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ABSTRACT

MSc THESIS

ENERGY ANALYSIS OF SOLAR-POWERED ABSORPTION COOLING
SYSTEM IN MERSIN

Altan CETINGOZ

CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES
DEPARTMENT OF MECHANICAL ENGINEERING

Supervisor : Prof. Dr. Besir SAHIN
Year: 2015, Pages: 79
Jury : Prof. Dr. Hiseyin AKILLI
: Assoc. Prof. Dr. Mehmet BILGILI

In this study, solar-powered absorption cooling system located in the
province of Mersin was analyzed using hourly atmospheric temperature and solar
radiation data. Ammonia-water as refrigerant-absorbent pairs and evacuated tube
collector were chosen for the design of solar-powered absorption cooling system.
Required solar collector areas were calculated for heat loads of the refrigerated
space. According to obtained results, Coefficient of Performance (COP) values were
also changed for the 23" day of chosen months. The maximum COP values were
observed in May, while the lowest values were seen in July and August. The
maximum solar radiation was observed on 23 June at 01:00 pm. At this time, COP
was calculated as 0.786, while solar radiation was 0.878 kW/m?. The optimum
collegtor area required for cooling is determined as 50 m? for a refrigerated space of
30 m-.

Key Words: Absorption cooling, COP, evacuated tube collector, solar radiation,
thermal energy
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YUKSEK LISANS TEZi

MERSIN’DE YERALAN GUNES ENERJILI ABSORBSiYONLU SOGUTMA
SISTEMININ ENERJi ANALiZi

Altan CETINGOZ

CUKUROVA UNIVERSITESI
FEN BiLIMLERI ENSTIiTUSU
MAKINA MUHENDISLiIGi ANABILiM DALI

Danisman :Prof. Dr. Besir SAHIN
Yil: 2015, Sayfa: 79

Jari :Prof. Dr. Hiseyin AKILLI
:Dog. Dr. Mehmet BILGILI

Bu calismada Mersin ilinde yer alan sogutma alaninda kullanilacak giines
enerjili absorbsiyonlu sogutma sistemi saatlik atmosfer sicakligi ve gunes isinimi
verileri kullanilarak analiz edilmistir. Vakum tupli glines kolektorii ve amonyak-su
sogutucu cifti secilerek gunes enerjili absorbsiyonlu sogutma sistemi tasarlanmastir.
Sogutma alanimin 1s1l yukleri dikkate alinarak sistem igin gerekli gunes kolektori
alant hesaplanmigtir. Elde edilen sonuclara gére COP degerleri her secilen ayin
23’Uncu gunu igin degistigi belirlenmistir. En yuksek COP degerleri Mayis, en dusiik
COP degerleri Temmuz ve Agustos aylarinda gozlemlenmistir. En yiksek gines
1stnim degeri Haziran ayinin 23’(inde dgleden sonra 01:00°da gdzlemlenmistir. Bu
deger 0.878 kW/m? iken COP 0.786 olarak hesaplanmistir. Sogutma icin gerekli
optimum kolektér alam 30 m?lik sogutulacak bir alan icin 50 m? olarak
belirlenmistir.

Anahtar Kelimeler: Absorbsiyonlu sogutma, COP, Vakum tipli kolektor, Gunes
1stmima, Isil enerji
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1. INTRODUCTION

1.1. Human Comfort and Air Conditioning

Humanity has been searching for comfort since the world life began. Air
conditioning and refrigeration systems have an important part in the modern human
life. For example, fire is the first air conditioning application in history.

Air conditioning applications such as heating and cooling systems have been
developed rapidly in the recent years. Cooling systems started to play an important
role in human life with the advancement of technology. The need for cooling in hot
climates and especially during the summer months is more emphasized nowadays.

The annual average daily temperature is expected to increase by 2 °C to 4 °C
until 2080. The size of air conditioned floor space in summer exceeded 150 million
m? in 2000 in Europe, while it was 30 million m? in 1980 (Agyenim et al., 2010).

Increases in air conditioning applications in conjunction with rising living and
working comfort have a negative impact on energy consumption and environment.
According to Bermejo (2010), the energy consumption for heating is expected to be
stabilized after 2030. Energy consumption for cooling increases rapidly along with
global warming.

In general, nuclear energy and fossil fuels (coal, oil, natural gas) as well as
renewable energy sources are used for electricity production. Steam power which
enabled the industrial revolution made it possible to produce electricity with thermal
applications. Easily accessible fossil fuels were used in the thermal power plants for
many years.

The consumption of fossil fuels increases proportionally with an increase of
the world energy demand. Contrary to the popular belief in many years, fossil fuels
are not inexhaustible. Moreover, it became even more important to restrict fossil fuel
consumption with CO2 emissions having reached of dangerous level.

Fossil energy sources are being depleted rapidly because of raising worldwide
energy consumption. Therefore, efficient use of energy sources has become an

important issue due to the limited sources of fossil fuels (Agyenim, 2010). Existing
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fossil fuel-based energy systems have a large share in the formation of the
humanitarian, environmental and economic crisis (Bermejo, 2010). Although there
have been several research works performed on the optimizations of energy systems
these energy systems still have a low performance coefficient. It is still necessary to
conduct researches in order to improve design parameters of energy systems further.

The system considered in this investigation works with fluids such as water
and ammonia for preserving environment. These working fluids have zero ozone
depletion potential in accordance with the Montreal Protocol and zero global
warming potential in accordance with the Kyoto Protocol's (Ahachad, 2005).
Compression cycles working with photovoltaic energy are expensive and cannot give
the desired yield in the developing countries. Using solar energy in thermal
applications is a more efficient alternative in solar sorption cooling. The solar energy
can be used directly by the vapor compression cycle without the need of any energy
conversion (Ahachad, 2005). The demand for absorption refrigeration systems
increases rapidly because they consume low level of energy. In summer, solar
absorption cooling systems become both economic and ecological applications by
combining the need for cooling of buildings with a high rate of availability of solar
energy (Ali, 2008). The reason of solar cooling system being a major study subject is
to use solar energy intensively in the period of cooling load peaks. Solar cooling
systems are remarkable alternatives for conventional air conditioning systems. The
solar energy is used as an energy source without any extra. It is a good example for
the coordination of the need for cooling and energy supply (Marc, 2010). There is a
parallelism between the need for cooling during the day and the supply of solar
energy. That is to say cooling demand and availability of solar energy are high at the
same time (Ersoy, 2007). The annual average solar-radiation is 3.6 kWh/m?day and
the total annual radiation period is 2610 h in Turkey (Ali, 2008). Around noon time
in the southern parts of Turkey, the highest level of solar radiation can be 900 W/m?
(Ersoy, 2007). Turkey is located in the "sun belt" with its geographical location (36
°-42 ° north latitude). So, solar energy applications are possible in the majority of
Turkey.
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Absorption machines operate with thermal energy. They don’t need a high
input power. Therefore, they can be used in places where the energy is expensive or
inaccessible. At the same time, they provide reliable and economical cooling
application using existing waste, geothermal or solar heat (Florides, 2002). Olesen
(2012) reports that during the summer months, the necessary temperatures for human
comfort are in between 23.5 °C and 25.5 °C. Taking the ambient temperature of 24
°C is a common practice in studying the air conditioning applications. Therefore,
cooling application is a requirement when the ambient temperature is higher than 24
°C. Solar-powered absorption cooling system is an alternative cooling method that is
largely thermal driven and requires little external work (Atmaca, 2003).

1.2. Solar Energy

Solar energy is used for heating of buildings, demand of hot water, electricity
generation, thermal systems and solar cells. The production of electricity from solar
energy has become inevitably important. Solar cells can be used economically in
remote areas where there is no electricity network. Using of solar cells in widespread
area depends on lowering costs. Therefore, they are used on signaling and in rural
areas if there is no electricity network (Colak et al., 2008). According to Atlas of
Turkey's Solar Energy Potential (GEPA) prepared from General Directorate of
Renewable Energy, the annual sunshine time is 2,737 hours (daily total is 7.5 hours)
and the total annual solar energy is 1,527 kWh/mz2year (daily total is 4.2 KWh/m).

In Turkey, according to Ministry of Energy and Natural Resources the total
installed solar collector area was calculated as approximately 18,640,000 m? by the
end of 2012. Annual production of flat plate solar collector is 1,164,000 m? and
vacuum tube collector has been calculated as 57,600 m2. Fifty percent of produced
flat collectors and all produced vacuum tube collectors are used in Turkey. In 2012,
produced heat energy by solar collectors was approximately 768,000 tonnes oil
equivalent (TOE). The produced thermal energy was used in residents as 500,000
TOE and thermal energy of 268,000 TOE was used in industry. In Turkey,

established photovoltaic solar electric systems amounted to 3.5 MW installed power
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that used to satisfaction small power of public institutions and research purposes
(Ministry of Energy and Natural Resources).

Efficiently use of energy and the share in developing and developed countries
depend on sufficient of energy resources. Until the middle of the twenty-first
century, a large amount of the world's energy demand may be obtained from fossil
fuels (Colak et al., 2008). Electric necessity of the world is produced by petroleum-
derived fuels. Figure 1.1 indicates the energy sources for electricity production
(International Energy Agency, 2014). According to (International Energy Agency,
2014), presently, a large amount of the world's electrical energy demands are
generated from the fossil fuels; the share of fossil fuels is about 50% on electricity
production. On the other hand renewable energy sources have presently 21% share.
In general, energy production must be increased in order to compensate the world’s
energy consumption preserving the continuation of industrial development and
growth of global economy. Since there are no fossil fuel sources in every region of
the world, political and economic problems on fossil fuel producers affect the whole

world.

