltage across L has now reversed, and
S0 adds to the input voltage giving an output voltage that is at least equal to or greater than
the input voltage. The diode is now forward biased and so the circuit current supplies the
load current, and at the same time re-charges the capacitor that shown in Figure 4-21. Both
operation and simulation results conclude that the design value of the inductor and capacitor

is suitable for this developed system.
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Figure 4-20 Inductor current and voltage
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Capacitor and Diode Current
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Figure 4-21 Diode current and capacitor current
4.3.3. Simulation Result of Annual Months

The following simulation result is indicating that the solar module tracking the irradiation
change in the whole months. The irradiation is varying between 5 kW-hr/m? that the lowest
irradiation and 7.75 kW-hr/m? that the highest irradiation and the temperature from the
lowest 35°C to the highest 40.38°C

Figure 4-22 the load current is tracking the irradiation. The load current can vary between
13.8A to 15.1A depending on the variation of the irradiance respectively. The minimum
current can operate the developed system because it was higher than the required current.

So, the selected solar panel is suitable for this developed system.

Figure 4-23 the load voltage is tracking the irradiation. The load voltage can vary between
17v to 21.6v depending on the variation of the irradiance respectively. The minimum value

of the voltage is higher than the required voltage.
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Figure 4-24 the load power is also tracking the irradiation like current and voltage. The load
power will vary the result between 198W to 310W based on the variation of the irradiance
respectively. This power indicates that it can fulfill the minimum requirement of the system.
The developed system has an excess amount of power. So, it is possible to use this power
for other purposes like charging the cell phone or laptop, electric lamp, and charges of the

other fridge if the second one is not working.
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Figure 4-24 Load power

Figure 4-25 shows the P and O MPPT gives the duty ratio according to the solar module
output. The duty ratio of the buck-boost converter is varying between 0.214 to 0.255. This
variation indicates the DC-DC buck-boost converter can perform the buck operation
throughout the whole year. The boost operation of the converter plays the role of safety

operation. In case of some fault, it occurs and drops the input voltage, the step-up operation
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of the converter takes an action to overcome the fault. It takes an action also during the load
user is increasing like the user wants to charge a cell phone, laptop, or use as electricity

during the night time. So, the system is flexible to use rather than the refrigeration purpose.
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Figure 4-25 MPPT output
4.3.4. Simulation Result of the Battery Charge Controller

The battery of Li-ion manganese architecture forms is a three-dimensional spinel structure
that improves ion flow on the electrode, which results in lower internal resistance and
improved current handling. An advantage of spinel is high thermal stability and enhanced

safety. Low internal cell resistance enables fast charging and high-current discharging.

The purpose of the battery in this system to deliver continuous power supply to the
refrigeration system when the failure occurs and to get full-day (24hr.) operation
refrigeration is needed. For 24 hr. operation the refrigeration system needs to increase the
capacity of the batter to 30AH. This capacity of the battery can handle night time operation.
In the result of the battery charge controller, the result shown the parameter of the batter
based on current, voltage, and SOC. The selection Li-ion battery has 12v/ 10AH energy and
gives the required power is 110W for the 3100 sec (up to 20% battery charge). The charging
and discharging performance of the battery is shown in Figure 4-26.
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Figure 4-26 Result of current, voltage, and SOC of the battery

The interesting thing about this is the selected battery for one hour of working time to store
avaccine for 5 hours. To increase the working time of the battery has to increase the capacity.
To fully operate the refrigeration system for 24 hours (one full day) the energy capacity of

the battery has to increase to 30AH.

The battery used as a backup gives constant power to the load to increase the performance
of the system. Based on the load resistance the load voltage, current and power are shown in
Figure 4-27.
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Figure 4-27 Result of load current, load voltage, and load power of the battery

4.4, Simulation Result of HOMER Software

In this section, the optimization and sensitivity analysis are simulated using HOMER
software. The HOMER software is used in the proposed system doesn’t have the designed
solar panel and battery. So, this research uses the available solar panel and battery based on
the specification. The developed model is 100% renewable and has excess electricity is
8.83% shown in Figure 4-28. The total net presented the cost of this developed model is
$120.04, the cost of energy is $0.07295, and the operating and management cost is $4.89
this cost analysis also states in Figure 4-28. The net present cost is the sum of the costs of

capita cost has $56.80, Operating management cost has $46.95, replacement cost has
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$22.51and salvage cos has $6.21. Those costs are shown in Figure 4-29. Figure 4-30 shows
the cash flow of the cost that states above

