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ABSTRACT

Photovoltaic powered refrigerators are a new technology for chilling milk in remote areas of
developing countries. This thesis project primarily aims at design and analyzing the performance
of small-scale milk chiller using PV for cooling 50 liters of milk from 33° to 4° within four
hours of time.

Preserving perishable goods primarily milk as soon as they are harvested is the main concern for
the farmers in the rural areas of Ethiopia due to lack of cold storage facilities and absence of
electricity supply. To supply ample facilities in the rural areas of the country this project is aimed
to provide cold storage facilities incorporating renewable energy (Solar energy) and batteries; it
will give a total off grid solution to the problem of storing perishable goods and ensure food
security. The designing system of the cold storage consists of solar Photovoltaic (PV) panels,
batteries, charge controller, freezer and a DC compressor. The DC compressor, which is replaced
by the AC compressor in the freezer, is the most vital component of the system as it runs the
freezer taking DC output from the PV panels. The power supplied from the PV panels
simultaneously runs the DC compressor and charges the batteries through the charge controller.
The batteries give backup and run the DC compressor at night in nonappearance of the sun.

In doing this, it’s used the weather data for estimating the annual performance of the system is
average meteorological year data for Semera region. The electrical characteristics, programming
algorithm and MAT-LAB code based on the manufacturer’s data and hourly converted data has
been developed. The optimum tilt angle is calculated for both summer and winter season is used
and a MAT-LAB code is used for variation of hourly angle as well as declination angle. The PV
system also employs a battery of 24V, 360Ah for two day autonomy and Outback FLEX-
max30/40 series (MPPT) charge controller. In general the system has the complete solution for
supplying cold storage facilities in off grid areas and gives an environment friendly solution of

the storage problem.
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CHAPTER-1: INTRODUCTION

1.1 Renewable energy
The energy which is harvested from the natural resources like sunlight, wind, tides, geothermal

heat etc. is called Renewable Energy. As these resources can be naturally replenished, for all
practical purposes, these can be considered to be limitless unlike the tapering conventional fossil
fuels. The global energy crunch has provided a renewed impulsion to the growth and
development of Clean and Renewable Energy sources. Clean Development Mechanisms
(CDMs) are being adopted by organizations all across the globe. Another advantage of utilizing
renewable resources over conventional methods is the significant reduction in the level of
pollution associated. Powering the system with PV panels and batteries at night is the most
reasonable option to run the DC compressor. Most of the solar cooling projects include AC
compressor and inverter system which inverts the DC current input taken from the PV panels to
AC. However, this system is inefficient and energy is wasted while DC current is converted into
AC by the inverter. Whereas, DC compressor is more efficient in terms of power efficiency and
power consumption and moreover the cost of conventional energy is rising and solar energy has
emerged to be a promising alternative. They are abundant, pollution free, distributed throughout
the earth and recyclable. PV arrays consist of parallel and series combination of PV cells that are
used to generate electrical power depending upon the atmospheric specifies (e.g. solar insolation

and temperature).

l|Page
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1.2 Distribution of solar radiation
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Figure 1-1 solar radiation distribution [2]

From the above Figure of solar radiation, earth receives 174 Peta-watts (PW) of incoming solar
radiation at the upper atmosphere. Approximately 30% is reflected back to space and only 89 pw
is absorbed by oceans and land masses [1]. The spectrum of solar light at the Earth's surface is
generally spread across the visible and near-infrared region with a small part in the near-
ultraviolet. The total solar energy absorbed by Earth's atmosphere, oceans and land masses is

approximately 3,850,000 EJ per year [3].

1.3 Solar radiation reaching earth surface

The intensity of solar radiation reaching earth surface which is 1369 watts per square meter is
known as Solar Constant. It is important to realize that it is not the intensity per square meter of
the Earth’s surface but per square meter on a sphere with the radius of 149,596,000 km and with
the Sun at its centre.

The total amount solar radiation intercepted by the Earth is the Solar Constant multiplied by the
cross section area of the Earth. If we now divide the calculated number by the surface area of the
Earth, we shall find how much solar radiation is received in an average per square meter of the
Earth's surface [3].

1.4 Spectrum of sun

The performance of Photovoltaic device is reliant on the spectral distribution of solar radiation.
The standard spectral distribution is mainly used as reference for evaluation of PV devices.
There are two standard terrestrial distribution defined by the American Society for Testing and
Materials (ASTM), global AM1.5 and direct normal. The solar radiation that is perpendicular to

2|Page
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a plane directly facing the sun is known as direct normal. The global corresponds to the
spectrum of the diffuse radiations. Diffuse radiations are the radiations which are reflected on
earth’s surface or influenced by atmospheric conditions. To measure the global radiations an
instrument named pyranometer is used. This instrument is designed in such a way that it
responds to each wavelengths and so that we get a precise value for total power in any incident

spectrum [2].
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Figure 1-2 Spectral distribution of black body radiation and sun radiation [3]
The AM initials in the above Figure stands for air mass. The air mass in this circumstance means
the mass of air between a surface and the sun. The length of the path of solar radiation from the
sun through the atmosphere is indicated by the number AMx. The longer the path the more is the
deviation of light. The AMO in the above figure means the spectral distribution and intensity of

sunlight in near-earth space without atmospheric attenuation.[3]

1.5 Background of the Study

Milk, be it from cows, buffaloes, goats, sheep or camels, is a highly nourishing food and has
been harvested by humankind for thousands of years. Milk contains numerous nutrients and
makes a significant contribution to meeting the human body’s needs for calcium, magnesium,
selenium, riboflavin, vitamin B12 and pantothenic acid (vitamin B). Milk is a complex food
containing numerous nutrients required for daily human nutrition [4]. Milk and dairy products
play a key role in healthy human nutrition and development throughout life, especially in
childhood. However, raw fresh milk is highly perishable and is an excellent growth media for
the microorganisms that cause spoilage. [5]

Milk and agro processing has a potentially important role in the economic development of
developing countries.[6] India is the world's largest producer of milk and claims 20% of the

world's total milk Production. According to milk production data by the National Dairy
3|Page
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Development Board, milk production in India has increased by approximately 51% from 80.6
million tons to 121.8 million tons. Nearly 820 million people live and work in rural India, and
almost 10% of rural families 80 million work in dairy production.[7,8]

Ethiopia is reported to be endowed with the largest livestock population in Africa. According to
the 2010 report of the Central Statistical Agency (CSA), the cattle population was estimated at
about 50.9 million with a capacity of producing 3.2billion liter of milk annually. The indigenous
breeds accounted for 99.19 percent, while the hybrids and pure exotic breeds were represented
by 0.72 and 0.09 percent, respectively. From the total cattle population, 45.13 percent are males
and 54.87 percent females. This indicates the importance of male cattle particularly oxen for
draft power. However, in the crop/livestock mixed farming system, oxen work for a maximum
of 100 days in a year. This means that for the rest of the year oxen compete for the meagre feed
resources though unproductive. An appropriate alternative strategy needs therefore to be put in
place to reserve the feed for dairy cows that produce not only milk but also replacement stock.
The total estimated goat population was about 22 million with indigenous breeds accounting for
99.98 percent and hybrid and pure exotic breeds for about 0.02 percent. The male and female
goat population accounted for 30.83 and 69.17 percent, respectively. The total camel population
was estimated to be 807 581 with the proportion of male and female camels being 33.88 and
66.12 percent, respectively (CSA, 2010a). However, 20-25% of the total milk production is
spoiled due to improper preservation.[9] This may be a great loss to the farmers and the country.
The spoilage can be reduced by implementing suitable preservation strategies in the places
where it is produced.[10,11]

The major approved methods of milk preservation are refrigeration and/or heat treatment,
although both methods have limitations with respect to processing.[12] Fresh milk, after
milking, normally has a temperature of 33°C. Proper milk cooling is essential to ensure good
quality, because bacteria multiply rapidly when milk is cooled too slowly or if it is stored at
temperatures above 4°C. Cooling and storage is very important, especially if there is a long
delay (more than 2 h) between milking and delivery at the collection center.[13]

The vapor compression refrigeration system working with conventional energy has been used
for most of the cooling applications. In recent years, the focus of the nations is shifted to
renewable energy technologies because of the issues associated with conventional sources of
energy.

To overcome the problem of continuous grid supply of electricity and diesel generator sets,
renewable energy based refrigeration system for milk cooling at society level is quiet feasible
and found competitive with lower energy related cost, minimum losses in the post-harvest and

green house gas emissions. This can be achieved through taking energy efficiency steps,
4|Page
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reducing overall energy consumption and generating energy through renewable energy resource
of photovoltaic based chillers [14].
Currently, lack of competitive small-scale PV (photovoltaic) driven chillers in most rural areas

of developing countries is responsible for mismatched demand and supply of chilled milk [15].

1.6 Statement of Problem

Milk leaves the udder at a temperature of about 37°c. Fresh milk from a healthy cow is
practically free from bacteria but must be protected against contaminating bacteria’s as soon as
it leaves the udder. Micro-organisms capable of spoiling the milk are everywhere from being on
the udder to the milker’s hands, on air- borne dust particles and water droplets, on straw and
chaff, on the cow’s hair and in the soil as well. Milk contaminated in this way must be filtered
and careful attention must be paid to hygiene in order to produce milk of high bacteriological
quality.

However, despite all precautions, it is impossible to completely exclude bacteria from milk.
Milk is in fact an excellent growth medium for bacteria as it contains all the nutrients they need,
SO as soon as bacteria get into milk they start to multiply. Although the milk leaving the teats
contains original bactericides which protect the milk against the action of micro-organisms
during the initial period, it is a matter of time that the micro-organisms adapt this environment
and starts to grow dramatically.

Unless the milk is chilled in a constant manner, it will be quickly spoiled by micro-organisms,
which thrive and multiply most vigorously at temperatures around 33-37°c. milk should
therefore be chilled quickly to about 4°c immediately after it leaves the cow where at this
temperature the level of activity of micro-organisms is very low to cause humans life-risking
disease. Therefore efficient cooling right after milking is the best way of preventing bacterial
growth.

In most circumstance of developing countries of rural areas where large volume of milking takes
place, lack of conventional grid supply or being too far from milking center also plays a major
role in not achieving immediate cooling that results for spoilage of 20-25% of the total milk
production due to improper preservation.

In general non-availability of cooling or chilling system and high ambient temperature are the
main constrains in milk collection and distribution. These conditions decrease or shorten the
shelf life of raw milk.

This paper aims to solve this mega-problem by using PV driven milk chiller on small-scale
bases as to save endangered human’s health especially of children’s and to reduce production

loss(evening milk) by chilling the milk to the desired temperature for use.
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1.7 Objectives

1.7.1 General objective

0 To design and simulate small-scale PV (photovoltaic) driven milk chiller for
cooling and preserving milk at 4°c.(i.e PV system design as well as chiller

components selection).

1.7.2 Specific objectives

@]

To collect and analyze data.

0 Selecting operating temperature of condenser and evaporator based on
ambient temperature of Semera.

0 Selecting an appropriate size of compressor based on cooling load.

0 Selecting size of the PV panel, battery, and charge controller based on
cooling load estimation.

0 Modeling electrical characteristics (such as I-V and P-V) of the selected PV
panel from the manufacturer’s specification

0 To model refrigeration sub-components

0 To simulate the performance of small-scale milk chiller with MATLAB

software.

1.8 Scope and Delimitations

The scope of this particular research includes designing and simulating small-scale milk chillers
by using solar radiation collected in PV cells, selection of refrigerator compressor, designing of
an efficient thermodynamic cycle which is similar to the test condition of the compressor’s
manufacturer, modeling of the hourly performance variation of the solar refrigeration system,
and transient heat transfer analysis of the preservation process of the milk by the power from PV
electricity. The science of mechanical engineering (mostly thermal engineering) and electrical
engineering to some extent will be dealt to come up with the desired cooling effect. The actual
chiller manufacturing work won’t prevail in this paper due to lack of ample time and shortage of

budget as main limitations.

1.9 Thesis Organization

This thesis contains eight chapters where chapter one deals with how the solar energy is
distributed on the earth’s surface and how much of it is received and with in-depth sight on
enormous benefits of milk despite facing huge spoilage risks. Chapter two brings us the details

of PV cell science and the different technologies related to it with its historical background as
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well. Chapter three observes the design of photovoltaic refrigeration system together with
mathematical modeling of PV cell with its equivalent circuit and the basic working principle of
PV driven milk chiller. Chapter four deals with data collection and analysis, cooling load
estimation, sizing and design steps of PV system and appropriate component selection of
refrigeration cycle based on condenser and evaporator temperature. Chapter five is all about the
mathematical modeling of refrigeration cycle sub-components. Chapter six wraps-up all the
works done in the previous chapters in the result and discussion part. Chapter seven deals with

summarizing part of the work in the conclusion and recommendation chapter.
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CHAPTER-2: LITERATURE REVIEW

2.1 Definitions of PV ( photovoltaic) Chiller
A PV chiller is a device that will transfer heat from a low temperature environment to a
high temperature environment by converting light energy from solar radiation to electricity

using semiconducting materials that exhibit the photovoltaic effect.

2.2 Historical Background of PV

Solar technology isn’t new. Its history spans from the 7" century B.C to today with
starting by concentrating sun’s heat with glass and mirrors to light fires. Today we have
everything from solar-powered building to solar-powered vehicle. A physical phenomenon
allowing light —electricity conversion (the photovoltaic effect) was discovered in 1839 by the
French physicist, Alexandre Edmond Becquerel. Experimenting with metal electrodes and
electrolyte he discovered that conductance rises with illumination. Willoughby Smith
discovered the photovoltaic effect in selenium in 1873. In 1876, with his student Richard E.
day, William G. Adams discovered that illuminating a junction between selenium and
platinum also has a photovoltaic effect. These two discoveries formed a foundation for the
first selenium solar cell construction, which was built in 1877. Henceforth, the first solar cell
was made by Charles Fritts in the year 1883 through the use of selenium but comprehensive
theoretical work about the photovoltaic effect was written by Albert Einstein who described
the phenomenon to receive the Noble prize in 1904. [16]. Another major breakthrough, which
would have significant implications of the later manufacturing of Pv panels was the ability to
create single crystal silicon by Jan Czochralski in the year 1918.Therefore in the solar
photovoltaic area, many works start to be done ones the above mentioned science of progress
advents. Thomachan A. Kattakayam and K. Srinivasan has manufactured a refrigerator which
is powered by field of photovoltaic panels, a battery tank and inverter and it’s shown that
there is no degradation in the performance when a non-sinusoidal waveform AC source is

used to operate the refrigerator.[17]

2.3 PV cell Science

The most common PV cells are made of single-crystal silicon. An atom of silicon in the crystal
lattice absorbs a photon of the incident solar radiation, and if the energy of the photon is high
enough, an electron from the outer shell of the atom is freed. This process thus results in the
formation of a hole—electron pair, a hole where there is a lack of an electron and an electron out
in the crystal structure. These normally disappear spontaneously as electrons recombine with

holes. The recombination process can be reduced by building into the cells a potential barrier, a
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thin layer or junction across which a static charge exists. This barrier is created by doping the
silicon on one side of the barrier with very small amounts (of the order of one part in 10°) of
boron to form p-silicon, which has a deficiency of electrons in its outer shell, and that on the
other side with phosphorus to form n-silicon, which has an excess of electrons in its outer shell.
The barrier inhibits the free migration of electrons, leading to a buildup of electrons in the n-
silicon layer and a deficiency of electrons in the p-silicon. If these layers are connected by an
external circuit, electrons (i.e., a current) will flow through that circuit. Thus free electrons
created by absorption of photons are in excess in the n-silicon and flow through the external
circuit to the p-silicon. Electrical contacts are made by metal bases on the bottom of the cell and
by metal grids or meshes on the top layer (which must be largely uncovered to allow penetration

of photons). A schematic section of a cell of this type and a schematic of a cell in a circuit are

shown below
Light Generates Light Is Absorbed
Electron and Hole at Back
) Metal Contact
Electrical Reflected
Contacts Light Top Electrical
f Grid o
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Figure 2-1 Schematic drawing of incident light on pv cell

General PV system energy flow path schematic drawing
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Figure 2-2 Schematic drawing of stand-alone PV system
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Advantages

0 Minimal maintenance
Power generation is silent
Technology is improving rapidly
No moving parts required
Longer life
Highly portable due to light weight

Power output matches very well with peak load demands

© O O O O O O

Generates electricity directly
0 Well suited for distribution generation
Disadvantages
0 Intermittency
0 Relatively high cost especially with storage
0 Requires relatively large amount of open space
o]

Relatively low efficiency

2.4  Different types of Solar Refrigeration Technologies

Solar refrigeration offers a wide variety of cooling techniques powered by solar collector-based
thermally driven cycles and photovoltaic (PV)-based electrical cooling systems. In comparison
with conventional electrically driven compression systems, substantial primary energy Savings
can be expected from solar cooling, thus aiding in conserving energy and preserving the
environment.

Solar refrigeration technology engages a system where solar power is used for cooling purposes.
Henceforth, this paper aims at PV based electrical cooling system and also highlights others
cooling techniques to some extent. According to Kim and Ferreira(2008), cooling can be

achieved through four basic methods

2.4.1 Solar thermo-electrical cooling

In solar thermo-electric cooling, power produced by the solar PV devices is supplied to the
peltier cooling systems. It is possible to produce cool by thermo-electric processes, using the
principle of producing electricity from solar energy through thermoelectric effect and the
principle of producing cool by Peltier effect. Thermo-electric generator consists of a small
number of thermocouples that produce a low thermo-electric power but which can easily
produce a high electric current. It has the advantage that can operate with a low level heat source

and is therefore useful to convert solar energy into electricity[18].
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The thermoelectric refrigerator is a unique cooling system, in which the electron gas serves as
the working fluid. In recent years, concerns of environmental pollution due to the use of CFCs in
conventional domestic refrigeration systems have encouraged increasing activities in research
and development of domestic refrigerators using Peltier modules[19].

2.4.2 Solar thermo-mechanical cooling

In the thermo-mechanical solar cooling system, the thermal energy is converted to the
mechanical energy. Then the mechanical energy is utilized to produce the refrigeration effect by
compressing the working fluid in a vapor compression cycle directly (ejector cooling cycle) or
indirectly (coupled with an organic Rankine cycle)[20].

2.4.3 Solar thermal cooling technologies

Solar thermal cooling is becoming more popular because a thermal solar collector directly
converts light into heat. Sorption technology is utilized in thermal cooling techniques. The
cooling effect is obtained from the chemical or physical changes between the sorbent and the
refrigerant.[21]

2.4.4 Solar photovoltaic cooling systems

A PV cell is basically a solid-state semiconductor device that converts light energy into
electrical energy. To accommodate the huge demand for electricity, PV-based electricity
generation has been rapidly increasing around the world alongside conventional power plants
over the past two decades| 22].