5%

16%

23%

i3 Coal ENatural gas EHHydro H Nuclear mMOil & Renewable

Figure 1.1: Production of electricity based on the energy source all over the world in
2012 (International Energy Agency, 2014)
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Also serious environmental pollution problems occur during the electricity
production with today’s technology using the traditional energy sources such as
fossil fuels. Researches on the renewable energy systems increases rapidly due the
shortage of fossil fuels in the future, cost of fossil fuels and serious environmental
pollution problems caused by these sources fossil fuels.

The world's energy consumption increased 57% as more than expected in the
last twenty years. Generated energy will not cover the amount of demand of energy

in the world during the next 20 or 30 years (Colak et al., 2008).

Histo Projections
1,000 i J

800

600
Non-OECD
400
200
QECD
D T T T

1990 2000 2010 2020 2030 2040
Fig. 1.2: World energy consumption, 1990-2040 (quadrillion Btu) (U.S. Energy

Information Administration, 2013)

World energy consumption is observed in Figure 1.2 (U.S. Energy
Information Administration, 2013). The increase by an average of 3.6 percent per
year is expected on the world's real gross domestic product (GDP, expressed in
purchasing power parity terms) from 2010 to 2040. The fastest rates of growth are

projected as 4.7 percent per year for the emerging, non-OECD regions. The strong
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growth in non-OECD GDP involves the fast-paced growth in future energy
consumption projected for these nations. In the OECD regions, more mature
economies and slow or declining population growth trends cause a much slower
growth rate of GDP as 2.1 percent per year over the projection.

High sustained oil prices determine consumer behavior on demand for liquid
fuels, encouraging the use of less energy or alternative forms of energy, but also
encouraging more efficient use of energy. According to U.S. Energy Information
Administration (2013), energy efficiency improvements are anticipated in every end-
use sector, with global liquids intensity declining (improving) by 2.6 percent per year
from 2010 to 2040. On the other hand, some of the greatest potential for altering the
growth path of energy use is in the transportation sector.

World net electricity generation increases by 93 percent from 20.2 trillion
kilowatt-hours in 2010 to 39.0 trillion kilowatt-hours in 2040 as observed in Figure
1.3 (U.S. Energy Information Administration, 2013). The growth of electricity
demand in the OECD countries is slower than in the non-OECD countries. Because
electricity markets are well established and consumption patterns are mature in the
OECD countries. On the other hand, in the non-OECD countries, many people do not
have access to electricity at present. Total net electricity generation in non-OECD
countries extends by an average of 3.1 percent per year, led by non-OECD Asia
(including China and India), where annual increases average 3.6 percent from 2010
to 2040. In contrast, total net generation in the OECD countries grows by an average
of 1.1 percent per year from 2010 to 2040.

In many parts of the world, concerns about security of energy supplies and
the environmental effects of greenhouse gas emissions have spurred government
policies that support a projected increase in renewable energy sources. As a result,
renewable energy sources are the fastest growing sources of electricity generation at
2.8 percent per year from 2010 to 2040. After renewable generation, natural gas and
nuclear power are the next fastest growing sources of generation, each increasing by
2.5 percent per year. Although coal-fired generation increases by an annual average
of only 1.8 percent over the projection period, it remains the largest source of world

power generation through 2040 (Figure 1.3). The outlook for coal, however, could be
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altered essentially by any future national policies or international agreements aimed
at reducing or limiting the growth of greenhouse gas emissions.

40-
Coal
30 -
20 - ' Natural gas
' Nuclear
10 — : -
Hydropower
}:lonhydropower
0 enewables

2010 2015 2020 2025 2030 2035 2040 iouids

Fig. 1.3: World net electricity generation by energy source, 2010-2040 (trillion
kilowatt-hours) (U.S. Energy Information Administration, 2013)

According to U.S. Energy Information Administration (2013), almost 80
percent of the projected increase in renewable electricity generation is fueled by
hydropower and wind power. The contribution of wind energy, in particular, has
grown rapidly over the past decade, from 18 gigawatts of net installed capacity at the
end of 2000 to 183 gigawatts at the end of 2010—a trend that continues into the
future. Of the 5.4 trillion kilowatt-hours of new renewable generation added over the
projection period, 2.8 trillion kilowatt-hours (52%) is attributed to hydroelectric
power and 1.5 trillion kilowatt-hours (28%) to wind. Most of the growth in
hydroelectric generation (82%) occurs in the non-OECD countries, and more than
half of the growth in wind generation (52%) occurs in the OECD countries. High
construction costs can make the total cost of building and operating renewable

generators higher than those for conventional plants. The intermittence of wind and
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solar energy, in particular, can further hinder the economic competitiveness of those
resources, as they are not necessarily available when they would be of greatest value
to the system. However, improving battery storage technology and dispersing wind
and solar generating facilities over wide geographic areas could help to mitigate
some of the problems associated with intermittency over the projection period.

In 2010, top five countries on the list of air-conditioning imports are appeared
as USA, Germany, China, France and the UK. The air-conditioning imports have
increased by 20% in USA, 13.5% in Germany and 20.7% in China in 2010. Turkey
has a rank of 23 on the list by importing $ 4.6 billion worth of air-conditioning

systems.

Table 1.1: Imports value of air conditioning sector by country (Thousand $). HVAC-
R Industry Exporters’ Union, 2012.

Rank  Country 2007 2008 2009 2010 Percentage  Ratio for
Change for 2010
2009-2010
1 USA 46,857,228 48,558,041 38,691,263 46,419,471  %20.0 %12.25
2 Germany 26,223,729 30,219,420  23,445599 26,618,893  %13.5 %7.02
3 China 19,526,693 23,958,938 21,920,386 26,457,944  %20.7 %6.98
4 France 17,311,178 19,117,370 15,050,766 16,366,914  %8.7 %4.32
5 England 15,821,852 15,992,769 11,901,119 13,507,550  %13.5 %3.56
6 Canada 13,292,026 13,972,077 11,507,242 13,097,441  %13.8 %3.46
7 Japan 10,173,163 11,533,152 9,733,278 11,797,224  %21.2 %3.11
8 Italy 12,858,596 13,605,917 9,730,080 11,44,819 %17.6 %3.02
9 Mexico 9,952,932 10,638,534 8,453,972 10,711,359  %26.7 %2.83
10 Russia 7,327,187 10,195,695 7,435,047 10,412,392  %40.0 %2.75
11 Spain 11,367,096 10,745,565 7,847,206 8,604,125 %9.6 %2.27
12 South 7,817,529 7,900,290 7,316,214 8,490,668 %16.1 %2.24
Korea
13 Belgium 8,337,844 9,687,607 7,294,823 7,729,073 %6.0 %2.04
14 Holland 7,818,444 8,601,357 6,630,459 7,220,441 %8.9 %1.91
15 Australia 5,445,098 5,899,999 6,892,756 6,346,590 %-7.9 %1.67
16 Brazil 3,534,378 4,665,018 4,221,588 6,242,628 %48.2 %1.65
17 Poland 6,000,394 7,084,066 5,435,164 5,817,505 %7.0 %1.53
18 Singapore 4,660,744 6,188,397 6,686,223 5,741,388 %1.0 %1.51
19 S. Arabia 6,659,506 3,334,824 1,632,677 5,230,075 %220.3 %1.38
20 Austria 5,524,687 6,110,690 4,906,046 5,183,005 %5.6 %1.37
23 Turkey 4,611,933 5,226,934 4,046,790 4,635,983 %14.6 %1.22
Others 105,897,244 130,520,659 108,022,121 120,947,059 %12.0 %31.91

Total of world 363,476,138 407,106,708 331,138,352 379,022,547 %14.5 %0100.00

Turkey's solar energy potential is shown in Figure 1.4 via annual total solar
radiation. The region that south of the line between provinces of Izmir and Kars has a
good level of solar energy potential. Mersin region seems to be one of the three
regions that have the highest solar energy potential in Turkey. The other two regions

are Van and Antalya.
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Fig. 1.4: The map of annual total solar radiation in Turkey (General Directorate of
Renewable Energy, 2014)

Figure 1.5 shows the values expressed by the colors used on the map of
annual total solar radiation in Turkey. Total solar radiation is over 1550 kWh/m?2year
in the region that south of Izmir and Kars.
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Fig. 1.5: Color scale of total solar radiation (kWh/m?year) (General Directorate of
Renewable Energy, 2014)

Mersin's solar energy potential is presented in Figure 1.6. Minimum value of
annual total radiation is 1550 kWh/m?year in Mersin. Maximum values of annual
total radiation change between 1750 kWh/m?year and 1800 kWh/m?year. Total

radiation is evaluated over 1650 kWh/m?2year at most of regions in Mersin.
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Fig. 1.6: The map of annual total solar radiation in Mersin (General Directorate of
Renewable Energy, 2014)

1.3. Solar-Powered Cooling System

There are many different systems using solar energy in cooling technology.

