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Abstract

Nowadays, solar-powered air conditioning has witnessed an increased progress because air con-
ditioning system is almost a must in every building in Saudi Arabia where the outside temperature
in summer is higher than 42°C. AlMadinah AlMunawwarabh is one of the important holy places in
the world, and therefore, this paper investigates the design and performance of solar-powered air
conditioning system integrated with photovoltaic (PV) system which consists of PV panels, solar
charger, inverter and batteries. This air conditioning system can be used in non-electrified areas
near AlMadinah where the cost of electricity for this area is very high. The first step in this project
is the cooling load calculations for the selected space that will be cooled and it was found about 1
ton refrigeration (3.52 kW). Based on this cooling load, the photovoltaic (PV) system has been es-
timated and built with the necessary connections. Data logging system has been used to measure
the temperatures at the main components in the cycle like compressor inlet and outlet as well as
evaporator and condenser. The input powers for the system as well as the coefficient of perfor-
mance (COP) for the system under AlMadinah climatic conditions were measured along the day.
The coefficient of performance varies from 2.16 to 4.22 for the system and these results compared
with the conventional system performance with a good agreement.
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1. Introduction
Ten years ago energy consumption for cooling has increased dramatically in Saudi Arabia. The main reasons for
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this increasing energy demand for summer air-conditioning are the population growth, increased living stan-
dards and comfort demands as well as type of architecture; this increasing demand is one of the most significant
costs to Saudi Arabia households during summer. AlMadinah AlMunawwarah one of the most holy places has a
very sunny climate, with high demand for air conditioning on hot summer’s days; the electricity grid increa-
singly faces the danger of overload due to air conditioner use, which would cause essential service disruption
and severe economic impact. Solar air conditioning is one of the few solutions provided to overcome the sum-
mer high demand and addresses peak loading, and does so with reduced environmental impact at AlMadinah
AlMunawwarah. Air conditioning systems in use are most often built around a vapor compression system driven
by grid-electricity. In remote Saudi’s villages, far from the grids, electric energy is usually supplied by diesel
generators. In most of these cases, the supply with diesel fuel becomes highly expensive. Solar air conditioning
might be a way to reduce the demand for electricity. Therefore, this work focuses in the design and construction
of solar-powered air conditioning system integrated with photovoltaic (PV) system. According to the solar radi-
ation map shown in Figure 1 [1], it can be seen that solar energy is the best source to generate electricity in
Saudi Arabia and specifically AlMadinah city where the annual intensity of solar radiation varies from 2200 to
2400 kWh/m?, making it potential to consider the solar energy as the best option for power generation.

A lot of research is conducted for this purpose especially in countries where there is high availability of solar
energy just like Saudi Arabia and the most previous works that conducted solar cooling and solar air condition-
ing are as follows.