Systern Architecture: HOMER Cycle Charging Derating (80 %) Total NPC: $120.04

Kyocera KD 145 SX-UFU (0.0916 ki) time (23 years) l Levelized COE $0.07295

Generic 1kWh Li-lon [A5M] (1.00 strings) Replacement Cost Multiplier (1.05 %) ~ [EESLEEL TG $4.89
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Kyocera KD 145 SX-UFU | 150 100 AC Primary Load 0 0 Excess Electricity 132 883
Total 150 100 DC Primary Load 127 100 Unmet Electric Load 411 3.13
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Figure 4-28 Monthly average electric production
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Figure 4-29 Net present costs listed by cost type
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Figure 4-30 Nominal cash flow

The comparison of the current system cost and base case is shown in Figure 4-31. The

sensitivity analysis that states in Table 4-1 simulation results are shown in Figure 4-32 that
has a $130.60 total net presented cost and has $0.0797.
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Figure 4-31 Cumulative cash flow
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Table 4-1 Sensitivity analysis of solar system

Sensitivity parameters PV
Replacement Cos multiplier 1.05
Solar Time 23yr.
Solar Scaled average 6kW/m?
Temperature Scaled average 36°C
Minimum state of charge 25%
Initial state charge 80%
minimum lifetime of the battery 4yr.
Derating 80%
Sensitivity Variables

LI ASM: Replacement Cost Multiplier (*) | x-axis ¥ | Initial State Of Charge (%) | 80.00 =

Minimum State Of Charge (%) 25.00 T LI ASM: Minimum Lifetime (years) 4.00 =

Kyoc145: Replacement Cost Multiplier (*) 1.05 ¥ | Kyoccl45: time (years) 23.00 v

Kyoc145: Derating (%) 80.00 ¥ Solar: Scaled Average (KWh/m®/day) 6.00 -

Temp: Scaled Average (°C) | 36.00 -

Variables to Plot

Primary Total MNet Present Cost (§) ¥ Secondary Costof Energy (§) ¥

* .08
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Figure 4-32 Sensitivity analysis graph
4.5. Experimental Result of Temperature Regulation

For experimental reasons the components used are those that are easily accessible and
inexpensive. This however limits the quality and precision of the model which is not a
primary concern at this time. So, the motor and the thermoelectric cooler which are the
crucial components for temperature regulation were not able to achieve temperatures below

85



8 degrees Celsius. This is because the device characteristics are not designed for such low
temperatures. And, using devices with such characteristics is expensive and unaffordable
with the current budget. For the practical demonstration, the temperature range is instead
between 14 degrees Celsius and 17 degrees Celsius. This does not affect the effectiveness of

the system as the future devices with the specific characteristics required will be procured.

To regulate the input power the solar module uses a DC-DC converter and MPPT but to
regulate the temperature uses a microcontroller to control the temperature inside the
refrigeration system and a temperature sensor to detect the changing temperature inside the
refrigeration. The microcontroller sends sigla to the driver to control the fan and receives the
signal from the sensor. And the temperature sensor can detect 0.1°C of the temperature
change in the refrigeration system. So, the temperature regulation process is more accurate

and precise.

Figure 4-33 Result of temperature control when T is within the normal range

Figure 4-33 shows the temperature of the refrigeration system within range. The LCD show
“GOOD”. The fan and the Peltier module is turned on to further decrease the temperature to

the lowest one. And LED turned on green to show that the temperature is in safe mode.

Figure 4-34 shows the simulation result of temperature regulation that inside temperature

below the desired range (14°C to 17°C). In this range, the inside temperature is below 14°C
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so the display shows a “COLD” message to the user and the Peltier module and fan will off.

Figure 4-34 Result of temperature control below range

Figure 4-35 shows the simulation result of temperature regulation that inside temperature
above the desired range (14°C to 17°C). This range temperature is above 17°C thus the
display shows a “HOT” message to the user, red LED light is turned on and the Peltier

module and fan will on.