They can be presented as five main groups. (Seving et al., 2012)

1.

The conventional vapor-compression cycle with PV

2. Thermo-mechanical refrigeration cycle with solar energy
3. Absorption refrigeration cycle with solar energy

4.
5

. Desiccant cooling cycle with solar energy

Adsorption refrigeration cycle with solar energy

10
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1.3.1. The Conventional Vapor-Compression Cycle with PV

The compressor on the conventional vapor-compression cycle is operated by
DC motor instead of AC motor. DC motor power is provided through photovoltaic
panels. Yield of these panels change between 15 % and 17%. COP value of this
system varies between 1.1 and 3.3.

1.3.2. Thermo-Mechanical Refrigeration Cycle with Solar Energy

In this cycle heat input to the system is provided by solar collectors.
Especially high heat input and high temperature is required. This way, the turbine is
operated by superheated steam and the compressor in the vapor compression cycle

can be operated.

1.3.3. Absorption Refrigeration Cycle with Solar Energy

The absorption cooling system invented in 1860 by Ferdinand Carre and
patented by him in the United State of America. Then, in 1887, absorption cooling
machines were produced by the British Pontifex and Wood companies and
developments have also been in this area. Especially after the 1920s, the USA,
Germany, Italy, the United Kingdom, Belgium, the Netherlands, Russia and some
other countries have studied the design and technology of absorption machines. After
the 1950s mechanical vapor compression systems fell from grace due to cheaper
electricity and construction of compressors with different capacities. (Seving et al.,
2012)

Absorption refrigeration is one of the most appropriate methods on cooling
with solar energy. The amount of energy required by the system is very low. So it
may be disregarded. Working liquids are used in absorption refrigeration. These are
absorbent and refrigerant pairs. The dimensions of absorption refrigeration systems
are smaller than adsorption refrigeration systems because of high heat transfer

11
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coefficient of absorbent liquid. COP values of absorption refrigeration systems range
between 0.3 and 1.2.

The most important factor is performance of solar collectors to be used in the
design of absorption cooling machine. If the fluid temperature reaches 150 °C,
double effect absorption refrigeration machines can be used with a high COP value,
in the case of the fluid temperature at 90 °C single-acting systems can be used with a
lower COP value. Seving et al. (2012) reported in the same study, the main
difference between absorption refrigeration and conventional mechanical vapor
compression system is the use of absorbent refrigerant pair instead of compressor. In
this way the system does not need a high electric input for the compressor.

1.3.4. Adsorption Refrigeration Cycle with Solar Energy

As reported by Seving et al. (2012), the refrigerant gas and adsorbent solid are
used in adsorption refrigeration system. The physical and chemical reactions between
these two substances operate the cycle. Refrigerant material clings to surface of
absorbent material through the VVan Der Waals bonds. There is no moving part in the
system, so the system has a long life with this advantage. More than one adsorbent
supports use for the continuity of the system and to achieve the highest COP values.
Transitions between the sorption and adsorption are reason of using more than one
adsorbent support. The process is intermittent with single support. The most
commonly used adsorbents are activated carbon, silica gel and zeolite. The most
commonly used adsorbates are water, methanol and ammonia. The primary energy
input requirement of this cycle is much higher than the conventional vapor-

compression cycle with PV and absorption cycle with solar energy.
1.3.5. Desiccant Cooling Cycle with Solar Energy

The sorbent is used for drying air in the desiccant cycle. The most commonly
used sorbents are activated aluminum, silica gel, zeolites, LiCl and LiBr. Desiccant

cooling systems ensure ventilation, humidity and temperature control. This cycle is

12
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more effective on humidity control than the other systems. Desiccant cooling cycle
with solar energy is best process especially for high ventilation or dehumidification

requirement.

13



1. INTRODUCTION Altan CETINGOZ

14



2. PREVIOUS STUDIES Altan CETINGOZ

2. PREVIOUS STUDIES

Solar powered lithium bromide and water absorption of air-conditioning
systems are used in many places around the world (Ali, 2008). As reported by
Bermejo, 80 large-scale solar cooling systems were established in the worldwide in
2007, including 70 of these in Europe. (Sparber et al., 2007; Henning, 2007: Bermejo
et al., 2010) The Japan Refrigeration and Air Conditioning Industry Association
reported that 94.5 million units were sold in 2011. Mugnier et al. reported in the
same study that the establishments of 750 solar cooling systems were completed in

2011 and developments occurred in the last seven years are indicated in Figure 2.1.
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Fig. 2.1: Market development of small and large-scale solar cooling systems
worldwide (Mugnier et al, 2012)

Some projects are published and reported in order to guide solar cooling
systems to be installed in the future.

In the study of Eissa (1997), hydrocarbon mixture was used as a working
fluid for solar absorption cooling systems. The study showed that the most
appropriate fluid composed of 50% n-butane mole and 50% h-heptane mole. The
working fluid operates between 55 °C and 65 °C generator temperatures and a
maximum working pressure of 2.758 bars. The highest COP is 0.557 at T = 60 °C

with cooling temperatures between 8 °C and 12 °C. Reduction of the condensing /
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absorbing temperature decreases the minimum and optimum generating temperature
and circulation ratio. This reduction triggers the decrease in the required solar energy
for heating the generator and thus the pumping power decreases. The study reveals
that reduction of the evaporator temperature has the same effect on the condensing /
absorbing temperature.

Wijeysundera (1999) conducted research on the ideal three-heat-reservoir
cycles with constant internal irreversibilities and external heat transfer
irreversibilities in order to find the performance limits of the solar operated
absorption cooling systems. COP and the cooling capacity for ideal cycle values are
examined by a detailed simulation of the absorption machine. Three-heat-reservoir
model with external irreversibilities and constant internal irreversibilities are used to
evaluate system performance. Wijeysundera (1999) indicates that the system can be
improved by adjusting the magnitude of the internal irreversibilities.

Wijeysundera (2000) studied the approximate model for the variation of the
entropy transfer with storage tank temperature. COP and cooling capacity values
were calculated in similar ways to the real cooling system values by adding internal
entropy production to the model.

An open-cycle absorption solar cooling system in Kaohsiung, Taiwan was
reviewed in the study of Yang et al. (2001). The statistical meteorological data for
the summer season at Kaohsiung, Taiwan was used at a computer simulation
program. The program is based on the previously obtained experimental correlations
for the collector / regenerator performance. Natural convection in single-glazed
collector / regenerator system was compared with the forced convection in double-
glazed collector / regenerator system by the program used in this study. The C/ R
area, the C / R solution flow rate, the storage solution, the chilled water temperature
and the daily cooling demand effect on the system performance were investigated.
Results revealed that the double glazed forced convection C / R has a better
performance.

Li et al. (2001) tried to improve the performance of a solar-powered
absorption air conditioning system with the absorption pair of lithium bromide and

water by a single storage tank having two parts. Upper part works in the morning
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hours when the radiation is less intense. Both sections of the tank (upper and lower
parts) are connected to the collector in the afternoon. A partitioned water tank
increases the cooling period than the normal stratified water tank in order to increase
cooling efficiency to a higher level.

Design and cost analysis of a domestic-size LiBr—water absorption solar
cooling system with an 11 kW cooling capacity was investigated by Florides et al.
(2002). The system is modeled with a simulation program. Using 15 m? compound
parabolic collector tilted at 30° from the horizontal plane and having 600 liters hot
water storage tank is most suitable for the system efficiency. Economic analysis
indicates that the designed system is more appropriate than conventional cooling
systems.

Grossman (2002) emphasized that solar energy equipment has a larger share
in the total cost and provides higher COP; in addition, higher temperature is more
expensive than lower temperature option. This study reveals the large cost difference
between single and double-effect systems and the cost of the high temperature
collectors prevented the use of triple-effect systems.

A solar-powered, single stage, absorption cooling system, using a water-
lithium bromide solution in Antalya, Turkey was studied by Atmaca et al. (2003).
The effects of hot water inlet temperatures on the COP and the surface area of the
absorption cooling components were investigated using solar energy parameters.

The minimum hot water inlet temperatures were determined and the impact of
COP and cooling capacity was examined. In the continuation of the study, the effects
of the collector type and storage tank mass were examined.

Increasing hot water inlet temperature decreases the absorber and solution
heat exchanger surface area.

The COP of system is high; on the other hand, the surface area of system
components is low at high reference temperature. But, the system operates better
with solar energy at lower reference temperature than the high reference
temperatures.

Increasing mass of the storage tank reduces the need for an additional heat

source. On the other hand, during the operation, reducing the temperature of storage
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tank mass should be noticed as it does not decrease this temperature excessively.
Efficient collector should be used for system efficiency despite the high prices.

Sozen et al. (2004) investigated the availability of using the ejector-
absorption cooling system operated with aqua-ammonia for Turkey. Seventeen cities
in different regions of Turkey were chosen to determine whether the required solar
energy for the system was enough or not. The optimum values for the maximum
COP values were calculated by using meteorological data obtained until 2000.
Minimal additional thermal energy was calculated considering the system operates
for all year. As a result of the research, the solar energy promises a great potential for
cooling purposes in Turkey.

In the study of Assilzadeh et al. (2005), a solar cooling system with
absorption unit for Malaysia was examined. According to the results obtained with
Meteorological data, 0.8 m® hot water storage tank must be used to ensure continuity
of system operation. A 35 m? evacuated tube solar collector must be used to provide
3.5 kW cooling.