While the output of a PV cell is typically direct current (DC) electricity, most domestic and
industrial electrical appliances use alternating current (AC). Therefore, a complete PV cooling
system typically consists of four basic components: photovoltaic modules, a battery, an inverter
circuit and a vapor compression AC unit [23].

e The PV cells produce electricity by converting light energy (from the sun) into DC
electrical energy.

e The battery is used for storing DC voltages at a charging mode when sunlight is available
and supplying DC electrical energy in a discharging mode in the absence of daylight. A
battery charge regulator can be used to protect the battery form overcharging.

e The inverter is an electrical circuit that converts the DC electrical power into AC and
then delivers the electrical energy to the AC loads.

e The vapor compression AC unit is actually a conventional cooling or refrigeration

system that is run by the power received from the inverter.
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There have been many papers in the open literature enumerating the various advantages of each
of the above methods as a feasible approach of refrigeration, however, in the present study; only
solar photovoltaic refrigeration using the vapor compression system has been the main focus.
Solar PV vapor compression refrigeration has gained much popularity because of their
simplicity and high COPs. The energy supplied in the system is provided by an array of solar
cells which convert the incident solar radiation to electricity. The later is used to drive the

compressor and excess charges a battery system for use at periods at low or no insolation.

2.5 Previous Researches on PV cooling

Among the various technologies mentioned above, solar thermal and solar photovoltaics are
mainly used in small-scale milk cooling operations and MCC’s (milk cooling centers) according
to [24] Some researchers conducted experiments on the performance analysis of photovoltaic
driven vapour compressor refrigeration system. Kattakayam et al. (1996) studied the electrical
characteristics of a 100W AC operated domestic refrigerator using R-12 powered by a field of
SPV panels, a battery bank and an inverter. A minimum current region was observed in the
mains voltage range of 180— 190V and at the inverter voltage range of 210-230 V. Charters and
Oo (2003) suggested its use in developing countries for essential purposes such as vaccine
serum storage at medical clinics in remote regions. Eltawil and Samuel (2007) stated that
refrigerated storage, was believed to be best method for storing the fruits and vegetables in fresh
form, which were not available in rural or remote locations where grid electricity was almost not
available. Fatehmulla et al. (2011) designed and developed low power refrigeration system
using PV modules, 2 modules each of 36 solar cells. Yilanci et al. (2011) studied the energy an
analysis of a refrigerator, powered by a photovoltaic investigated to obtain efficient operation
conditions based on experimental data. Sobamowo et al. (2012) designed and developed
photovoltaic-powered dc vapour compression refrigeration system for developing countries such
as Nigeria and showed that its applicability to different climatic regions in Africa and could be
used for perishable food storage, improvement in the health services and living conditions in
remote and rural areas which were unable to access electricity from the grid.

According to (Yesilata and Isiker,2006), PV refrigeration system are economical and reliable
solution for remote or urban areas where the supply of electricity is non-reliable such as found in
developing countries.

According to Obeng and Hans-Dieter (2009), the presence of solar PV powered icemakers in
rural communities can assist micro enterprises in fishing, sale of ice cubes and cold stores,

especially small rural stores in the tropical and sub-tropical countries such as Ghana and
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Ethiopia to expand their inventory by adding items that can be preserved using solar-powered
refrigerators.

Modi, et al. (2009) described the fabrication, experimentation and simulation stages of
converting a 165L domestic electric refrigerator to a solar powered one. The conventional
domestic refrigerator used in their experiment was redesigned by adding battery tank, inverter
and a charge controller, and powered by photovoltaic panels and a maximum COP of 2.102 was
observed at 7AM.

Biligili (2011), proposed and investigated the performance of a solar electric vapor compression
refrigeration system under different evaporating temperatures and months in Adana city lovated
in the southern of Turkey. Conventional refrigerator was operated by solar PV system via a
battery, it was found the proposed system driven by solar PV can be successfully operated in the
chosen province in Turkey and it may be more applicable and encouraged when the cost of solar
panel system decreases.

According to (Kim and Ferriera, 2008), the biggest advantage of using solar panel for
refrigeration is the simplicity in construction and high overall efficiency when combined with a
conventional vapor compression system.

Thomachan and Kattakayam (2000), also presented the cool-down, warm-up and steady state
performance of a 100Watt AC operated domestic refrigerator powered by a field of photovoltaic
panel, a battery and an inverter. The author noted that there was no degradation in the
performance when a non-sinusoidal waveform AC source is used to operate the refrigerator
although it may involve only a slight additional heating of the hermetic compressor.

According to Aprea et al. (2009), PV systems are the most appropriate system for small capacity
refrigeration plants used for food or medical applications in areas far from conventional energy
sources where a high level of solar radiation is present.

This papers aims at using PV panel for cooling milk due to the many advantages it has like
direct electricity production and low running cost which is vital for milk cooling in most rural
areas and developing countries where grid system isn’t available or at far distance. Moreover in
Ethiopia, there hasn’t been such cooling technology for the past decades which is the main gap

that needs to be addressed to largely minimize post-harvest losses.
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CHAPTER-3: DETAILS OF PHOTOVOLTAIC ARRANGMENT
AND MODULE SELECTION

In this chapter, the detail working principle of the PV cell, module and array of the system will
be presented as our main element in the cooling of milk to a desired temperature and the
components of the refrigeration will be selected appropriately. The PV arrangement, materials
used in a cell, different types of PV panels and their selection criteria, mathematical modeling of

PV cell will also be dealt.

3.1Photovoltaic Arrangement

3.1.1 Photovoltaic cells

PV cells are made of semiconductor materials, such as silicon. For solar cells, a thin
semiconductor wafer is specially treated to form an electric field, positive on one side and
negative on the other. When light energy strikes the solar cell, electrons are knocked loose from
the atoms in the semiconductor material. If electrical conductors are attached to the positive and
negative sides, forming an electrical circuit, the electrons can be captured in the form of an
electric current - that is, electricity [25].

3.1.2 Photovoltaic module

Due to the low voltage generated in a PV cell (around 0.5V), several PV cells are connected in
series (for high voltage) and in parallel (for high current) to form a PV module for desired
output. Separate diodes may be needed to avoid reverse currents, in case of partial or total
shading, and at night. The p-n junctions of mono-crystalline silicon cells may have adequate
reverse current characteristics and these are not necessary. Reverse currents waste power and
can also lead to overheating of shaded cells. Solar cells become less efficient at higher
temperatures and installers try to provide good ventilation behind solar panels.[26]

3.1.3 Photovoltaic array

The power that one module can produce is not sufficient to meet the requirements of home or
business. Most PV arrays use an inverter to convert the DC power into alternating current that
can power the motors, loads, lights etc. The modules in a PV array are usually first connected in
series to obtain the desired voltages; the individual modules are then connected in parallel to

allow the system to produce more current [23]
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27

Cell

Module

Array

Figure 3-1 Photovoltaic system [25]

3.2 Materials used in a cell
The materials used in PV cells are as follows:

» Single-crystal silicon
Single-crystal silicon cells are the most common in the PV industry. The main technique for
producing single-crystal silicon is the Czochralski (CZ) method. High-purity polycrystalline is
melted in a quartz crucible. A single-crystal silicon seed is dipped into this molten mass of
polycrystalline. As the seed is pulled slowly from the melt, a single-crystal ingot is formed. The
ingots are then sawed into thin wafers about 200-400 micrometers thick (1 micrometer =
1/1,000,000 meter). The thin wafers are then polished, doped, coated, interconnected and
assembled into modules and arrays [27]

» Polycrystalline silicon
Consisting of small grains of single-crystal silicon, polycrystalline PV cells are less energy
efficient than single-crystalline silicon PV cells. The grain boundaries in polycrystalline silicon
hinder the flow of electrons and reduce the power output of the cell. A common approach to
produce polycrystalline silicon PV cells is to slice thin wafers from blocks of cast
polycrystalline silicon. Another more advanced approach is the “ribbon growth” method in
which silicon is grown directly as thin ribbons or sheets with the approach thickness for making
PV cells [27].

» Gallium Arsenide (GaAs)
A compound semiconductor made of two elements: Gallium (Ga) and Arsenic (As). GaAs has a
crystal structure similar to that of silicon. An advantage of GaAs is that it has high level of light

absorptivity. To absorb the same amount of sunlight, GaAs requires only a layer of few
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micrometers thick while crystalline silicon requires a wafer of about 200-300 micrometers thick.
Also, GaAs has much higher energy conversion efficiency than crystal silicon, reaching about
25 to 30%.The only drawback of GaAs PV cells is the high cost of single crystal substrate that
GaAs is grown on [27].

» Cadmium Telluride (CdTe)
It is a polycrystalline compound made of cadmium and telluride with a high light absorbability
(i.e a small thin layer of the compound can absorb 90% of solar irradiation).The main
disadvantage of this compound is that the instability of PV cell or module performance. As it a
toxic substance, the manufacturing process should be done by extra precaution [27].

» Copper Indium Diselenide (CulnSe)
It is a polycrystalline compound semiconductor made of copper, indium and selenium. It
delivers
high energy conversion efficiency without suffering from outdoor degradation problem. It is one
of the most light-absorbent semiconductors. As it is a complex material and toxic in nature so

the manufacturing process face some problem [27].

3.3 PV panel types and Multi-criteria selection

3.3.1 PV panel design selection decision:

There are three basic types of PV panels.

i.  Mono-crystalline panels:
Mono-crystalline solar panels are made of premium-grade silicon crystals, which contain very
few impurities. These panels are therefore far more efficient than other types of solar panel [28].
Advantages (28)
e The average efficiency of mono-crystalline solar panels ranges from 15 to 20 percent.
e Mono-crystalline silicon solar panels make efficient use of space and are economical. As
they have higher power outputs, they can be smaller than any other type of solar panel.
e They are highly durable. Most producers of mono-crystalline solar panels provide
guarantees of 20-25 years.
Disadvantages (28)
o Is expensive and recommended mainly for small spaces when high power density is
required.
e Shade affects their efficiency and power production.
e Sensitive to temperature. High temperatures decrease the efficiency of mono-crystalline

solar panels.
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Polycrystalline panels:

These are slightly less efficient and expensive than mono-crystalline cells. They are easier to

manufacture than mono-crystalline panels.

Advantages

Manufacturing process is less complicated than that of mono-crystalline panels.
The polycrystalline process does not include the Czochralski process, so generates less
silicon waste than the mono-crystalline process does.

Cheaper than mono-crystalline panels.

Disadvantages

Lesser efficiency compared to mono-crystalline panels with average efficiency of around
12 to 17 percent due to higher impurity of silicon used to make polycrystalline panel.

It needs more space than mono-crystalline panels.

More sensitive to temperature than mono-crystalline

Thin film panels:

Thin-film solar panel technology is cheaper to produce than either mono- or polycrystalline silicon

cells, but thin-film panels have far lower efficiency.
Advantages [29]

Thin-film panels are economical and simple to produce.
High temperatures and shade have less impact on their performance and efficiency.

They can be fully integrated into existing structures and building elements.

Disadvantages [29]

Efficiency is in the range of only 7-13 percent.

Because of this low efficiency, thin-film technology requires a lot of space.

The low efficiency and need for space increases the cost of thin-film PV equipment, such
as support structures and cables.

They are less durable than mono- and polycrystalline solar panels.

Table 3-1:- Multi criteria decision making for solar panel

Candidate Criteria Total
materials percentage
Cost | Efficiency Size Durability | Temp. and Total
(30%) (30%) (15%) (15%) | shade effect (100%)
(10%)
Mono- 15 23 15 15 5 73
crystalline
Poly- 20 18 10 10 7 65
crystalline
Thin film 25 13 7 5 10 60
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As shown in the table, efficiency, durability and simplicity of mono-crystalline panel makes it
with higher percentage in the multi-criteria decision. Therefore mono-crystalline panel is

selected for our PV design.

3.4 Mathematical modeling of a PV cell
3.4.1 Equivalent Circuit

A PV module consists of a number of solar cells connected in series and parallel to obtain the
desired voltage and current output levels. Each solar cell is basically a p-n diode. As sunlight
strikes a solar cell, the incident energy is converted directly into electrical energy without any
mechanical effort. For simplicity, the single-diode model [30] is used in this paper. This model
offers a good compromise between simplicity and accuracy with the basic structure consisting of
a current source and a parallel diode. The equivalent electrical circuit is shown in Figure 3-2
below. Series resistors Rs and parallel (shunt) Rs that limit the performance of the cell are added
to the model to take into account the dissipative phenomena at the cell (internal losses) [31].

Rs: Series resistor, mainly due to losses by Joule effect through grids collection and to the
specific resistor of the semiconductor, as well as bad contacts (Semi conductor, electrodes).

Rp: Parallel resistor, called 'Shunt' comes from the recombination losses mainly due to the
thickness, the surface effects and the non-ideality of the junction.

An assessment of the operation of solar cells and the design of power systems based on solar
cells must be based on the electrical characteristics, that is, the voltage-current relationships of
the cells under various levels of radiation and at various cell temperatures. The electrical
characteristics of a PV (photovoltaic) module is very vital in the determination of compressor’s
cooling effect level as it has direct relationship with the operating RPM of the compressor.

3.4.2 Solar Cell Model

The model is developed using basic circuit equations of the Photovoltaic (PV) Solar cells
including the effects of solar irradiation and temperature changes. A PV cell can be represented
by a current source connected in parallel with a diode, since it generates current when it is
illuminated and acts as a diode when it is not. The equivalent circuit model also includes a shunt

and series internal resistance that can be represented bly resistors Rs and Rsn as shown below
s
I

Ip Ish +

Iph G) Rop \'4

Figure 3-2 The equivalent PV cell circuit model
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The physical structure of a solar cell is similar to that of a diode in which the p—n junction is

subjected to sun exposure. The basic semi-conductor theory is captured in the following

equations:
I = IpR,COLL — Id ... e e e 3.1
Id = 10, cellfexp (22) = 1]eoiiiiiiniiisiieiiiici s 3.2
Where:

Iph,cell : is the current generated by the incident light (it is directly proportional to the Sun
irradiation), Id : is the Shockley diode equation, locen is the reverse saturation or leakage current
of the diode, q is the electron charge (1.60217646 x 10~1° C), K is the Boltzmann constant
(1.3806503 x 10723 J/K), T (in Kelvin) is the temperature of the p—n junction, and a is the diode
ideality constant.

3.4.3 Solar Module Model

To increase total voltage of the module, cells have to be connected in series as shown in fig. 3.3,
(Vour=V1+V2+...). Connecting PV cells in parallel, as shown in fig. 3.4, increases the total
current generated by the module (lout=I+...).The total current is equal to sum of current
produced by each cell.

Cell3 Cell4

- Qutput + -
 \Voltage @

Figure 3-3 Connecting PV cells in series

Tl 1

_ Output -+
—® ‘“Yollage

Figure 3-4 Connecting PV cells in parallel
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For Np cells branches in parallel and Ns cells in series, the total shunt resistances (Rsn,Module)

and series resistances(R) in module are equal to:

N.
_ Np
Rsh,module - N_s * Rsh,cell ............................................................................ 3.3

— N
Rs,module - N_p * RS,Cell ............................................................................... 34

Where: Rsp moauie 1S total shunt resistance of the module, R ;0401 IS total series resistance of
the module (Ohm), Rgp, ce;; i Shunt resistance in one photovoltaic cell, R .o is Series
resistance in one photovoltaic cell, N,, is Number of cells branches in parallel and N, is number
of cells in series.
The module current has an implicit expression depending on the following variables expressed
in function of a single cell parameters and this is approximation method [32]
Licmodute = Np % Lgg.cotl e cevnveeaenmeaa it ittt et 35
Vpemodute = Ng % Vg colle e enernennennenmeieaseasaaaasseteiieseeeeeeteesneseeeeeeaeeaeeeas 36
Where: Is. moauie 18 Total short circuit current of the photovoltaic module, Amp, V¢ moduie:
Total open circuit voltage of the photovoltaic module, V, I, .y, Short circuit current of one
photovoltaic cell, and V. .¢;;, short circuit voltage of one photovoltaic cell.

3.4.4 Solar Array Model

The modules in a PV system are typically connected in arrays. Fig. 3.5 illustrates the case of an
array with M, parallel branches each with Ms modules in series.

The applied voltage at the array’s terminals is denoted by V*, while the total current of the

array is denoted by
Mp I

(NA = D L e 3.7
Where: A is the branch number
It is assumed that the modules are identical and the ambient irradiation is the same on all the
modules, then the array’s current is:

(DA = My I 3.8

Fig. 3.5 solar cell arrays consists of M,, parallel branches, with M, modules in series in each branch
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Manufacturers of PV arrays, instead of the 1-V equation, provide only a few experimental data
about electrical and thermal characteristics. Unfortunately, some of the parameters required for
adjusting PV array models cannot be found in the manufacturer’s datasheets, such as the light
generated or PV current, the series and shunt resistances, the diode ideality constant, the diode
reverse saturation current, and the band gap energy of the semiconductor. All PV array
datasheets bring basically the following information: the nominal open-circuit voltage (Voc,n)
the nominal short-circuit current (Isc.»), the voltage at the Maximum power point (V). the
current at Maximum power point (L,m, ), the open-circuit voltage/temperature coefficient
(Kv),the short circuit current/temperature coefficient (K), and the maximum experimental peak
output power (Pmax, ) This information is always provided with reference to the nominal
condition or standard test conditions (STCs) of temperature and solar irradiation. So, it is
necessary to drive the electrical parametric equation (I-V and P-V equation) from the
manufacturer’s data sheet.

Since the basic equation of Kirchhoff (3.1) of the elementary PV cell does not represent the 1-V
characteristic of a practical PV array, practical arrays are composed of several connected PV
cells and the observation of the characteristics at the terminals of the PV array requires the

inclusion of additional parameters to the basic equation [33].

I =L,—1, [exp (%) - 1] R 01039

t Rgp
Where I,, and I,are the photovoltaic (PV) and saturation currents, respectively, of the array and
v:=Ns*K*T/ q is the thermal voltage of the array with (Ns) number of cells connected in series.

The diode saturation current I, and its dependence on the temperature and expressed as [32].