Figure 4-35 Result of temperature control above range
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The experimental data appears in Figure 4-36. It shows that the row data of the temperature
for 1.2 hours. As the conducting experiment shows that the temperature drops down from
25°C to 14°C in 21.5 min. and staying at the range for 8.75 min. the developed prototype can
drop down 11°C within a short period. This is a good obtain of the system. It shows this
system can feasible to manufacture for the market. Achieving fast cooling time is successful
and answered RQ.4. But staying in the required temperature range is still has an issue. This
is due to the thermal leakage of the refrigeration. The leakage will overcome by the use of a
proper heat sink and cooling fan. During the time conducting this experiment it difficult to

get the appropriate heat sink and a cooling fan because of the corona (COVID19) pandemic.
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Figure 4-36 Inside temperature graph of the developed system

The summarize the temperature regulation system shown in Table 4-2 and the overall

performance shown in Table 4-3.

Table 4-2 Summary of the result of the temperature controller

Temperature ranges Cooler LCD Multi-LED
Temp > 17°C ON HOT RED
17°C < Temp <14°C ON GOOD
14°C < Temp <17°C OFF GOOD
14°C < Temp OFF COLD RED
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Table 4-3 Summary of performance parameter

Performance Parameters Values
Current 5.25A
Voltage 12v
Cooling power 25.321W
Power 63W
COP 0.402
Lead-Acid battery 7.2AH
No. of Peltier module 2
Desired Temperature 15.0°C
Ambient Temperature 25.1°C
Time is taken to reach the lowest temperature 21.5 min
Time is taken to stay between the temperature range 8.75 min

4.6. Discussion of the Results

In this section, this research work discussed the simulation result of the developed system.
Includes discussion of the TEC module based on performance parameter, discussion of solar
modules based on the desired parameter of the system, and discussion on the temperature

regulation system.
4.6.1. Discussion on the Result of TEC Module

This research work designed and simulated the Peltier module in the selected area and
analyzed the performance parameter. The selected solar module has good performance
depending on those parameters. The Peltier module would be refrigerated in the system
environment in a different condition shown in Table 3-8. Those are maximum cooling power
conditions, maximum COP conditions, and optimal conditions. Those conditions have an
advantage and disadvantage. In the maximum cooling power condition shown in Figure 4-4,
Figure 4-5, and Figure 4-6the Peltier module uses its maximum cooling power but it uses
large power and large current compare with other conditions. This current may damage the
Peltier module. Large power needs a large size of solar panel. And the efficiency of this

condition is small compared with others.
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In the maximum COP condition shown in Figure 4-7, Figure 4-8, and Figure 4-9Figure 4-7
the Peltier module reaches the maximum COP and efficiency of the module due to this
condition it uses low power consumption compared with other condition but it uses too much
number of Peltier module is needed in the developed system. This condition has large
efficiency and it applies to medical application. In the optimal condition shown in Figure
4-10, Figure 4-11, and Figure 4-12 cases the design uses low power compare with the
maximum power condition and a small number of Peltier modules compare with maximum
COP.

Based on those comparisons of the condition and Table 3-8 this research work was chosen
as the maximum power COP condition to meet the system specification and answered RQ.2.
Figure 4-37 and Figure 4-38 demonstrate the Peltier module performance parameters
(Cooling power, power input, COP, current, and voltage) graphical comparison of each
condition (maximum cooling power, maximum COP, and midpoint). The graph shows that

the maximum COP condition has better performance parameters than the others.

Note: The total energy efficiency system that photovoltaic driven thermoelectric cooling
devices can be increased with the enhancement of photovoltaic system efficiency and with
the use of thermoelectric materials with better performance and quality.

Cooling power and input power comparision

200 178.671
150

100 89.349

°1.586 43.975

50
: m

Maximum Cooling Maximum COP Midpoint (Midpt)
Power (Maxp) (MaxCOP)

m Cooling power, QC (W) Power input, Pin (W)

Figure 4-37 Graphical representation of the performance comparison of the Peltier module
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\oltage, Current And COP Comparision
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0
Maximum Cooling Maximum COP Midpoint (Midpt)
Power (Maxp) (MaxCOP)

m\oltage,V (v) Current,l (A) COP Efficiency (%)

Figure 4-38 Graphical representation of the performance comparison of the Peltier module

4.6.2. Discussion on the Result of Solar Panel

Based on the maximum COP condition, the designed solar module is simulated by
considering of worst-case condition. This condition is the lowest solar irradiation and the
highest ambient temperature. The selected and designed solar panel has a good performance
and answered the RQ.3. Based on the literature reviewed and some standards stand-alone
solar module is not sufficient for regulated power input so it must use a converter and MPPT.
This research work uses DC-DC buck-boost converter and P and O MPPT techniques to
deliver regulated power to the load. Depending on the load resistance, the buck-boost
converter is stepdown the solar module voltage to the desired voltage and current shown in
Figure 4-15and Figure 4-16 with the help of the Duty ratio generated by MPPT.