Sayigh (1981) [2] performed that comparisons for a hot, arid climate like that of Riyadh, Saudi Arabia are
made for four solar air conditioning systems. Mattarolo (1982) [3] conducted a general survey of solar-powered
air conditioning systems, including descriptions of a continuous open cycle absorption cooler, and dehumidifi-
cation-humidification systems. Solar-powered air conditioning system was designed, installed and operated in
Singapore (Bong, 1987 [4]). Aly and Fathalah (1988) [5] presented a combined absorption-desiccant high per-
formance air conditioning system suitable for hot humid areas. Feasibility of utilizing solar power for comfort
cooling in Hong Kong has been studied; a solar-powered absorption air conditioning system was designed and
successfully constructed on the campus of the University of Hong Kong (Yeung, 1992 [6]). Tsilingiris (1993) [7]
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Figure 1. Annual solar radiation map for Saudi Arabia.
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conducted the development of a theoretical microcomputer model suitable for performance predictions and in-
vestigation of the operational behavior of a simple solar cooling system for small residential applications. A hy-
brid open-cycle vapor absorption and liquid desiccant system using LiBr for the process of absorption and de-
humidification has been simulated and the COP so obtained is about 50% higher than that of conventional vapor
absorption (Khalid Ahmed et al., 1997 [8]). Li and Sumathy (2000) [9] reviewed solar-powered air conditioning
systems with the absorption air of lithium bromide and water. A number of attempts have been made by re-
searchers to improve the performance of the solar applied air conditioning (chiller) subsystems. The feasibility
of solar-powered absorption cooling technology under Tunisian conditions has been carried out (Moncef Balg-
houthi, 2005 [10]). Mittal et al. (2005) [11] presented a work that will help many researchers work in the area of
air conditioning and provide them with fundamental knowledge on absorption systems. Sayigh (2007) [12]
conducted the theoretical behavior of thermal parameters and their interaction in absorption cooling systems
powered with solar energy. Constantinos et al. (2007) [13] described the main results of the EU project SACE
(Solar Air Conditioning in Europe), aimed to assess the state-of-the-art, future needs and overall prospects of
solar cooling in Europe. Solar-powered adsorption air conditioning system was designed and installed in the
green building of Shanghai Research Institute of Building Science (Zhai et al., 2008 [14]). Umberto et al. (2009)
[15] analyzed the technical and economic feasibility of solar absorption cooling systems, designed for two dif-
ferent application fields: industrial refrigeration and air conditioning. Paula Naukkarinen (2009) [16] discussed
the solar air conditioning and its role in alleviating the energy crisis of the Mediterranean hotels. Koroneos.et al.
(2010) [17] investigated the use of thermal solar system in the medical centre applications. A solar hybrid de-
siccant air conditioning system has been configured, experimentally investigated and theoretically analyzed
(Dong La et al., 2011 [18]). The potential applications and advantages of powering solar air-conditioning sys-
tems using concentrator augmented solar collector (Dan et al., 2012 [19]). Lavinia and Mario (2012) [20] inves-
tigated the solar heating and air-conditioning by GSHP coupled to PV system for a cost-effective high-energy
performance building.

It can be seen that many researchers conducted solar cooling and solar-powered air conditioning systems but
none of these conducted the potential of solar power air conditioner in Saudi Arabia especially AlMadinah re-
gion in spite of its climatic conditions, which is the motivation of this work. This project will focus on the de-
sign and construction of solar-powered air conditioning system integrated with photovoltaic (PV) system which
is easy to use in AlMadinah AlMunawwarah and the non-electrified remote areas outside AlMadinah where the
intensity of solar radiation reaches to 7.5 kWh/m? a day.

In this work, the design of the solar-powered air conditioning system is described in detail and its perfor-
mance over an entire cooling season will be investigated by utilizing the PV panels to generate necessary power for
small-scale air conditioning system about 1 TR and compare the system performance with the conventional system.

2. Method and Materials

Many tools are available for sizing the PV system with battery storage. The steps below summarize the metho-
dology for this investigation.

2.1. Collection of the Required Meteorological Data

Such as design temperatures, humidity, tilt angle, daily and annual values of solar radiation for the site and the
number of working hours. The space that has been chosen to be cooled in this work is the office room with 4 x 4
x 3 m used by faculty member located inside AlMadinah and the first step to size the air conditioner is the cool-
ing load estimation for this selected space.

2.2. Cooling Load Calculations

Cooling load includes what kind of cooling and how much of cooling needed. The space that will be cooled in
this work for eight working hours a day located near AlMadinah city. Hourly analysis program (HAP) used, this
program calculating the cooling load for any location. First of all the site must be specified as well design inside
and outside design temperature and relative humidity, thickness and type of insulation materials used and the
building structure. The design temperature used are 45°C as a maximum temperature during summer and the
comfort temperature or the inside temperature is 23°C and the relative humidity of 50% [21]. Finally the output
of the program will be displayed for each month. Figure 2 displays the maximum and minimum cooling load for
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Figure 2. Maximum cooling load during August.

this space. It was found that the maximum cooling load during August it is about 3.4 kW where as the minimum
cooling load during January 2.4 kW.