1 1

- Ty3 aEg 1
lo = lon()%exp [ (Tn £ SO PR 3.10

Where: Where Eq4 is the band gap energy of the semiconductor (Eg = 1.12 eV or 1.794 %
10~%J) for the mono-crystalline Si at 25 <C) and I, ,, is the nominal saturation current, the value
of diode ideality constant is usually between 1 < a < 1.5 and for mono-silicon material is
around 1.2 [34]

S 3.11

ex Vocn 1
p th,n

Io,n

Where: Vi n is the thermal voltage of Nsseries-connected cells at the nominal temperature Tn.
The light- generated current of the PV cell depends linearly on the solar irradiation and is also

influenced by the temperature according to the following equation [33]

Ipn = (phn + KIAT) g 3.12
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Where: L,,,, (in Amp) is the light-generated current at the nominal condition (i.e 25°c and
1000W/m~2), AT =T —-T, (T and T, are the actual and nominal temperatures (K),
respectively),

K;is the short circuit temperature coefficient usually given by the manufacturers and also

calculated by

__Isc(T2)—1sc(T1)
T2-T1

K o o 3.13
G is the irradiation on the PV panel (W/m"2) and G, is the nominal irradiation (i.e
1Suns=1000W/m"2).

The nominal light generated current L, ,, is given accurately by the following equation [33].

_ Rp+Rs

Lipn Iy, norlyy, = Isc(Tn) * (;G_n ................................................... 3.14

The series resistance Rs was included; which represents the resistance inside each cell in the

connection between cells.

-av 1
Rs =
dlyoc Xy

Xy = I,(T,) * ——exp (M) e, 3.16

A¥K*Ty, A¥K+Ty, Xy
Therefore equation (3.9) can be expressed with the known values given by the manufacturer’s
datasheet (Is.,n and V. ), the constants (a, q, K and Eg) and the external influential factors of
radiation and temperature (T, G), but the internal influencing parameters (Rs and Rp) are still
unknown.
Marcelo G. et al.[33], proposed an interesting method for adjusting Rs and Rp based on the fact
that there is an only pair {Rs,Rp} that warranties that
Pmax,m = Pmax.e = Vmpp Impp at the (Vmpp, Impp) point of the 1-V curve, i.e., the maximum
power calculated by the |-V model of equation (3.9), (Pmax,m) is equal to the maximum
experimental power from the datasheet (Pmax, ¢) at the MPP (where MPP is a maximum power
point, which means a point where the power output of the solar panel will be maximum).
Using the help of the method proposed by Marcelo G, a mat-lab program is developed which is
capable of determining the electrical characteristics of any solar panel from the specification of
the manufacturer data sheet.
The calculated maximum current output of the solar panel at nominal temperature and solar

radiation (at 25°C and 1000 W/m2) could be expressed using equation (3.9) as

_ Vinpp +RsImpp Vinpp *+ RsImpp
Impp = lphn — Io,n [exp <T -1 - T .................................. 3.17

Where: V,,,,,,, is the voltage at MPP (Maximum power point), the thermal voltage of the array at
STC Iy is current at MPP.
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Rearranging equation (4.51) to express the shunt resistor with other variables will be

R, = Umpp Relmpp e 3.18

p Vmop+Rslm
Iy n=lo|exp (TR CEE )1 |-

3.5 Working principle of PV (photovoltaic) driven milk chiller

General working principle summary

1 Solar radiation from the sun is collected through PV modules where they will be
changed to electricity.

2 The PV generated electricity should be controlled before passing to the battery tank
in order to safe functioning of the battery from overly charged and to avoid deep
discharge.

3 The battery tank stores the power during the sunlight period and uses the stored
energy in the night time when insufficient power prevails.

4 Here the actual milk chilling effect will be achieved by the electricity received to the

compressor just same like vapor-compression refrigeration system
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CHAPTER-4: METHODOLOGY

In this chapter, four main steps for the design of PV panel and selecting components of the

chiller will be undertaken primarily based on the cooling load requirement. The steps to be
followed are data collection and analysis, cooling load estimation, standard sizing and design

steps of PV system and selection of PV refrigerator components.

4.1 Data collection and analysis

Semera which is located in afar region has been selected for implementing the design case study
has the following geographical coordinates together with five year sunshine hour data as

collected from the National Metrology Agency of Ethiopia.
Latitude = 11°47” 36” N

Longitude = 41° 12’ 4" E

Elevation above sea level = 433m =1420 ft

4.1.1 Solar radiation analysis

First we start to calculate the extraterrestrial solar radiation on horizontal surface as a platform
for estimating our daily solar radiation value for horizontal surface. Therefore by using the
following correlation, we calculate daily solar radiation daily extraterrestrial solar radiation Ho
(KW hr /m?/day)

_ 24xGge

H, = — (1 + 0.033cos

33660:) * (cos@cosdsinw, + %sin@sin@ ................... 4.1
Where Ho: extraterrestrial solar radiation (i.e solar radiation that would be received in the
absence of atmosphere),

Gsc = 1367 w/m? is solar constant,

n: the number of days of the year,

¢ is the latitude of semera,

d sun declination angle and

wg: sunset or sunrise hour angle which is given by

o, =cos (—tangtans)
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Table 4-1:- Recommended average day of month, declination angle and value of n by month

n for i
Day of month For Average Day of month
date n

January | 17 17 -20.9
February 31+i 16 47 -13.9
March 59+i 16 75 2.4
April 90+i 15 105 9.4
May 120+i 15 135 18.8
June 151+i 11 162 23.1
July 181+ i 17 198 21.2
August 212+i 16 228 13.5
September 243+i 15 258 2.2
October 273+i 15 288 -9.6
November 304+i 14 318 -18.9
December 334+i 10 344 -23.0

Once the extraterrestrial solar radiation is found, the daily total solar radiation will be calculated
by using Angstrom regression equation

£=a+b*i ....................................................................................... 4.2
H

o Tq
Where H: daily total solar radiation on horizontal surface,
a and b are the empirical constant parameters, which express as a function of latitude and

sunshine hours

a=—0.309 + 0.539 * cos@ — 0.0693 * 2+ 0.29 % —  _......ceiiiiiiiiiiiniiineenen, 4.3

Tq

b = 1.449 — 0.553 * cos¢ — 0.694% ........................................................ 4.4

Where s: is sunshine hour in a day,

Z: is elevation of the site above sea level = 433m and Ty is the time of sun set or rise, its

equation is given below

_ 2

2
Ta=15 15

" COSTI(—taNBLANS) ..v v 45

*wS

Where hourly angle is:

Wg = COS™L(—tan@BLtand).......coviriee i e e e e 4.6
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The daily total solar radiation on horizontal surface (H) has two components, daily solar beam
radiation (H,) and daily solar diffuse radiation (H;) components. Calculating the sunrise or
sunset hour angle (w,) from equation (6), w, is greater than 81.4° for all months of the year, the
clearance index K, are in the range of 0.3 to 0.8. Therefore average daily diffuse radiation on the
surface is given by Liu and Jordan correlation [34].

Hq

-1 =1.311-3.022K, + BA27K 2 — 1.821K > e, 47

Where k;, = Hi

Therefore we can calculate the daily beam radiation from the total daily solar radiation by:
H = Hb + Hd .......................................................................................... 4.8

4.1.2 Estimation of hourly radiation from daily data

Once we know the daily average solar irradiation on, we’ll change this daily average data to
hourly solar irradiance for each and every month in a year for the sake of easily understanding of
the transient nature of the solar intensity within a day. In order to do so we’ll use the following
correlation [34]

e 4.9

L

H

Where: I is hourly solar radiation on horizontal surface,
H is daily solar radiation on horizontal surface,

1t 1S the ratio of hourly to daily total solar radiation and also expressed as follow:

r, = ’Z(a + bcosa))(si Cosaz_wsws ........................................................... 4.10

2_ — (Mws
180

)cosa) s

Where: w is the hour angle in degree and ws is the sunset hour angle.

The coefficient of a, b and w is given as:
a =0.409 + 0.5016 # SiN (g = 60) .. uiuiiiniitet it e e e e 411
b =0.6609 — 0.4767 % SIN (Wg = 60) ... ceuiuniie ettt e e 412

O = (L2 = ST ) % 150 e e e e e e e 413

Therefore the ratio of hourly to daily solar radiation (r;) will be calculated using excel or Matlab

. 1
Since 7, = o

D H % T e e e 414
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Hourly solar radiation will be calculated for every hour of the months in a year by using the
above equation which is vital to depict the transient nature of power fluctuation from the solar

radiation available.

4.1.3 Optimum tilt angle of the PV panel

Semera which is found in the northern hemisphere should face towards the south in order to
receive ample irradiation. The collector must face towards the equator with tilt angle of the local
latitude of the site is recommended [35]. The solar radiation reaches pick at solar noon when the
sun just becomes at meridian of the point. So, to utilize this pick solar radiation, our solar panel
must face south with zero azimuth angle (i.e. no tilting of the panel towards west or east).

For south facing panels incident angle of solar rays is given as [36]

cos@ = sin(L — B) sin(8) — cos(L — B) cOS(8) COS (W) .vnvvvninineeairiiiieeeiiiaeiis 4.15

Where: 0 is incident angle of solar radiation on the PV panel which is tilted by 3 angle from
horizontal surface to south, L is latitude angle of the point, w is hour angle, and § is declination

angle.

At solar noon (as it is important reference for almost all solar calculation [35] the hour angle (w)

will be zero. So, equation (4.15) will be:

cos(8) = sin(L — B)sin(8) — cos(L — B)cos(5)cos(0)

cos(8) = sin(L — RB)sin(8) — cos(L — B)cos(d)
Which can be further reduced using cosine law
€0S(0) = —COS(L — B 8 iiuieit it e e e e e 4.16
S T (L o= B 8 e, 417
Taking summer solstice or fall equinox as reference, the declination angle &§ will be fixed to
zero,
and equation (4.17) will be:
e A 7R ) TP 4.18
The incident angle (0) of equation (4.4) will become optimum when its value is zero. So, does
the tilt angle of the panel.
0 = m — (L- Boptimum)
BOPUIMUITL = L = Tl e e e e et e e e eeeees 4.19
Equation (4.20) indicates the need for tilting of the solar panel at the same latitude angle but to

the opposite direction (i.e. if the latitude position is north to face the panel to south).
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In our case, Semera is found 11.76degree of north. Hence the solar panel should face 11.76
to south.
4.1.4 Solar radiation on the optimally tilted PV panel

The sunshine hour solar data from the National Metrology Agency of Ethiopia must be analyzed
in such a way that the irradiation output should be based on the tilted angle of the PV. Since we
already know the optimum tilt angle, now we should come up with the amount of irradiation it
receives hourly. Unfortunately the device Pyranometer in fig. 4.1 is used to measure only the
global solar radiation falling on horizontal surface since its sensor has a horizontal radiation-
sensing surface that absorbs solar radiation energy from the whole sky (i.e. a solid angle of 2 &

sr) and transforms this energy into heat.

Fig. 4.1 Pyranometer

For purposes of solar process design and performance calculations, it is often necessary to
calculate the hourly radiation on a tilted surface of a collector from measurements or estimates
of solar radiation on a horizontal surface. So far the equations we have seen above works best
for the horizontal surface, we can’t proceed with it. Since the PV panel is not placed horizontally
facing the sky, some amendment will be done in the following part to accurately estimate the
solar radiation incident on the tilted PV panel. The radiation on the tilted surface considers three

components: beam, isotropic diffuse and solar radiation diffusively reflected from the ground. A

surface tilted at slope B from the horizontal has a view factor to the sky F,_; = @ , Vview
factor to the ground F._,; = @ and if the surroundings have a diffuse reflectance of p, for

the total solar radiation, the reflected radiation from the surrounding on the surface will be

o (22)

Therefore the total solar radiation on the tilted surface is given by Liu-Jordan diffuse assumption
[24]

Hp = HyR, + Hy B e jp OB 4.20
Where: H: total solar radiation on tilted surface,

H,: daily solar beam radiation on horizontal surface,
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Ry ratio of beam radiation on tilted surface/beam radiation on horizontal surface,
H,: daily diffuse solar radiation on horizontal surface,
H: daily solar radiation on horizontal surface,
pg- diffuse reflectance of the ground,
B: tiltangle
4.1.5 Hourly absorbed solar radiation
The monthly average hourly radiation incident on the collector is given by

1+cosf 1-cosp

Ir = (Hr, — Harg)Ry + Hy (F28) + Hpyre(E2E). 421

Where r,: is the ratio of hourly diffuse radiation to total diffuse radiation on horizontal surface

and is given by

T COSW—COSsWwg

YR )
24 smu)s—( 1805)c05u)5

Tq = ) .......................................................................... 4.22

Ratio of beam radiation on tilted surface to that of horizontal surface (R},) is given by

Gp
G ﬁ

Fig. 4.2 Ratio of beam radiation on tilted surface to horizontal radiation

G G cos@ cos6
R, = T = b 00 0 e e, 4.23

Gp Gpn COSOz cosf,
Where: 6 is incidence angle on the surface which is given by

cosf =sind singp cosff — sind cos ¢ sin B cosy + cos b cos ¢ cos B cosw
+ cosdsing sinff cosy cos w + cos § sin B siny sinw

cosO = cosb,cos f + sinb,sin fcos (ys —v )
6, is zenith angle and is given by

cos6, = cos ¢ cos § cos w + sin §sin ¢p

Where: y is surface azimuth angle,

¥, is solar azimuth angle

29| Page



Design And Performance Analysis Of Small-Scale Milk Chiller By Using PV System 2018G.C

Daily solar beam radiation on horizontal surface (H}) is can be found from equation(4.8)

Hy = H = Hyoooooieeee e e et 825
Where: H, from equation (4.7) = (1.311 — 3.022K, + 3.427K,” — 1.821K,*) x H
4.1.6 Ambient temperature analysis

The hourly variation of temperatures can be predicted from the daily maximum and daily
minimum temperatures using the sine-exponential model (Brandsma Ko'nnen 2006). The
method is developed by Parton and Logan (1981). This model describes the diurnal cycle by a
sine function during daytime connected to a decreasing exponential function during nighttime.
A, for day light hours
_ - T*m

T(H) —_— (TMAX - TMIN) Sln (m) + TMIN ...................................................... 426

B, for night _time hours

—b*n

T(H) = TMIN + (TSUNSET - TMIN)EXP( ) .................................................. 427

z

Where T (H) is the temperature at any hour of the day or night period determined from m and n,
y is day length (h), z is night length (h), Tsynser iS temperature at sunset (°c), m is number of
hours between time at Ty and sunset (h), n is number of hours from sunset to the time of T,y

(h), a is lag coefficient for T, 4,5=1.80(h), b is night —time temperature coefficient =2.2.0(h)

4.2  Cooling Load Estimation

The total cooling load must be estimated in order to size our PV panel optimally. The four types

of load we should consider are as follows

421 Transmission load

The rate of heat transfer through a particular wall, floor, or ceiling section of milk storage tank

can be determined from

O A A () 4.28
Where: A,: outside surface area of the storage tank
AT: temperature difference between the outside air and the air inside the refrigerated
space

U: overall heat transfer coefficient
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According to ASHRAE (2002), the overall heat transfer coefficient (U) is determined from

1
r
o 0*|n*(r0/ri)+r0*|n*(R0/r0)+ 1

U 4.29

steel ins ho
Where : r; and r,; inside and outside radius of the milk storage tank respectively

R, is radius of the storage tank including the insulation thickness and is given by
R, = r, + insulation thickness

h; and h,, is the inner and outer surface convective heat transfer respectively.

The overall heat transfer coefficient for natural convection falls in the range of 0.15mV:K to
0.28 —— and convective heat transfer coefficient range from 5—— to 25——.[35]
m“K mK mK

e From the standard milk storage tank dimension(Refrigerated milk tank,G1; Alfred and
Co.), we consider the size of the cylindrical milk storage tank for 50 liter to be stainless
steel with Height = 57cm , Diameter = 35¢m, ro = 17.5¢cm, ri = 17.2cm and
Weight =53kg

m~2.K
w

e Extruded polystyrene insulator is used R = 5 per 1” of thickness and insulation

thickness to be 1” = 0.0254m
e All sides of the storage tank are well insulated.

Calculating the transmission load as follows
Qtrans = U * AO * AT (W)

1
U= T
ro , o*ln*(rolri)+1'0>|ﬂ1n>k(R0/I.0)+ 1
hj*rj Ksteel Kins ho

A, = area of all insulated sides of the storage tank

A, = mtxDxH+mr?

A, =m*x0.35%057+m=0.1752 = 0.723m2

AT= temperature difference between the outside and inside temperature= 37°c-4°= 33°

Therefore transmission 1oad Qt;ansmission = 0.185 *0.723m2 * 33K = 12.75

w
m2.K
Qtrans = 4.41Watt
4.2.2 Infiltration load

This is the heat gain through warm outside air which occurs during opening the hood of the
storage tank either when filling the tank with milk to be cooled or when dispatching chilled milk
from the storage tank.
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A practical way of determining the infiltration load is to estimate the rate of air infiltration in
terms of air changes per hour (ACH), which is the number of times the entire air content of the
storage tank is replaced by the infiltrating air per hour. Once the number of air changes per hour

is estimated, the mass flow rate of air infiltrating into the room is determined from [38]

o kJ

mair — (Vroom/Vair) * ACH (E .................................................................. 4.30
Where
V-0om: 1S the volume of the tank and

V,ir ¢ IS the specific volume of the dry air in the tank. Once ;. is available, the sensible and

latent infiltration loads of the cold storage tank can be determined from

_ kJ
Qinf,sensible = Myir (h amb — hroom) (E) ...................................................... 4.31
— . kJ
Qinf,latent - (wamb - wst,air ) Myir hfg(ﬁ) ................................................ 432
where

w : is the humidity ratio of air (the mass of water vapor in 1 kg of dry air),
h : is the enthalpy of air, and h¢, is the heat of vaporization of water.
The values of specific volume v, enthalpy h , and the humidity ratio w can be determined from
the psychometric chart when the temperature and relative humidity (or wet-bulb temperature) of
air are specified.
Assumptions[38]

o Ideal gas properties of air is considered from table h ,,,;, = h@370c = 310.45k]/kg,

hyoom=h@40c = 277.3k]/kg and v = % =1/1.2kg/m3 = 0.833m3/kg

e Atmospheric pressure condition, hy, = 2257k]/kg from saturated steam table

e Since the storage tank volume is small, air change per hour(ACH) to be 1.04

Therefore mass flow rate of the air entering the tank will be

Mair = (hoom/Vair) * ACH = (Of’;;’i;;) 1= 012540
kg kj k]
Qinf sensible = 0-125E (310-45@ —2773 @)
Or we can use also
. kJ kJ kJ
Qins sensivie = Mair * Cpair * (Tamp — Tinside) = 0-125H *1 kg K * 33K = 4-14ZE

Qinf,sensible: 414k]/h7" = 1.15Watt

Qinf,latent = (wamb - wst,air ) mair hfg

%Mv

Wamp- humidity ratio of the ambient air=0.622 * oo—venn)
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. artial pressure of water vapor P, t
%Mv (moisture by volume) = £ d ! P — _watervapor
total pressure Piotal

To find the partial pressure of water vapor we use Antoine equation as follows

) ettt 4.33

233.426+T

lOg Pwater vapor = 807131 - (
Where T in °c and P, ,,qp0r in tOrr

for ambient temperature T = 37 °c

1730.63
233.426+37

109 Py vapor = 8.07131 — ( ) = 1.67166

By vapor=46.95 torr = 46.95 * 133.322pa = 6259.82pa......... 1torr = 133.322Pa

6259.82
101325

0622+« %Mv _ (0.622+6.177)
@amb.ats7oc = (100 — 9%Mv) _ (100 — 6.177)

%Mv (moisture by volume) =

=0.06177 =6.177%

wamb,at3 70c™— 0041

For storage tank temperature T = 4 °c

109 Pyater vapor = 8.07131 — (—222) = 0.782

233.426+4

Pyater vapor = 6.053 torr = 6.053 * 133.332pa = 807.1pa

%My = ¥rarer — 807.1/101325 = 0.00796 = 0.796%

total

0.622 « %Mv

Wamb,at37oc — m = 0.622 * 0796/(100 - 0796)

wamb,at3 70c — 000499

Therefore

Qinf,latent = (wambient - wstorage tank,air )mair hfg

kg kJj
= (0.041 — 0.00499) * 0'125E * 2257 —

kg

kg kJ

= (0.041 - 0.00499) * 0.125— * 2257 —
hr kg

_ k] _
Qinf tatene= 10.15:" = 2.82 Watt

4.2.3 Product load

The heat removed from the milk to refrigeration temperature is the product load
Qcootingm = M * CPm * (Ty = T2) (KJ)eeveeiiiii 4.34
Where  m,, : mass of the milk = 50 liter = 0.001m3 = 50 = 0.05m?3
pm = 1035 %: density of the milk
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cpm, * Specific heat capacity of the milk = 3.93 k:—]K

T; : milk temperature before refrigeration = 37 °c

T, : milk temperature after refrigeration = 4°c

k k
Qcootingm = M * CPm * (T — T2)2(0.05m3 * 1035m—“i) * 3,93 * kg{K (37 -4)K

= 6,711.45kj
Since our refrigeration system has to fulfill the FAO milk preservation requirement (i.e.

temperature of the milk shall be down to 4 °C within three to four-hour time period).