Solar irradiation is not the same in the selected environment it's varying depending on the
seasons in a year. The MPPT gives the duty ratio by tracking the irradiation change shown
in Figure 3-3 and adjust the converter bases on gate pulse to regulate the input powers shown
in Figure 4-24. The selected solar module that states in Equation (3.33) is the best choice
based on the above Peltier module conditions. In the case of emergencies, the system uses
secondary battery storage as a backup of power. The selected battery stated in Equation
(3.36) and the performance shown in Figure 4-26 is the best choice according to the

developed system.
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Based on the variety of solar radiation the buck-boost converter can step down the voltage
as shown in Figure 4-39. Within the case of current, it's step-up within the range of low solar
insolation accessibility that's June to September months shown in Figure 4-40. The power at

the load is ventured down like a voltage. This stepped down power is shown in Figure 4-41.

\oltage comparison
24
22
20
18
16
" l\/\
12
10

V (V)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

= Input Voltage (v) = ===Output Voltage (v)  ===DesiredvVoltage (v)

Figure 4-39 Voltage comparison

Current comparison
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Figure 4-40 Current comparison
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Power comparison
470

420
370
320
270
220
170
120

P (W)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

= |nput Power (w) Output Power (w) === Desired Power (w)

Figure 4-41 Power comparison
4.6.3. Discussion on the Result of HOMER Software

The cost analysis and optimization are shown in Figure 4-28 and Figure 4-29 indicates that
the developed system is fully renewable and cost-effective. It can develop at a small amount
of cost. The sensitivity analysis shows that the overall cost variation is changing in a small
amount. So, this system applies to the selected environment and other regions. Table 4-4
shows that the greenhouse gas emission simulation result of the developed system. It
indicates that the system doesn’t have a greenhouse effect at all. All greenhouse effect has

zero values in the whole month.

Table 4-4 Greenhouse gas emission

Quantity Value | Units
Carbon Dioxide 0 kglyr
Carbon Monoxide 0 kalyr
Unburned Hydrocarbons 0 kalyr
Particulate Matter 0 kglyr
Sulfur Dioxide 0 kalyr
Nitrogen Oxides 0 kglyr
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4.6.4. Comparison of the Performance of the Developed System

The overview of the performance comparison of the developed system with the experimental

result to the simulation result shown in Table 4-5 and the developed system to literature

reviewed shown in Table 4-6.

Table 4-5 Comparison of the experimental result with simulation result

Paper Temperature No. of COP | Time required
range modules
Developed prototype | 25.1°C-14.0°C 2 0.41 21.5min
Developed simulation | 40.38°C-5.0°C 3 0.692 60min

Table 4-6 Comparison of the developed system with literature reviews

e e | modes | O | reqire
Developed prototype | 25.1°C-14.0°C 2 0.41 21.5min
Developed simulation | 40.38°C-5.0°C 3 0.692 60min
M. Barawkar et.al 35°C -5°C Multi-stage - 150min
K. Rokde et.al 35°C -15°C 3 - 570min
Abhijit Raju et.al 27°C -12°C 10 0.17 50min
Jatin Patel et.al Up to 10°C 3 Multi-stage | 1.21 -

To summarize the discussion section, to get is enough power to operate 7L of a portable
mini- ridge, this research choosing the maximum COP designed based on Table 3-8 attain’s
the maximum efficiency of the Peltier cooling effect among other performance conditions.

The demonstrated developed system is cost-effective for developing countries.
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CHAPTER S

CONCLUSION AND RECOMMENDATION

5.1. Conclusion

Ethiopia is one of the countries in Africa that face vaccine transportation problem in the
medical health care sectors. Especially the Logiya town in the Afar region is suffering from
this kind of problem. To overcome this problem this kind of research work is needed. The
application of this mini-refrigeration is very wide and it can be used in various places for a
variety of operations. Likewise, The one reason for this research is being satisfied with the
space interior the cooler is adequate sufficient to cool the suitable amount of stuff, such as
medicines, vaccines, and injections needed at the primary health care centers in the rural area

where power supply is scarce.

