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Abstract

The rapidly rising demand of refrigeration technologies mostly in the fields of refrigeration and
air conditioning, medical applications and electronic component cooling resulted in much more
energy being produced than the requirement. Thermoelectric refrigeration is a novel option that
can transform excess power into effective cooling mitigating the problem of current energy
concerns. Additionally, the utilization of solar energy as the main power source has ensured the
system to be revolutionary and versatile. In comparison to typical cooling methods, thermoelectric
coolers have garnered considerable attention for marginal cooling applications in medical science.
This research examines thermoelectric freezers for thermal control systems in disciplines of

medicine, such as cooling chambers for storing vaccines.

The goal of this study is to construct and experimentally optimize a functional photovoltaic
thermoelectric refrigeration system for the purpose of cooling of an optimal volume which works
on the principle of Peltier effect to refrigerate and sustain a range of temperature between 2 to 8°C.
The capacity of the thermoelectric module has been chosen based on the heat load calculations.
The design specification is to cool the respective volume using the forced convection mechanism
to a desired range of temperature in less than half an hour and maintain retention of heat for at
least the next hour. The design criteria, potential parameters, and the final design of a PV integrated
thermoelectric refrigerator are strategically highlighted. An approach is also offered for finding
the optimal geometry and power required for operating a small-scale photovoltaic thermoelectric

vaccine storage system.

Finally, we note that the novelty of photovoltaic thermoelectric cooling systems have progressively
superseded the conventional freezers in medical uses due to their benefits of compactness,
innovative usage of renewable energy, versatility, and pollution-free properties. Both modeling
and analysis of thermoelectric cooling systems are likely to benefit from this research.
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Chapter 1

Introduction

1.1 Background of the study

Among all the different types of health therapies available today, immunization happens to be one
of the most widely used preventive measure for a number of diseases and health conditions [1].
Life threatening chronic conditions are avoided, and millions of lives are saved every year as a
result of its use [2]. Vaccines have the ability not just to save lives, but also to transform them by
increasing their chances of survival [3]. Although vaccination is an absolutely essential health
initiative, it has reached a plateau in the past few years. The COVID-19 epidemic along with the
disruptions it brought in, have caused sudden disorganization in health services, with 23 million
children skipping vaccinations in 2020, 3.7 million more than in 2019 and the largest amount since
2009 [4]. In 2020, more than 17 million infants missed out on receiving the first dose of Diphtheria-
Tetanus-Pertussis (DTP). This is a clear indication of inaccessibility to quality health care and the
services associated to it. In addition, another 5.6 million received only partial vaccination the same
year [5]. Failure to achieve regular vaccination for children is related to more than a lack of
consistent vaccine funding [6]. It is also the product of ill-managed and under-equipped health-
care delivery systems [7]. In certain nations, health services are scarce outside of metropolitan
regions, while in others, buildings, cars, and critical cold chain equipment may be neglected or in
disrepair [8]. Vaccine safety may also be jeopardized if vaccines are stored in malfunctioning
refrigerators and freezers [3]. Another crucial factor in preserving medicinal goods including
essential vaccines is having access to grid electricity. It is a matter of fact that, access to electricity
basically represents the state of economic progression as well as an indication towards enhanced
livelihoods. [9]. Therefore, the estimate of the portion in a region who have direct access to power
is indeed a significant metric for an improved socio - economic state. In the past few decades the
portion of individuals with access to grid power has risen in a consistent manner. Around 71%

people all over the globe had access to electricity in 1990. This percentage eventually increased to
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87% by 2016. And still, around 13% population did not have any direct access to grid power.
Although such advances in the proportion of the population having access are noteworthy for
nations with high population growth, a lot of locations throughout the globe are still seriously
underperforming. Significant gains in access will continue to be a serious concern for several
nations over the next few decades [10]. As can be seen from figure no. 1, a major portion of
population in several developing countries is still without any access to electricity. However, even
in locations that have access to grid power, the energy consumption has outgrown availability,
leading to unstable electricity that is inadequate for uninterrupted refrigeration operations [3]. It is
indeed a severe difficulty that puts the continuation of the vaccine cold chain at risk of being

compromised.

Developing countries vs its share of population with no access to electricity

East Asia and Pacific i

Middle East and North Africa .

South Asia -

Sub-Saharan Africa

0.00%  10.00% 20.00% 30.00% 40.00% 50.00% 60.00%

Population without access to electricity (%)

Figure 1: Percentage of population of developing countries without any access to electricity [11].
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These two key concerns are substantial impediments to providing maximal immunization,
particularly in developing countries with insufficient healthcare infrastructure. The issue regarding
inaccessibility of electrical power in remote areas can be solved using solar power to a large extent.
Solar energy paves the way towards further development especially in the applications of domestic
cooling, heating, ventilation and in several other areas in the healthcare system. Solar driven
medicine storage boxes have garnered significant attention and considerations from all around the
globe as they are not only capable of producing effective cooling but also can be a great alternative
to conventional refrigeration systems given the fact that, they do not emit any greenhouse gases or

any other form of contaminants.

The relevant research was carried out with the goal of discovering answers to issues such as
inaccessibility to excellent healthcare systems, lack of electricity in remote areas throughout the
globe, and loss of potency owing to improper temperature regulation. Therefore, the current
research comprises of a combination of tests that had been carried out under several operating
conditions to establish a thermoelectric cooling system that will be sufficient for powering small-
scale vaccine refrigerator using solar energy extracted from photovoltaic panels.

1.2 Research Problem Statement

A number of refrigeration systems have been developed for vaccine storage and maintenance
purposes till today. With the help of advanced technology, several options have been developed
over the years to sustain and ensure vaccine refrigeration [12]. The vapour compression
refrigerator, absorption-type refrigerators and traditional cold boxes are the most often used
cooling systems for vaccinations at health posts [13]. In the following figure no.2 the
corresponding annualized costs of these refrigerators including both operations and capital have

been represented with information acquired from WHO.
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Types of vaccine freezers in use & their respective costs
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Ice-lined Solar Direct Solar power LPG based Kerosene
freezers Drive with battery refrigerators based
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Types of Vaccine Refrigerators in Use
Annualized Operating Costs (S) Annual Capital Costs($)

Figure 2: Types of vaccine refrigeration systems in use and their corresponding annual operating as well
as capital costs [14].

From this figure, it is evident that, solar direct drive as well as solar power with battery backup

refrigerator incur considerably low amount of annualized costs.

Mechanical pumps are used in the vapour compression system to activate the compression and
subsequent expansion of certain working fluids [15]. This method has the benefit of being able to
refrigerate huge loads efficiently. However, because of the compressor, the system is heavy,
expensive, and loud during operations. As a result, the technology is not ideal for or easily
transportable to isolated places [7]. Another typical way is to cool the designated chamber using
re-freezable ice packs. The cooling lifespan of these systems is determined by how long the packs
remain frozen and how effectively the chamber is insulated. While the cost is often modest, system
resilience is a concern. Temperature control and regulation are not possible with this kind of
cooler, which is why they are not recommended for long-term storage. The propensity of passive
vaccine coolers to freeze vaccines when vaccine vials come into close contact to the ice packs is a
frequently neglected issue. Freezing destroys the efficacy of vaccines and makes them ineffective
[16]. The large percentage of absorption-type refrigerators use both kerosene and packaged LPG

to power the corresponding refrigeration cycle. These kinds of fuels have a tendency to pollute the
16



environment. In addition, they are subjected to inconsistency and disruptions owing to a variety of
factors such as inadequate scheduling, limitation in terms of fuel availability and diversion towards
other purposes. These refrigerators are also inefficient, have poor temperature control, need
periodic inspection, and have a constrained ice-making capacity. In addition to that, they have not
been able to fulfill all the requirements regarding health care policies provided by WHO PQS [17].

Whereas, refrigerator powered on solar drive have consistently been improved leading to an
increase in their use in assuring quality health care system in several countries around the world
[17]. As, solar power is one of the fundamental renewable resources of energy, it plays a vital role

in mitigating the current energy crisis that exists worldwide.

Although, solar power is not constant throughout its operational duration in different applications,
it possesses the potential for developing a cooling system which can be sustained for considerable
amount of time during the day. Moreover, solar energy driven refrigerators were initially designed
based on the principle of thermoelectric effect to be utilized in the developing countries. The reason
behind it was to establish a cooling system for prevention of deterioration of medicinal good that
will be durable and will not require skilled personnel for operating. Another important aspect of
using solar powered refrigeration system which makes it even more attractive is the fact that, these
systems do not incorporate huge costs. They are economically viable to a great extent. As it is
evident from figure no.02, both solar direct driven and solar drive with battery backup refrigeration

systems incur considerably low capital as well as operational costs on annual basis.

In today’s world, it is absolute necessary to explore and support such renewable resources as much
as can be possible given the current energy crisis around the globe which cannot be left without

attention.

Generally, solar driven vaccine refrigerators are used in two major ways. One is operated directly
using solar power and the other uses solar power with an addition of a battery for additional

assistance. Both have been demonstrated through schematic diagrams in the following.
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Figure 3: Schematic diagram of Solar Direct Drive Refrigerator.
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Figure 4: Schematic diagram of Solar Drive with Battery Backup Refrigerator.