2.3. Design and Sizing of the Air Conditioning System

Based on cooling load calculations, the air conditioning unit has been selected with the following specification:
unit capacity 3.52 kW or 1 ton refrigeration (1 TR) split unit, 220 V, input power 1.250 - 1.374 kW to provide
the suitable COP.

2.4. PV System Sizing and Material Selection

Based on air conditioning unit capacity that has been selected under AlMadinah climatic conditions and the data
collected, where the intensity of solar radiation about 7.5 kWh/m? the PV solar-powered system specifications
can be selected and design.

A photovoltaic system is an array of components designed to supply usable electric power for a variety of
purposes [22]. The sun delvers its energy to us in two main forms, heat and light. There are two main types of solar
power systems, namely, solar thermal systems that convert heat to electricity, and solar PV systems that convert
sunlight directly into usable direct current (DC) electricity. One or more DC to alternating current (AC) power
converters which called inverters. PV cells are made from layers of semi-conducting material, usually silicon.
When light shines on the cell it creates an electric field across the layers. The stronger the sunshine, the more
electricity is produced. Groups of cells are mounted together in panels or modules that can be mounted on your
roof [22]. The peak sun hour is essential in order to know the number of PV modules to be installed. Before
doing so, the power that can be assumed generated by the PV modules must be determined based on solar irra-
diance of the location.

The function of charger is to regulate the voltage and current coming from the solar panel going to the battery.
The battery is the key components in PV-SA systems as it act as energy back-up for the renewable energy sys-
tems. It also functions as storage devices for storing PV generated electricity during cloudy days and at night. In
order to apply this system in AC load, the inverter is needed to convert the DC electricity generated by the PV
panel into AC. The AC load is a common type of load and easily available with cheaper in price.

As we mentioned previously, the purpose of charge controller is to regulate the current from the PV module to
prevent the batteries from overcharging. A charge controller is used to sense when the batteries are fully charged
and to stop, or decrease, the amount of current flowing to the battery [23]. The solar energy is received by the
PV module and transform into electrical energy. The electrical energy is then being regulated by charge control-
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ler either by supplies it directly into the load or charges the batteries. As the electrical energy coming from the
PV module is in DC, inverter will convert it into AC as the compressor needs AC to operate. The electricity
provided by the panel array and battery is DC at a fixed voltage. The voltage provided might not match what is
required by the load. A direct/alternating (DC/AC) converter, known as inverter, converts the DC current from
batteries into AC.

The charge controller specification are, 12 V, rate charging control 24 Amp.

A voltage regulator is designed to automatically maintain a constant voltage level

[24]

Desiredoutput
InputPower

COP

cooling —

W = 3520 W =1397 W

where the acceptable COP for the system recommended by the supplier should be 2.52.
Input power range: 1250 to 1397 W.
We need 1397 W with 8 working hour per day

work x working hours in day = work hours perday
13978x8=11176 W - hr/day
Minimum hour for sunlight per day = 6 hr/day

work per day
minimum hour for sunlight per day

Total load capacity =

176 W-hr/day _oea

Total load capacity = 24
pactty 6 hr/day [24]
We need photovoltaic solar system with capacity 1863 W.
The available size of panel with the standard 310 W output.
Number of panels = Total Capacity 1863 W =6 Panels

The output for Lpanel 310 W

therefore we need 6 panel at 310 W each. Assuming drop voltage 30% [23]
150x30% =45A-h
The minimum efficiency of battery 90%.
The actual amperes of battery is (90%x150)—-45=90 A-h.

The actual capacity of one battery: 90 A-h, working hours: 8 h.

0 A-h =11.25A.

The actual Amp.

The running current of air conditioning unit is 5.68 A - 7.6 A with starting current of 22.8 Amp.

Number of battery 228 A
11.25 A

= 2 batterys : for 8 hour.

=12 batteries.