Based on the cooling load estimation the result of this work indicates that the developed
system has an efficient and effective cooling effect for the selected environment and an
accurate and precise temperature regulation system. This developed system is fully eco-
friendly it doesn't have a greenhouse effect and fully renewable source. Not only renewable
and eco-friendly but also cost-effective, the system could develop at a small amount of cost.
So, the developing country like Ethiopia can develop this kind of system for their medical

service advancement.

Improving the efficiency of the Peltier module depends on the improvement of the COP. To
improve COP the system uses the efficient power supply and power converters like DC-DC
buck-boost converters and decreases the temperature difference between the cold and the
warm side by using well thermal designed. This research achieving 0.692 of COP, it's higher
than the comparatives. 95.99% of the efficiency of DC-DC buck-boost converters. And the
total Peltier efficiency obtain is 13.2%. By considering some factors, practically the
refrigeration system achieves the goal of decreasing cooling time. That is reaching a 12°C
difference of temperature in 21.5 minutes of fast cooling time. But it stays in the range for
8.75 minutes due to the thermal leakage of the refrigeration. This leakage is overcome by
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the use of an appropriate heat sink and cooling fan as well as increasing the Peltier module

number.

This refrigeration system can be implemented with a small amount of power consumption.
that uses a 12V/ 45W solar panel and a DC-DC buck-boost converter to achieve the design
requirements achieve efficiency. It can work for 15hr with the help of a battery. To store the
vaccine for 24 hours the only thing is increasing the battery size to 30AH capacity. This
mini-refrigeration system meets the WHO vaccine handling toolkit requirements and

lightweight to travel anyplace especially for pastoralist areas in Ethiopia.

5.2. Recommendation

There are several different types of cooling devices available to remove the heat from
industrial enclosures as well as medical enclosures, but as the technology advances,
thermoelectric cooling is emerging as a truly viable method that can be advantageous in the
handling of certain small to medium applications. this research work strongly recommended
that a solar-powered Peltier based mini refrigeration system is suitable for the Logiya. Not

only in Logiya but also in other rural areas in Ethiopia.

As the efficiency and effectiveness of thermoelectric cooling steadily increase, the benefits
that it provides including self-contained, solid-state construction that eliminates the need for
refrigerants or connections to chilled water supplies, superior flexibility, and reduced
maintenance costs through higher reliability will increase as well. It can be used in an
ambulance for storing medical equipment, it can also be used in the remote area for storing
medicines, blood plasma, antibodies, and blood samples. Ethiopia is one of the developing
countries in Africa depending on that it has only 40% of power supply therefore this kind of
research is important for the use of alternative power systems and advanced technology of
medical service. It saves the cost of the millions of the vaccine, saves a lot of children from

disease, and infant mortality.

5.3. Future Work

Solar power nowadays is playing a major role in meeting the energy requirement of our

country. It is being developed at a very fast rate and its applications in many areas are being
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explored. The fridge is intended at exploring the same and provides. An efficient and

economical solution to the areas where there is no electricity and cooling is required.

Though this mini-refrigeration system is working satisfactorily to its full capacity, still many
changes and improvements can be done in this fridge to make it more user friendly and
classy. These measures and changes, if implemented can play an important role in future

models to be developed. Some of these measures and changes are:

1. The number of Peltier units can be increased to the fastest decrease in the temperature
inside the fridge.

2.  The same fridge can be used for heating purposes if we also insulate the other side
i.e. the heating side of the fridge within the box.

3. To regulate temperature uses a PID controller rather than an on/off controller.
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APPENDIX

Appendix A: MATLAB Block Diagram

1. Overall MATLAB block diagram
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4. DC-DC Buck-Boost converter block diagram
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7. Peltier module diagram
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Appendix B: HOMER Block Diagram

1. Schematic diagram of the system
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2. The selection environment location

Name: Design of Solar Photovoltaic Based Power Supply for Portable Refrigeratic Lo T Bl 11544 A0 3755
»
Author: Dawit Dubela Someno
WekEle
Description: Taz
In our world, increasing demand in the field of refrigeration, air conditioning, food hosh
preservation, vaccine storage, medical services, and cooling of electronic devices leads to Kden

the production of a lot of refrigerators. Ethiopia also needs more demand in the field of
refrigeration but most of our people live in a rural area that doesn't have sufficient power
supply. In the health sector, it's difficult to store and transport vaccines, medicine, or
medical sample, Those are sensitive to temperature changes. In conventional refrigerators,
moving parts or rotating parts like compressor, expansion valve, coolants, et are involved . DIIBOUTI pck
which leads to some vibrations, noise, much more costly. Thermoelectric refrigeration is a /