One greatly effective and novel approach towards overcoming several issues mentioned is use of
thermoelectric refrigerators [18]. The principle of thermoelectric modules can result in effective
cooling which has garnered considerable attention [19]. Thermoelectric cooling devices, often
introduced as thermoelectric coolers (TECs), provides the benefits of great stability incorporating
no moving parts which ensures compactness of the system with an absence of working fluid
leading to operation without any emission of any kind. It further possesses convenience regarding
the source of energy to be supplied to the system. Both grid electricity as well as renewable
resource can be incorporated. The primary drawbacks of such systems are that they have lower
efficiency and often cannot be implemented in a cost effective manner. Although, they fulfill
power demand and provide both system resilience and noiseless operation [20]. The actively
cooled vaccine freezers based on the thermoelectric effect handle the temperature control problem
by employing the thermoelectric module to manage the interior temperature, avoiding vaccine
spoilage. Vaccines are important commodities, particularly in third-world nations, thus it is critical
to minimize efficacy loss due to inadvertent freezing or heating [16]. Although, in our study, we
mainly focused on designing and analyzing a system working on the principle of thermoelectric
effect primarily for the purpose of storing vaccines, further improvisation in the design may

facilitate utilization of the system for transporting the medicinal goods as well.

The "Seebeck effect” and the "Peltier effect” may be used to create cooling via TE techniques,
which use the principles of creating electricity and the principles of producing cooling. DC voltage
differential across TE module allows electric current to flow, which absorbs heat from one side
and releases it from the other side, as seen below in the figure no.3. As a result, on one face of the
module, cooling effect will be generated while on the other heating effect will be generated. While
a temperature gradient exists between the module’s two junctions, a voltage difference is formed
across the module, resulting in the delivery of electrical power. A thermoelectric module is made
up of a limited number of thermocouples composed of two semiconductor materials of dissimilar
kind that generate a low thermoelectric power but a large electric current. It has the benefit of
being able to work with a low range of energy source, making it useful for converting solar energy

into electricity [21].
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Figure 5: Schematic of working principle of Thermoelectric module.

A thermoelectric cooler basically incorporates several components and creates a temperature
gradient based on the thermoelectric principle. When the operational temperature range of a
thermoelectric device is exceeded, the equipment will no longer function properly. To disperse the
heat created or absorbed at the two junctions, all thermoelectric modules need heat sinks. There
are three fundamental components in a cooling/heating unit: the thermoelectric module, a number
of fins for ensuring proper dissipation heat on the heated side of the module and the cooling

component on the cold side [22].
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Figure 6: Components of a Thermoelectric Cooler.

The efficiency and performance rating of a thermoelectric cooler is determined by a number of
parameters. These include — the current (I) applied at the semiconductor materials, the
temperatures on both the hot and cold faces (Tn , T¢), thermal resistance (R) between the surface
and the cold side of the module, thermal and electrical conductivities (A, ¢) and the thermal
conductance (K). The figure of merit, cooling capacity, and COP are metrics that define the

features and performance of a TE cooler [21].

1.3 Goals and Objectives of the study

Setting a few clear aims or objectives has a significant impact on the amount of value that may be
added to any experimental investigation. Likewise, our approach to experimental analysis,
followed by implementation, was heavily affected by some of the objectives that we had tried to

accomplish throughout the research.
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The objectives of the experimental analysis include-

= Determining the optimized geometry that will facilitate effective cooling as well as
enhanced performance.

= Determining the relevant power requirements that is needed to be fulfilled in order to
operate a small-scale refrigeration system based on thermoelectric principle.

= Constructing the experimental setup and analyzing its performance for a number of cases
to understand the variation in outcome that eventually will lead towards obtaining the
ultimate geometrical optimality.

= Finding out several design criteria as well as potential parameters to finally design the
thermoelectric refrigeration system in accordance to the desired temperature range.

= Examining the performance of the thermoelectric refrigeration system for the case of
photovoltaic integration and analyzing its performance.

= Examining the performance of the system in different testing criteria after photovoltaic
integration to have a clear understanding on the outcomes of the distinct cases.

= Combining the experimental analyses for both cases of utilization of grid electricity and
solar power as the main source of energy to the system.

= Finally, studying the outcome of all stages incorporating all the testing cases to determine
whether or not the system gives effective cooling within adequate duration facilitating

noiseless operation.

In this experimental study, our main focus was to design and analyze the performance of a small-
scale photovoltaic integrated refrigeration system that will ensure the generation of effective
cooling using renewable resource for using in medical applications. It is important to mention that,
our aim was to incorporate the analyses of a small-scale thermoelectric refrigeration system for
both the utilization of grid electricity and solar power separately which is the novelty of the

experimentation.
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1.4 Scope and limitation of the study
1.4.1: Scope:

Previous studies incorporated extensive analysis of thermoelectric cooling systems using either
grid electricity or solar power. This study aims towards a novel approach where it analyzes a small-
scale refrigeration system working on the principle of thermoelectric effect in two stages. The first
stage utilizes grid power and optimizes the total geometry which further ensures proceeding
towards the second stage which incorporates Photovoltaic integration on the optimized geometry
and brief experimental analysis on it. Our study included experimenting on the setup in several
design criteria and analyzing the performance based on a number of parameters. The parameters
that were taken into consideration were - ambient average outside temperatures on all sides of the
vaccine box, initial ambient conditions before initializing each testing procedure, voltage and
current ratings on both load and battery sides, temperature and humidity readings inside the cooling
chamber, temperature readings of the TEC module, irradiation readings throughout the testing
duration, time required for the system to reach to the desired range of temperature as well as time
required for it to hold the cooling within the chamber and difference between the initial ambient
temperature inside the chamber and the lowest temperature achieved in there. As the study has
been conducted in such a broad retrospect, it is noteworthy that it possesses the capability of being
a brief and sophisticated study of its first kind. In addition to that, this study has the potential for

further improvisations which will only add to its operational potential.

1.4.2: Limitations

As the study was solely based on experimentation, it naturally comprised of its own experimental

constraints as well as several challenges. Some of the challenges include -

= Lack of compactness of the experimental setup - The electrical components reside
outside of the box at the current state of experimentation. To make the setup more mobile
and convenient to study upon, all the electrical wirings can further be organized.

= Low efficiency of TEC - Efficiency of thermoelectric cooler is not as high as vapour

compression refrigerators. Further improvisation such as incorporating multiple TEC
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modules can positively affect the outcome by increasing the lifespan of the cooler and
sustaining its efficiency for prolonged period of usage.

Unreliable backup system - The existing backup system is not quite stable to provide
consistent power to the system. Further study of the backup system especially during the
night can give clearer understanding regarding the requirement of a stable backup system.
Effect of shading - The current location of the solar panels affected the performance of the
system due to effect of shading resulting from surrounding building structures as well as
trees.

Lack of performance testing in varying weather conditions - As the time when the
experimental study had been conducted was during summer, testing the setup on varying
weather conditions was not possible. Further experimentation during all possible weather
variation will definitely incorporate greater understanding about the potential of the current

experimental setup.

1.4 Methodology of the study

The experimental study aimed to achieve geometrical and performance optimization. Therefore,

to obtain that, it incorporated two different stages which were- i) Volume Optimization and ii)

Photovoltaic Integration.

Volume optimization — This was the first stage of experimentation. Several test cases were
taken into consideration and extended experimentation for each of the cases were
conducted. All the test runs have been conducted using grid electricity as the main power
supply. A total of 5 test cases were involved in this stage which based on both the inclusion
and exclusion of insulation on full and half volume of the dedicated cooling chamber.

Photovoltaic Integration- This stage had been approached only after an optimized
condition was achieved from the perspective of geometrical optimality. Both the cases of
solar direct drive and solar power with inclusion of a backup system were investigated.
These two conditions utilized solar panel with automatic tracking mechanism as well as

solar panels without a tracking mechanism.
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1.6 Contribution of the study

The relevant experimental study has combined the analyses of both on grid and off grid power
resource for studying the experimental setup. Therefore, it can be said that, this particular concept
of thermoelectric cooling has been analyzed taking two vast methodologies into consideration and
respectively combined the outcome of those to determine the condition of best possible utilization
of the concept of thermoelectric cooling. This is the novel approach of the study which brought
about an extensive experimental background that has the potential of paving the way for further
investigation as well as analysis on this particular reference. In other words, it can be said that, this
particular study has become quite a sophisticated and novel reference for implementing further

extension of similar work.

1.7 Organization of the thesis

The thesis work has been organized in a consecutive manner where it has been first introduced and
then the inspiration of conducting the experimental study has been discussed. Further,
methodological framework has been included and very descriptively discussed followed by an
elaborated literature review regarding the concept of thermoelectric cooling and several parameters
that affect its concept. Next, the outcome from all the test cases in both the stages has been
presented in a sequential manner and analyzed based on the parameters taken into consideration.
Moreover, the result section discusses about some of the constructive improvisations which can
enhance the overall performance of the setup considerably. Finally, the study is concluded
reflecting on the current progress of the developed system as well as the further future extension

associated to the study.
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Chapter 2

Literature Review

In the following section, a brief discussion on thermoelectric refrigeration system as well as several
parameters critical to the selection of thermoelectric materials will be provided. Additionally, a

number of other selection criteria and parametric review will be discussed.