_ 6,711.45k]

Qcooling,m_ m = 466 watt

Since milk is refrigerated inside a storage tank, the product load also includes cooling the
storage tank itself. Therefore the amount of heat that needs to be removed from the storage tank

is given by the same formula as above

Qst = Mg * Psp * (T1— T3) (KI) e 4.35
Assumptions [39]
e Specific heat capacity of storage tank made from stainless steel cpstorage tank O.SRZ—]K

e From the standard specification based on the size and the thickness of the storage tank,
Net mass = 53 kg is taken [37].

kJ

kg .K

Qcooling,t = 53 kg * 0.5 * (37 - 4)K = 874k]

The same happens for the storage tank too that it should be lowered from atmospheric
temperature to milk temperature within four hours. So we will have

_ 874 kJ _
Qcooling,t - m P 60.7 Watt

Therefore the total cooling load will be

Qtotal = Qtrans + Qinf,sensible + Qinf,latent + Qcooling,m+ Qcooling,t -------------------------- 436
Qota; = 12.75+ 1.15+ 282 + 466 + 60.7 ~ 535 Watt

After knowing the total cooling load, now the PV system sizing will be calculated as follows

4.3  Standard Sizing and Design Steps for Components of PV System

The first step in designing a solar PV system is to find out the total power and energy
consumption of all loads that need to be supplied by the solar PV system as follows:

4.3.1 Calculate total watt-hours per day for each heat gain

Qtransmission = 4.41Watt x 4hr = 18 Watt — hours
Qinfiltration,sensible = 1.15Watt x 4hr = 4.6 Watt — hours
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Qinfittrationlatent = 2.82Watt * 4hr = 11.28 Watt — hours
Qcootingmitk = D35Watt = 4hr = 2174 Watt — hours
Qcooling storage tank = 60Watt x 4hr = 240 Watt — hours
Qtotar = 2.415 kwh

4.3.2 Calculate total watt-hours needed from the PV modules

Assuming the energy lost in the PV system due to

- Temperature losses

- DC cables losses

- Shadings losses

- Losses at weak radiation

Losses due to dust
Consider a correction factor 1.3 [40]
Multiply the total Watt-hours per day times 1.3 (the energy lost in the system) to get
the total Watt-hours per day which must be provided by the panels
Qtotar = 2415 Watt — hours * 1.3 = 3.14 kwh

4.3.3 Calculate the total watt-peak rating needed from PV module

Divide the total Watt-hours per day needed from the PV modules by “peak sun hour” to
get the total Watt-peak rating needed for the PV panels used to operate the cooling. In order to
do so, first we look for the lowest daily solar irradiation value so as to be sure that at this value
the PV system can provide the required power for cooling the milk and from the calculated
value of daily solar radiation incident on the surface of PV panel, we found that October 5th is
with lowest solar radiation with an average peak sun hour for October month is
5.9hrs.(Appendix E)

Therefore total Watt-Peak will be given by

Total Watt — Peak = 0t Wett-hoursperday - @ e, 4.37

peak sunhour

3140

4.3.4 Calculate the number of PV panels for the system

Divide the total Watt-Peak by the rated output watt-peak of the PV modules (180 Wp PV

modules is selected from manufacturer)

No of pv panels = LOtAlWAllTPeak e 4.38

rated output watt—peak of module

541

- 180 = 3.01 (rounded to 4)
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Therefore the system should be powered by at least 4 PV modules of 180Wp. (180W AKT solar
panel, 180W, 10.29A and 17.5V)
Features of AKT-180-M solar panel

High performance, high efficiency mono-crystalline silicon cells

Bypass diode to avoid hot-spot effect

Made from 72(125*125) high performance, high efficiency mono-crystalline solar cells
Complete with 5m of flexible solar cable and MC4 connectors.

Top of the range 180 Watt solar panel with excellent performance

3.2mm tempered glass and rigid anodized aluminum alloy for exceptional strength
Voltage optimized for use in 12v systems

Cells guaranteed 25 year power-output
180W %5% power output

CE certification

Waterproof for permanent outdoor use

Applications

Powering fridge, television, laptop and lighting

Perfect for caravans, boats and off-grid PV applications
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Table 4-2:- Electrical and Mechanical characteristics of AKT-180-M solar panel under STC

Electrical characteristics under STC’ (AKT-180-M solar panel)

For single solar panel

Max. power at STC (Wp) 180 5%
Open-circuit voltage (Vo) 216V
Voltage at max. power (Vmp) 175V
Short-circuit current (ls) 11.31 Amp
Current at max. power (Imp) 10.29 Amp
Operating temperature -40 °c to +85 °c
Max. system voltage 1000 V dc

Temperature dependence of lsc, Vocand Wy

Nominal operating cell temperature | 47°% +2°
(NOCT)

Temperature coefficient of Vo -0.6 + 0.002%/°c
Temperature coefficient of Is 0.034 + 0.005%/°c

Temperature coefficient of W,

0.0045 + 0.05%/ °c

Mechanical characteristics and dimensions

Solar cells Mono-crystalline
125% 125
No of cells in serious 36

Dimensions

1580% 808 x 35 mm

37|Page




Design And Performance Analysis Of Small-Scale Milk Chiller By Using PV System 2018G.C

Input data of the manufacturer’s specification
(Pmax,e, Voc,n, Isc,n, Iypps Vinpy Ki, Kv, Ns)
Input constants
(a,q,Kand Eg)

Input STD conditions

(250¢, 1000W/m2)

l

Initialize R value for iteration (Rs=0)

Enter numbers for variables to Equation (3.11)

Initialize a value for R, by entering numbers for
variables to Equation (3.18) including 0 to R

'

Error_1 < 0.001

A

END «—— &
vES \“\\\ Error_2 < 0.002

Make a .0001 increment to R
And find the new value of R, by entering numbers for variables to Equation (3.18)
including the new Rs value. Calculate the nominal photo current with Equation (3.14).
Calculate the current output for corresponding Vi, point with Equation (3.9) by
iterating until the value converges. Multiply the calculated current output with Vpp to
get a calculated maximum power output (Pmax,m). FOrm a matrix vector to assign a
number of points for voltage axis (0:0.01:V). Enter the formed voltage matrix
vectors to Equation (3.9) to have a current matrix vectors. Multiply the voltage vectors
with current vectors to get power vector. Filter the maximum value from the power
vector [max(P)]
Error_1 =|| Pmax,m-Pumax||
Error_2= ||Pmax,m-max(P)||

Fig. 4.3 Algorithm of MATLAB program used to model a PV panel [41]
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4.3.5 Electrical Characteristics of AKT-180-M Solar Panel

The electrical characteristics of the PV module will be depicting in I-V and P-V curves at STC
(standard test condition). The following I-V and P-V curve of AKT-180-M Solar Panel is
achieved based on the mathematical modeling shown in section 3.4 and the values from the table

above using Mat-lab simulation.

4351 I-V curve characteristics of AKT-180-M Solar Panel
The figure below shows the 1-V curve of the solar module selected above for different solar

radiation.

I-V Characterstics at 25 degree Cent

12

200Watt
400Watt
BO0Watt
BO0OWatt
1000Watt

101

Current(Amp)

0 5 10 15 20 25
Voltage(V)

Fig. 4.4 1-V curve characteristics of single AKT-180-M Solar Panel at STC for different

radiation at constant cell temperature
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V-l Characterstics at 25o0c
12 T T T T T

200Watt
400Watt
__‘\ BO0Watt
10 r BODWatt
1000Watt

Current(Amp)
[=3]

[}

N

o 10 20 30 40 50 &0 70 80 90
Voltage(V)

Fig. 4.5 I-V curve characteristics of 4 AKT-180-M Solar Panel connected in series at STC for

different radiation at constant cell temperature

4352 P-V curve characteristics of AKT-180-M Solar Panel
The figure below shows the P-V curve of the solar module selected above for different solar

radiation.

P-V Characterstics at 25 degree Cent

180

160

140 -

Power(W)

80

60

40

20

0 5 10 15 20 25
Voltage(V)

Fig. 4.6 P-V curve characteristics of single AKT-180-M Solar Panel at STC for different

radiation at constant cell temperature
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V-P Characterstics at 250c¢

700

100

0 10 20 30 40 50 60 70 80 a0
Voltage(V)

Fig. 4.7 P-V curve characteristics of 4 AKT-180-M Solar Panel connected in series at STC for
different radiation at constant cell temperature
The above four figures show the power and current output of the PV module with respect to
voltage. Further in depth simulation of the current and power output will be simulated hourly for
the whole year in the later chapters to see the real effect of fluctuation in transient nature of both
solar irradiation and temperature of the PV cell. The MATLAB algorithm for the above graphs
is presented in appendix B;.

4.3.6 Influence of Cell Temperature

The solar energy that is absorbed by the module is converted into thermal energy and electrical
energy. The electrical behavior of the PV module was described in the previous chapter. Here
the influence of the cell temperature on the I-V characteristic is analyzed. To determine the cell
temperature of a PV module, an energy balance is made.
R A e 7 B (T (e R 4.39
Where 7 is the transmittance of the cover
a is the absorption coefficient
G is the incident solar radiation
n. is efficiency of the module
u,, is the loss coefficient of the module

T, is the ambient temperature
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The ratio Z—“ is assumed to be constant. To determine this ratio the nominal operating cell
L

temperature (NOCT) is measured. The NOCT conditions are an incident solar radiation 800 %

a wind speed of 1% and an ambient temperature of 20°c. the measurement is made under no load

conditions. In this case the efficiency, n. is zero which leads to equation 4.41 for the ratiol—“.
L

Once we know this, equation 4.42 will be used to calculate the cell temperature at any operating

conditions
T8 eNoerTaNoCr) e 4.40
ur GT NOCT
T,=T,+ (GT*%) * (1—Z—a)441

Rearranging equation 4.42 gives us

T.=T, + (Ta—nc)%442

4.3.7 Wiring and Voltage Management

Since the total power needed from the PV panel is known, we now proceed to see the system
connection wiring to match the 543 Watt. Therefore 4 AKT-180-M (180Watt, 10.29Amp and
17.5V) solar panel must be wired in series to come up with the required 543 Watt to cool the
milk to the desired temperature. Hence before proceeding with any subsequent PV system
component sizing, we must be sure first that the range of voltage for our PV system is the most
appropriate and cost-wise one. The first and foremost advantage of wiring the PV panels in
series is since mostly the distance between the charge controller and the PV panels is about more
than 100 feet away from the charge controller, the cost for the copper cable will significantly
decreases as the current is much smaller compared to when connected in parallel. Secondly our
selected AKT-180-M solar panel has by-pass diode so we don’t worry which in case the shading
or hot spot effect of one module fails to deliver the current and power intermittency won’t
prevail. In addition the backside of the panels frame is equipped with drainage holes in order to
eliminate the risk that rain or snow water may accumulate in the frame causing damage to the

frame in cold season.

1 kEWh 3-4kWh

—_—
Use 12V system Use 24 ¥ system Use 48V syslem
Voltage Voltage Voltage

(source PV standard procedure)
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Fig. 4.8 A typical load variation with voltage
As shown in the above figure, determining the system voltage is totally based on the load of the

system and since our total load calculated in section 4.3.2 is 3225Wh, our system voltage will be
24V system.

4.3.8 Charge controller sizing

The charge controller is a key component of a solar PV system. It is basically a voltage and/or
current regulator in the PV power system in order to protect batteries from overcharging or
completely draining. Despite the variety in charge controllers, there are two types that are most
commonly used in PV power installations. The first one is the pulse width modulation (PWM)
and the second one is the maximum power point tracking (MPPT). To specify the suitable one
for the system, some requirements have to be analyzed. Both of them adjust charging rates and
monitor the battery’s temperature to prevent overheating. Also each one of them has its own
advantages.

Thus, the selection depends on system components, site condition, size of array and load, and
the cost. The following table demonstrates a comparison between the two types of charge

controller.

Table 4-3:- Multi-criteria of Pulse-width modulation (PWM) Vs Maximum power point
tracking (MPPT) (source Solarcraft, 2014 (Vader, 2014)

Multiple-criteria Pulse-width modulation (PWM) Maximum power point tracking
(MPPT)
Array voltage PV voltage and battery voltage PV array voltage can be higher
have to be matched than battery voltage
Battery voltage Good performance in warm It can be operated above battery
temperature and when battery is | voltage so that, it enhances the
almost fully charged performance in cold temperature
and when the charge in battery
is lower
System voltage More suitable in small system It has capacity to handle more
than what the PWM regulator
does.
PV array sizing method PV array sized in Amps (based The temperature compensated
Voc of the array should be less
on current produced when PV
than the
array is operating at battery maximum input voltage of the
regulator.
voltage)
Grid connection Off-grid Off-grid and on-grid
Cost Low Comparatively high

Therefore based on the above multi-criteria decision, Maximum power point tracking (MPPT)
charge controller has been selected for our PV system.
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The solar charge controller is typically rated against Amperage and voltage capacities of the

solar array. We will follow the following steps for calculating the appropriate MPPT charge

controller size for our PV panel

o The current of the charge controller will be 125% of the max. allowed PV current

(Isc) to allow for cold temperatures, light reflection and round up. To get the
current of the charge controller, we’ll look for the output current of the system
and from the common power equation we have
P = v %1 Since we have 4 AKT-180-M solar panel, the power output is known

and the voltage of the battery is also known for our design. Therefore the current

will be7 =2 =22 = 30Amp(the output current of the system and we consider

v 24
the factors mentioned above 30Amp * 1.25 = 37.5 =~ 40Amp.
o The voltage of a charge controller will be 120% of max. allowed PV voltage
(Voc) and since 4 AKT-180-M connected in series with Voc value of 21.6Volt
each, it will be (86.4Volt +17.28 = 103.68 ~ 105V olt)
Since the system PV voltage (Vo) is above 52Volt while connected in series, MPPT charge
controller which can handle about 150V, dc is selected for safe operation of the battery.
Therefore the charge controller is rated with 150V and 40Amp. (Blue pacific solar,2018)
Outback FLEXmax 30/40(MPPT), 5200078(part number)(Photovoltaic solar system). The
controller supports a wide range of nominal battery voltages from 12V to 60VDC and has the

ability to step-down a higher voltage solar array to recharge a lower voltage battery tank.

4381 MPPT Technology
Due to the nonlinear characteristics of solar array, there is a maximum energy output point
(Maximum power point) on its curve. Traditional controllers, with switch charging technology
and PWM charging technology can’t charge the battery at the maximum power point so the
maximum energy available can’t be harvested from the PV array. The FLEXmax 30/40 series
controller utilizes maximum power point tracking (MPPT) technology to extract maximum
power from the solar modules. The tracking algorithm is fully automatic and does not require
user adjustment. It will track the maximum power point voltage (Vmp) as it varies with weather
conditions, ensuring that maximum power is harvested from the array.
FLEX-max 30/40 series charge controller features

o It charges and discharges the battery in off grid solar application

o The smart tracking algorithm of the controller maximizes PV cell energy returns
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o The FLEXmax 30/40 charging process optimizes battery life and improves overall
system performance

o The self diagnostic and electronic protection features minimize possible damage
from installation mistakes or system faults.

. It offers protection from high temperature, over charging, PV and load short, PV
(battery) revered and over current

o Widely used with automatic recognition during the day or at night
o Supports firmware updates
o Supports multiple load control modes: manual, light (on/off), light(on/off/timer)

and time controlled

Fig. 4.9 FLEXmax 30/40 series charge controller

4.3.9 Battery sizing

Solar storage batteries are essential component of the solar PV system. It stores the excess
energy which is produced by PV panels. This energy would compensate the leakage of power
during the cloudy days and/or use during the night.
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Table 4-4:- Multi-criteria decision of Deep-cycle Lead-acid battery Vs Lithium-ion battery

(source: 12VMONSTER)
Multiple-criteria Deep cycle Lead-acid battery

Weight Heavier

Charging time 0.2c ( have charging time of
only 0.2 times of its capacity)

Discharge Have less than 80% of
charge-discharge efficiency

Cycle lifetime Have an average of 400-1500
cycle

Voltage stability Voltage constantly drop over

its discharge (sloping voltage)
Safety and Environmental The lead content can damage
impact the environment

Cost Cheapest

Deep cycle Lithium-ion
battery

30% lighter than lead-acid
batteries

0.5c ( have almost half of the
current is used for charging)

Have almost 100% charge-
discharge with even the worst
have 80% efficiency

Have an average of 2000-
4000 cycles

Almost 100% stable in terms
of voltage
Much cleaner and safe for the

environment

Expensive

Therefore based on the above multi-criteria, the battery type recommended for using in solar PV

system is Lithium-ion battery by sacrificing for its cost. Lithium-ion battery is specifically

designed for to be discharged to low energy. So once we select our battery type we’ll start to

size it by the following steps based on standard design procedure of PV.