new altemative because it hasn't moved parts, this makes them rugged, reliable, quiet, and
less maintenance. It can also use solar energy instead of an on-grid power supply for
cooling, Solar energy is the most abundant and renewable source of energy in the
environment, Use the dc-dc converter to buck or boost the voltage that gives by a solar Dese it ASih
panel, The thermoelectric module consists of Peltier plates and heat sink modules which will \

be placed on each side of the Peltier device. To get 5869w cooling load the Peltier module

needs 12v/45w solar module and as a backup Li-ion 12v/ 10AH is required. A temperature

Tadyoura
Bahir Dar Djiboutl

control circuit is designed for controlling the set temperature inside the cabinet. Based on
the temperature data sensed by the temperature sensor, the controller controls the power
supply to the Peltier device to develop an efficient and effective refrigeration system, This
refrigeration system works for 15hours to store and deliver (transport) the vaccines

roperl 12°06'3333° N 41°18'5071°E | 100 km
properly. @®

Berbeara

Dire Dawa Hargeysa

Appendix C: MATLAB Simulation Code and Arduino Code

1. Solar panel simulation MATLAB code

function I = Iphoton(V, G, T)

k = 1.3806488e-23;

g =1.6021766e-19;

n=13; % 1.3 for poly crystalline solar cell (1<n<2)
ki=1.33e-3; % 0.065A/C

Eg=1.12; % Si-1.12, GaAs-1.42
Ns = 6;

Np=2;

Tr=273.15+25; % 25C 0C=273.15K
Voc = 21.24/Ns;

Isc = 2.75/Np;

Tk = 273.15+T;

V¢ = V/Ns;

Vt = (n*k*Tr) / q;

Vta = (n*k*TK) / q;

b = (Eg*q) /(n*k);

Iss=1Isc* (1 + (ki * (Tk - Tr)));

Iph =G * Iss;

Ir =1Isc/ (exp(Voc / Vt) -1);

Is=1Ir* (Tk/Tr)(3/n) * exp(b * (1/Tr - 1/TK));
dvdl = -2.0/Ns;

Xv =1Ir/Vt*exp(Voc/ Vt);

Rs = -dVvdl - 1/Xv;
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| = zeros(size(\Vc));
for j=1:5;

I=1-(lph-1-1Is.*(exp((Vc +1.*Rs)./Vta) -1))...
J(-1-1s*(Rs./ Vta) .* exp((Vc + | .* Rs) ./ Vta));

end
I=1*Np;
End

2. MPPT (P and O) and Maximum Parameter Finder MATLAB Function

P and O MATLAB Function

Maximum Parameter Finder

function D =PandO(V, I)
% Dp:
Dint = 0.6;
Dmax = 0.8;
Dmin=0.2;
deltaD = 1/100;
persistent VVpre Ppre Dpre;
dataType = 'double’;
if isempty(Dpre)
Dpre = Dint;
Vpre=0;
Ppre=0;
end
P=V*l,
dv=V - Vpre;
dP=P - Ppre;
%ifdP~=0
ifdP <0
ifdv<0
D = Dpre - deltaD;
else
ifdv >0
D = Dpre + deltaD;
else
D=Dpre;
end
end
else
ifdv<0
D = Dpre + deltaD;
else
ifdv >0
D = Dpre - deltaD;
else
D=Dpre;
end

function [max_Po, max_Vo,max_lo] =
max_val(Po,Vo,l0)

persistent Ppre Vpre Ipre

if isempty(Ppre)
Ppre=0;
Vpre=0;
Ipre=0;

end

if (Ppre >Po)
max_Po = Ppre;
max_Vo = Vpre;
max_lo = Ipre;

else
max_Po = Po;
max_Vo = Vo,
max_lo = lo;
end

Ppre = max_Po;
Vpre = max_Vo;
Ipre = max_lo;
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end
end
% else D=Dpre;
% end
if D >= Dmax || D<= Dmin
D=Dpre;
end
Dpre=D;
Vpre=V;
Ppre=P,

3. Arduino temperature regulation code

/*
@Author: Dawit Dubela
@Date: 05/09/2020
@Version: 0.5
*/
#include "DHT.h"
#include <LiquidCrystal.h>
[*****nput-Output PINS setup*****/
/IDHT22 setup
#define DHTPIN 36
#define DHTTYPE DHT22
DHT dht(DHTPIN, DHTTYPE);
//LCD setup
constintrs =22, en =24, d4 = 26, d5 = 28, d6 = 30, d7 = 32;
LiquidCrystal Icd(rs, en, d4, d5, d6, d7);