2.1 Thermoelectric Materials

It is crucial to select thermoelectric materials in a way that it can facilitate the production of
thermoelectricity which eventually will ensure that adequate cooling effect is being produced in

response to the thermoelectric effect. A good thermoelectric material should possess several
specific qualities according to the Wiedemanne-Franz law [23]. After doing a brief review on a

number of research studies based on this specific criteria, it has been noted that, there are about
three major qualities that a good thermoelectric material is supposed to inherit as discussed by
Sarbu et al. [21] . The first one being a high seebeck coefficient basically implies that the amount
of thermoelectric voltage being generated in a material as a response to the application of a
temperature gradient across it should be high in order to provide greater efficiency in
thermoelectric coolers. The second one being a high electrical conductivity which basically implies
that, the material should have the capability to carry larger amount of current which again is
required to ensure greater performance rating is being achieved from a particular thermoelectric
cooler. And the third one being low thermal conductivity which implies that, the selected element
must have lower capacity of transmitting heat so that, it can be ensured that both sides of the
thermoelectric element will have a potential difference in temperature that in other words is an
indication of generation of greater voltage difference resulting in achieving higher energy
efficiency in the thermoelectric material. Thus, based on all three parameters, a measure
established for selecting the best suitable material for generating thermoelectric effect is known as
Figure of merit, Z. Another general form of this quantity is the product of figure of merit of a
material and the absolute temperature between the hot and cold sides of the module; described as
a dimensionless quantity and represented by ZT. Therefore, it is evident that, the higher the value
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of figure of merit is, the higher the efficiency will be. As mentioned by Zhao et al. [20] the best

possible figure of merit achieved for commercial thermoelectric applications is 1.

A few example of such thermoelectric materials are semiconductors. Bi>Tes, SisoGezo and PbTe
possess decent thermoelectric characteristic as mentioned by Hogan et al.[24] Other best possible
values of ZT obtained remain within the range of 1-2. Zhao et al. [20] also mentioned that, a system
incorporating thermoelectric element having the value of ZT to be 1, operates on a 10% carnot
cycle efficiency whereas, a system incorporating another element of ZT value of 4 can operate on
30% carnot cycle efficiency. According to Hogan et al. [24], the best possible value of ZT is 3.
Bell et al. [25] mentioned that when the value of ZT reaches 2, the system becomes attractive in
terms of providing adequate cooling as well as enhanced temperature control. But it is not
recommended to use materials with really high values of ZT such as 4 because that will incorporate

a set of complexities into the system as discussed by Francis et al.[26]

Among several other types of thermoelectric materials, ceramics have proven to be highly
functional. Elghool et al. [27] conducted a study on a number of n-type and p-type materials. The
n-type materials were SrTiOs, ZnO and CaMnO.. Likewise, the studied p-type materials were
Ca3C0409 and NaCO204. Among these, CaMnO2 showed best results. Zhu et al. [28] mentioned
in their analysis that oxides show great thermoelectric properties as they incorporate low cost and

provide greater chemical stability.

Another type of thermoelectric material is polymers. They inherit good thermoelectric
characteristics because of low thermal conductivity. But their performance as a suitable
thermoelectric material is generally hampered as they possess low electrical conductivity and

seebeck coefficient as described by Choi et al. [29]

2.2 Coefficient of Performance

The COP of a thermoelectric cooler can be enhanced through a number of ways. According to
Sabah et al. [30], it can be enhanced significantly by reducing thermal contact as well as electrical
resistances. Chen et al. [31] mention, COP can be increased by using materials that have negative
Thompson effect. The COP can also be enhanced by utilizing multistage thermoelectric modules

as mentioned by Enescu et al. [32]
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2.3 Performance enhancement

According to an experimental analysis conducted by Astrain et al. [33], testing on a prototype
based on thermoelectric refrigeration gave COP values with the range of 0.3-0.5 which was
possible after making necessary modifications in contact resistances of the module as well as the
thermal interfaces. Astrain [34] conducted an experimental study to understand how the
temperature control systems were affecting overall energy consumption by the system and its COP
rating. It was found that only by controlling the voltage, total energy consumed by the system
could be reduced by 32% and COP of the system could be increased by 64%. According to a study
conducted by Liu et al. [35], they found that if heat sinks with greater efficiency can be
incorporated to the thermoelectric module, it can act as an alternative for enhancing the overall

performance of the cooling system.

2.4 Photovoltaic Integration

The Photovoltaic integration stage of this study was conducted by considering some parameters
that effect the solar panel performance and efficiency. Some other crucial factors under
consideration were the effect of the structure of Monocrystalline and Polycrystalline materials on
solar cell performance, effect of shading losses on solar module performance and performance of
solar panels applying Solar Tracking Device. In the study of Jumrusprasert et al. [39], it is claimed
that monocrystalline and polycrystalline solar cells installed on fixed-panel rigs with a 30 degree
south-facing tilt angle give 6.8% and 5.7% efficiency for monocrystalline and polycrystalline,
respectively. Anand et al. [40] has stated that because of the fluctuation of solar energy induced
by shade, integrating large-scale PV into the power grid poses significant complications. The real
power generated by a solar PV array may fall substantially below the designed level due to shading,
resulting in a full "loss of load" at times. Dust settlement in panels, passing clouds, and shadows
of neighboring mounting structures are the main causes of shading. It can also cause charge
controllers and Maximum Power Point Tracking (MPPT) systems to malfunction. According to a
study of Azhar et al. [41] the implementation of tracking technologies when compared to modules

at a fixed angle, letting solar modules to follow the path of the sun (and maximize the incident
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angle of sunlight on their surface) can improve power generation by roughly a third, and some

claim by as much as 40% in some regions.

Dai et al. [36] conducted an experimental study based on the principle of thermoelectric
refrigeration using solar power as the power supply with a battery backup. The results obtained
were that, the lowest temperature reached was 5-10°C and the COP was about 0.3. Abdul et al.
[30] conducted an experimental study on a portable solar thermoelectric refrigerator and found
that the cooling chamber was capable of lowering the temperature from 27 to 5°C within 44

minutes.
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Chapter 3

3. Methodology

This section contains a detail brief on the experimental study. It incorporates all the details
regarding the methodological framework, experimental sequence and the parameters that have
been studied. Additionally, it also contains the details regarding every test cases that have been
performed. The details include a brief about the experimental procedure, the readings that were
taken during the testing and the parameters that were selected to study for grasping better

understanding of the experimentation.

3.1 Methodological Framework

The methodological framework of the experimental study comprises of four separate sections.
These include- Process specifications, Electrical design, Thermal design and Mechanical

assembly.

= Process Specifications - Mainly focuses on specifying the problem statement which
incorporates information such as; the operating conditions of the testing processes as well
as some selection criteria in order to select the cold box, TEC, insulation materials and PV
panels.

= Electrical Design - Majorly focuses on designing and establishing the electrical circuit
using main source of power and other accessories such as AC/DC converter, battery, charge
controller, necessary wirings etc.

= Thermal Design - Briefly focuses on analyzing the transfer of heat in the system involving
all electrical and mechanical equipment.

= Mechanical Assembly - Finally, ensuring that all the corresponding components within
the experimental setup have been assembled in a manner that facilitates extracting the best

possible performance of the system.
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Figure 7: Methodological framework of the experimental study.



3.2 Experimentation Sequence

The total experimentation have been conducted into two separate stages- Volume optimization and
PV integration. The main purpose for conducting this experimental analysis is to achieve

geometrical and performance optimization.

= Stage 1- Volume Optimization: This particular stage mainly involves testing the
experimental setup under varying conditions. This stage of experimentation was
implemented using grid electricity as the main power supply. It consists of five test cases
on total based on two separate segments — full volume and half volume study. After
analyzing the outcome from all these cases, the optimal geometrical conditions were
determined. The five test cases include-
» Full volume without insulation;
Full volume with insulation on four sides;
Full volume with insulation on five sides;

Half volume without insulation &

YV V V V

Half volume with insulation.

= Stage 2- Photovoltaic Integration: This stage was approached using the optimality found
in stage 1. The experimentation in this particular section was based on two types of solar
systems- Solar panels without any tracking system and solar panel with automatic tracking
system. In this stage, two separate test cases have been conducted, which include-
» Solar direct drive with no backup system &

» Solar power with battery backup system.
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Figure 8: Experimentation sequence.
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3.3 Studied Parameters

As mentioned previously, while conducting the second stage which was PV integration, several

parameters have been taken into consideration. Evidently, these parameters had significant effect

on the performance of the thermoelectric cooling system after incorporating photovoltaic system

in it. The major factors that determine the performance of the system include -

Solar radiation - It depends on both the ambient temperature and solar irradiation. These
two factors change on a daily basis. The magnitude of solar radiation therefore varies from
day to day.

Photovoltaic panel - Photovoltaic panels are generally used for producing power from
solar energy. Electricity generated from the PV panels depend on a number of input
parameters. These parameters are-

> Efficiency: The generation of electricity depends upon the efficiency of the panel.
The more efficient a panel is, the more power can be extracted utilizing it.

» Surface area: The greater the surface area, the greater will be the magnitude of
exposure to sunlight.