The two identical systems working in the same conditions were constructed to
determine the effect of cross flow of air stream with flowing film of desiccant on the
surface of a solar collector/regenerator (Kabeel, 2005). One of the systems has been
developed with air blower. The forced air stream flows across the absorber. So it
removes the moisture from the liquid solution. The other system is considered as a
control unit. Comparison of two systems showed the efficiency of the forced cross-
flow system and mass transfer coefficient of designed unit was higher than the
control unit.

An agua-ammonia vapor absorption system, and an activated carbon-
ammonia adsorption system with 1 m? collector area in Tangier, north Morocco was
investigated by Ahachad et al. (2005) in December 2005. The effects of generator
temperature, condenser temperature and evaporator temperature on the system were
examined. The study reported that the adsorption system has a better efficiency than
the absorption system.

Burns et al. (2007) examined the solar cooling systems for small commercial

and institutional buildings in the Southwestern, United States. The examination
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revealed that solar thermal absorption cooling systems are more appropriate options
than air conditioning systems operating with electricity or fossil fuel.

The results of this study are;

In accordance with the Energy Policy Act of 2005, 30% tax credit is
applied for the solar thermal cooling systems.

Cooling system for a five-storey building pay for itself in 8 years.

The operating costs for smaller buildings are more suitable than

conventional cooling systems.

The subject of the study of Brown et al. (2007) was a solar-powered ejector
cooling-system in the cities of Antalya, Aydin, Konya and Urfa. The hourly average
temperature and radiation values were used to analyze cooling system operated with
an evacuated tube solar collector. The cooling season was taken as 6 months from
May to October and a period between 8:00 a.m. and 05:00 p.m. were analyzed. The
cooling capacity is almost same in all provinces in August, requiring evacuated-tube
collector area per ton cooling is 21 m?.

Gommed et al. (2007) tried to optimize the design by determining the
performance and solving the problems with producing a prototype of the designed
model. The system comprises a dehumidifier and a regenerator at the Energy
Engineering Center at the Technion, in the Mediterranean city of Haifa. Also, system
cleans the air in a group of offices on the top floor of the building.

Ali et al. (2008) examined the cooling system that has been working since
August 2002 in Oberhausen, Germany. The system operating with solar powered
single-effect lithium bromide-water absorption chiller provides the cooling in the
area of 270 m?. System operates with 108 m? collector area, 6.8 m* hot water storage
tank, 1.5 m® cold water tank and 134kW cooling tower. The COP values vary from
0.37 to 0.81. Solar power system has contributed 8124 kWh energy to the air-
conditioning system between August 2002 and November 2007.

Mazloumi et al. (2008) worked on a single effect lithium bromide-water
absorption solar cooling system with a horizontal N-S parabolic trough collector in
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Ahwaz, Iran. The results revealed that when the collector mass flow rate has a very
small influence on the required collector area, it has a significant impact on the
optimum capacity of the storage tank. The adoption of the system runs with the
stored thermal energy after sundown, the minimum required collector area was found
to be 57.6 m?,

Single-effect absorption cooling system is designed and constructed at the
School of Renewable Energy Technology, Phitsanulok, Thailand (Pongtornkulpanich
et al, 2008). The system was established in 2005 and started to provide cooling of the
test building. Data were collected during 2006 and the system using solar energy
instead of conventional energy sources was examined. Evacuated tube solar collector
of 72 m? used in the system ensured 81% of the required energy. The remaining 19%
of energy requirement was provided by a LPG-fired backup heating unit.

Zambrano et al. (2008) reported the commercialization of solar cooling
systems and the model operated since 2001 with solar flat collectors which feed a
single-effect absorption chiller of 35 kW nominal cooling capacity. This study
provides a model development and model testing with the obtained data from the
actual plant. The design of an actual solar cooling system was facilitated through the
simulation model.

Lecuona et al. (2009) studied the solar cooling system with single-effect
lithium bromide-water absorption chillers. The study focused on small-capacity
cooling systems which are suitable for domestic use or small buildings.

Eicker et al. (2009) studied the design of solar thermal absorption chillers.
Their model was based on experimental data of solar cooling systems. Required
vacuum tube collectors area varied between 1.7 m? and 3.6 m? as a result of the
calculations. In this way, 80% of cooling was ensured. Cost analysis showed that
costs were remarkably low in Southern Europe that requires high cooling.

Negation of solar air-conditioning systems without cooling or heating was
shown in the study of Mateus et al. (2009). Therefore, the use of solar absorption
cooling and heating systems for buildings was examined. Heating or cooling
application during the year for different types of buildings such as residential, office

and hotel were analyzed by a computer program. Three provinces of Europe with
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different climates were selected for investigation; Berlin (Germany), Lisbon
(Portugal), and Rome (Italy). Investment, operation and maintenance costs of solar
cooling system were lower than conventional cooling systems.

More than 10 solar cooling demonstration projects were carried out before the
establishment of the first solar cooling system in Shenzhen, China in 1987 (Zhai et
al., 2009). In the study of Zhai et al. (2009), five absorption and adsorption cooling
systems were examined. According to the results of analysis, solar absorption
cooling systems is more suitable for the use in large buildings. Solar adsorption
cooling systems gave better results in relatively small buildings. Zhai et al. proposed
the use in public buildings where radiation was high.

Onan et al. (2010) researched cooling villas in Mardin, Turkey between the
15th of May and 15th of September. Cooling capacity is determined to be 106 kW as
a result of the calculations.

Marc et al. (2010) investigated a solar cooling absorption system in Reunion
Island, located in the southern hemisphere near the Capricorn Tropic. System was
constructed and the design was controlled with the obtained experimental data. The
study analyzed cooling classrooms 6 °C and 8 °C cooler than the ambient
temperature without the need for any additional system. When the atmospheric
temperature was very high, the cooling system could not ensure all cooling
requirements. Therefore, thermal comfort was provided by ceiling fans.

The study of Tsoutsos et al. (2010) presented the performance and economic
assessment of a solar heating and cooling system of a hospital in Crete, Greece. In
calculations, average hourly data of 30 years obtained by Hellenic National
Meteorological Service were used. The results derived by calculations allowed
determining the optimum size of LiBr-H20 system

Agyenim et al. (2010) studied the prototype of LiBr/H.O absorption solar
cooling system in Cardiff University, UK. The system was tested in summer and
autumn of 2007. COP value was calculated as 0.58 with 12 m? vacuum tube collector
area, 800 W/m? irradiance and 24 °C ambient temperature

The cooling system constructed in the Engineering School of Seville, Spain
was tested in 2008-2009 (Bermejo et al., 2010). System operated with a double-effect

21



2. PREVIOUS STUDIES Altan CETINGOZ

LiBr + water absorption chiller of 174 kwW nominal cooling capacity. Thermal energy
requirement of the system was provided by a 352 m? solar field of a linear
concentrating Fresnel collector and a heater powered by natural gas. The main
purpose of this study was to lead a desirable design of cooling systems for future.
The study concentrated on the solar collector size and dirtiness, climatology, piping
heat losses, operation control and coupling between solar collector and chiller.

Qu et al. (2010) studied the design, modeling, installation and evaluation of
solar cooling and heating system at Carnegie Mellon University in Pittsburgh, USA.
The system operated with the area of 52 m? of linear parabolic solar collectors using
16 kW of energy and the water—lithium bromide (LiBr) absorption chiller. Qu et al.
(2010) indicated that the investigated system was the smallest for high temperature
of the solar cooling system in the world. Solar thermal ensured 39% of cooling
energy and 20% of heating energy when it was appropriately installed.

The study of Sanjuan et al. (2010) tried to combine a solar absorption cooling
system with a bioclimatic building constructed in the Plataforma Solar de Almeria
(PSA) in Spain in the recent time. The designed absorption heat pump system
consisted of 4 heat pumps. There was no need for an additional storage tank because
heat pumps stored energy with crystallized salts. The heat pump consisted of two
separate barrels. Barrels were recharged by the sun and could be discharged in order
to provide heating or cooling.

A solar powered absorption cooling installation was observed between 2007
and 2008 and was compared with the obtained data from a detailed computer
simulation (Monnin et al., 2011). Analytical and experimental results showed a
decisive impact of the cooling water temperature and the generator driving
temperature on the COP. The study showed that COP values could be increased by
42%.