//Outer fan #Inner fan #multi-LED

const int ENA = 2; const int IN3 = 5; constint LED R =40
const int IN1 = 3; const int IN4 = 6; constint LED G =42,
const int IN2 = 4; const int ENB = 7;

[*****Input-Output PINSs setup*****/

[****Variables Declaration****/

const float min_temp = 10, max_temp = 16;
/[float temp;

bool cool;

[****Variables Declaration****/

void setup() {
dht.begin();
Icd.begin(16, 2);
Icd.clear();

Serial.begin(9600);
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pinMode(ENA, OUTPUT);
pinMode(IN1, OUTPUT);
pinMode(IN2, OUTPUT);
pinMode(IN3, OUTPUT);
pinMode(IN4, OUTPUT);
pinMode(ENB, OUTPUT);
pinMode(LED_R, OUTPUT);
pinMode(LED_G, OUTPUT);
digitalWrite(IN1, 1);
digitalWrite(IN2, 0);
digitalWrite(IN3, 1);
digitalWrite(IN4, 0);
digitalWrite(ENA, LOW);
analogWrite(ENB, 0);

¥

void led_ctrl(){
float temp = dht.readTemperature();
if (temp > max_temp || temp < min_temp){
digitalWrite(LED_G, LOW);
digitalWrite(LED_R, HIGH);
¥
else {
digitalWrite(LED_R, LOW);
digitalWrite(LED_G, HIGH);
¥
¥

void lcd_ctrl(){

float temp = dht.readTemperature();

if (temp < min_temp){
Icd.clear();
Icd.setCursor(0, 0);
lcd.print("Temp:™);
Icd.print(temp);
lcd.print(*\337C™);
lcd.print(" LOW™);
Icd.setCursor(0, 1);
Icd.print("Turn-off Cooler!");

}

else if(temp >= min_temp && temp <= max_temp){
Icd.clear();
Icd.setCursor(0, 0);
lcd.print("Temp:");
Icd.print(temp);
lcd.print("\337C");
Icd.print("GOOD");
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Icd.setCursor(0, 1);
lcd.print("Cooler: );

/ICheck whether the fan is ON or OFF
if(cool == true){

Icd.print("ON™);
}

else{
Icd.print("OFF");

¥

¥

else{
Icd.clear();
Icd.setCursor(0, 0);
lcd.print("Temp:");
Icd.print(temp);
Icd.print(*\337C™);
Icd.print(" HOT");

Icd.setCursor(0, 1);
lcd.print("Cooler: );

Icd.print("ON");
¥
}

void loop() {

float temp = dht.readTemperature();

Serial.print("Temp: ");

Serial.printIn(temp);

if (temp >= max_temp){
digitalWrite(ENA, HIGH);
analogWrite(ENB, 200);
cool = true;

}

else if(temp <= min_temp){
digitalWrite(ENA, LOW);
analogWrite(ENB, 0);
cool = false;

}

led_ctrl();
lcd_ctrl();
delay(2000);

¥
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Appendix D: Solar Module and Accessories

1. Selected Solar module of Ocean solar FZ453

Peak power asw | Open Circuit 21.24V
Voltage
Production +3% Short Circuit 2 75A
Tolerance Current
Maximum DC12V/5V solar Cell mono cell
Power Voltage USB Type
Maximum 2.75A | Folding Size | 350*270*20mm
Power Current
Solar Cell 1 1695 200 | UNMOIING |1 570340mm
Efficiency Size
Weight 1.5kg Folding Times Over 5000
2. HOMER selected solar panel KD145SX-UFU
Pmax 145w
Vinp 17.0v
Imp 8.11A
Voc 22.4v
Isc 8.78A
Ptolerance +10/-0 %
3. Selected BLDC Fan of PE60201B3-000U-A99 SUNON
Manufacturer SUNON
Type of fan DC
Kind of fan axial
Supply voltage 12V DC
Fan dimensions 60x60x20mm
Power consumption 1.24W
Current rating 0.103A
Fan efficiency 33.13m%h
Noise level 30dBA
Rotational rate/speed 3600 (x15%) rpm
Weight 529
Fan motor brushless DC motor
Operating voltage 6-13.8V
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4. Selected microcontroller