Number of battery’s for two days 2x tzghh

With total power stored 1863 W, 12 Volt and 150 Ah.
The inverter specification are: DC input 48 V, AC output 220 - 240 V, output power 5 kW and the charge
controller 12 Volts each and charge rating 24 Ampers with over load and short circuit protection.

2.5. PV Installation and Tilt Angle Selection

In order to make the system work efficiently, the inclination angle for the panels (Tilt angle) should be carefully
selected. The optimum tilt varied from month to another and the collected solar energy depends on the optimum
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panel tilt for each month. It was found that the average optimum tilt angle at Madinah for the winter months is
37° and for the summer months is 12°. So, the yearly average tilt panel is 23.5° which nearly corresponding to
the latitude of Madinah site 24.5° [24].

2.6. PV System Installation and Connections

After the material selection for PV panels, batteries, charge controller and inverter then using suitable basement,
cabinets to protect the system, the frame for the panels designed at an optimum tilt angle, the system installed
with the help of technical as shown in Figure 3 which explain the actual final cycle that includes the air condi-
tioning unit and power supply system that can be used at any time; the system has been tested for 8 hours per
day with a full capacity.

3. Results and Discussion

The most common type of air conditioning is technically referred to the vapor-compression refrigeration system.
The operation of the air conditioning system starts when the refrigerant flows across the evaporator inside the
space to absorb heat. The refrigerant that went into the evaporator leaves as vapor. Then, the low pressure and
cool vapor is taken outside and compressed by the compressor to become a hot, high pressure gas. Compressor
is electrically operated can be described as the heart of air conditioning system as it pump refrigerant throughout
the system. The main function of a compressor is to compress refrigerant vapor to a high pressure, making it hot
for the circulation process. Next, the hot vapor pass through the condenser and gives off some of its heat as out-
door air is blown across the condenser coil. The warm liquid is carried back to the evaporator to repeat the cycle
again.

The system performance measured by measuring the temperature at each previous component in the cycle by
using data logging system connected with thermocouples, these data transfer through the USB to the computer
for analysis where a lot of readings carried out through a specific time. The system worked between 9 am to 17
pm usually for 8 hours a day, Extensive measurement were taken through the two months ago.

To find the coefficient of performance which represents the system efficiency, the main properties for the
working fluid which are; temperature, pressure, enthalpy and entropy must be reported, the refrigerant or the
working fluid in this cycle is R22. Suction and discharge pressure for the system measured as well as mass flow
rate in the cycle. Figure 4 represents the refrigeration cycle on the temperature-entropy (T-S) diagram [25].

From this figure the points from 1 - 4 can be described as follow:

Point4: T,: Temperature at the inlet of the compressor where the liquid enters as dry saturated vapor.

Inside Unit

\ |

i |

Charge Controller 4 ﬁ Invertor
Outside Unit bl

‘l“’u‘.. iiiluu Uit : Twm
5 B

k

Battery

Figure 3. Final actual system cycle.
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Saturated
liquid

3
Saturated vapor

Figure 4. Refrigeration cycle.

T, : Temperature at compressor outlet where the refrigerant leaves the compressor as superheated vapor.
T, : Temperature of condenser where the refrigerant leaves as saturated liquid.

T, : Temperature of evaporator where evaporation takes place at constant temperature.

The quality x for point 4 is one and for point 2 is zero

x,=1and x,=0 m~0.03Kg/s

h, =h, where h is the enthalpy (kJ/kg) and the pressure P, =P,.
From the tables of refrigerant (R22) properties available online [26], the enthalpy can be found directly at
specified temperature and pressure. The cooling load or refrigeration capacity QL = m(h4 - h3) .

The input power or work input is W or h —h, and the direction shown in Figure 5.

cop == 1247, cop = M=) 15
- h4 p

Figure 5 represents the variation of COP with time during last May, it can be seen that the higher value of
COP measured in the morning where the outside temperature still low and the system is fully charged. The same
trend can be seen in Figure 6 for the system performance through June where the summer takes place and the
outside temperatures higher than 40°C. The COP is a function of compressor input work and the desired output,
the higher values indicated that the cooling capacity is at its optimum values during the first hours then the
compressor needs more work which means lower COP. From these figures the COP can be considered with its
normal ranges for these types of air conditioning system powered by conventional power systems but the PV
system is clean, safe and reliable system in spite of the high cost.