. Calculate the total Watt-hours per day used by appliances

Already calculated Q¢orqiwny = 3225 Watt — hours

o Divide the total Watt-hours per day used by 0.85 for battery loss
3225 Watt — hours
Qtotai(wn) = 0.85 = 3795 Watt — hour

o Divide the answer obtained above by 0.9 for depth of discharge(DOD)

3795 Watt — hour
09

= 4217 Watt — hour

. Divide the answer obtained above by the nominal battery voltage

4217 Watt — hour
24v

= 175.7 = 1804h

o Multiply the answer obtained above with days of autonomy ( since Semera has

almost sunny weather throughout the year we generally take a minimum days of

autonomy to be 2)
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180 x 2 = 360 Ah

Wh

(total day

*days of autonomy)

=360Ah.....c 4.43

Battery capacity (Ah)

0.85+0.9+nominal battery voltage

Therefore, our system should contain a Lithium-ion (LiFePo4) battery with rated capacity of
24V ,360Ah for 2-day autonomy.(source: photovoltaic solar system)

Features of LiFePo4 battery

o Cell level under/over voltage detection

o End compression plated to prevent cell expansion
o Battery isolation capability

o Positive cell retention in case of rollover

o 500amp safety fuse on positive terminal

o Cell level shunt regulation for cell balancing

o Estimated 2,000 cycles to 90% DOD
. The battery pack is intended to be used with a separately provided BMS (battery
management system) which protects the battery from over charge and discharge

condition

Fig. 4.10 LiFePo4 24V/360Ah battery

4391 Battery charging current
The charging current of the battery is basically comes from the PV array. Due to the nature of
the solar radiation fluctuation instantly, the charging current also varies accordingly. Here we
look at two vital cases to consider in reality.
i. PV array actual power < controller rated charge power; the controller will charge the
battery at the actual maximum power point.
ii. PV array actual power > controller rated charge power; the controller will charge the

battery at rated power.
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Table 4-5:- Reference for further information on battery charging current (*At minimum
operating environment temperature, ** At 25°c environment temperature

Battery Charging Current

Model Rated charge Rated Rated charge | MAX. PV MAX. PV
current(lpqe) discharge | power power(Byax) open circuit
current voltage
FLEXmax30 30A 20A 390W/12v 1170W/12v
780W/24V 2340124V 150Vv*
FLEXmax40 40A 20A 520W/12V 1560W/12V 138Vv**

1040W/24V 3120W/24V

Since our actual power of 4 AKT-180-M solar panel total powers is with maximum of 720W
which is less than the rated charge power for FLEXmax40 in the above table, the controller will
charge the battery at the actual maximum power point. Therefore we will calculate the charging
current of the battery as we know already our battery capacity is 360Ah.
The charging current should be 10% of the Ah rating of the battery, i.e 3604h * 0.1 = 36Amp
Therefore the charging time for 360Ah battery will be

Charging time = 360AR/36AMP = LORTS.....uieii i e 4.44
But this is ideal case; practically 40% of losses occur in case of battery charging. So we need to

take account that value

40
360 ( ) = 144....(360  40% of losses)
100
3604h + 1444h = 5044h
5044h

= 14hrs

Now the charging time of the battery = 364

Therefore to fully charge the battery, it will take 14hrs with 36A charging current.

4.3.9.2 Battery storage and Ultra-capacitor (Energy storage system)

Battery storage sizing is very important. There are three main parameters that need to be
considered for every installation of battery storage system: the depth of discharge (DOD), state
of charge (SOC) and state of health (SOH), as well as battery capacity, maximum battery charge
and discharge power and the utility rating type (Aichhorn et al. 2012).

The battery transient equation can be represented by
dEp _

8 = P (E) v 4.45
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Where Ej,: represent the amount of electricity stored at t time and P, the charging or discharging

rate

4393 Backup time of the Battery

Since we already have our LiFePo4 battery is rated with 24V and 360Ah, the Watt-hour of the
battery will be

Battery watt — hour = 24V * 3604Ah = 8,640WHh.......coooi it 4.46
The milk to be chilled is inside the chiller for maximum of four hours at full load. Therefore
during this period of time, maximum load (543Watt) needs to be chilled from 33° to 4°% in the

refrigerator.

O o B Dl e, 4.47

Backup time =

In equation 4.47 above, we can see that the battery has the ability to run for almost 16hrs at

maximum load while running for four straight hours.

4.4 Selection of Refrigeration Cycle Components

4.4.1 Design requirement of the system

This system is focused in designing and simulating of a vapor compression refrigeration system
using PV system for preserving 50liters of milk within four hours of milk’s introduction into the
system. The refrigerator compressor will use the DC current produced from the PV panels to
compress the refrigerant to pressurize it up to condenser pressure. The most commonly used
compressors for PV driven refrigeration is reciprocating compressors same as domestic

refrigerators.

Charge
PV array controller

Batterytank

Compressor Evaporating coil

Condenser

Expansion valve

Fig. 4.11 Schematic diagram of solar refrigeration system
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4.4.2 Refrigerator Compressor Selection

The selection of appropriate compressor of vapor compression refrigeration system is the heart
of the system. The refrigerator’s compressor selection shall be done in such a way that our
refrigeration system has to fulfill the FAO milk preservation requirement (i.e. temperature of the
milk shall be down to 4°C within three to four-hour time period). Since we already calculated the
total cooling load Qtotal= 543 Watt, our compressor size should have to be greater than this
value in order to chill the milk effectively within the required time. The compressor used in this
thesis project is ‘DC compressor’ since they have brushless motors, there power consumption is
low compared to motors with brush which make them more efficient. CASCADE17-0244Y3
model, variable speed DC(VSDC), high back pressure which is a product of Master-flux
Company is suggested for the system as it has high cooling capacity of 618Watt which makes it

favorable especially in the areas of Semera region where temperature will rise above expected.

4.4.2.1 Description of CASCADE17-0244Y3 VSDC Compressor and Electronic control
unit

The CASCADE17-0244Y3 model compressor is ideally suited for battery powered stationary

and mobile applications. It is designed for connection of 12, 24 or 48v DC power supply with

refrigerant type to be used R-134a.

Typical application for this model includes for commercial refrigeration for foods and

beverages, make and store ice, residential refrigerator and freezer, and air conditioning in

transport, military, medical, telecom and many others.

This compressor is applicable for evaporator temperature range of -40° to 15°c and condenser

temperature range of 26.7°c to 65.6°c.

(source masterflux)

Fig. 4.12 CASCADE17-0244Y3 VSDC (variable speed direct current compressor)

The electronic controller unit features are as follows

4-poles sensor-less/brushless variable speed BLDC motor controller.1.0-4.75V analog speed set
input (resistor programmable for fixed speed). The rpm range is 1800-4200 where the controller

will shut down the motor when the power reaches the maximum condition of 618Watt with in-
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built controlling mechanism. Now if we need to operate the compressor in off/on mode by fixing
the rpm of the motor, a resistor will be introduced between the ground and speed input terminals
to provide 1.0-4.75V analog speed input (i.e the motor is resistor programmable for fixed

speed).

Table 4-6:- Optional fixed resistor speed chart (source master flux)

Resistor value(OHMS) | Motor speed(RPM)
200 1800
242 1900
287 2000
388 2200
510 2400
659 2600
847 2800

1090 3000
1.4k 3200
1.88k 3400
2.58k 3600
3.8k 3800
6.36k 4000
15.3k 4200

The following tables are experimental outputs of ASHRAE-HBP test condition with all points
are at 35°% ambient temperature, 18.33° suction temperature, 8.33°% sub-cooling and at
condenser temperature of 54.4°c.

Table 4-7:- Cooling capacity (Watt) of the compressor for (24V) at ASHRAE-HBP test
condition (source Masterflux)

Evaporator temperature(°c)
RPM -7°% -1°% 2°% 4°% 7° 10°% 13°%
1800 114 162 188 214 240 267 294
2400 158 219 250 283 316 350 384
3000 218 287 324 362 400 440 479
3600 273 350 391 432 475 519 563
4200 308 389 433 477 523 570 618
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Table 4-8:- Power consumption (Watt) of the compressor for (24V) at ASHRAE-HBP test

condition (source Masterflux)

Evaporator temperature(°c)

RPM -7°% -1°% 2°% 4°% 7% 10% 13°%
1800 83 92 97 101 106 110 114
2400 105 115 121 126 131 136 142
3000 129 143 150 157 165 173 181
3600 155 174 184 195 206 218 230
4200 181 209 224 239 255 272 290

Table 4-94:- Current consumption (Amp) of the compressor for (24V) at ASHRAE-HBP test

condition (source Masterflux)

Evaporator temperature(°c)

RPM -7°% -1°% 2°% 4°% 7% 10% 13°%
1800 3.45 3.85 4.04 4.22 44 457 4.73
2400 4.37 481 5.02 5.24 5.46 5.68 5.91
3000 5.38 5.94 6.24 6.54 6.86 7.19 7.54
3600 6.44 7.24 7.67 8.12 8.59 9.08 9.59
4200 7.56 8.7 9.32 9.96 10.63 11.33 12.07

All the above tables show the performance information of CASCADE17-0244Y3 compressor

for different evaporating temperature at ASHRAE-HBP test condition at condensing

temperature of 54.4°C.

4.4.2.2 Performance Equation of the Compressor at ASHRAE-HBP test condition

Table 4.7, table 4.8 and table 4.9 on the previous section have depicted the performance of the

refrigerator at various evaporator temperature and operating RPM of the compressor but with

fixed condenser temperature of 54.4°C. So Master-flux Company provided more flexible

performance equation with coefficients which is capable of expressing cooling capacity,

refrigerant mass flow rate, power consumption, and current consumption of the compressor.

Here is the characteristics equation provided by the manufacturer

Y = C + Cpxy + Caxy® + Cuxy® + Csxy + Coxp® + Coxp® + Cgxz + Coxa® + Crox3® +

2 2 2
Ci1x1Xx2x3 + CpX1°X2X3 + Ci3X1 X7 X5 + C14X1X2X3° + CisX1X5 + CiX1X3 + CiyXaX3 +
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CigX1 %%z + CioX1 X% + CooX1* X3 + Cp1X1x3° + Copxp%x3 +

(O oy R 4.48

x; = RPM

x, = Evaporator temperature in degree Fahrenheit

x3= Condenser temperature in degree Fahrenheit

Y= performance characteristics like refrigerant mass flow rate, cooling capacity, current
consumption, power consumption of the CASCADE17-0244Y3 compressor.

4.4.3 Selecting Condenser Temperature

The ambient temperature of Semera region reaches as high as 43°% based on the collected
Metrological data collected. Hence our refrigerator condenser must operate at a temperature
greater than this value in order to release heat to the surrounding. So it will be convenient to fix
the condenser temperature to 49°C, which results a 5.5°C minimum temperature difference
between the ambient and the operating temperature of the condenser. Selection of condenser
temperature is carried out considering the highest ambient temperature of Semera, and also by
taking the experimental test of SIERRA01-0716Y3XA condenser by the manufacturer as a
benchmark. The condenser was tested at 48.9°C operating temperature against 43.3°C ambient
temperature, which is similar to our selection.

4.4.4 Selecting Evaporator Temperature

Here since our milk must cool down to 4°c according to FAO, the evaporator temperature must
not be far away below this temperature because of freezing of milk might occur. Therefore as
the difference between the operating temperature of evaporator and condenser is lower, the
cooling capacity of the refrigerator’s compressor will be higher. So, in order to obtain a higher
cooling capacity of the refrigerator system, we have to fix the operating temperature of
evaporator in such a way that as near as possible to condenser temperature.
As it is stated in section 4.4.2.1 of this chapter, the compressor is applicable for evaporator with
maximum operating temperature of 15°c or 59°F; though we won’t select this as it must be
below 4°c, hence we are limited to select the possible maximum operating temperature of the
evaporator which is 0°c.

445 ASHREA-HBP Cooling Capacity of the Compressor at the Selected Operating

Temperature of Evaporator and Condenser

Evaporator and condenser temperatures of this system have been selected, that means x, and x5
of equation (4.48) are known, and hence it is possible to determine the performance

characteristics of the compressor at any desired RPM of the compressor. Putting the selected
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average operating temperature of the condenser (Tc = x; =49°C) and average evaporator
temperature (Te =x, =0°C) of the refrigerator with respective performance coefficients from
appendix C altogether into equation (4.48), we got the maximum cooling capacity of the
refrigerator under the selected operating temperature of the condenser and evaporator (49°C and
0°C respectively).

Qcooling,,,,, = 618Watt
Since this calculated cooling capacity of the compressor at selected evaporator and condenser
temperature is greater than the cooling power required by the milk which is calculated in section
4.2.3, hence it is possible to design the refrigeration system with CASCADE17-0244Y3
hermetically sealed reciprocating compressor.
4.4.6 Modeling of CASCADE17-0244Y3 Compressor at its Operating Temperature

Since the performance data of CASCADE17-0244Y3 compressor which is provided by the
manufacturer is experimental result at ASHRAE —HBP test condition, we can calculate the real
performance of our selected compressor by using equation 4.48 at the selected condenser(49°c)

and evaporator(0°c) temperature with the result tabulated below

Table 4-10:- performance of CASCADE17-0244Y3 for different RPM, condenser temperature
490c and evaporator temperature 0°c

RPM COOLING POWER MASS FLOW
CAPACITY(Watt) | CONSUMPTION(Watt) | RATE(gm/sec)

1800 163.78 89.5 1.0637

1900 173.78 92.93 1.1202

2000 186.10 96.509 1.1818

2200 209.24 104.1 1.3177

2400 262.66 112.25 1.4668

2600 322.96 120.96 1.6247

2800 375.65 130.22 1.7868

3000 412.89 140.01 1.9488

3200 450.23 150.31 2.106

3400 500.23 161.13 2.254

3600 530.12 172.44 2.3883

3800 562.74 184.24 2.5045

4000 595.02 19651 2.5979

4200 618.07 209.25 2.6641
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As we can see from the table above as the rpm of the compressor increases, the cooling capacity,
the power consumption and as well as the mass flow rate of the refrigerant will increase
accordingly till the maximum rpm is reached.

Therefore based on the above calculated data value, the following Mat-lab graph is plotted for

the operating temperature of evaporator and condenser.

&
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200 /

180

Cooling Capacity variation with RPM
160
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120 1
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oling Capacity variation with power consumption
100

RFM of CASCADE17-0244Y3 compressor

80 . . . . . . . . . 1500
150 200 250 300 350 400 450 500 550 600 650

Cooling Capacity(Watt)

Fig. 4.13 Cooling capacity Vs Power consumption and RPM of compressor
The above figure depicts both power consumption and cooling capacity of the compressor gets
increasing starting from the compressor start-up rpm value which is 1800. The minimum power
consumption is 89.5Watt for the lowest rpm value and the maximum is 209.25Watt for the
highest rpm value which is 4200rpm at the operating evaporator and condenser temperature;
whereas the minimum and maximum cooling capacity of the CASCADE17-0244Y3 compressor
is 163.78 and 618.07Watt respectively. Similarly based on the tabulated table value, we can see
the relationships between any of the parameters graphically.
4.4.7 lIsentropic Power Consumption of the Compressor at ASHREA-HBP Test

Condition

The following figure depicts thermodynamic cycle of the refrigerator at ASHREA-HBP test

condition. Process 1-2 is the compression process of the refrigerator inside the compressor;
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process 2-3 is heat rejection process from the refrigerant into the (32.2°C) temperature ambient
in the condenser; process 3-4 is the throttling process; process 4-1 is a heat absorption process

by the refrigerator at the evaporator coil.

T

a AN

Fig. 4.14 Thermodynamic cycle of the refrigerator at selected evaporator and condenser
temperature at ASHRAE-HBP test condition
Process 1-2s
Process 1-2s is an isentropic compression of the refrigerant in the compressor. The saturated
pressure of the refrigerant at evaporator temperature is 293kPa but since the refrigerant should
enter at state 1(compressor) at superheated state, we’ll look from the superheated property table

for R134a to get the thermodynamic properties at state 1 after interpolation is as shown below
3
Atstate 1 U, =257 v, =012904% 5, =1.0716—L, h, =281Y
kg kg kg K kg
The saturated pressure at condenser temperature is 1287 kPa and hence the refrigerant at this
state is superheated one, we’ll find the superheated property table for state 2s as well.

Since the entropy is constant from state 1-2s, 31:323:1.07161(3—11{

k 3 k
Uys = 303.7%, Vys = o.0207’:—g, hys = 330.zé T,s = 98.70c

Where: h is specific enthalpy, u is specific internal energy, s is specific entropy, and v is
specific
volume of the refrigerant; and T calculated temperature of the refrigerant at point 2s.

The isentropic specific work done by the compressor to the fluid is calculated as:

WI—ZS = hZS _hl .................................................................................. 448
k
Wy_ps = 49.2 é
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The total efficiency of the compressor at the operating conditions will be given by

__ Pisentropic
M = D e 4.49
Pact
Disen = Mlpgf % Wi gguuue et et ettt eet et eat et e e e e et e e es e as e s e 4.50
Pisentropic _ Myref*W1-2s
Ne = B e ettt e et r e et e e e e e e e et e b e b e bbb e arerene 451
Pact Pact

Where: pjsentropic 1S the ideal power consumption of the refrigerator (i.e. the isentropic work
consumption of the compressor), and p,.; is the actual electrical power consumption of the
compressor, i, is refrigerant mass flow rate, w;_, is the calculated isentropic specific work
consumption of the refrigerator.

Therefore based on the above equation coupled with table 4.12, we can plot in MATLAB for the
total efficiency of the compressor by using the tabulated data of column third and fourth for

various rpm values of the compressor

RPM VS Total Efficiency of the compressor

70
Total Efficiency of compressor

68 1

2 8

Total Efficiency(%)

2

58 : : : : :
1500 2000 2500 3000 3500 4000 4500

RPM

Fig. 4.15 Efficiency of compressor variation with RPM
From section 4.3 we already have the I-V and P-V electrical characteristics graphs for different
solar power and also we calculated the hourly solar data in section 4.1. Hence from the many
hourly data generated, it’s wise to know the minimum power required to drive the system. Our
compressor needs minimum of 89.5Watt as calculated earlier and tabulated in table 4.12.
Therefore using equation (3.12), it’s possible to calculate the I-V electrical characteristics of the

compressor at its lowest rpm and the power consumption is expressed below
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__ 895Watt
v

L o o e 4.52

Since the temperature of Semera is usually much closer to 32°c during 10AM to 11AM, we
assume this temperature in order to calculate the minimum solar power needed to drive our
system by increasing our PV power until the I-V curve of the PV module gets in touch with the

I-V curve of the compressor in the above equation.