» Number of Cells: The amount of power produced by the panel will highly depend
on the number of cells present in the solar panel.

Thermoelectric cooler - The temperature gradient across the thermoelectric module
depends on a set of input parameters such as;

» Thermal conversion rate of the TEC: A TEC with higher conversion rate will be
able to provide greater cooling within shorter duration of time.

» Surface area of both the heat sink and the cooler: Greater surface area of the
heat sink as well as TEC will ensure effective and higher rate of heat transfer for
establishing effective cooling.

Cooling effect - The outside temperature due to the generated cooling effect depends upon

volume of the cooling chamber as well as the initial ambient temperature inside it.
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Figure 9: Parameters that have been studied.
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3.4 Experimentation Procedure in Detail

This section provides sequential details regarding the implementation of the experimentation. It
gives an insight on the gradual designing and development of the experimental study in terms of

the procedures that have been followed.

3.4.1 Initialization

Before proceeding towards the experiment, a number of steps had been followed to implement a
strategic flow of work. The first step taken was the selection of a cold box with specified storage
capacity. The cold box selected was of a capacity of 25L. A theoretical calculation had been done
in order to determine the cooling load requirement of the system. The calculation was done
extensively in determining the total amount of heat transfer as it took all three modes of heat
transfer (conduction, convection and radiation) into consideration. The load calculation provided
with a general idea about the power requirement of a small-scale thermoelectric cooling system.

3.4.1.1 Mathematical Formulation

» The resistance due to conduction is given by the equation -
Rcond = i [1]

Here, k is the thermal conductivity of material, A is the area exposed to heat transfer and
L is the thickness of body in the direction of flow.

» The resistance due to convection is given by the equation -

Reconv = hOLA [2]

Here, ho is the convective heat transfer coefficient and A is the area exposed to heat
transfer.

» Conductive heat can be determined by the equation-
Qcond =-kA 3—: [3]
» Convective heat can be determined by the equation -
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Qconv =hA (TS —Tf) [4]

» Heat transfer by radiation is determined by -
Qrad =€cA[(Tsurr)* — (Tsurf)?*] [5]

» Transmission load determined using the equation —

Q1= Qcond + Qconvt Qrad [6]

> Qr (the refrigeration load) is the total rate of heat gain of a refrigerated space and in this
study, it was based on the following expression -
Q1 =Qc + Qpi + Wran [7]
Here, Q. is transfer of heat through the entrance of the vaccine chamber, Qpj is product load
which basically implies the amount of heat that has been evacuated out of the products in
the refrigerated chamber and Wian is the heat generated by the fan placed right below the
cold side of the thermoelectric module.
» The power consumed by the thermoelectric cooler is determined by -
Pe=le XVe [8]
Here, leand V. are the current and voltage ratings of the thermoelectric module.
» To calculate the heat transfer coefficient the following correlations have been utilized [13].
Nu = 0.664Pr3Re 12 [9]

[0.6 < Pr < 50]
[Re < Rexc =5 x 10]

3.4.1.2 Calculation, Instrumentation and Measurement

Prior to the initiation of experimentation some theoretical calculations were conducted in order to
evaluate the system components quantitatively. Accordingly a cooling load calculation was done
for accurate determination of the quantity of mechanical and electrical components required for
the experimentation. After the components were finalized, the dimensions and measurements were
taken carefully for further accurate calculation. Finally, a CAD model was also designed for proper

visualization of the system.
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Components

Quantity

Dimensions

25 liter Cold Box

Outer Measurement-
Length: 505 cm
Breadth: 335 cm
Height: 315 cm

Inner Measurement-
Length: 393 cm
Breadth: 273 cm
Height: 247 cm

12V-10A TEC module

Dimensions of the Bottom Circulating Fan adjacent

to the Bottom Heat Sink:

Opening Diameter of the fan: 3.8 cm
Length of the casing: 3.8 cm

Breadth of the casing: 3.8 cm

Height of the Casing: 1.1 cm

Diagonal Distance of the Casing: 5.4 cm
No. of Blades of the Fan: 9

Details on Bottom Heat Sink:

Length: 6.1 cm

Breadth: 4.6 cm

Total Height with Fins: 3.1 cm

Base Thickness/Height without Fins: 0.8 cm
Details on Fins of Bottom Heat Sink:
Height of each fin: 2.3 cm

Distance between two adjacent Fins: 0.6 cm
Thickness/Breadth of each Fin: 0.1 cm
Number of Fins: 9

TEC/ Peltier Chip:

Length: 4 cm

Breadth: 4 cm

Height: 0.38 cm

120W monocrystalline solar panel

Length: 58 cm
Breadth: 26 cm

375W monocrystalline auto-tracking
solar panel

Panel Area: 1.736 m?

12V DC Lead Acid Battery

Solar Charge Controller

Analog Volt-Ampere Meter

Digital Volt-Ampere Meter

o B B

Polystyrene Sheets (Insulation)

10-15

Thickness: 1 inch

Fluke Temperature Sensor

Digital Data Logger

Inverter

Wiring

10-30
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Figure 11: Isometric View of the TEC Module
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3.4.2 Implementation
3.4.2.1 Detailed description on Experimentation

Initially, an overall volume of 25L had been chosen as the vaccine storage. This storage was
finalized based upon the theoretical cooling load calculations. A series of sequential tests were
performed for volume optimization. From test run 1 to test run 5, a series of tests had been
conducted with and without the presence of insulation for both the cases: i) Full volume and ii)
Half volume. These tests also signify an overall analysis on the performance of the vaccine cooler
on given variations of the thickness of insulation. Test run 6 and 7 signifies an overall analysis of
performance of the vaccine cooler after Photovoltaic panels had been integrated. The solar
integration had been established in two kind of panels: i) Monocrystalline panels ii)

Monocrystalline panel with auto tracking system.
3.4.2.1.1 Test Run 1: Full volume without insulation

This test involved testing on the full volume vaccine storage without using any insulation. The
cold storage was required to be kept at the optimum range of temperature; 2-8°C. It had been
ensured by exposing the storage to the cold side of the Thermoelectric cooler. The hot air from
within the storage was then extracted via the fans attached to the cooler and released to the
atmosphere. To ensure greater rate of transfer of heat and uniform circulation of air inside the
control volume of the chamber, forced convection was utilized through a miniature fan that resides
right below the TEC module. For an understanding of how temperature and humidity was changing
as the test proceeded further, a set of data at a specified interval had been recorded using two sets
of Data loggers. These loggers recorded both the Temperature and the Humidity of the system.
One logger recorded the data for both temperature and humidity through temperature and humidity
sensors placed inside the chamber while another one recorded temperature of the TEC through the
temperature sensor placed around the heat sink in the TEC. The height of both the probes inside
the chamber were exactly 3.9 cm from the bottom of the cold box. The main source of power for
this case was grid electricity that basically drove the system through an inverter. A 12V lead acid
battery had been used as a backup for the system. Additionally, one analogue voltmeter and one

ammeter were included in the main circuit to record the current and voltage ratings of the battery.
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Similarly, one digital volt- ampere meter had been used to check the current and voltage ratings
on the load side. The time taken to reach the desired temperature as well as the time taken for the
heat retention process were also recorded simultaneously. Moreover, the average ambient
temperature had been recorded on the outside of all four sides of the vaccine box through a Fluke

sensor thermometer.

Figure 13: Temperature and humidity sensors placed within the chamber at a height above the base.
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3.4.2.2 Test Run 2: Full volume with insulation on four sides

After conducting the first test run it was observed that the insulation material of the cold box was
not efficient enough for retaining the desired temperature in the system. Based on this observation,
a layer of Polystyrene Sheet (insulation material) was integrated in the box for providing sufficient
insulation. Initially, the Polystyrene layer was installed inside the cold box on its four sides (front,
back, left and right). The thickness of this insulation layer was 1 inch on each side. Similar to the
previous test run the Temperature and Humidity sensors were placed on the bottom side of the
box. The tip of the Temperature Sensor Probe was carefully placed at the center coordinate of the
half-volume of the box. The height of both the probes were exactly 3.9 cm from the bottom of the
cold box. It was measured that the existing volume of the system during this test run was 18 liter.
After the completion of the fabrication and assembly, the rest of the test run was conducted
following the steps of the previous test run. Accordingly the necessary parameters were recorded
precisely and strategically. The design parameters included the temperature and humidity reading
of the cold chamber, the temperature reading of the cold side of TEC, the voltage and current
ratings of both the source and load side, the average ambient temperature reading of all the four
sides of the cold box. The result of the data set from this test run significantly impacted to the

subsequent improvement of the design process of the system for further research and development.
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Figure 14:

Figure 15: Temperature and humidity sensors placed within the chamber at a height above the base.
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3.4.2.3 Test Run 3: Full volume with insulation on five sides

This test run involves the installment of insulation of Polystyrene Sheet on five inner sides of the
cold box (front side, back side, left side, right side and bottom side). This additional insulation
layer on one more side was introduced to the system for attaining better performance than the
previous run. The thickness of the insulation layer was 1 inch on each side. Similar to the previous
test run the Temperature and Humidity sensors were placed on the bottom side of the box. The tip
of the Temperature Sensor Probe was carefully placed at the center coordinate of the half-volume
of the box. The height of both the probes were exactly 6.44 cm from the bottom of the cold box. It
was measured that the existing volume of the system during this test run was 15 liter. After the
completion of the fabrication and assembly, the rest of the test run was conducted following the
steps of the previous test run. Accordingly the necessary parameters were recorded precisely and
strategically. The result of the data set from this test run significantly impacted to the subsequent

improvement of the design process of the system for further research and development.