Desiccant cooling systems supported by air heater collectors examined in
2010 (Seving et al., 2012). Desiccant systems were investigated in three different
climates. These are single-stage desiccant system. They have established a factory in
Althengstett / Germany, a library in Mataro / Spain and a laboratory in China.
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Fig. 2.2: Desiccant cooling cycle with solar energy in factory of plastic in
Althengstett / Germany. (Seving et al., 2012)

The schematic representation of the system in Althengstett is observed in
Figure 2.2. Cooling space that 800 m? is cooled by air heater collector that have 100
m? areas. System can be cooled at 17 °C that is a minimum temperature. Air flow

processed to pre-heated as 45 kW by using LiCl was used in sorption cycle.
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Fig. 2.3: The public library in Mataro / Spain that cooled by desiccant cooling
system. (Seving et al., 2012)

The public library in Mataro / Spain that cooled by desiccant cooling system
is observed in Figure 2.3. The system cools 3500 m? area. The system also includes
PV panels that have 55kW power. There is a ventilation for cooling these panels. On
the other hand, the waste heat is also used in the process. The air heater collector area
that used in the system is 155 m2. Only 9% part of cooling operated with maximum
flow rate (12000 m3/h). And 24% part of cooling operated with flow rate between
6000 m%/h and 12000 m3/h. 27% part of cooling operated with 6000 m3/h flow rate.
In this way, there is a large amount of energy saving in the consumption of the

electricity.
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Fig. 2.4: Solar desiccant system installed in a laboratory in Shanghai/China. (Seving
etal., 2012)

Figure 2.4 shows two stages desiccant system installed in Shanghai/China.
This system is smaller than the other two systems. It operates for cooling a laboratory
that had a 72 m® volume. Maximum cooling load of the system is about 4.5 kW.
Three vacuum tube air collectors are used for regeneration. Performance values of
these three different systems are observed in table 2.1. The COP values decreases
due to low yield of heat recovery.

The average value of COP in Mataro was calculated as 0.6 for regeneration
temperature at 75 °C. Average COP for the system in Shanghai was calculated as
0.95. And the average COP value of desiccant cooling system in Althengstett was

calculated as 0.5.
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Table 2.1: Performance values of desiccant cooling system components that located
in three different regions (Seving et al., 2012)

Mataro Althengstett Shanghai
Efficiency of dehumidification 80 80 88
Efficiency of humidification 86 85 82
Efficiency of heat recovery 68 62 70/67
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3. METHODOLOGY

3.1. Modeling Solar Powered Absorption Refrigeration System

3.1.1. The Working Principle

Solar absorption cooling systems consist of three main parts: a solar collector,
a storage tank and an absorption chiller cooling. In addition, an absorption chiller
consists of four heat exchangers: generator, condenser, evaporator and absorber
(Mazloumi, 2008).

The rich ammonia solution leaves the absorber. The solution heated by
passing through the heat exchanger by a pump comes to the generator. The
refrigerant (ammonia) vapor is separated from the solution by granting the heat from
the solar collector in generator. Ammonia vapor leaves the generator and enters to
the condenser. The weak solution remaining in the generator passes the heat
exchanger and heats the rich solution then returns to the absorber.

The ammonia vapor entering to the condenser transfers heat to environment
by condensing process.

The ammonia leaving the condenser in the form of saturated liquid or
compressed liquid phase is expanded in order to reach the evaporator pressure with
the help of an expansion valve. Evaporating ammonia takes the necessary heat from
the cooling space in the evaporator. The ammonia vapor leaving the evaporator in the
phase of saturated steam or superheated steam enters to the absorber.

The weak solution releases heat by passing the heat exchanger. The pressure
of poor solution is decreased to a value of absorber pressure by an expansion valve to
absorb the ammonia vapor that comes from the evaporator and then heat is released
in the absorber. The heat must be taken from the absorber for the efficiency of
absorption process. The solution which becomes rich in terms of ammonia is
delivered to the generator again by means of a pump. The rich solution from
absorbers is heated by the weak solution returned from the generator in the heat
exchanger to reduce heat losses. An external mechanical energy is not needed for
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system operation except for a small amount of energy supplied to the pump. The

system works with the heat energy given to the generator.
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Fig. 3.1: Components of the solar absorption refrigeration system (Ozgoren et al.,

2012)
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3.1.2. The Solar Collector

The solar collectors have a great importance for the main energy source of
system is sun. Efficiencies of solar collector directly affect the system performance
for bringing on the system; the heat energy produced by falling solar radiation. The
collector is carefully selected to receive maximum benefit from solar energy. There
are many types of collectors used for different purposes. Flat-plate collectors are
most commonly used in residences.

The cold fluid which comes from the tank enters the collector from the lower
part. Fluid is heated up by radiation received from the collector when it passes
through a series of the copper pipes. Heated fluid rises with natural convection or
support of a pump and accumulates in the tank. Efficiency of flat-plate collectors is
improved at the present time by the addition of a second reflective glass or selective

surface.

3.1.3. Evacuated Tube Solar Collector

Evacuated tube solar collector has been used as a result of the development of
solar collectors. It has been developed by parallel connection of several tubes
according to the requirement. Tubes consist of two interwoven glass pipes which
have a vacuum between them. Cold liquid enters inlet of the inner tube. While this
cold liquid moves upward direction, it is heated. The heated liquid rises vertically
and reaches the tank. Namely, repeating cycles keep the liquid warm in the tank.
Vacuum tube collectors receive perpendicular sun rays when it is in the same
direction as a flat plate collector. Because of its design, vacuum tube collectors
capture almost all of the radiation reflected from the absorber plate. Their efficiency
is much higher than the flat plate collectors. The disadvantage of vacuum tube

collectors is their higher cost than the conventional flat-plate collectors.
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Fig. 3.2: Schematic diagram of an evacuated tube collector (Kalogirou, 2009)

3.1.4. Refrigerant-Absorbent Pairs

Lithium bromide and ammonia water solutions are most widely used as the
working fluid in absorption systems (Lecuona, 2009). Florides (2002) stated that the
most commonly used refrigerant-absorbent pairs are water-lithium bromide (LiBr)
and ammonia-water. These couples have the best thermodynamic performance and
are environmentally friendly. The ammonia-water pair requires high temperature
(125-170 °C) in generator. The water-LiBr pair has a lower temperature than the
temperature needed in the generator (90-120 °C). Single-effect lithium bromide-
water (LiBr-H2O) chiller is the most common solar cooling system which can be
operated at a lower temperature. Double-effect LiBr-H>O machines are observed in
some systems which operate at temperature around 150 °C. LiBr-water absorption
cooling systems are widely used as an air-conditioning as a result of good
performances and low costs. For working with low levels of energy, they can be used
with renewable energy sources as the working liquid needs a low level of

temperature and they are environmentally friendly (Mazloumi, 2008).
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The different advantages and disadvantages are determined in the comparison
of LiBr-H.O solution and ammonia-water solution (Yamankaradeniz, 2009).

* LiBr-H2O can not be used below 0 °C. But, ammonia-water solution can
operate at very low temperatures. Ammonia-water solution can be used at
deep-cooling applications due to this feature.

* Ammonia leak is easy to be recognized because of the smell, while water
leakage is not easy to be recognized.

» Ammonia is a toxic and carcinogenic substance, while the water is harmless.

* Ammonia damages the copper and copper alloy material. Therefore, steel
must be used in the system, which increases the cost. However, water does
not damage the copper and copper alloy material.

» Ammonia saturation pressure is high, and for this reason, excess material
thickness is required in this system.

» Saturation pressure of water corresponding to the evaporator temperature is
very small, so the system is at risk of containing air. There is no such
problem with ammonia-water solution.

» There is a relocation risk of a small amount of water at line between
generator and the condenser for ammonia-water solution. For this reason,
rectifier or analyzer must be used at the output of generator.

* The systems using LiBr-H»O solution are at risk of turning LiBr into crystal
structure. Special apparatus must be used to prevent this problem.

* The value of COP cooiing is around 0.5 for Ammonia-water solution; on the

other hand, the value of COP ¢ooling is around 0.7 for LiBr-H2O solution.

3.1.5. Thermal Storage Tank

The use of a thermal storage tank is a common practice because the energy

provided by solar energy doesn’t correspond to the needed solar energy for each
hour. For this reason, surplus energy can be stored for this application as heating
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energy when solar energy is less than required. Thus, it would be possible to utilize

the system both for longer time and higher efficiency.

Auxihary

heater Generator

L=

Fig. 3.3: Usage of solar energy in the system in detail (Atmaca et al, 2003)
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3.1.6. Refrigerated Space

Determining the cooled space is one of the primary stages of the study. The
refrigerated area is the room shown in Figure 3.4. Refrigerated area is located south
and west exposure. Refrigerated area is on the fourth floor of the seven-storey
building. There are two windows with 2 m x 2 m size on both exposures. Exterior
wall thickness is 0.2 m and interior wall thickness is 0.1 m. refrigerated area size is 5
m x 6 m and its area is 30 m?. Height is 3 m and refrigerated space volume is 90 m?.
Wall transmission is taken as 25 m?. Window and skylight solar loads are taken as 8
m?2.

When cooling load for the selected space is calculated, overhead lighting is
taken as 750 W and Electric Equipment is taken as 500 W. Four people are supposed
to live in the cooled area and 130 W loads per person are taken. Safety factor is 15%.
Heat gain through doors, floor and ceiling are taken as zero with acceptance of all
floors that are refrigerated separately. It is assumed that infiltration and ventilation do

not occur.
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3.1.7. Cooling Season

The hourly average atmospheric temperatures are obtained to determine the
cooling season. By considering human comfort, cooled space temperature is taken as
24 °C. According to temperatures at 02:00 pm, temperatures begin to increase after
the 5™ of February when the lowest value of temperature is seen. The temperature
rises until the 5" of August and then begins to decrease. Reduction continues until
the 19" of December. Between December and February, the temperature varies from
13°Cto 16 °C.