I-V Intersection point of PV module and Compressor

12

10 .

Current(Amp)

Minimum 235Watt needed to start the Compressor

0 10 20 30 40 50 60 70 80
Voltage(\)

Fig.4.16 1-V intersection point of PV module and compressor
As shown above the I-V curve of the CASCADE17-0244Y3 compressor intersects the four
AKT-180-M PV modules connected in series at around 235Watt in order to drive the
compressor at its lowest rpm. Therefore the system requires a minimum of 235Watt in order to

operate at least with lower rpm value (1800).
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CHAPTER-5: MATHEMATICAL MODELING

5.1Vapor-Compression refrigeration cycle

Vapor-compression refrigeration (VCR) cycles are considered to be the most commonly used in
domestic and industrial refrigeration and air-conditioning (Jain, Kachhwaha, & Sachdeva, 2013)
(Mopab & Shapiro, 2000) (Dincer & Kanoglu, 2010).The term vapor compression refers to the
way the cooling liquid is circulated through the system components. The four key components
of the (VCR) system are; the compressor, the condenser, the evaporator, and the throttling
device (Silbrestein,2015). PV driven vapor compression cycle works exactly same as that of
domestic refrigerator where PV driven electricity is used only. The system efficiency of PV
driven vapor compression is much higher than the different solar cooling technologies explained
in chapter two. The following figure shows the single stage vapor compression refrigeration

cycle

WARM
CAVIRONMEAL
7o
£ Condenser
3
'
%7 Expansion Compressor Wig
25 3 — -—
vahee
1 1
: Evaporator ¥

4]

COLD refrigerated

space

Fig. 5.1 Single stage vapor compression refrigeration cycle
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5.2 Thermodynamics Analysis of the System

The thermodynamics of the vapor compression cycle can be analyzed on a temperature versus

entropy diagram as depicted in the figure below

Fig. 5.2 T-S Diagram of real vapor compression refrigeration cycle

At point 1 in the diagram the refrigerant enters the compressor as a super-saturated vapor.

From point 1-2: the vapor is isentropically compressed and exits the compressor as a
superheated vapor.

From point 2-3: the vapor travels through the condenser and is condensed into a saturated liquid.
The condensation takes place at constant pressure.

From point 3-4: the saturated liquid refrigerant passes through the expansion valve and
undergoes an abrupt decrease of pressure and this process results in the adiabatic flash
evaporation and auto-refrigeration of a portion of the liquid (typically, less than half of the liquid
flashes.)

The adiabatic flash evaporation process is isenthalpic (occurs at constant enthalpy).

From point 4-1: the cold and partially vaporized refrigerant travels through the coil or tubes in
the evaporator where it is totally vaporized by the warm milk in the storage tank.

Notice that the above process works best for ideal vapor-compression refrigeration cycle which
doesn’t take into account the real world items like frictional pressure drop in the system, slight
internal irreversibility during compression of the refrigerant vapor. In the practical VCR cycle,
there are two processes which should be considered. The first process is superheating which
refers to superheating of the refrigerant vapor in the evaporator before it enters compressor. The
second process is sub-cooling which refers to sub-cooling of the refrigerant liquid in the
condenser. But for the sake of simplicity and minimize complexity of the modeling system, sub-
cooling and superheating will be neglected as these process requires extra source of
energy.(Dincer & Kanoglu, 2010).

Therefore a thermodynamics analysis of a PV driven vapor compression refrigeration cycle
modeling is based on the following assumption;
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Evaporator and condenser are at constant pressure devices (P1=P4 and P2=P3)

Pressure drops in the refrigerant pipes are negligible.

Saturated liquid at the condenser outlet (point 3)
Ake = Ape =0

o]
o]

o Saturated vapor at the evaporator outlet (point 1)
o]

o]

0 Adiabatic process in expansion valve (h3=h4)

5.3 Mathematical Model of Sub-Components

The thermodynamic equations of respective components are based on mass flow rate of the
refrigerant, overall heat transfer coefficient and enthalpy by applying mass and energy balance
for each component. Therefore the mathematical relations for the refrigeration cycle of

evaporator temperature 0°c and condenser temperature 49°c:
J h I.S_hl.n
¥ our Pour — (Z Min Rin + 21 (“Z5) = 3 0, 5.1

Where: m is mass flow rate (kg/s) and h is speC|f|c enthalpy (kJ/kg) and Q is heat transfer rate.

5.3.1 Compressor

Compression process is described with volumetric efficiency, to define the refrigerant mass flow
rate and overall efficiency to obtain electric power for compressor process. Both are obtained
from manufacturer’s report data for the mass flow rate and power consumption of the
compressor with condensation temperature of 30-65°C and evaporating temperature range from -
6.7-15°C as seen in chapter four section 4.4.2.2.

Refrigerant mass flow rate is obtained from compressor displacement (V;,.), compressor
rotation speed (N), volumetric efficiency (n,,; ) and the refrigerant density at the suction line

(p0)

Myer = * Nyor * P1 * (5) ....................................................................... 5.2
From manufacturer’s Technical datasheet, CASCADE17-0244Y3 hermetically sealed
reciprocating compressor has V., , 0 ,and N 32.7 + 107®m? ,0.76 and 1800-4200rpm
respectively where p; is density of refrigerant, 4.25%

In fact the rpm (N) of the compressor can also be found by

NZM*(l—sm)*6O .......................................................................... 5.3

motor

Where: f.,mp is frequency of compressor Py, is motor power and s, is slip of motor which

is assumed to be 5%.

Total energy supply for compression process is obtained from overall efficiency and
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isentropic power of compressor. Here the transient nature of the PV based electricity production
is the one that drives the compressor to compress the refrigerant from point 1 to point 2 as

shown in fig. 5.2.

Wate = titrey % (EM0) e 5.4
Nis

Where: h,, is compressor outlet enthalpy, h, is enthalpy at compressor inlet, 1,,,;is volumetric
efficiency of compressor.
The power coming to the PV is given by:

I, =Ry *(H,— Hy)+ (Hy *0.5% (1 + cos(B))) + (0.5*rho * (1 — cos(B)) * Hy).......... 9.5
Where: rho is ground reflection, H; and H,, is diffuse and beam radiation respectively, R, is
ratio of beam radiation on tilted surface to horizontal and g is tilt angle.

Solar energy arrived in the module and absorbed by the PV module

B B 5.6

Where: a,, is absorptivity of PV panel

Therefore the compressor will use this power to compress the refrigerant.

5.3.1.1 Thermal loss in compressor
The compressor heat release rate to the surrounding is given by

QeompC=Ucomp * Acomp™ (Tas-AT) v vvrrerieeieriee et 5.7

Where: U.om,: 0verall heat transfer coefficient, A.,,,:is area of compressor, AT:ambient temp.

5.3.2 Condenser

The heat transfer rate from the refrigerant to the cooling medium (air) is obtained by applying

energy balances for each stream
Qcon = Mres * (Mg = A3)eieiii it 5.8
Where: m,.. ¢ is mass flow rate of refrigerant, h, and h; is enthalpy at condenser inlet and outlet,

e: is effectiveness of the condenser and is given by

Ntu
1+Ntu

................................................................... 5.9

e=1—exp*(—Ntu) =
UxA
(Cmin)

selected copper coil for the condenser material).

Where: Ntu =

is the number of transfer unit ( Keys and London, 1984).(=0.91 for the

Condenser heat release rate to the surrounding will be
Qcon = Upe % Ap % (Tog = T3) e e e e, 5.10

Overall heat transfer coefficient of the outer surface of air cooled condenser:

Koo = e 5.11

Aco* (T25—AT)
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Where: k., is overall heat transfer coefficient, A, is the condenser area which is given by

Ay = 0 e, 5.12

Uc*(T2s—T3)

5.3.3 Expansion valve

It is assumed that the thermostatic valve is perfectly insulated, and the following is valid.
By o P g e e 5.13
5.3.4 Evaporator

Evaporator’s cooling capacity of refrigerant side given by following equation:

Qe = Mo % (g = Ry)eeiiiii i 5.14

Qe = Mres * Chrof * € % (T1 = Ta)eveie it 5.15
Evaporator cooling capacity inside the milk storage tank

O R T ¢ Py 1 TR 5.16
Where: U,. overall heat transfer coefficient, T,: evaporator temperature and T,,, inlet milk
temperature

A, evaporator area is given by

Ay =m0 e 5.17

Ue*(Tim—Te)

5.4 Radiation and Convection heat loss from the PV panel

The PV panel which is highly sensitive to temperature change is exposed to radiation and

convective heat losses on both the upper and lower part of the PV.

Tay

nmb

Vhe ey com.

Tglg* I:LI

1/ ey emb ma Lbpy apn

(Iaj)m B

Tnmh

Fig. 5.3 Thermal network of a typical PV model
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Fig. 5.4 Heat transfer of two sides of the PV panel

5.4.1 The Radiation heat loss to from the PV to the sky temperature at Ty,

It is approximated same as the radiation from glass to sky temperature due to the high quality of
PV glass emissivity and transmitivity (Beckman,1974). Hence PV radiation loss will be
considered twice at the top and bottom side of the PV panel.

h = .o w (T’ 5.18
rad_pv = Epp * 0 * ( BTy 77777 .
Where: g,,,: emissivity of the PV module, T,,,: PV temperature, o boltzman constant.

Tsky Is the local air temperature is given by [31]
Tory = 0.0552T, 1% .ottt 5.19

5.4.2 The convection heat loss from the PV by wind

The convective heat transfer coefficient is approximated by heat transfer coefficient around the
PV panel as the nature of the wind is highly unpredictable due to its transient nature of turbulent
and laminar flow intermixed continuously [31].

Roping = 5.7 4 B 80 5.20
Where: h,,inq IS COnvective heat transfer coefficient around the upper and lower PV area and v
is wind speed(m/s).

5.4.3 Energy balance of the PV module

Here as mentioned in the above section, there is heat loss as well as heat gain from both
radiation and convection based on the ambient temperature of the region. This means heat from

the PV to the surrounding will be lost when the ambient temperature is lower and heat energy
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will be gained when the ambient temperature is higher both for upper and lower side of the PV.

Therefore the energy balance is given by

Ty—Thp;
Mpy * Cpy * M = Apv * (Ipv —E+2x (Ta * (hradpv + hwind)) — 2% (Tpi *

dt

(Mradpy F Pwind) oo eee e, 521
Where m,,,, : mass of the PV module, c,,,, : specific heat of the PV, A,,, : area of the PV module

T, : final state of PV temperature, T,,; : initial PV temperature, dt : change of time

L, :solar Energy arrived in the module and absorbed by module

E : electrical energy generation

PV surface temperature can be derived from the above equation and be

(dt*Apy*(Ipy—E+2% (Ta*(hradpv +hwind))_2*(Tpi*(hrade +hwind))

Tp = Tpl MpprCpn e 522
5.4.4 Refrigeration System Energy Performance

The COP of the system is given by
COP = =0 e, 5.23

Where Q, is the cooling capacity of the evaporator,

B, is the useful power generated by the PV panel

n. Isthe overall efficiency of the compressor
The evaporator total heat transfer is a function of mass flow rate of the refrigerant which main
cooling occurs as well as subjected to the environmental air condition to loss its temperature to
the surrounding.
Therefore the evaporative cooling equation becomes

Qe = Myes * (hy — hy) = Up % A % (Tonitke = To)veeenieeeeee e 5.24
The electrical power W,,, that’s coming from the PV is given by

P=Ap, x1,*A0T) *pr * Ny * (L= Tepy) * (Tpy = Trf))eevnennniiiiiiiiieii, 5.25
Where: E is the electrical energy generated, /. is solar energy absorbed by the module as
explained in section 5.3.1, A(o7) is difference between absorptivity and transmitivity, py is
packing factor, n,,, is efficiency of PV module, T, temperature coefficient of PV module, T,
is PV temperature and T, is the reference temperature. Parameters like T, ,,,, 7, A(0T), py are
directly taken from the manufacturer’s datasheet of AKT-180-M solar panel. It is found in
appendix A.
Therefore the COP of the system will be
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— UerAe*(Tmitk—Te)
COP= ————————— 5.26
Apv*IC*A(JT)*pf*Tlpv*((1_Tc,pv)*(Tpv _Trf))*rlc

5.4.5 Hourly Milk temperature

The milk temperature at the evaporator outlet is influenced by the cooling capacity of the

evaporator [32] and is given by

O 5.27

T .
M M *CPy

Tmout =
Where T, ;,, is inlet milk temperature,
Qm.out 1S the milk heat energy at outlet and is given by
Qurout Qe = Qoss werrereereeeemeeeeeetee et eas e e ettt et e e 5.28
Qumitoss = Ust * Agt * (T = Ta) eeeeeeen e et e ettt et e e 5.29

Where Q'm,,oss is storage tank heat loss

5.4.6 Overall Energy Balance of the Refrigeration system

The energy balance between compressor, evaporator and condenser is found from the first law
of thermodynamics:
Qeond = Qe W oo e 5.30
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CHAPTER-6: RESULTS AND DISCUSSION

6.1 Results
In the design and simulation of small-scale milk chiller process, the following results are

obtained

e Milk chiller has been designed that is able to cool milk from around 33°c to 4°c within
four hours of time according to FAO standard.

o Daily solar radiation is converted and analyzed in hourly basis for performing the
simulation.

e Condenser and evaporator temperature based on ambient temperature of Semera has
been selected.

e After knowing the total cooling load demand by the system, appropriate compressor size
is selected.

o Design and selection of PV panels, batteries and charge controllers is done based on
cooling load and multiple criteria selection.

o Electrical characteristics the PV and compressor is simulated by using MAT-LAB
algorithm.

e Mathematical modeling of refrigeration components are done

e Total design of PV system together with the modeled refrigeration components is
depicted with schematic drawing

e Hourly performance of the milk chiller is simulated by using MAT-LAB as shown in the

subsequent parts.
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Fig. 6.1 Monthly average solar radiation on inclined surface
As shown in the above figure, monthly average solar radiation on inclined surface
varies with time instantly where the highest occurs at noon time when the sun
becomes overhead and the lowest radiation counts on the morning and at dawn time.
Monthly point of view, August and July have the highest solar radiation while lowest
in December. Here also we notice that the maximum hourly solar radiation won’t

reach the STC value (1000Watt) which is practically convincing.
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PV Surface Temprature
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Fig. 6.2 Hourly PV surface temperature

The above fig shows the hourly PV surface temperature. It’s high at noon in the middle as usual

and low at the two opposite end of the graph (i.e in the morning and evening respectively) but
one can see that the morning time (left hand side), the temperature is a bit lower than in the right
hand side( from sunset to down) that is due to once the PV surface temperature gets hot enough,
its rate of cooling is a bit lower where it doesn’t get rid of all its temperature to the surrounding
to be equal with exactly the same as morning temperature. The minimum PV surface
temperature is just around 21° as shown above for the month of January and the maximum is
around 53° on July which is good match for Semera region where maximum temperature looms

from the month of April to August.
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Fig. 6.3 Hourly Electrical Energy output of the system

As shown above the maximum electrical energy output of the system comes for August month
around 700Watt and the minimum in December. Generally we can observe for months starting
from April to September, maximum electrical energy is harvested by the PV panel and minimum

power for months from October to December.
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Houry Temperature of Milk
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Fig. 6.4 Hourly Temperature of Milk
The hourly milk temperature for various months is shown above where the temperature is just
4oc for all months considered. Here the temperature continuously drops as the time goes and
reaches the desired milk temperature for longer shelf life. As we can see above, the milk starts to

being cool at 9AM in the morning after milking and introduced to the chiller where its

temperature will reach to 4°c from 33° within four hours of period of time and ends at 1PM.
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Monthly Cop of the System
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Fig. 6.5 Monthly Cop of the system
The above figure depicts the cop of the system where it falls in the range of roughly from 1.6 to
around 3.4 for the months in November and July respectively. We can see that for months from
November and February, the cop is lower as well as the Compressor starts operating at 7AM in
the morning because of the solar radiation power(less than 235Watt) isn’t enough to drive it so it
has to wait for an hour until to start operating. In a similar way at 6PM in the afternoon, of
course the PV panel produces energy but not enough again and that’s why looks as if 0 cop in
the figure above. On the contrary to this, for months from April to September; the PV power
produced is ample to start the compressor and it already starts for the time between 12AM and

7AM as well as between 6PM and 7PM in the afternoon time.
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CHAPTER-7: CONCLUSION AND RECOMMENDATION

7.1 Conclusion

A refrigeration system for milk cooling, which is powered directly by a photovoltaic array was
designed. In doing so, solar data for Semera region has been collected and analyzed from
Ethiopian Metrology Agency and the hourly solar radiation data was used for the simulation of
monthly average solar radiation data on inclined surface, PV surface temperature, electrical
energy output of the PV, and temperature of the milk has been obtained by using MATLAB
simulation. The designed PV system also uses an MPPT FLEXmax 30/40 charge controller for
tracking maximum power point while charging and in order to have safe and long-lasting
battery. LiFePo4 Battery with a back-up time of 15.92hrs for cloudy and night time. In addition
the electrical characteristics of the AKT 180-M PV panel was proposed to run the compressor
and the optimum tilt angle that improves the annual performance of the PV panel was
calculated, and a detail mathematical analysis on solar radiation performance of this optimally
tilted panel was carried out, and hourly performance variation of the combined system was
investigated. Upon doing this paper, Milk with enormous advantages it has in the nourishing
process of children’s and elders life; can be cooled comfortably by using this small-scale PV
driven refrigeration system for 50 liters of milk. In addition this technology shows its vitality
especially in the areas where grid supply is unavailable or at great distance as most milk
production areas are this kind, in order to preserve the milk for better use and minimize post-
harvest loss. Afar area which is well-known for its cattle production by pastoralists as their
income means, PV driven milk chiller plays an important role in longer shelf-life of the milk.
COP of the system was calculated based on the performance characteristics equation which is
given by the manufacture’ with minimum value of 1.6 and maximum of 3.4 based on RPM of
the compressor. Milk temperature has been lowered from 33°% to 4°c within four hours of

cooling by using 720Wp.
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7.2 Recommendation

In this paper, electrical characteristics of the PV module, mathematical modeling of PV
components and MATLAB simulation for the hourly performance evaluation of the system has
been done. As a future work, the following points are recommended

> Experimental analysis of the prototype is needed to validate the theoretical modeling on
the performance of the PV driven refrigerator.

» Design and performance simulation of components of the refrigerator (i.e. condenser,
throttling valve, and evaporator) can be performed.

» For higher output of the PV panel, it is much better to employ a solar panel that follows
tracking system to enhance the harnessing of solar irradiation for higher electricity
production.