Figure 16: Testing on full volume with insulation (on five sides).



Figure 17: Temperature and humidity sensors placed within the chamber at a height above the base.

3.4.2.4 Test Run4: Half volume without insulation

This experiment involved testing on the half volume vaccine storage without using any insulation.
The storage volume for this case was 13.7L. For minimizing the total volume space of the cold
box a number of layers of polystyrene sheet had been attached to the bottom face. Between these
layers, a single layer of air gap had been introduced as well as part of the enclosure. This layer of
air gap had been utilized for its dual functionalities. It was utilized as part of the enclosure as well
as provided adequate thermal resistance since it is a poor thermal conductor. This was established
with the hope of achieving the best possible cooling performance. The polystyrene enclosure had
been carefully attached to the insides of the PVC box so that air leakage of any kind could be
prevented. Two sets of Data loggers recorded the temperature and humidity of the system at a
specified interval throughout the testing duration similar to the previous test runs. This was done
to keep track of the change in temperature and humidity of the system. One logger recorded the
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data for both temperature and humidity through temperature and humidity sensors placed inside
the chamber while another one recorded temperature of the TEC through the temperature sensor
placed around the heat sink in the TEC. The temperature and humidity sensors had been placed at
the center of half of the total storage towards right when seen from the top. The temperature sensor
was placed at a distance of 15.4cm from the bottom face. Both the temperature and humidity
sensors were kept at a distance of 4.5cm apart from each other. Grid electricity was the primary
source of power in this situation, which was used to power the system via an inverter. As a backup,
the system was powered by a 12V lead acid battery. In addition, the main circuit contained one
analogue voltmeter and one analogue ammeter for recording the battery's current and voltage
ratings. On the load side, a single digital volt-ampere meter was utilized to assess the current and
voltage ratings. A Fluke sensor thermometer was also used to record the average ambient
temperature on the outside of all four sides of the vaccine box.

Figure 18: Testing on half volume without insulation.
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3.4.2.5 Test Run5: Half volume with insulation

This experiment involved testing on the half volume vaccine storage with insulation. The storage
volume for this case was 7L. Polystyrene had been used as the insulating material. The insulation
had been kept of a thickness of 2.54cm. The cold chamber was surrounded by two layers of
polystyrene from all four sides and approximately three layers of it from the bottom face. Each
layer of insulation was joined to the adjacent layer with the help of an adhesive. Any gaps within
the systems that could have contributed to air leakage had been sealed with carefulness so that
maximized cooling could be obtained. The aim for such enclosure of insulating materials was to
ensure minimum heat loss from the system so that adequate amount of cooling could be achieved
within a moderate duration that could be sustained for a good amount of time within the cold box.
Similar to previous test runs, two sets of data loggers recorded the temperature and humidity of
the system at predetermined intervals throughout the testing duration. This was done to keep track
of the system's temperature and humidity changes. One logger recorded data for both temperature
and humidity using temperature and humidity sensors placed inside the chamber, while another
used a temperature sensor placed around the heat sink in the TEC to record temperature. When
viewed from the top, the temperature and humidity sensors were located in the center of half of
the total storage, to the right. The temperature sensor was placed 13.09cm away from the bottom
face. The temperature and humidity sensors were set at a 4.5cm distance from one another. The
primary source of power in this case was grid energy, which was used to power the system via an
inverter. The system was powered by a 12V lead acid battery as a backup. In addition, one analogue
voltmeter and one analogue ammeter were included in the main circuit for recording the battery's
current and voltage ratings. A single digital volt-ampere meter was used to assess the current and
voltage ratings on the load side. On all four sides of the vaccine box, a Fluke sensor thermometer

was utilized to capture the average ambient temperature.
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Figure 19: Testing on half volume with insulation.
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Based on the results achieved from stage 1, it was evident that the system performed most
effectively and reliably in test no.5 that was the case for Half VVolume with Insulation. As our aim
was to first optimizing the geometry and then moving towards acquiring effective cooling using
solar power, we had decided to proceed to the stage 2 of the experimentation - Photovoltaic

Integration.

In this stage, we incorporated two different cases using two different sets of solar panels. The
panels used were Monocrystalline. The two different panels used were — i) Monocrystalline Panel
with No Tracking System and ii) Monocrystalline panel with Automatic Tracking System. A Solar
Charge Controller was used in the circuit to manage the power flowing to the battery from the
solar array. It further ensured that overcharging of the battery was prevented and by no means
could it flow backwards to the solar array. In addition, an endoscope camera was placed inside the
chamber near the heat sink attached to the TEC module in order to look for any frosting that may

occur at any point of the experimentation.

Our aim was to analyze the performance of cooling system on daylong basis to understand whether

the solar power can be opted for as a viable energy resource or not.
3.4.2.6 Test Run 6: Solar Direct Drive on the Optimized Volume

This test case had been conducted on the optimal geometry hence the cooling chamber had a
volume of 7L. As explained elaborately in test run no. 5, the components incorporated for the
experimentation and other proceedings remained exactly the same. Just like all the previous test
cases, two sets of data loggers were used to record the temperature and humidity of the system at
predetermined intervals throughout the testing duration to keep track of the system's temperature
and humidity changes. One logger recorded data for both temperature and humidity using
temperature and humidity sensors placed inside the chamber, while another used a temperature
sensor placed around the heat sink in the TEC to record temperature. In addition, the current and
voltage ratings on the load side were recorded from the digital VVolt-Ampere meter. Similar to all
the previous cases, the average temperature on the outside faces were recorded using a Fluke
Temperature Sensor. For this test case, we also used an Endoscope Camera to observe the frosting

and defrosting process of the heat sink adjacent to the TEC module.
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The experiment was conducted on a bright sunny day. The primary source of power in this test
case was solar energy which was applied through Direct Drive. In this test case, we had utilized a
combination of solar panels- three separate panels were used by establishing parallel connection
among each other. The panels had been numbered as can be seen from the figure. 20, for
establishing convenience at identifying. The figure shows that out of the five panels, the three
panels in the middle were selected for the experimentation. The wattage of each panel was 120W.
The voltage and current ratings of each of these panels were 18V and 6.7A respectively. No backup
system was utilized during the testing process. Hence, effective cooling was achieved via solar

direct drive alone.

Figure 20: Panels used in the test case. (Have been numbered sequentially from right corner.)
To understand how the irradiation was varying as the day proceeded forward, a pyranometer was
used to record the irradiation on each panels at a specified interval throughout the testing process.
As the sunlight did not have a uniform intensity over the entire exposed area, the readings recorded

by the pyranometer also varied over the whole exposed surface. Therefore, a number of readings
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were taken for each of the panels at a certain interval which was then computed to obtain an
average value of irradiation. It is necessary to mention that, as the day proceeded, the shading
effect due to adjacent trees and structures covered a large area of the panels. The third panel had
fallen under shade during mid-day and stayed in that state for the rest of the duration. The second
panel had approximately, more than half of its exposed area fallen under shade and as the sun was
approaching towards the west, the exposed area in sunlight gradually reduced. The first panel

however, had been affected the least by effect of shading as can be seen from the figure no. 21.

Figure 21: Effect of shading over the panels at different times during the day.

As mentioned earlier, the endoscope camera placed inside the chamber as can be seen from figure
no. 22, was used in taking pictures of the heat sink frosting. A couple of pictures had been taken
using the camera which showed there was evident frosting over the heat sink when the system
produced the highest cooling effect. The frosting sustained for an adequate amount of period and
gradually reduced due to reduced power extracted from the panels as the solar irradiation became
less and less intensive. From figure no. 23, it can be observed that at low power ratings of the
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system, defrosting was taking place on the same heat sink and the presence of ice formations

slowly diminished.

Figure 22: Endoscope camera placed near the heat sink attached to the TEC module.

As the sun was approaching towards the west, with really reduced solar intensity, the system
eventually could not produce effective cooling any longer. Therefore, the temperature inside the
chamber started rising beyond the desired temperature range. At one point, the power extracted
from the panels was just not sufficient in functioning the system therefore the system stopped
eventually. It is worth mentioning that, although the power was not considerably sufficient during
the later parts of the day, with slight variation in solar intensity, the overall performance by the
system was fluctuating as well. Finally, the period of holding the chamber within the desired

temperature range by the system was noted down.
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Figure 23: Visible frosting (top three pictures) and defrosting (bottom three pictures) on the heat sink.