Climatized area

9 [
B y_:

L
_(:)-p..__.,
5

200x200

600

Environment
Climatized area

20 500 10

/200x200

Environment
Fig. 3.4: Schematic representation of the refrigerated space

Daily values of average temperature and radiation at 02:00 pm are observed
in Figure 3.5. The average temperature reaches 24.7 °C on the 4" of May. It reaches
31.9 °C on the fifth of August and then decreases until November 2 and reaches 24

°C. Cooling season is considered between May and October when temperatures are
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higher than 24 °C. However, radiation decreases from 590 W on the 26™ of
September to 373 W on the 29" of October, so season between May and September
IS an appropriate choice for cooling.

The cooling season is taken as five months from May to September by

considering average temperatures of Mersin.
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Fig. 3.5: Daily values of average temperature and radiation at 02:00 pm

Table 3.1 shows temperatures and duration of insolation values in Mersin on
cooling season (Turkish State Meteorological Service). The average temperature
values in August are taken highest values compared to six months. Also the highest
temperature is measured in August as 39.80 °C.

Minimum average duration of insolation value is 7.5 hours in October. In
summer the average duration of insolation values are shown as minimum 10 hours.
The average temperature values in September are higher compared to values in June.
Therefore cooling is necessary in September more than June.

The average temperature values in May and October are nearly equal
together. And the highest average temperature value in October is higher than May.
However average duration of insolation value in October is 7.5 hours. Thus cooling

34



3. METHODOLOGY Altan CETINGOZ

season excludes October with taking the lower radiation and duration of insolation

values into account.

Table 3.1: Temperatures and duration of insolation values in Mersin on cooling
season (1954-2013) (Turkish State Meteorological Service)

MERSIN May June  July August  September  October
Average

temperature (°C) 2140 2520 27.90 28.30 25.50 21.10
The highest

average 2480 28.10 30.70 31.40 30.00 26.80
temperature (°C)

The lowest

average 16.80 20.80 24.00 24.20 20.90 16.40

temperature (°C)
The average
duration of 8.50 10.10 10.10 10.00 9.20 7.50
insolation (hour)
The highest

temperature (°C) 3580 38.20 37.30 39.80 38.50 36.40

Degree Day (D/D) is a unit that shows the amount of 24 hours period for cold
and warm conditions (Turkish State Meteorological Service).

Heating Degree Days (HDD) explains the intensity degree of cold condition
with taking the atmospheric temperature and room temperature in a determined time
into consideration. A lot of countries use different definition for calculation of degree
day. Eurostat (European Commission Statistical Agency) proposes the method to
calculate HDD for comparable and common use. HDD is calculated by subtract
average daily temperature (Tm) from 18 °C, if Tr is equal to 15 °C or lower. If Tn is
higher than 15 °C, HDD is taken as zero.

HDD is calculated for daily period. Monthly and yearly HDD are total of
daily values in monthly and yearly periods.

Relatively Heating Degree Day is ratio of current degree day and average
degree day at long period.

The definition of Cooling Degree Days (CDD) is the intensity of heat that
calculated with atmospheric temperature for a period time. There is no formal
threshold temperature, on the other hand, threshold temperature is taken as 22 °C in

the construction sector. CDD is calculated by subtracting 22 °C from the average
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daily temperature (Tm), if Tm is equal to 22 °C or higher. If T is lower than 22 °C,
HDD is taken as zero.

The necessity of Total Degree Day

1. Total of Heating or Cooling Degree Day is important to know required
energy for heating or cooling purposes. Heating is unnecessary when atmospheric
temperature is higher than 15 °C. Heating cost is directly proportional with HDD.
Heating price for 1 HDD is calculated as a yearly fuel cost divided by yearly HDD.
Then this value uses in other calculations. Namely, this is practical method for
calculating fuel cost.

2. HDD is also used for comparison of winter intensity according to last
years.

3. HDD is required parameter for construction sector to calculate expense of
insulation, heating and cooling systems.

Table 3.2 shows cooling degree days and the number of days in which the
temperature is above 22 °C in May to October between 2008 and 2014. Every day in
June to September, cooling is necessity in Mersin. The highest values of cooling
degree days are observed in August. The necessary of cooling in October is more
essential as compared to May. On the other hand lower radiation and duration of

insolation values are disadvantage of solar-powered cooling in October.
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Table 3.2: Cooling Degree Days and The number of days in which the temperature
beyond 22 °C from May to October in Mersin (2008-2014) (Turkish
State Meteorological Service)

Location D/D Months
MERSIN May June July August September October
2014 CDD 22 110 215 232 148 29
T>22 °C 15 29 31 31 30 17
2013 CDD 61 131 226 244 147 10
T>22°C 25 30 31 31 30 11
2012 CDD 15 143 238 249 186 57
T>22 °C 13 30 31 31 30 20
2011 CDD 22 114 218 249 175
T>22°C 9 30 31 31 30
2010 CDD 36 127 215 278 205
T>22°C
2009 CDD 28 149 218 234 124
T>22°C
2008 CDD 25 140 232 253 165
T>22°C

Net radiation and temperature values are basic criterions for calculation of
solar-powered cooling. Therefore, variations radiation and temperature are
considerable subject to research.

Figure 3.6 shows net radiation in May 2014. Net radiation is higher on
northern hemisphere in for the period from May to August. Turkey’s geographical
location is 36 °- 42 ° north latitude. This location is termed as Sun Belt. Turkey

owns high solar energy potential and duration of insolation.
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Fig. 3.6: Net radiation map of earth in May 2014 (NASA Earth Observations)

Figure 3.7 observes net radiation in June 2014. Net radiation values of Turkey
are high in June. This situation provides a good opportunity to use solar-powered

cooling systems in Turkey.

Fig. 3.7: Net radiation map of earth in June 2014 (NASA Earth Observations)

Net radiation in July 2014 is observed in Figure 3.8. Rising of net radiation
values in Turkey continued in July. Thus net radiation values are suitable for solar

cooling systems.
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Fig. 3.8: Net radiation map of earth in July 2014 (NASA Earth Observations)

Net radiation in August 2014 is showed in Figure 3.9. The highest net
radiation values of Turkey are observed in August. Temperature values are also taken
the highest values in August. Necessity and facility of solar-powered cooling are

shown together in August.

Fig. 3.9: Net radiation map of earth in August 2014 (NASA Earth Observations)

Figure 3.10 shows net radiation in September 2014. Reduction of net

radiation in September is observed in net radiation map of earth in September 2014.
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Fig. 3.10: Net radiation map of earth in September 2014 (NASA Earth Observations)

Figure 3.11 shows color scale of net radiation map of earth. The minimum net
radiation value is -280 W/m? on the scale. The maximum net radiation value is 280
W/m?,

W/ m?

- . .

-280 0 280

Fig. 3.11: Color scale of net radiation map of earth (W/m?) (NASA Earth
Observations)

Thermal infrared measurements used to make daytime land surface
temperature maps. The Moderate Resolution Imaging Spectroradiometer (MODIS)
instrument aboard NASA's Terra and Aqua satellites measured thermal infrared
values. Land surface temperature is a good indicator of the energy balance at Earth's
surface (NASA Earth Observations).

Figure 3.12 shows land surface temperature in May 2014. Land surface
temperature in Turkey requires cooling in May. The values reached above 22 °C on

most of days in May.
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Fig. 3.12: Daytime land surface temperature map of May 2014 (NASA Earth
Observations)

Figure 3.13 observes land surface temperature in June 2014. Land surface

temperature values in June are shown as higher than May in Turkey.

£ e bt

ﬁéTElS: Daytime land surface temperature map of June 2014 (NASA Earth
Observations)

Land surface temperature in July 2014 is showed in Figure 3.14. Rising of
temperature values in Turkey continued in July 2014. Thus land surface temperature

values in July are observed as higher than June.
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e e T e

Fig. 314 Daytlme land surface temperature map of July 2014 (NASA Earth
Observations)

Land surface temperature in August 2014 is observed in Figure 3.14.
Temperature values reached the highest level in August. Therefore most of region of

Turkey showed with yellow in Figure 3.15.

- ' TR

Flg 3.15: Daytime Iand surface temperature map of August 2014 (NASA Earth
Observations)
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Figure 3.16 shows land surface temperature in September 2014. In
September, there was a relative decrease in temperature in Turkey. On the other

hand, land surface temperature values are observed as higher than May.

Fig. 3.16: Daytime land surface temperature map of September 2014 (NASA Earth
Observations)

Figure 3.17 shows color scale of land surface temperature map of earth. The
minimum net radiation value is -25 °C on the scale. The maximum net radiation

value is 45 °C.

i

S

-25 10 45

Fig. 3.17: Color scale of daytime land surface temperature map (NASA Earth
Observations)
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3.2. Analyzing Solar Powered Absorption Refrigeration System
3.2.1. Analysis of Ammonia-Water Absorption Refrigeration System

The laws of mass conservation, the first and second laws of thermodynamics,
are used in the analysis of absorption refrigeration system. All components of the
system are counted to have an individual control volume and analyzed in accordance
with the related principles (Ozgoren et al., 2012). Equations (3.1) and (3.2) should be
used for mass conservation where m (kg/s) represents mass flow rate and X

represents mass concentration of the NHs.

>mo-3»m =0 (3.1)

> (mrx), - ¥ (mex), — 0 (3.2)

The first law of thermodynamics for steady stead flow process is presented in
Egs. (3.3). In this equation, h (kJ / kg) is enthalpy, Q (kW) is heat transfer and W
(kW) is the shaft power.