» It’s much better to combine the battery and ultra-capacitors, to highly increase the
system efficiency as the battery will be able to store and release energy gradually, while

ultra-capacitor effectively acts as storage device with very high power density.
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Appendix A:  Electrical and Mechanical Characteristics under STC’(AKT-

180-M)

AKT-180-M

Electrical Output under Different Light Intensity and Temperature

Current-voltage Relationship, variable Hght intensity

07
—— IDooWrr2
——— OO
=0 .
— EDDWrrd
E oo
=
[
o + L1 LH ® m H ]

Electrical Characteristics under STC'

Current-voltage Relationship, variable temperature

Temperature Dependence of lsc, Voo and Wp

Open-circuit voltage [Voc) Av 2.6, sd 0.3

Voltage at maximum power (Vmp) Av 7.5V, sd 0.2

short-circuit current {lsc) Av 11.314, sd 0.3

Current at maximum power {Imph Av 10,294, sd 0.2

Maximum power at 5TC [Wpj 180W +3%
Operating temperature -40°C o +E3"C
Maxsmum system voltage 1000V do
Power tolerance . +¥E

! standard Temperature and Conditions: 23°C, AM 1.3, 1000W/m’

Hominal operating cell

47°C 2%

temperature (HOCT)

Temperature coefficient of wp -0.8:0.0%%/°C

Temperature coefficient of Yoo | -0.06:0.002%/"C

Temperature coefficient of sc 0.034+0.009%/ °C

Mechanical Characteristics and Dimensions

Solar cells mMonocrystalline 125x12%mm
Ho. of cells 72 (12x3=12x3])
Dimensions 1 580x B08x 3 Jmam
| weight 13kg
Glazing 3.2mm textured, tempered, low-iron
Frame anodised aluminsum alloy
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Appendix B: MATLAB code

Appendix B;: Code to model the I-V, P-V electrical characteristics of the PV module for
single AKT-180-M as well as for four AKT-180-M connected in series and I-V intersection
of PV module and the Compressor.

clr all

Iscn=11.31; %nominal short circuit current

Voc_n=21.6; %nominal open circuit voltage for single pv module
Voc_nn=86.4; %nominal open circuit voltage for four series pv module
K1=0.034; %lsc current temperature cofficient

KV=-_6; %Voc temperaute coefficeint

K=1.3806503e-23; %Boltzman constant
q=1.60217646e-19; %charge of an electron

a=1.2; %value of doid constant

Tn=273+25; %nominal tepmerature in kelvin

Gn=1000; %nominal solar insolation

Ns=36; %number of cells in serouse for single pv module
Nss=144; %number of cells iIn serouse for four series pv module
Eg=1.12; %Energy band gap of semiconductor

Vmmp=17.5; %maximum voltage output of a single pv module
Vmpp=70; %maximum voltage output of four series pv module
Immp=10.29; %maximum current output of a pv module
Pmax=Vmmp*Immp; Y%maximum power output of a single pv module
pmaxx=Vmpp*Immp ; %maximum power output of four series pv module
Vtn=Ns*K*Tn/q; %thermal voltage of array for single pv module
Vtnn=Nss*K*Tn/q; %thermal voltage of array for four series pv module
Rs=0; initialization of the iteration;
lomn=1scn/(exp(Voc_n/(a*Vtn))-1); %diod nominal saturation current for

single pv module

lomnn=Iscn/ (exp(Voc_nn/(a*vVtnn))-1); %diod nominal saturation current for
four seris pv module

Rp=(Vmmp+Rs*Immp)/(Iscn-lomn*(exp((Vmmp+Rs*Immp)/ (Vtn*a))-1)-Immp);
Rpp=(Vmpp+Rs*Immp)/ (Iscn-lomnn*(exp ((Vmpp+Rs* Immp)/ (Vtnn*a))-1)-1mmp) ;

In=1; %to initaite the iteration since the I1(V) function is
implicit

Inn=1; %to initaite the iteration since the I1(V) function is
implicit

1=1;

format long e
for 1=1:20000

Rs=Rs+.0001;

Ipvn=(Rp+Rs)*Iscn/Rp;
Rp=(Vmmp+Rs*Immp)/(Ipvn-lomn*(exp((Vmmp+Rs*Immp)/ (Vtn*a))-1)-Immp);
Rpp=(Vmpp+Rs*Immp)/ (Iscn-lomnn*(exp ((Vmpp+Rs* Immp)/ (Vtnn*a))-1)-1mmp) ;
for jJ=1:500
In=Ipvn-1omn*(exp((Vmmp+(In*Rs))/(Vtn*a))-1)-((Vmmp+(Rs*In))/Rp);
Inn=1pvn-lomnn*(exp((Vmpp+(Inn*Rs))/(Vtnn*a))-1)-((Vmpp+(Rs*Inn))/Rp);
end
Pn=1n*Vmmp;
pnn=Inn*Vmpp;
error=abs(Pn-Pmax);
errorl=abs(pnn-pmaxx) ;

V=0:.01:Voc_n;

Vn=0:.01:Voc_nn;
I=1pvn-lomn*(exp((V+(I1*Rs))/(Vtn*a))-1)-((V+(Rs*1))/Rp) ;
la=Ipvn-lomn*(exp((Vn+(In*Rs))/(Vtnn*a))-1)-((Vn+(Rs*In))/Rp);
P=V.*1;

Pn=Vn.*la;

Pmaxi=max(P);

Pmaxi i=max(Pn);

err=abs(Pmaxi-Vmmp*In);
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errl=abs(Pmaxii-Vmpp*Inn);

if error<.001 & err<.002;
errorl<.001 & errl<0.002;
break

end

end

G=0;

T=Tn;

Ipvn=(Rp+Rs)*Iscn/Rp;

Ipvnl=(Rpp+Rs)*Iscn/Rpp;

for 1=1:5
G=G+200;
Ipv=1pvn+KI1*(T-Tn))*(G/Gn);
Ipvl=1pvnl+K1*(T-Tn))*(G/Gn);

V=0:.01:Voc_n;

Vn=0:.01:Voc_nn;

for 1i=1:300

I=1pv-lomn*(exp((V+(1*Rs))/(Vtn*a))-1)-((V+(Rs*1))/Rp);

Inn=Ipvl-lomnn*(exp((Vn+(Inn*Rs))/(Vtnn*a))-1)-((Vn+(Rs*Inn))/Rpp);

end

P=V.*1;

pn=Vn._.*Inn;

figure(l)

plot(V,1, " linewidth",2)

plot(Vn,Inn, " linewidth",2)

title("V-1 Characterstics at 25oc”)

legend("200Watt”, "400Watt", "600Watt", "800Watt", "1000Watt")

xlabel ("Voltage(V)")

ylabel ("Current(Amp) ")

grid on

hold on

axis([0 95 0 12])

axis([0O 25 0 12])

figure(2)

plot(V,P, " linewidth",2)

plot(Vn,pn, "linewidth",2)

hold on

axis([0 90 0 750])

axis([0 25 0 190D)

title("V-P Characterstics at 25oc”)

legend("200Watt”, "400Watt", "600Watt", "800Watt™, "1000Watt")

grid on

xlabel ("Voltage(V) ")

ylabel ("Power(Watt) ")

end

hold off

hold off

Ta=table(V",P");

6=235;

T=273+34;

11=2;

1In=2;

Ipv=1pvn+KI1*(T-Tn))*(G/Gn);
lo=lomn*(Tn/T)"3*exp(q*Eg*(1/Tn-1/T)/(a*K)) ;
Vt=Ns*K*T/q;

Vtt=Nss*K*T/q;

V=0:1:Voc_n;

Vn=0:1:Voc_nn;

for jj=1:1000
11=lpv-lo*(exp((V+(11*Rs))/(Vt*a))-1)-((V+(Rs*11))/Rp);
1In=1pv-l1o*(exp((Vn+(1In*Rs))/(Vtt*a))-1)-((Vn+(Rs*11In))/Rp);
end
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figure(3d)

Ppp=V.*11;

PP=Vn.*11n;

plot(V,I11, " linewidth",1.5)

plot(Vn,lIn, " linewidth",1.5)

axis([0 87 0 12])

xlabel ("Voltage(V)")

ylabel ("Current(Amp) ")

title("I-V Intersection point of PV module and Compressor™)
gtext("Minimum 235Watt needed to start the Compressor®)
hold on

111=89.5_/V;

11INn=89.5./Vn;

plot(V,111,"linewidth",1.5)

plot(Vn,11In, "linewidth",1.5)

hold on

axis([0 21 0 12])

axis([0 87 0 12])

grid on
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Appendix B,: Code to model the Total Efficiency variation of Refrigerator Compressor

with Rpm

clear,clc

format long e

C=[-1107.663 3.94E+02 1.64E+01 -9_43E+00;
-1.300685 -1.22E-01 -5.10E-03 -2_.85E-02;
0.000205629 2.94E-05 1.23E-06 4_16E-06;
-4_706E-08 -2.44E-10 -1.02E-11 -7.43E-10;
-7.62E+01 -3.82E+00 -1._59E-01 -1.22E+00;
1.68E-01 4_17E-02 1.74E-03 2_49E-03;
-8.43E-01 3.52E-05 1.47E-06 -1.28E-05;
7.16E+01 -7 .58E+00 -3.16E-01 1.00E+00;
-8.93E-01 5.70E-02 2_.38E-03 -1.32E-02;

3.54E-03 -1.81E-04 -7_.57E-06
-4_13E-04 -3.80E-05 -1_.58E-06
-4_98E-08 6.98E-09 2.91E-10
-1.08E-06 2.13E-07 8.89E-09
-88E-06 -3.58E-08 -1.49E-09
-52E-02 3.82E-03 1.59E-04

5.23E-05;
-6.92E-06;
-6.89E-10;
-1.17E-08;
4_.62E-08;
2_72E-04;
-79E-02 1.21E-03 5.03E-05 3.51E-04;
2
7
1
1
-1
-6

-35E-06 -5_58E-07 -2_.33E-08 -28E-08;
-65E-04 -2._.04E-05 -8.51E+00
-73E-06 -2_47E-07 -1.03E-08

-97E-06;

2
1
1
1.60E+00 2.21E-02 9.22E-04 -47E-02;
5
1
1 -98E-08;

-1.23E-04 1.13E-06 4_71E-08 -98E-06;

-6.05E-04 -4 _79E-04 -2_.00E-05 -54E-06;

-8.01E-03 2.48E-04 1.04E-05 -1.21E-04];
Tc=49; %temperature of Condenser
TE=0; %temperature of Evaporator
i=0;
Eis=49200; %isentropic energy consumption of the comperssor in J/KG
for x1=1800:100:4200

i=i+l;

x2=(TE*9/5)+32; %conversion of Evaporator temperature into Fahrenheit
x3=(Tc*9/5)+32; %conversion of condenser temperature into Fahrenheit

A=C(1,:)+C(2, :)*X1+C(3, :)*x1"2+C(4, :)*X1"3+C(5, :)*x2+C(6, - )*X2"2+C(7, 1) *X2"3+
C(8,:)*x3+C(9, - )*x3"M2+C (10, :)*x3"3+C(11, : )*x1*x2*x3+C(12, :)*(Xx1"2)*x2*x3+C(13
b 2 )*XA*(X27M2)*X3+C (14, 1 ) *X1*x2*x3"2+C (15, - )*x1*x2+C (16, :)*x1*x3+C(17, - )*x2*x3
+C(18, : )*(X1"2)*x2+C(19, 1 )*x1*x2"2+C(20, : )*(X1"2)*x3+C(21, : )*x1*(x3"2)+C(22, :
)*(x27"2)*x3+C(23, - ) *X2*x3"2;

B(i1,1)=A(1)/3.42121; %performance Coefficient value of cooling capacity(watt)
B(1,4)=A(4)/7936.6; %performance Coefficient value of mass flow rate(kg/s)
B(i1,2)=A(2); %performance Coefficient value of power consumption(watt)
B(i1,3)=A3) ; %performance Coefficient value of current consumption(Amp)
effc(i)=(B(i,4)*Eis)/B(i,2)*100;
cop(i)=B(i,1)/B(i,2);

end

%yyaxis left

%plot(B(i,1),B(i,2),"c-", "linewidth",2)

Y%xlabel ("Cooling capacity”);

%y label (*Power consumption®)

%title("Cooling capacity Vs Power consumption and RPM®)
%grid on

%yyaxis right

QL=B(:,1);

x1=1800:100:4200;

plot(xl,effc,"c-s", " linewidth",2)

title("RPM VS Total Efficiency of the compressor *)
gtext("Total Efficiency of compressor®)

grid on
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xlabel ("RPM™)

ylabel ("Total Efficiency(%)")

B(:,4)=B(:,4)*1000;

S=[x1" B];

T=array2table(S);

disp(” Rpm QL(Watt) Pcon(W) current(A) mflow(g/s) °)
format short
disp(T)
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Appendix Bsz: Code to model Monthly average Solar Radiation on inclined surface, Hourly
PV surface temperature, Hourly Electrical Energy output of the System, Hourly
temperature of the Milk and Monthly Cop of the System.

clc

clear all

Te=0; % temperature of evaporator

T2s=49; % condensor temperature

Tmilk=33; % inlet milk temperature in the evaporator
Mm=50; % mass of the milk

Ast=1.039; % area of storage tank

Ae=0.078; % area of the evaporator

doe=0.01; % outer diameter of the evaporator
die=0.008; % inner diameter of the evaporator
pri1=3.919; % prandtl number for inside tube liquid
pr2=0.553; % prandtl number for inside tube vapor
rhoo=4.25; % density of ril34a

Kvl=1.170149*10"-1; % kinematic viscosity of rl34a at evaporator temperature
Kvv=2_10973*10"-3; % kinematic viscosity of rl34a at evaporator temperature
mm=2_761*10"-4; % viscosity of the fluid rl34a at evaporator temperature

k1=0.0947; % thermal conductivity of liquid rl34a at evaporator temperature
kv=0.0121; % thermal conductivity of vapor rl34a at evaporator temperature

cpm=3930; % specific heat of the milk kj/kg-K

kc=385; % thermal conductivity of copper

Veff= 0.76; % volumetric efficiency of the compressor
Vo=0.9; % overall efficiency of compressor

Vco=0.93; % overall condenser efficiency

cpr=1.34; % specific heat of ri134a kj/kg-K

Vc= 9.63*10M-6; % clearance volume of the cascade compressor m3
v1=0.0692; % saturated specific volume of the refrigerant at inlet of
cascade compressor m3/kg

mr=0.008948; % refrigerant mass flow rate kg/s

h1=250.5; % enthalpy at compressor inlet kj/kg

s1=0.919; % entropy at compressor inlet kj/kg.-K
h2s=431.48; % enthalpy at compressor outlet kj/kg

Apv=6.12; %col lector unit area

tpv=0.0035; %Thickness of the pv module

ti=0.05; %Back insulation thickness and storage the smae thickness
eg=0.88; %Emmisisivity of the PV module

Trpv=0.1; %Transmitivity of the Pv module

hi=10; %inner heat transfer coefficient

ho=100; %outer heat transfer coefficient

ti = 0.0254; %mi lk tank insulation thickness

Umi 1k=120; %heat transfer of milk

epv=0.83; %Emmisivity of the PV module

apv=0.9; %Absorbability of PV module

tapv=0.93; %Difference b/n Absorbativity and Transmitivity of
Module

eef=((1/epv)+(1/eg)-1)"-1; %ETfective emisivity of PV and Glass
pf=0.9; %Packing Factor

ki=-0.249; %thermal conductivity of insulator

Tfp=-0.6; %Temperature cofficent of PV module

Nepv=0.155; %Nominal efficency of PV module

Trf=25; %Reference Temperature
ka=0.026; %Thermal conductivity of air
kp=1.56; %Thermal conductivity of pv
rho=0.2; %Ground refilaction

cg=1278.95; %836 Glass specific heat
Ca=1.005; %Specific heat capacity of air
cp=677; % PV specific heat

mp=15; %mass of PV
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mcpp=mp*cp; %Mass*CP of PV module
Vw=3; %wind speed

beta=pi/18; %collector slop
phi=9.7*pi/180; %Latitude of the site
sigma=5.67e-8; %Boltzman constant

Ue=320; %heat transfer of evaporator

Tai=20; %Inital Temperature of the atmsphere
TI1Qsolar=0; Wintilaization of solar radiation
TElec=0;

deltt=60;

open=("HSR.xlIsx");
Z=xlIsread(open);
for jJ=1:365

datal(:,:,J)=2(g+(23*(-1)):j*24,:); %Data formulate for 24 hours of each
day for all day in the year
end
for n=1:365
decl(n)=(pi/180)*(23.45*sin((2*pi/365)*(284+n))); %Calculation of the
declination angle )))
end
for 1i=1:24
omega(ii)=(ii-12)*pi/12; %Calculation of the hour-angle for each hour of the
day. )))
end
for i1=1:365
Grr=datal(: .4
Drr=datal(:,5
Taa=datal(:,3

1

for j=1:24

Gr=6rr(g);

Dr=Drr(J):

T=Taa();

Ta=T; % Ambiante Temperature
Tpi=T+3; % initial PV temperature
Tsky=Ta-6; % sky temperature
Rb=((cosd(phi-beta))*cosd(decl (i))*cosd(omega(j))+sind(decl (i))*(sind(phi-
beta)))/(cosd(phi)*cosd(decl (i))*cosd(omega(j))+(sind(decl(i))*sind(phi)));
In=Rb*(Gr-Dr)+(Dr*0.5*(1+cosd(beta)))+(0.5*rho*((1-cosd(beta))*Gr));

Ic=In*apv; % solar Energy arrived in the module and absorbed by module
TF=(Tai+T)/2; %Film Temperature

Ve=2/(Tai+T); %Volume Expanstion cofficent

hcl=2.8+3*Vw; %convective heat transfer cofficent at the top of the PV

hrl=eg*sigma*(Tpi~4-Tsky™4); %Radiation heat transfer b/n air and PV module
al2=hcl+hril;

Ut=((1/ (hcl+hri)))H)~-1; %top heat loss

ul=Ut+al2;

Tpm = 30 + 0.0175.*(1c-150) + 1.14*(Ta -25); %lInitial Temperature of the PV
Eg=I1c*tapv*pf*Nepv*((1-0.0045*(Tpi-Trf))); %Electrical Energy generation

al2=hcl+hril;
Tpl=Tpi+((deltt/mcpp)*Apv*(lc-Eg+al2*Ta*2-al2*Tpi*2));
end

end

%Main Program
for 1=1:365
Grr=datal(:,4,
Drr=datal(:,5,
Taa=datal(:,3,
ge=datal(:,10,i
for j=1:24
Gr=Grr(jJ);
Dr=Drr(j);
T=Taa(g);