During the last two months, the system performance examined under variable intervals of time and the tem-
peratures at each point in the cycle were measured by the thermo couples KT-type connected to Omega data
logging system. Figure 7 display the variation of temperature for each component during last may in the morn-
ing where the temperature outside temperature in this day reaches 39°C. The compressor outlet temperature
which is the highest temperature in the cycle varied between 40°C to 64°C at constant value of condenser tem-
perature 23°C. Generally, the inlet of the compressor and exit of evaporator temperature usually closed to each
other which mean normal operation to the air conditioning system.

Figure 8 shows the variation of temperatures with time in the afternoon from 1 pm to 5 pm at the beginning
of June where the outside temperature 42°C, the compressor usually switch off by the control system when in
the temperature of the space 23°C, small deviation between the inlet of compressor and evaporator temperature
during this test which is due to outside temperature variation and the continuous door opening for the room from
the occupants.

Figure 9 display the variation of temperature during June from 12 to 3:00 pm, Normal operation for the
system but the system COP seemed to be lower than that for the optimum value because during that day the
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Figure 9. Temperature variations from 12:30 pm to 3:00 pm.

weather was stormy and the dust cover the pV panels and the input power affected by this action. It is necessary
to clean and wash the PV panels if we want to get a higher output from these pannels. From the results obtained
using solar energy as a power source it can be said that solar air-conditioning might be a way to reduce the de-
mand for electricity. Therefore, this work focuses in the design and construction of solar-powered air condition-
ing system integrated with photovoltaic (PV) system.

Solar air conditioning at an economically competitive level could reduce electricity costs for residential and
small buildings and this would cut the growth of peak electric demand.

About 70% of the power used in Saudi Arabia in the summertime goes into air conditioning (according to
Saudi Electricity Company). The approximate cost for the system including installation about 46,000 SR and
this cost can be considered high when we compare it with electricity price in Saudi Arabia. Recent price drops
of PV panels however have changed this system can be utilized efficiently in remote areas where the electricity
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generation becomes more cost. In spite of the cost, solar energy as a power source to the air conditioning system
is one of the few solutions that provides to overcome the summer high demand and addresses peak loading. On
hot summer’s days, the electricity grid increasingly faces the danger of overload due to air conditioner use in
addition to its advantages as a clean and safe energy. The air conditioning system can be operated on solar and
can be used in non-electrified areas. As we all known, solar energy is cost effective, renewable and environ-
mentally friendly.

4. Conclusions

This work focuses on design, construction and testing the performance of solar-powered air conditioning system
integrated with photovoltaic (PV) system and applying it under AlIMadinah AlMunawwarah climatic conditions.
The project comes as a solution to reduce the electric demand especially during the summer and can be used ef-
ficiently in remote area where the electricity is not available. It was designed by two different methods: one of
them is preferred upon the other because of the acceptable range of the voltage and the easy connection. The
COP for the system is found to be with a good agreement with conventional system

Also, it is extremely difficult to keep the performance of the system components to be constant over entire
experimental period as the components deteriorate with time.

As the rate of air-conditioned demand is expected to grow, the exploitation of solar energy, especially in Gulf
countries, like Saudi Arabia, during the hot season, seems to be a valuable option to mitigate the consumption of
conventional fuels due to the cooling requirements. Solar air conditioning systems can be a reasonable alterna-
tive to conventional air conditioning systems. There are several characteristics that must be considered to know
either on the PV system or on the air conditioning system such as electrical equivalent, characteristic curve, and
factors affect the output of PV cells.

Solar energy as a power source can reduce peak energy demand and increase the use of renewable energy,
while providing energy savings to the end user.
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