Y (rh) - ik, [ZQ-Y0,] 1w=0 (3.3)

Using equations of continuity and first law of thermodynamics, mass and
energy conservation are analyzed for each system components. Equations of (3.4),
(3.5) and (3.6) are used in order to determine heat transfer capacity of the generator.
In these equations, mas, 4 and m7 represent mass flow rates of the rich solutions of
heat exchanger, the weak solution returning from the generator and the ammonia
vapor exiting from generator respectively. Qg indicates the heat entered to the
generator. Here, hs, hs and h7 symbolize the enthalpies of the rich solution, the weak

solution and ammonia vapor, respectively.
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i, — M, + 1, (3.4)
m, x,~ i, x, | i, (3.5)
Q.=nmh,+mh, -mh, (3.6)

Equations (3.7), (3.8) and (3.9) are obtained from equations (3.4) and (3.5).
Here, f which is stated below is the mass flow rate ratio.

fe ndl?_ _ | -x, (3.7)
m. X -X,
SR - (38)
m. 1,
h
= F o] (3.9)

Equations (3.10) and (3.11) are obtained by applying laws of mass
conservation and energy conservation to the condenser. Qc indicates the amount of
heat exiting from the condenser, while mg represents the saturated liquid or
compressed liquid ammonia. And, h7 and hg symbolize enthalpy of ammonia entering

and exiting the condenser, respectively.

n - m,—m (3.10)
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Q.—m_ (h -h) (3.11)

Equations (3.1) and (3.3) are applied between inlet and outlet of evaporator to
obtain equations (3.12) and (3.13) assuming that there is a steady flow and no shaft
power is need. Qe indicates the heat taken from the cooled space. Here g represents
liqguid ammonia after expansion valve, mio represents ammonia vapor exiting from
evaporator and hg and hio symbolize the enthalpy of liquid ammonia and ammonia

vapor respectively.

f, — i, — M (3.12)

Q, —m_(h, -h) (3.13)

Equations of (3.14), (3.15) and (3.16) are derived using one dimensional
continuity equation and first law thermodynamic to the absorber. Here, my and me
represent the rich solution that exits in the absorber and the weak solution returning
from the generator, respectively. Secondly, hy and he symbolize the enthalpy of the
rich solution leaving the absorber and the weak solution returning from the generator,
respectively. Qa is the heat taken out from the absorber. Lastly, ga (kj / kg) is the

heat dissipated per unit mass.

m, -+, (3.14)
Q.—\ = rh|h| - rhn'uhun - 'hr\hn (3.15)
Qs z-fh l"'| - hm - {.f' ” ‘hr\ (3.16)
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The law of energy conservation applied to the entire system shows that the
sum of incoming and out coming heat must be zero. The Eq. (3.17) is obtained when
the system is considered to be steady-state process and hence heat losses and the

pump work are neglected.

Qi.’ t QA - Q[i - QI-. (317)

The cooling coefficient of performance COP is obtained by ratio of

evaporator heat load and generator heat load.

Q|-: m '.uh i~ muhrr

waie Q" b, +1h - mh,

COP (3.18)

The heating coefficient of performance COP is obtained by ratio of the total

heat loads of condenser and absorber with heat load of generator.

o Q,-Q
Col Fsitzre = LO =
G
(3.19)
(nyh_-m b+ (mh -m h_ -mh.)
ih + ), b,

While COP heating is arranged according to the Eq. (3.17), it can be written as:

COP

hcatiry,

Ql." + QF‘ QF
— = 1l+—/— 1-Cor 3.20
QG Q(._ voulng ( )

“ha

The EqQ. (3.20) shows COP neating Values would be always higher than COP
cooling Values. The equations (3.21) and (3.22) provide the ideal values of COP. In
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these equalities, Te, Te and Tc indicate the temperatures of evaporator, generator and
condenser, respectively.

T T.-T

CGP deal con ng = l‘FI ( Tl: - Tr) (321)
T. T.-T

CGP deal heating = l~::i ( T':T - TIF) (322)

3.2.2. Analysis of the Evacuated Tube Solar Collector

Qsol (kW) is solar radiation received with the solar collector. A is the surface
area of solar collector. | (KW/m?) is the solar radiation.
Qsol-gen (KW) shows the heat transferred from the solar collector to the

generator. n symbolizes the thermal efficiency of solar collector.

anl-;_.-r 1
n - 0 iy (3.23)

Here, t and o represent coefficient of the transmission and absorption. U is
the overall heat transfer coefficient (W/m?K), F is the solar-collector efficiency
factor, Tw (°C) and Ta (°C) indicates temperature of the mean water and the ambient

air, respectively.

{:).f.nl =1-A (324)

Qe = o ALl UL -1 (3.25)
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By using Egs. (3.24) and (3.25), solar collector efficiency can be written as:

UL, -1))

N=1ls{ta)- 1

(3.26)
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4. RESULTS AND DISCUSSION

4.1. Hourly Climatic Data

Average values of solar radiation and atmospheric air temperature are
obtained by taking the mean hourly values of temperature and solar radiation
between 1999 and 2008. These data are taken from a weather station of Turkish State
Meteorological Service situated in the province of Mersin (with coordinates of 36.8
latitude and 34.63 longitude at an altitude of 3.4 m). In summery, average values of
radiation are obtained according to the hourly average of solar radiation and

atmospheric temperature of 10 years.
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Fig. 4.1: Variations of hourly solar radiation values on the 23" days of five-months
(1999-2008)

Figure 4.1 shows the hourly solar radiation values on the 23" days of five-
months. Solar radiation reaches its highest level at 12:00 a.m. in May and September
and at 01:00 p.m. in June, July and August. The highest radiation values are observed
in June and the lowest radiation levels are observed in September. The solar
radiation is recorded during period of time between 05:00 a.m. and 08:00 p.m. in
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May, June, July and between 06:00 a.m. and 07:00 p.m. in August and September.
The highest values of solar radiation are obtained as 0.826 kW/m? in May, 0.878
kKW/m? in June, 0.830 kW/m? in July, 0.777 kW/m? in August and 0.714 kW/m? in
September.
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Fig. 4.2: Variations of hourly temperature values on the 23" days of five-months
(1999-2008)

The hourly temperature values observed on the 23" days of five-months were
given in Figure 4.2. Accordingly, the lowest temperatures were observed in May,
while the highest temperatures were seen in July and August. The temperature tends
to rise with the beginning of radiation at 05:00 a.m. and then, it reaches its highest
value at 02:00 p.m. The temperature starts decreasing from 02:00 p.m. until the next
day of 05:00 a.m. Temperature values vary from 20.2 °C to 25.3 °C in May, 23.9°C -
28.8 °C in June, 26.7°C -31.4 °C in July, 26.4°C -31.7 °C in August and 22.5°C -
29.5 °C in September.

Figure 4.2 indicates that the highest temperature occurs between 01:00 p.m.
and 02:00 p.m. and the highest solar radiation values were recorded between 12:00
am. and 01:00 p.m. in the comparison of solar radiation and atmospheric

temperature values.
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4.2. System Description

System is designed for refrigerating space described in the section 3.1.6. This
system consists of absorber, evacuated tube collector, generator, condenser,
evaporator, heat exchanger, pump and expansion valves in accordance with solar
absorption cooling systems. Thermal storage tank was not used in the present design.
Ammonia temperature of generator outlet is 110 °C and evaporation temperature is
10 °C. Condenser and absorber temperatures are assumed to be the same because of
cooling from the same source. Tc is 10 °C which is higher than atmospheric air
temperature, Ta. That is to say;

Tc=Ta+10°C

Refrigerated space is located on the fourth floor of the seven-storey building
with south and west exposures. There are 2 mx2 m dimensional windows on two
exposures of the building. Windows are the most influential factor for heat loads
because they directly take solar loads into building. The position and size of
windows is important for analysis of the cooling load of building. The thermal loads
of building change. Also, the rate thermal loading varies month to month. For
example the southern window directly receives sun loads. Heat loads for September
are high during the daytime; on the other hand, after the sunset, heat loads for July
and August are higher than other months. After the 22" of June, the southern
hemisphere of the world starts to receive sun rays more perpendicular. The thermal
loads from southern windows increase with the change of the sun rays angle. This
effect is observed with the distributions of Qg, Qa, Qc and Qe.

4.3. Variation of the Heat Transfer in the Evaporator
The hourly values of Qe on the 23" days of five-months are observed in
Figure. 4.3. Qe takes different values during the day. Qe reaches its highest value at

03:00 pm in August and September; at 04:00 pm in May, June and July. Qe values
range between 2.60 kW and 5.19 kW in May, between 3.80 kW and 8.59 kW in
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June, between 4.06 kW and 9.06 kW in July, between 3.88 kW and 9.61 kW in
August, between 3.69 kW and 10.27 kW in September.