)
)
)
)
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qee=qe(d);
Ta=T;
Rb=((cosd(phi-beta))*cosd(decl (i))*cosd(omega(j))+sind(decl (i))*(sind(phi-
beta)))/(cosd(phi)*cosd(decl (i))*cosd(omega(j))+(sind(decl(i))*sind(phi)));
if Rb<O

Rb=0.5;
end
In=Rb*(Gr-Dr)+(Dr*0.5*(1+cosd(beta)))+(0.5*rho*((1-cosd(beta))*Gr));
Ic=In*apv;
if Ic<0

1c=0;
end
Tpl=Tpi+((deltt/mcpp)*Apv*(lc-Eg+al2*Ta*2-al2*Tpi*2));
TIQsolar=TIQsolar+In;

for jj=1:60

Tf=(Tai+Ta)/2; %Film Temperature

Ve=2/(Tai+Ta); %Volume Expanstion cofficent
Tsky=Ta-6; % sky temperature

hcl=2.8+3*Vw; %convective heat transfer cofficent at the top of the glass

hril=eg*sigma*((Tp1l°4-Tsky”4)); %Radiation heat transfer b/n glass and PV
module

Ut=((1/(hcl+hri))H~-1; % top heat loss from the pv
al2=hcl+hril;
Ul=Ut+al2; %Over all heat transfer cofficent

Tpm =30+0.0175.*(1c-150)+1.14*(Ta -25); %Initial Temperature of the PV module
Tmin=33;

TElec=TElec+Eg*deltt/3600000;

al2=(hcil+hrl);

V=(4*mr)/ (pi*dien2); % velocity of the refrigerant inside the evaporator
Tdif=((kl)/rhoo*cpr); o thermal diffusivity of liquid rl34a
Re=die*V*rhoo/mm; 6 Reynold number of the tube flow refrigerant
pri=Kvl/Tdif; o prandtl number of liquid rl34a
Tdiff=kv/rhoo*cpr; o thermal diffusivity of vapor ril34a
prv=Kww/Tdiff; % prandtl number of vapor rl34a
Nul=0.023*Re™0.8*pr170.4; % Nusselt number correlation for liquid rl34a
Nuv=0.023*Re™0.8*prv"0.4; % Nusselt number correlation for vapor rl34a
hI=Nul*kl/die; % heat transfer coefficient of liquid refrigerant
hv=Nuv*kv/die; % heat transfer coefficient of vapor refrigerant
ue=1/(((doe/2)/((die/2)*h1))+((doe/2)/kc)*(log(doe/die))+(1/hv)); % overall
heat transfer coeffiecent

tstep=60;

umi lk=1/(1/hi+ti/Kki+1/ho);

X

XXX

%Electrical Energy generation of the PV module
Eg=Apv*Ic*tapv*pf*Nepv*((1-0.0045*(Tpl-TrF)));

%PV SURFACE TEMPERATURE
Tpl=Tpi+((deltt/mcpp)*Apv*(lc-Eg+al2*Ta*2-al2*Tpi*2));

Tpi=Tpl;

Qe=Ue*Ae*tstep*(Tmilk-Te); %cooling capacity of the evaporator
%over all milk tank heat loss coefficient

Qmloss=umi lk*Ast*tstep*((Tmilk-Ta)); %heat loss from milk storage tank

Qmi lkout=Qe-Qmloss;

if j>0 && j<14

Tomi Lk=(Tmi 1k)-(Qmi lkout*tstep/ (Mm*cpm));

end

if Tomilk>33
Tomilk=Tmilk;

end

%%%% Cop of the system

if Eg<235 % minimum PV power to start the compressor
cop=0;

else

86|Page



Design And Performance Analysis Of Small-Scale Milk Chiller By Using PV System 2018G.C

cop=(gee/ (Eg*tstep*Vo));
end
if j<=6 && j>=12

cop=0
end

Ict(i,j)=Ic;

Tpt(i,j)=Tpl;

copm(i,j)=cop;

Tomi bkm(i, j)=Tomilk;

Et(i,j)=Eg;

end

end

end

rpm=[1800;2000;2100;2200;2300;2400;2500;2600;2700;2800;2900;3000;3100;3200;33

00;3400;3500;3600;3700;3800;3900;4000;4100;4200];

Tgsolar=sum(sum(TIQsolar));

Telec=sum(sum(TElec));

rr=1:24;

IclJdl7=lct(17,:);IclFl6=1ct(47,:);1cIM16=1ct(75,:);IclAl5=1ct(105,:); -

IcIM15=1ct(135,:);IclJll=Ict(162,:);1clJul7=1ct(198,:);IclAl6=1ct(228,:);.--

IclS15=Ict(258,:);1cl015=1ct(288,:);1ciIN14=1ct(318,:);1clD10=1ct(344,:);...;

plot(rr,IcIM16, "k-x",rr,IclS15, "c-x",rr,IcIM15, "m-x",rr,1clAl5, "g-

x",rr,1IclF16, "b-x", ...

rr,IclO15,"k-h",rr,1cID10, "r-x",rr,1cIN14,"g-s",rr,1clJ17,"r-s",rr,IclJ1l, "b-

S", ...

rr,IclA16,"c-s”,rr,IclJul7, " m-s~, "linewidth",2);

xlabel (" Time in hours”,"linewidth",2)

ylabel (" Solar Radiation on incliend surface(Watt)")

title("Monthly average solar radiation on incliend surface *)

legend("Janl7","Feb16", "Marl6", "Aprl5-", "May15","Junll”,"Jull7", .. ...
"Augl6”,"Septl5”, "Octl5", "Nov1l4~", "DeclO0")

grid on

xhim([1 24])

pause

clf

%%PVT Surface Temprature

Tpa=Tpt(17,:); Tpf=Tpt(47,:);Tpm=Tpt(75,:);

Tpap=Tpt(105, :);Tpma=Tpt(135, :);TpJ=Tpt(162,:); Tpju=Tpt(198, :); TpAU=Tpt (228, :

);Tps=Tpt(258,:); Tpo=Tpt(288, :); Tpn=Tpt(318,:); Tpd=Tpt(344,:);

plot(rr,Tpa, "k-x",rr,Tpf, "c-x",rr,Tpm, "m-x" ,rr,Tpap, "g-x",rr,Tpma, "b-

X", rr,Tpd, "y-x",rr,Tpd, "r-x",rr,Tpn, "g-s”,rr,Tpo, "k-0",rr,Tps, "b-

s",rr,TpAu, "c-s”,rr,Tpju, "m-s”, "linewidth",2)

grid on

legend("Janl7","Feb16", "Marl6", "Aprl5-", "Mayl15","Junll”,*Jull7", .. ...
"Augl6”,"Septl5”, "Octl5", "Nov1l4~", "DeclO")

title (¢ PV Surface Temprature®);

xlabel("Time in hours®);

ylabel ("Temprature in oC");

pause

clf

%%%%%%%%%%%%%%%%%%%%%%% %% %% %%

%%%Electrical Energy Generation

EJ=Et(17,:);EAQ=Et(228, :) ;EM=Et(75, ;) ;EA=Et (105, :);EMa=Et (135, :);EN=Et(318, :)

;ED=Et(344,:);EF=Et(47,:);EO=Et(288,:);ES=Et(258, :);EJu=Et(162, :);Ej=Et(198,:

plot(rr,EJ,"b-s",rr,EAg, "Cc-s",rr,EM,"k*" ,rr,EA, "—-rs”,rr,EMa, "k-x",rr,EN, "y-
s",rr,ED,"r x*,rr,EF,"m-s”,rr,EO,"--gs”,rr,ES,"m*",rr,EJu,"r-o",rr,Ej, "c-

", "linewidth",2)

grid on

legend("January”, "February®,"March®,"April~®,"May", "June”, "July”, "August”, "Sep
tember”, "October”, "November*, "December*®)

title (CElectrical Energy Output of the System®);
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xlabel("Time in hours®);

ylabel ("Electrical Energy Generation in (W)");

pause

clf

% % % % % pause

% % % clf

% % % % %%%% Thermal Efficency

% % % %

TEJ=Tefi1(17,:) " ;TEF=Tefi(47,:);TEM=Tefi (75, :) ;TEA=Tefi (105, :) ; TEMa=Tefi (135, :
);TEJu=TeTi(162,:);TEj=Tefi (198, :);TEAg=Tefi (228, :); TES=Tefi1 (258, :); TEO=Tefi(
288,:);TEN=Tefi(318,:); TED=Tefi(344,:);

% % % % plot(jj,TEJ, b",jj,TEF, " —-

rs",jj,TEM,"c",jj,.TEA,"K",Jj,TEMa, "g" ,§j,TEJuU,"y" ,jj,TEj, " m -x",jj,TEAg, "b-
** 3J3,TES,"c-",3J,TEO,jj,TEN,jj,TED, " linewidth",2)

% % % % grid on

% % % %

legend("January”, "February®,"March®,"April~","May", "June”, "July”, "August”, "Sep
tember”, "Octowber”, "November™ , "December ")

% % % % title ("Thermal efficency of the system ");

% % % % xlabel("Time in hours®);

% % % % ylabel("Thermal Efficency of the collector®);

% % % % Pause

% % % % clf

% % % % %%%%%% Electrical Efficency

%EEJ=EFF111(17, :) ;EEF=EFF111(47,:) ;EEM=EFfF111(75, ;) ;EEA=EFF111(105, ;) ;EEMa=EF
111(135, ) ;EEJu=EFfF111(162, 1) ;EEj=Eff111(198, :) ; EEAg=EFfFf111(228, :) ;EES=Eff11
1(258, 1) ;EEO=Eff111(288,:) ;EEN=EFff111(318, :) ;EED=Eff111(344,:);

%plot(rr,EEJ, "b",rr,EEF,"—-rs",rr ,EEM, " ——

gs",rr,EEA, k", rr,EEMa, "g",rr,EEJu, "y",rr,EEj,"m -x",rr,EEAQ, "b-*",rr,EES, "c-
",rr,EEO, "m*" ,rr,EEN, "--bs”,rr,EED, "y--", "linewidth",2)

%grid on

%legend("January”, "February®, "March”, "April ", "May", "June”,"July”, "August”, "Se
ptember”, "Octowber®, "November*, "December*®)

%title ("Electrical Energy of the system®);

Y%xlabel ("Time in hours®);

%ylabel ("Electrical Energy of the collector(W)");

%pause

%clf

%%%%%%%%%%%%% cop of the refrigerant

copmJ17=copm(17,:);copmFl6=copm(47, :);copmMl6=copm(75,:);copmAl5=copm(105,:);

ééme15=copm(135,:);copmJll=copm(l62,:);copmJu18=copm(199,:);copmAl6=copm(228
éép&éié=copm(258,:);copm015=copm(288,:);cople4=copm(318,:);come10=copm(344,

plot(rr,copmJ17,“k-",rr,copmF16,"g-s”,rr,copmAl5, "g-",rr,copmM15, "b--", ...
rr,copmJil, “k-d",rr,copmJul8, "r-*",rr,copmAl6, "y-h",rr,copmS15, "c-x", .. .
rr,copmN14, "k-x",rr,copmD10, "m-*", " linewidth",2);
xlabel (" Time in hours®)
ylabel (" Cop of the refrigerator®)
title("Monthly Cop of the System®)
legend("Janl7","Feb16", "Aprl5-, "May15*, "Junll®,"Jull8", .. ...

"Augl6”, "Sepl5”,"Novl4*","DeclO")
xhim([1 24])
grid on
pause
clf
%%%%%%%%%%% Milk outlet temperature hourly
Tomi 1kA15=Tomi Ilkm(105, =) ; Tomi Ikm15=Tomi Ikm(135, ) ; Tomi lkj11=Tomilkm(162,:);To
mi lkJul7=Tomi lkm(198, :) ; Tomi 1 kAug16=Tomi lkm(228, :) ; Tomi IkSep15=Tomi Ikm(258, :)
;Tomi IkOct15=Tomi Ikm(288, :) ; Tomi IkNov15=Tomi lkm(318, :); Tomi IkD10=Tomi Ikm(344,
s
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plot(rr,TomilkA15,"-ok",rr, Tomilkml5, "y-s”,rr,Tomilkjll, "b-
s",rr,TomilkJul7,"m-s”,rr,TomilkAugl6, "k-s",rr,Tomi lkSepl15, "r-
s",rr,TomilkOctl5, "g-s”,rr,Tomi lkNov15, "b-*",rr,TomilkD10, "c-
** , "linewidth",2);

xbhim([1 24])

grid on

xlabel("Time in hours™)

ylabel ("Outlet Milk Temperature(oC)")

title("Hourly Temperature of Milk")

legend("Aprill7®,"Mayl5", "Junell”,"Julyl7”,"Augl6”, "Sepl5", "Octoberl5”, "Nov15
", "Decl0")
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Appendix C: Performance Coefficients of CASCADE17-0244Y 3 Compressor

Performance Coefficients (24V) - ARI HEP

Coefficient Capacity (BTU/Hr) Power (Watts) Current (Amperes) Mass Flow (Lbs/Hr)
C1 -1.107663E+03 3.943455E+02 1.643106E+01 -0.435642E+00
c2 -1.300685E+00 -1.223476E-01 -3.097B17E-03 -2.B5B46TE-D2
C3 2.056291E-4 2.942926E-05 1.226219E-06 4.165405E-06
C4 -4, TOE144E-08 -2.445508E-10 -1.018962E-11 -T4359T1E-10
C3 -7.624835E+0 -3.826043E+00 -1.594184E-01 -1.222140E+00
Ce 1.678044E-01 4.168358E-02 1.736816E-03 2.490080E-03
c7 -3.433469E-04 3.524107E-05 1.46837TE-06 -1.285188E-05
C8 7.156981E+01 -7.588050E+00 -3.16168TE-01 1.008043E+00
C9 -8.933099E-01 5. 70657 5E-02 237TT40E-03 -1.319664E-02
c10 3.539651E-03 -1.815833E-04 -7.5659T1E-06 5.237502E-05
C11 -4, 1289409E-04 -3.801532E-05 -1.583972E-06 -5.920254E-06
c12 -4 984281E-08 6.9866TBE-09 2911116E-10 -5.600584E-10
c13 -1.084624E-06 2.132993E-07 8.887472E-00 -1.178531E-08
c14 2.881196E-06 -3.587B06E-08 -1.494920E-09 4 619442E-08
c15 1.522813E02 3.822661E-03 1.592776E-04 2.726404E-04
C16 1.794408E-02 1.206820E-03 5.02841TE-05 3.516805E-04
c17 1.602984E+00 2.213781E-02 9 224086E-04 2 4T2086E-02
c18 5.3508T3E-06 -5.583T06E-07 -2 326544E-08 7.283940E-08
c19 1.647996E04 -2.041318E-05 -8.305493E07 1.970873E-06
c20 1.730062E-06 -2.46BBTDE-O7 -1.028696E-08 1.989592E-08
c21 -1.230301E-04 1.131317E-06 4. T713821E-08 -1.980280E-06
c22 -6.058412E-04 -4.793339E-04 -1.897224E-05 -6.546663E-06
c23 -3.010951E-03 2.484762E-04 1.035318E-05 -1.213048E-04
Performance Equation ¥ =RPM
Y=C|"'Cz!r"caxi2"'31113"'Csxz"'cuxzz"'cr!za"'caxa"'cn!:z"'c1ulm3+ci1!1’2213""312!111213"'31:!1!2213* X =E (°F)
C14X1XzXs +C15X1Xz+C 16Xy Xz+C 17XaXa+C 15Xy Xz+C g% Xz +C 0%y Xa+Ca1XyXs +C22X5 X3+C3XaXa” %3 =G (°F)

(source: Masterflux)
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Appendix D: Properties of Some Materials used

Appendix Di: Thermo-physical properties

Materials Melting Properties at 300K

point[i] Densitylp] ~ K[W/mk]  Cp[J/kgk]  ox 108M%/

Copper 8933 385 401 117
Stainless steel 7913 14.6 477 3.95
55 24%x 107* 1210 -
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Appendix E: Peak Sunshine, daily extra-terrestrial solar radiation and daily

7.15

avg S
0.37056
0.472341
coeff a
coeff b
0.666809

solar radiation and Hour for October Month

7.225
avg S
0.372468
0.467775
coeffa
coeffb
0.668931

8.525
avg S
0.405538
0.388635
coeffa
coeffb
0.696162

9.525
avg S
0.430977
0.327758
coeffa
coeff b
0.704827

Extra_territerial daily Solar Radiation

1
8535.542
9286.063
10256.42
10820.5
10964.07
10942.99
10936.58
10897.68
10529.91
9698.438
8764.944
8284.349

5691.577

2
8274.713
9002.3
9943.001
10489.85
10629.03
10608.6
10602.38
10564.67
10208.13
9402.073
8497.105
8031.197

5535.21

3

8110.868
8824.048
9746.123
10282.14
10418.57
10398.54
10392.45
10355.49
10006.01
9215.906
8328.857
7872.173

5646.478

daily solar radiation(W/m”2)

0.666809 0.668931 0.696162
Kt value(H/Ho)
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4
8190.884
8911.101
9842.271
10383.58
10521.35
10501.13
10494.97
10457.65
10104.72
9306.824
8411.024
7949.835

5773.156

0.704827

5.9

avg S
0.338762
0.548438
coeff a
coeff b
0.622602

5

8443.032
9185.419
10145.26
10703.23
10845.24
10824.39
10818.05
10779.57
10415.78
9593.324
8669.948
8194.562

5256.651

0.622602

8.6

avg S
0.407446
0.384069
coeff a
coeff b
0.697182

6

8641.275
9401.093
10383.47
10954.54
11099.89
11078.55
11072.06
11032.68
10660.35
9818.576
8873.519
8386.971

6024.545

0.697182

6.975
avg S
0.366108
0.482995
coeff a
coeff b
0.661625

7

8607.899
9364.783
10343.36
10912.23
11057.02
11035.76
11029.29
10990.07
10619.17
9780.653
8839.246
8354.578

5695.199

0.661625

6.75

avg S
0.360385
0.496692
coeffa
coeffb
0.654479

8

8372.825
9109.039
10060.89
10614.23
10755.06
10734.38
10728.09
10689.94
10329.17
9513.552
8597.854
8126.421

5479.834

0.654479

8.8

avg S
0.412534
0.371894
coeffa
coeffb
0.69961

9
8146.782
8863.12
9789.278
10327.67
10464.7
10444.58
10438.46
10401.34
10050.31
9256.713
8365.736
7907.031

5699.567

0.69961

8.4

avg S
0.402358
0.396245
coeffa
coeff b
0.694328

10
8132.406
8847.48
9772.003
10309.45
10446.24
10426.15
10420.04
10382.98
10032.58
9240.378
8350.974
7893.078

5646.557

0.694328

avg ¢
0.37
0.46

0.66

8342
9076
1002
1057
1071
106¢
106¢
1065
102¢
947¢

80¢

558C

0.66