3.4.2.7 Test Run 7: Solar Drive with Battery Backup

This test case had also been conducted on the optimal geometry hence the cooling chamber had a
volume of 7L. As explained elaborately in test case no. 6, the components incorporated for the
experimentation and other procedures remained exactly the same. Just like all the previous test
cases, two sets of data loggers were used to record the temperature and humidity of the system at
predetermined intervals throughout the testing duration to keep track of the system's temperature
and humidity changes. One logger records data for both temperature and humidity using
temperature and humidity sensors placed inside the chamber, while another uses a temperature
sensor placed around the heat sink in the TEC to record temperature. In addition, the current and
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voltage ratings on the source side were recorded from the analog Volt-Ampere meter and for the
load side voltage and current readings were recorded using a Solar Charge Controller. Similar to
all the previous cases, the average temperature on the outside faces were recorded using a Fluke
Temperature Sensor. We also used an Endoscope Camera to observe the frosting and defrosting

process of the heat sink adjacent to the TEC module.

For this particular test case we used solar power as the primary power source and a backup battery
as the secondary power source. Here we used a 12V, 8-12Ah Lead Acid battery as the backup
source. Since a battery was incorporated as the backup power system, a digital Solar Charge
Controller was used to regulate the voltage and current drawn from the panels. Besides, we used a
375 W Auto-tracking solar panel (which has three Degrees of Freedom) as the main power source
in order to extract the highest possible amount of irradiation according to the inclination of the Sun

as the day advances.

\\\\ S
. \ 5 X

Figure 24: Experimental setup of the complete system.

The readings of solar irradiation was extracted from a software (which is a package built for
continuously interfacing and recording data from this particular solar module) throughout the day.
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The effect of shading on the Auto-tracking solar panel was also studied during the process. The

figure below shows a vivid demonstration of Shading Effect on the panel.

Figure 25: Effect of shading over the panels at different times during the day.

Additionally, similar to the previous case the frosting and defrosting of the fins of heat sink were

also observed using an endoscope camera as mentioned earlier. The figure below shows both the
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process as the frosting and defrosting rate was changing with respect to the variation of the

intensity of solar irradiation.

Figure 26: Visible frosting (top three pictures) and defrosting (bottom three pictures) on the heat sink

After completing the complete assembly, a day long study was conducted in order to observe and
record the overall thermal performance of the system under the effect of both the primary power
source (Solar power) and the backup or secondary power source (Battery power). Finally the
period of holding of the desired temperature inside the cooling chamber was documented
accordingly as the previous test case. This concluded the study of the stage-2 of the
experimentation i.e. Photovoltaic Integration.

57



Chapter 4
4. Results and Discussions

The purpose of this experiment was to assess the thermal performance of a photovoltaic
thermoelectric vaccine refrigerator. To accomplish this, the entire project was divided into two
stages. The first stage was to analyze and optimize the geometry of the system (particularly its
volume) and the second stage was to monitor the thermal performance of the optimized geometry
with photovoltaic integration. This section comprehensively presents the summary of the sets of
data extracted from the complete experimentation.

4.1 Results from Stage-1: Volume Optimization

4.1.1 Test Run 1: Full volume without insulation

This test case was conducted on the full volume (volume was 25 L) of the system without the use
of any insulation material besides the thermal material of the cold box itself. A constant 12V DC
source was provided to the system through a solar charge controller during the process. A 12V-
10A Thermoelectric module was used for the cooling of the system. Some of the parameters were

recorded and analyzed graphically.

Table 1: Significant Parameters inside the Cooling Chamber and on the cold side of the TEC

Parameters Chamber TEC
Initial Time 3:39:25 PM 3:39:25 PM
Initial Temperature 24.7°C 25.2°C
Initial Humidity 63.2% 63.5%
During Cooling
Run Time 60 minutes 60 minutes
Lowest Temperature Achieved 10.3°C -22°C
Lowest Humidity Achieved 32.9% 62.4%
During Reverse Cooling/Heating
Run Time 25 minutes 25 minutes
Highest Temperature Reached 24.1°C 22.1°C
Highest Humidity Reached 55.5% 69.8%
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The collection of data shown above was extracted from the digital data loggers through a software
called ElitechLogWin V6.2.0. The temperature sensor or the thermocouple and the humidity
sensor were placed inside the chamber and on the cold side of the TEC for this purpose. The
graphical data were also extracted from the same software in order to observe the continuous
fluctuations of temperature and humidity during the entire process of cooling and reverse cooling.
This clarified the validity of the variable thermal performance at different times inside the chamber
and on the cold side of the TEC module. Since it was an experimental process, the presence of
friction and irreversibility, heat loss and deterioration of efficiency of the TEC module were

affecting the overall performance of the system at every instant [1].
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Figure 27: Fluctuation of Temperature and Humidity on the cold side of the TEC. (Sensor Probe placed
on the Cold Side of TEC Module)
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Figure 28: Fluctuation of Temperature and Humidity inside the Cooling Chamber. (Sensor Probe placed
inside the chamber in a definite coordinate)

59



Additionally the voltage and current readings were taken of both the source (12V DC Battery) and
the load (12V-10A TEC module) in order to study the power consumption rate for definite time
interval. The average temperature readings of the surfaces exposed to the environment of the cold
box were also taken for studying the heat transfer rate and the temperature gradient of the system.
The collected data are presented graphically for clear understanding.
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Figure 29: Voltage vs. Time graph of the Source and Load (TEC Module)

Current vs Time of Full Volume without Insulation
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Figure 30: Current vs. Time graph of the Source and Load (TEC Module).
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Average Ambient Temperature of Outer walls vs Time
Graph of Full Volume without Insulation
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Figure 31: Average Ambient Temperature of the Outer Surfaces vs. Time graph of Full Volume without
Insulation
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4.1.2 Test Run 2: Full volume with insulation on four sides

This test case was conducted on the full volume with insulation on four sides (volume was 18 L)
of the system with a 1 inch layer of Polystyrene sheet as insulation material besides the thermal
material of the cold box itself. A constant 12V DC source was provided to the system through a

solar charge controller during the process. A 12V-10A Thermoelectric module was used for the

cooling of the system. Some of the parameters were recorded and analyzed graphically.

Table 2: Significant Parameters inside the Cooling Chamber and on the cold side of the TEC

Parameters Chamber TEC
Initial Time 3:39:25 PM 3:39:25 PM
Initial Temperature 26.2 °C 25.2°C
Initial Humidity 60.1% 63.5%
During Cooling
Run Time 57 minutes 57 minutes
Lowest Temperature Achieved 6.3°C -4.4 °C
Lowest Humidity Achieved 37.1% 62.9%
During Reverse Cooling/Heating
Run Time 38 minutes 38 minutes
Highest Temperature Reached 26.2°C 26.2°C
Highest Humidity Reached 60.2% 67.6%

The collection of data shown above was extracted from the digital data loggers through a software
called ElitechLogWin V6.2.0. The temperature sensor or the thermocouple and the humidity
sensor were placed inside the chamber and on the cold side of the TEC for this purpose. The
graphical data were also extracted from the same software in order to observe the continuous
fluctuations of temperature and humidity during the entire process of cooling and reverse cooling.

This clarified the validity of the variable thermal performance at different times inside the chamber

and on the cold side of the TEC module.
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Figure 32: Fluctuation of Temperature and Humidity on the cold side of the TEC. (Sensor Probe placed

on the Cold Side of TEC Module)
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Figure 33: Fluctuation of Temperature and Humidity inside the Cooling Chamber. (Sensor Probe placed

inside the chamber in a definite coordinate)

Additionally the voltage and current readings were taken of both the source (12V DC Battery) and
the load (12V-10A TEC module) in order to study the power consumption rate for definite time
interval. The average temperature readings of the surfaces exposed to the environment of the cold
box were also taken for studying the heat transfer rate and the temperature gradient of the system.

The collected data are presented graphically for clear understanding.
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Figure 34: Voltage vs. Time graph of the Source and Load (TEC Module).
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Figure 35: Current vs. Time graph of the Source and Load (TEC Module)
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Average Ambient Temperature of Outer walls vs Time Graph of
Full Volume with Insulation (Four Sides)
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Figure 36: Average Ambient Temperature of the Outer Surfaces vs. Time graph of Full Volume with
Insulation on Four Sides.

4.1.3 Test Run 3: Full volume with insulation on five sides

This test case was conducted on the full volume with insulation on five sides (volume was 15 L)
of the system with a 1 inch layer of Polystyrene sheets as insulation material besides the thermal
material of the cold box itself. A constant 12V DC source was provided to the system through a
solar charge controller during the process. A 12V-10A Thermoelectric module was used for the

cooling of the system. Some of the parameters were recorded and analyzed graphically.
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Table 3: Significant Parameters inside the Cooling Chamber and on the cold side of the TEC

Parameters Chamber TEC
Initial Time 2:12:00 PM 2:12:00 PM
Initial Temperature 21.7 °C 22.4°C
Initial Humidity 66.6% 62.1%

During Cooling
Run Time 37 minutes 37 minutes
Lowest Temperature Achieved 2.5°C -7.9°C
Lowest Humidity Achieved 42.6% 62%
During Reverse Cooling/Heating

Run Time 43 minutes 41 minutes
Highest Temperature Reached 20.1°C 21.4°C
Highest Humidity Reached 54.9% 61.8%

The collection of data shown above was extracted from the digital data loggers through a software
called ElitechLogWin V6.2.0. The temperature sensor or the thermocouple and the humidity
sensor were placed inside the chamber and on the cold side of the TEC for this purpose. The
graphical data were also extracted from the same software in order to observe the continuous
fluctuations of temperature and humidity during the entire process of cooling and reverse cooling.
This clarified the validity of the variable thermal performance at different times inside the chamber

and on the cold side of the TEC module.
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Figure 37: Fluctuation of Temperature and Humidity on the cold side of the TEC. (Sensor Probe placed
on the Cold Side of TEC Module)
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Figure 38: Fluctuation of Temperature and Humidity inside the Cooling Chamber. (Sensor Probe placed
inside the chamber in a definite coordinate)
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Additionally the voltage and current readings were taken of both the source (12V DC Battery) and
the load (12V-10A TEC module) in order to study the power consumption rate for definite time
interval. The average temperature readings of the surfaces exposed to the environment of the cold

box were also taken for studying the heat transfer rate and the temperature gradient of the system.
The collected data are presented graphically for clear understanding.