Type Sensor Development Boards and Kits

Chipset for Arduino Uno R3 Development Board

Place of Origin | China

Model Number | Arduino Uno R3 Development Board

Brand for Arduino Uno R3 Development Board
Product Name | UNO R3 Compatible with Arduino IDE

5. Selected temperature sensor LM35DZ temperature sensor

TECHNICAL DETAILS

® L ow cost
¢ 3to 5V power and 1/0
¢ 2.5mA max current use during conversion (while requesting datal

* Good for 0-100% humidity readings with 2-5% accuracy

¢ Good for -40to 80°C temperature readings £0.5C accuracy
¢ No more than 0.5 Hz sampling rate (once every 2 seconds)
¢ Bodly size 27mm x 59mm x 13.5mm (1.05" x 2.32" x 0.53")
¢ 4 pins, 0.1" spacing

o Weight (just the DHT22): 2.4g

6. A selected Sukam MPPT Solar Charger Controller Unit, 12 V/17A

Is Discontinued No
Product Dimensions 150 x 126 x 54 cm; 200 Grams
Date First Available 8 August 2016

Manufacturer Su-Kam Power Systems Ltd.
ASIN BOLJYWEXDY

Item part number Solar Charger Controller unit
Manufacturer Su-Kam Power Systems Ltd.
Item Dimensions 150 x 126 x 54 Centimeters
Item Weight 200 g

Included Components 1 Solar Charger Controller unit

Best Sellers Rank #43,438 in Garden & Outdoors
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7. Li-ion Battery

Product Specification

1040

Lithiurm-lan

8. TEC (Termoelectrical cooler)

Model: TEC1-12706

Voltage: 12V %

Umax (V): 15V

Max Current (A): 4-4.6A

Cooling Power: Qcmax 50-60W

Resistance: 2.1-2.40

ATmax(Qc=0): up to 67°C

Operates Temperature: -55°C to 83°C

Power Cord: 29cm

Dimensions : 40mm x 40mm x 3.75mm (L*W*T)
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Appendix F: The Overall Calculation of Inductor and Capacitor

Values
Month | Ir T P Vv D | delta | delta L C
max | mppt max lo Vo

9.75259E-

Jan 6.46 | 32.43 | 358.7 | 21.1 | 0.263 | 29.89 | 8.968 | 0.12 | 06 0.0012085
9.79604E-

Feb 6.33 | 34.04 | 3545 | 21.23 | 0.261 | 29.54 | 8.863 | 0.12 | 06 0.0012037
9.8855E-

Mar 6.25 | 35.56 | 353.1 | 21.5 | 0.258 | 29.43 | 8.828 | 0.12 | 06 0.0011940
9.89208E-

Apr 6.25 | 36.59 | 355.4 | 21.52 | 0.258 | 29.62 | 8.885 | 0.12 | 06 0.0011933
1.00032E-

May 6.66 | 38.87 | 385.6 | 21.86 | 0.254 | 32.13 | 9.64 0.12 |05 0.0011813
1.00355E-

Jun 6.07 | 40.38 | 352.6 | 21.96 | 0.253 | 29.38 | 8.815 | 0.12 |05 0.0011779
9.82929E-

Jul 5.23 | 36.69 | 294.1 | 21.33 | 0.26 | 24,51 | 7.353 | 0.12 | 06 0.0012001
9.91837E-

Aug 5 35.12 | 277 |21.6 |0.257 |23.08 |6.925 |0.12 |06 0.0011905
9.87561E-

Sep 5.65 | 36.16 | 318.3 | 21.47 | 0.259 | 26.53 | 7.958 | 0.12 | 06 0.0011951
9.90852E-

Oct 6.7 | 35.81 (3809|2157 | 0.257 |31.74 | 9523 |0.12 |06 0.0011915
9.8855E-

Nov 7.75 | 34.06 | 440.1 | 21.5 | 0.258 | 36.68 | 11.003 | 0.12 | 06 0.0011940
9.79604E-

Dec 7.23 | 324 | 4044 |21.23 | 0.261 |33.7 |10.11 |0.12 |06 0.0012037
9.8855E-

ANN |63 | 3567|3564 |215 |0.2582 297 |891 0.12 | 06 0.00119403
9.9511E-

Design | 5 405 | 287 |21.7 |02561 2392 |7.175 |0.12 |06 0.001186944
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