Voltage vs Time Graph of Full Volume with Insulation
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Figure 39: Voltage vs. Time graph of the Source and Load (TEC Module).
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Current vs Time Graph of Full Volume With Insulation (Five

Sides)
14 ' —@— Current (Source)
@ 12 | —&— Current (Load)
@ :
o L
£ 10 s H,.__‘\././'_\.
< ;
+— 8
c
<)
S
- 6
> ([ & & @ @ @ @ ®
@)
4
2 [ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
14:09 14:16 14:24 14:31 14:38 14:45 14:52
Time (pm)
Figure 40: Current vs. Time graph of the Source and Load (TEC Module).
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Figure 41: Average Ambient Temperature of the Outer Surfaces vs. Time graph of Full Volume with
Insulation on Five Sides.
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4.1.4 Test Run 4: Half volume without insulation

This test case was conducted on the half volume (volume was 13.7 L) of the system without the
use of any insulation material besides the thermal material of the cold box itself. A constant 12V
DC source was provided to the system through a solar charge controller during the process. A 12V-
10A Thermoelectric module was used for the cooling of the system. Some of the parameters were
recorded and analyzed graphically.

Table 4: Significant Parameters inside the Cooling Chamber and on the cold side of the TEC

Parameters Chamber TEC
Initial Time 4:05:00 PM 4:05:00 PM
Initial Temperature 23.1°C 22.5°C
Initial Humidity 68.4% 62.5%
During Cooling
Run Time 45 minutes 46 minutes
Lowest Temperature Achieved 5°C -4.4 °C
Lowest Humidity Achieved 42.4% 67.5%
During Reverse Cooling/Heating
Run Time 45 minutes 44 minutes
Highest Temperature Reached 19°C 20.8°C
Highest Humidity Reached 74.5% 71.3%

The collection of data shown above was extracted from the digital data loggers through a software
called ElitechLogWin V6.2.0. The temperature sensor or the thermocouple and the humidity
sensor were placed inside the chamber and on the cold side of the TEC for this purpose. The
graphical data were also extracted from the same software in order to observe the continuous
fluctuations of temperature and humidity during the entire process of cooling and reverse cooling.
This clarified the validity of the variable thermal performance at different times inside the chamber
and on the cold side of the TEC module.
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Figure 42: Fluctuation of Temperature and Humidity on the cold side of the TEC. (Sensor Probe placed

on the Cold Side of TEC Module)
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Figure 43: Fluctuation of Temperature and Humidity inside the Cooling Chamber. (Sensor Probe placed
inside the chamber in a definite coordinate)
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Additionally the voltage and current readings were taken of both the source (12V DC Battery) and
the load (12V-10A TEC module) in order to study the power consumption rate for definite time
interval. The average temperature readings of the surfaces exposed to the environment of the cold
box were also taken for studying the heat transfer rate and the temperature gradient of the system.
The collected data are presented graphically for clear understanding.

Voltage vs Time Graph of Half Volume without Insulation
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Figure 44: Voltage vs. Time graph of the Source and Load (TEC Module).
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Figure 45: Current vs. Time graph of the Source and Load (TEC Module).
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Average Ambient Temperature of Outer walls vs Time Graph of Half
VVolume without Insulation
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Figure 46: Average Ambient Temperature of the Outer Surfaces vs. Time graph of Half Volume without
Insulation

4.1.5 Test Run 5: Half volume with insulation

This test case was conducted on the half volume (volume was 7 L) of the system with the use of
two 1 inch layers of Polystyrene sheets as insulation material on five sides besides the thermal
material of the cold box itself. A constant 12V DC source was provided to the system through a
solar charge controller during the process. A 12V-10A thermoelectric module was used for the

cooling of the system. Some of the parameters were recorded and analyzed graphically.
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Table 5: Significant Parameters inside the Cooling Chamber and on the cold side of the TEC

Parameters Chamber TEC
Initial Time 1:18:00 PM 1:18:00 PM
Initial Temperature 215°C 22.4°C
Initial Humidity 69.3% 63.5%
During Cooling
Run Time 10 minutes 10 minutes
Lowest Temperature Achieved 0.9°C -6.8 °C
Lowest Humidity Achieved 47.7% 62.3%
During Reverse Cooling/Heating
Run Time 41 minutes 41 minutes
Highest Temperature Reached 21.5°C 22.5°C
Highest Humidity Reached 68.1% 59.8%

The collection of data shown above was extracted from the digital data loggers through a software
called ElitechLogWin V6.2.0. The temperature sensor or the thermocouple and the humidity
sensor were placed inside the chamber and on the cold side of the TEC for this purpose. The
graphical data were also extracted from the same software in order to observe the continuous
fluctuations of temperature and humidity during the entire process of cooling and reverse cooling.

This clarified the validity of the variable thermal performance at different times inside the chamber

and on the cold side of the TEC module.

74



= Humidity%

w Fault

= TemperatureC

- - o = =] -
a3 = E= = = & ==
l | l | =
! !
e e e e R e
i i
N e D e T T T T
i i
8 O P N A b et _ ]
y b
! !
' '
I W N DN A JY IR . N
: :
i i
! !
i i
i i
! !
Lolbacbcccdacc e o
b
A i
!
i i
! !
I I
.......................... i S
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

1221
141050

AN-1201

w12 o421 Az -2 aH1227
134780 138220 135680 140550

134320

1221
133850

-2 pashg

132950

-
132620

4

132050

140120

13420

Figure 47: Fluctuation of Temperature and Humidity on the cold side of the TEC. (Sensor Probe placed

on the Cold Side of TEC Module)

= Humidity%

i Faul

= Temperaure’c

512
42

Time

A
141118

-1 63

011221

140648

0pA22T

140045

004227
135548

s

0221 01227 01227
13404 13464 13504

133548

o120

133045

-
13254

-

13204

Figure 48: Fluctuation of Temperature and Humidity inside the Cooling Chamber. (Sensor Probe placed

inside the chamber in a definite coordinate)

75



Additionally the voltage and current readings were taken of both the source (12V DC Battery) and
the load (12V-10A TEC module) in order to study the power consumption rate for definite time
interval. The average temperature readings of the surfaces exposed to the environment of the cold
box were also taken for studying the heat transfer rate and the temperature gradient of the system.
The collected data are presented graphically for clear understanding.
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Figure 49: Voltage vs. Time graph of the Source and Load (TEC Module).
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Figure 50: Current vs. Time graph of the Source and Load (TEC Module).
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Average Ambient Temperature of Outer walls vs Time Graph
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Figure 51: Average Ambient Temperature of the Outer Surfaces vs. Time graph of Half Volume with
Insulation.

4.2 Results for Selection Criteria: Volume Optimization Stage

In this section we presented some of the plots with the help of which the best and optimized
geometry of the cooling system was determined. For selecting the optimal geometry we considered
some parameters to conduct a comparative study among the test cases. Accordingly the best
possible geometry was finalized by observing the case where the system performed most
efficiently in terms of all the considered parameters. The parameters chosen were mainly Cooling
Time and Reverse Cooling Time, Temperature Difference during Cooling and Temperature
Difference during Reverse Cooling. After comparing these parameters with respect to all the cases,
the optimized geometry was logically determined. Here the optimal geometry was characterized

by its best provided thermal performance.
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Cooling Time is the time required by a refrigeration system in order to indicate sensible rate of
Heat transfer considering all modes of heat transfer in a particular system. And Retention Time is
the period of time during which the system can hold its Heat content as the Heating process
accelerates [2]. From the (Figure 52), it is observed that the lowest amount of cooling time was
taken by the Optimal Volume (7L). Similarly from (Figure 53), it is observed that the highest

retention period was taken by the Optimal VVolume as well.

Another considered parameter was Temperature Difference achieved by the system during both

Cooling and Heating process.
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Figure 54: Temperature Difference during cooling process with respect to different Test Cases.
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Temperature Difference during Reverse Cooling vs Test Cases
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Figure 55: Temperature Difference during Reverse Cooling with respect to different Test Cases.

From (Figure 54), it is observed that the highest difference was achieved by the optimal volume
during the cooling process. Here the temperature difference indicates the difference between the
initial and the lowest temperature in the chamber. From (Figure 55), it is observed that the highest
difference was achieved by the optimum volume during the reverse cooling process. Here the
temperature difference indicates the difference between the lowest temperature in the chamber and
the ambient temperature.
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4.3 Result Summary from Stage-1: Volume Optimization

Table 6: Summary of Different Parameters from Volume Optimization Stage

TestRunl TestRun2 TestRun3 TestRun4 Test Run 5
(Full (Full (Full (Half ( Half
Volume Volume Volume Volume Volume with
Parameters without with with without Insulation)
Insulation) Insulation  Insulation  Insulation)
on four on Five
sides) sides)
Volume of the Chamber 25 Itr 18 Itr 15 Itr 13.7 Itr 7 Itr
Initial Temperature 24.7°C 26.2°C 21.7°C 23.1°C 21.5°C
(Chamber)
Lowest Temperature 10.3°C 6.3°C 2.5°C 5°C 0.9°C
Reached in the
Chamber
Temperature difference
achieved in the 14.4°C 19.9°C 19.2°C 18.1°C 20.6°C
chamber during cooling
Temperature difference
achieved in the 8.5°C 14.7°C 17.6°C 14°C 20.6°C
chamber during reverse
cooling
Cooling Run 58 minutes 56 minutes 33 minutes 45 minutes 9 minutes
time(Chamber)
Cooling Run time(TEC) | 59 minutes 56 minutes 34 minutes 45 minutes 9 minutes
Reverse Cooling Run 27 minutes 39 minutes 42 minutes 41 minutes 44 minutes
time(Chamber)
Reverse Cooling Run 26 minutes 39 minutes 41 minutes 41 minutes 44 minutes

time(TEC)
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4.4 Results from Stage-2: Photovoltaic (Solar) Integration

As mentioned earlier, for efficient functioning of the experimentation the entire work-frame was
divided into two stages. After completion of the Volume Optimization stage, the system was
integrated with solar panels as the main power source. This stage was regarded as Photovoltaic
Integration for convenience. In this section results are presented from the study of different

parameters significant to the experimentation.
4.4.1 Test Run 6: Solar Direct Drive on Optimized Volume (7L)

This particular case was conducted on the optimized volume of the system i.e. 7L. A Solar array
of three 120W Solar panels were used in parallel connection for the study. Each Solar panel was
rated to be 18V and 6.7A respectively. These panels were utilized to provide power to the system

directly without any Backup and Charge Controller.

Table 7: Significant Parameters inside the Cooling Chamber and on the cold side of the TEC

Parameters Chamber TEC
Initial Time 8:35:00 PM 8:35:00 PM
Initial Temperature 23.5°C 23.1°C
Initial Humidity 60.7% 67.1%

During Cooling

Run Time 40 minutes 40 minutes
Lowest Temperature Achieved 0.5°C -6.2 °C
Lowest Humidity Achieved 56.5% 52.6%

The collection of data shown above was extracted from the digital data loggers through a software
called ElitechLogWin V6.2.0. The temperature sensor or the thermocouple and the humidity
sensor were placed inside the chamber and on the cold side of the TEC for this purpose. The
graphical data were also extracted from the same software in order to observe the continuous
fluctuations of temperature and humidity during the entire process of cooling and reverse cooling.
This clarified the validity of the variable thermal performance at different times inside the chamber
and on the cold side of the TEC module.
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Additionally the voltage and current readings of the load (12V-10A TEC module) were taken in
order to study the power consumption rate for definite time interval. The average temperature
readings of the surfaces exposed to the environment of the cold box were also taken for studying
the heat transfer rate and the temperature gradient of the system. The Solar Irradiation of each
panels were recorded by a Pyranometer at definite time intervals in order to study the panel
performance and its influence on the thermal performance of the system. The collected data are
presented graphically for clear understanding.
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Figure 59: Voltage and Current vs. Time graph during Solar Direct Drive.
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Average Ambient Temperature of Outer walls vs Time Graph of
Optimal Geometry with Solar Direct Drive
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Figure 60: Average Ambient Temperature of Outer Surfaces during Solar Direct Drive.

4.4.2 Test Run 7: Solar Drive with Battery Backup on Optimized Volume (7L)

This particular case was conducted on the optimized volume of the system i.e. 7L. A 375W Auto-

tracking Solar panel Module was used for the experimentation. The panel was utilized to provide

power to the system along with a 12V, 8.2-12Ah Lead Acid Battery Backup and a Digital Charge

Controller.

Table 8: Significant Parameters inside the Cooling Chamber and on the cold side of the TEC

Parameters Chamber TEC
Initial Time 10:55:00 PM 10:55:00 PM
Initial Temperature 21.9°C 22.1°C
Initial Humidity 84.1% 59%

During Cooling

Run Time 60 minutes 31 minutes
Lowest Temperature Achieved 2°C -6°C
Lowest Humidity Achieved 61.2% 57.7%
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The collection of data shown above was extracted from the digital data loggers through a software
called ElitechLogWin V6.2.0. The temperature sensor or the thermocouple and the humidity
sensor were placed inside the chamber and on the cold side of the TEC for this purpose. The
graphical data were also extracted from the same software in order to observe the continuous
fluctuations of temperature and humidity during the entire process of cooling and reverse cooling.
This clarified the validity of the variable thermal performance at different times inside the chamber
and on the cold side of the TEC module.
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Figure 61: Fluctuation of Temperature and Humidity on the cold side of the TEC. (Sensor Probe placed
on the Cold Side of TEC Module)
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Figure 62: Fluctuation of Temperature and Humidity inside the Cooling Chamber. (Sensor Probe placed
inside the chamber in a definite coordinate)
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Additionally the voltage and current readings were taken of both the source (12V Lead Acid
Battery) and the load (12V-10A TEC module) in order to study the power consumption rate for
definite time interval. The average temperature readings of the surfaces exposed to the
environment of the cold box were also taken for studying the heat transfer rate and the temperature
gradient of the system. The Solar Irradiation of the Auto-tracking panel was recorded by a Software
at definite time intervals in order to study the panel performance and its influence on the thermal

performance of the system. The collected data are presented graphically for clear understanding.
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Voltage vs Time Graph of Optimal Geometry with Solar Drive and
Battery Backup
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Figure 64: Voltage vs. Time graph during Solar Drive with Battery Backup.
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Figure 65: Current vs. Time graph during Solar Drive with Battery Backup.
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Average Ambient Temperature of Outer walls vs Time
Graph of Optimal Geometry with Solar Drive and Battery
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Figure 66: Average Ambient Temperature of Outer surfaces of Optimal Geometry with Solar Drive with
Battery backup.

4.5 Result Summary from Stage-2: Photovoltaic Integration

In this section mainly the effect of variable intensity of solar irradiation on the holding period of
the system of the desired temperature (2-8°C) is presented graphically and the desired values of

some important parameters extracted from the study are summarized.
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Figure 67: Holding Period of the System During Solar Direct Drive
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Temperature vs Time
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Figure 68: Holding Period of the System During Solar Drive with Battery Backup.

Table 9: Summary of Different Parameters from PV Integration Stage

Parameters Test Case 6 (Solar Direct Test Case 7 ( Solar drive with
Drive) Battery Backup)
Volume of the Chamber 7L 7L
Initial Temperature 23.5°C 21.2°C
(Chamber)
Lowest Temperature Reached 0.5°C 2°C
in the Chamber
Temperature difference
achieved in the chamber 23°C 19.2°C

during cooling

Holding Period

4 Hours 46 Minutes

5 Hours 29 Minutes
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Chapter 5

5. Conclusion and Recommendation

5.1 Future Scope

With recent advancements taking place in field of thermoelectric refrigeration and utilization of
one of the most valuable source of renewable energy i.e. Solar power, the present study holds wide
scopes in future for refined modifications and experimentation. In order to make this system
portable and feasible, a better and efficient backup system can be integrated into the design.
Additionally use of multiple thermoelectric modules in the system will solve the problem of
efficiency loss of TEC which is a common phenomenon. Besides, the incorporation of a
temperature control system into the design will assure appropriate adjustment and maintenance of
the desired temperature range inside the cooling chamber. For making the present system more
efficient with the photovoltaic integration, location of the solar panels can be adjusted in a better
position, as well as the orientation of the panels can also be reformed. Finally, further investigation
and performance study of the solar panels can be conducted under varying weather conditions,
simultaneously performance study of the backup system can be done for proper functioning of the

system during night-time applications.

5.2 Conclusion

The objective of the current study was firstly to design a prototype of a cooling system and
experimentally optimize its geometry for thermoelectric vaccine refrigerator. Secondly, the
thermal performance of the system was investigated with photovoltaic integration into the system,
thereby making the system feasible for off-grid areas. The study was rather focused on
experimentation and optimization than its commercial applications in practical fields. The system
was successfully functional under the applied conditions giving satisfactory results in terms of all
desired parameters. It could reach a temperature difference (difference between initial and lowest
temperature achieved inside the chamber) in the range of 18-25°C during both categories of Solar
Drive incorporated in the system within a very short period of time (less than one hour).

Additionally the retention period of the desired temperature was sufficient for a vaccine storage
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system. The holding period (indicates the time duration during which the system could maintain
the desired temperature range) during solar direct drive was 4 hours 46 minutes and during solar
drive with battery backup was 5 hours 29 minutes. Thus the designed cooling system for vaccine
storage purpose is fairly efficient and was experimentally verified.
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