In five-months, the highest Qe values are observed in September. It is
unexpected result according to solar radiation and temperature values. Especially
when solar radiation takes the lowest value on five-months; Qg values are assumed
as also low. But angle of sun ray, position and size of windows cause the highest Qe

values in September. As shown in fig 4.3, the solar radiation affect to cooled space.
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Fig. 4.3: Variations of hourly values of Qg on the 23" days of five-months

4.4. Variation of Absorption Refrigeration Machine Efficiency

Figure 4.4 shows hourly values of COP |c for reversible process on the 23
days of five-months. Here, COP |c designates ideal cooling processes. As seen in this
Figure COP value varies according to the magnitude of solar radiation during the
day. For ideal cooling case, COP |c changes between 2.18 and 2.92 in May, between
1.83 and 2.35 in June, between 1.62 and 2.03 in July, between 1.59 and 2.06 in
August, and between 1.76 and 2.55 in September.
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On the other hand, COPy values of solar powered heating system, for
reversible process determined on hourly bases on the 23" days of five selected
months and presented in Figure 4.5. Since the process reversible, COPy of the solar
powered heating system varies between 3.18 and 3.92 in May, between 2.83 and
3.35 in June, between 2.62 and 3.03 in July, between 2.59 and 3.06 in August and
between 2.76 and 3.55 in September. Comparison of Figure 4.4 and Figure 4.5

indicates that ideal COP values for heating system are higher throughout all months.
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Fig. 4.4: Variations of hourly values of COP 1 on the 23 days of five-months
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Fig. 4.5: Variations of hourly values of COP 1 on the 23 days of five-months

For 23" of five selected months COP cooling Values of the system considered in
this work varies throughout the day as seen in Figure 4.6. COP values change all day.
COP cooling Values of cooling mode of the system change between 0.46 and 0.49 in
May, between 0.43 and 0.47 in June, between 0.41 and 0.45 in July, between 0.41
and 0.45 in August and between 0.41 and 0.45 in September.
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Fig. 4.6: Variations of hourly values of COP cooling 0N the 23 days of five-months

Since, we try to present COP values of each component of the main system.
Here, COP nheating Values of heating mode of the main system were examined on the
23" days of five selected months as presented in Figure 4.6. It is clearly seen that
COP heating Values of the heating mode of the system change between 1.46 and 1.49 in
May, between 1.43 and 1.47 in June, between 1.41 and 1.45 in July, between 1.41
and 1.45 in August and between 1.41 and 1.45 in September.

The highest values of COP neating are seen in May, while the lowest values of
COP heating are seen in July and August as indicated in Figure 4.6.
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Fig. 4.7: Variations of hourly values of COP neating ON the 23 days of five-months

4.5. Variation of Condenser Capacity

Hourly values of heat transfer, Qc from the condenser on the 23" days of
five-months reaches its highest value at 03:00 p.m. in August and September, but this
highest values of heat transfer take place at 04:00 p.m. in May, June and July as seen
in Figure 4.8.Distribution of Qc show that the values of heat transfer, Qc vary
between 3.13 and 6.31 kW in May, between 4.62 and 10.25 kW in June, between
4.89 and 10.72 kKW in July, between 4.67 and 11.37 kW in August and between 4.53
and 12.19 kW in September.

The lowest values of heat transfer from the condenser, Qc occur at 4:00 a.m.
in May, July and August, at 02:00 a.m. in June and at 05:00 a.m. in September. On
the other hand, the highest values of heat transfer, Qc occur at 04:00 p.m. in May,
June and July and at 03:00 p.m. in August and September.

In conclusion, the highest values of heat transfer Qc take place on the 23"

September starting from 07:00 a.m. until 04:00 p.m...
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Fig. 4.8: Variation of hourly values of Qc on the 23" days of five-months

4.6. Variation of the Heat Transfer in the Generator

One of the important parts of the solar-powered absorption cooling is the
generator. The highest rate of heat transfer occurs in this section comparing to other
parts. Figure 4.9 shows hourly values of heat transfer, Qs on the 23" days of five-
months and the changes in Qg values are observed during the day. Qg values vary
between 5.18 kW and 11.14 kW in May, between 8.13 kW and 19.71 kW in June,
between 9.00 kW and 21.90 kW in July, between 8.60 kW and 23.40 kW in August
and between 7.69 kW and 23.82 kW in September.

Qg does not get minimum values at 05:00 a.m. in the calculation of mass, m
values with heat transfer of evaporator that dissipated per unit mass, ge. If ge was
fixed, Qs would have minimum values at 05:00 a.m. when the atmospheric air
temperature takes the lowest value.

The highest values of Qg are calculated at 03:00 p.m. in September, August,
May and at 04:00 p.m. in June and July. On the other hand, the lowest values of Qg
are determined at 04:00 a.m. in May, at 02:00 a.m. in June, at 04:00 a.m. in July and

August and at 05:00 a.m. in September.
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The highest values of Qg are observed on the 23" of September from 08:00
a.m. to 03:00 p.m., and except for these hours, it takes very close values in July and

August. Besides, the lowest values are observed in May.
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Fig. 4.9: Variation of hourly values of Qg on the 23™ days of five-months

4.7. Variation of the Heat Transfer in the Absorber

Figure 4.10 shows Qa hourly values on the 23" days of five-months. The
changes in heat transfer of absorber, Qa values are observed during the day time. Qa
values vary between 4.59 and 10.02 kW in May, between 7.30 kW and 18.05 kW in
June, between 8.18 kW and 20.25 kW July, between 7.80 kW and 21.64 kW in
August and between 6.86 kW and 21.86 kW in September.

The highest values of Qa occur at 04:00 p.m. in May, June, July, August and
at 03:00 p.m. in September, while the lowest values of Qa take place at 04:00 a.m.
in May, July, August, at 02:00 a.m. in June and at 05:00 a.m. in September.

The highest values of Qa are observed on the 23 of September between
09:00 a.m. and 03:00 p.m., and except for these hours, it takes very close values in

July and August, and the lowest values of Qa are seen in May.

60



4. RESULTS AND DISCUSSION Altan CETINGOZ

22

—— May

201 | -=June

—— July

—o- August
—¥- September

18 A

16 -

14 4

Qa (kW)

12 A

10 A

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hour)

Fig. 4.10: Variation of hourly values of Qa on the 23" days of five-months

4.8. Determination of the Required Collector Surface Area

As a result of the calculations, solar collector area that provides hourly
cooling requirement throughout specified day of 5 months is calculated in terms of
m?2. Table 4.1 shows solar collector areas which are needed in order to provide
cooling requirement between 7:00 a.m. and 7:00 p.m. for five-month. The needed
collector area can not be calculated at 07:00 pm in May and August and also between
06:00 p.m. and 07:00 p.m. in September since the Qsol-gen Value is zero between these
hours. The collector area required for purpose of cooling is calculated as 2229.4 m?
at 07:00 a.m. on September 23 because the radiation and Q soi-gen have very small
values. For the same reason, the required collector area is calculated as 1119.8 m? at
07:00 pm on the 23" of July and 611.9 m? at 07:00 p.m. on the 23™ of June. These
results suggest that solar energy utilization is not suitable for each hour of this
radiation. Therefore, the cooling process with the solar energy must be evaluated for
specific hours. In this study, the cooling process with solar energy is evaluated for

hours, in other words, between 8:00 a.m. and 05:00 p.m.
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Table 4.1: Solar collector areas needed for providing the necessary cooling capacity
between 7:00 a.m. and 7:00 p.m. in throughout five-months
Hour May June July August  September

7 62.97 96.59 180.98  312.13  2229.42
8 25.80 40.36 49.82 67.20 78.24
9 17.52 28.26 33.17 42.33 50.02
10 14.45 21.83 27.95 34.00 38.85
11 13.52 21.34 24.74 31.50 34.96
12 13.43 20.59 25.46 30.07 35.38
13 15.11 23.78 28.02 33.22 39.68
14 18.43 27.64 32.99 40.41 47.81
15 23.45 34.40 39.62 50.18 62.67
16 30.04 46.66 52.48 68.85 88.35
17 45.65 61.64 72.56 99.14 159.30
18 107.69  96.22 122.29  286.30 -

19 - 611.89 1119.83 - -

The required collector area for purpose of cooling is given in Figure 4.11 for
duration of time between 08:00 a.m. and 05:00 p.m. Accordingly; the required
collector areas take the lowest values in May due to the lowest values of the
temperatures and the high values of the radiation. The required collector area for
cooling is higher in September due to the lowest values of radiation; on the other
hand, temperature values are high.

For physical and economic reasons, the optimum value of the required
collector area for cooling should be selected for duration of time between 08:00 a.m.
and 05:00 p.m. According to the results, the optimum collector area required for
cooling requirement is determined as 50 m2. Table 4.2 shows hourly duration of
times when the thermal energy is needed for the generator powered by the solar
collector with a collector area of 50 m?. The shortest time period of solar cooling is
observed in September, while the longest time period of solar cooling is determined

in May.
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Table 4.2: Hourly period of times when the thermal energy is needed for generator
powered by the solar collector having a collector area of 50 m?

Month Start Finish

May 07:21 a.m. 05:04 p.m.
June 07:50 a.m. 04:13 p.m.
July 08:00 a.m. 03:48 p.m.
August 08:41 a.m. 02:59 p.m.

September  09:00 a.m. 02:09 p.m.

—— May
——June
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—e— August

—¥— September

- —- Collector Area

50 m?

8 9 10 11 12 13 14 15 16 17
Time (hour)

Fig. 4.11: The collector area required for cooling between 08:00 a.m. and 05:00 p.m.

4.9. Variation of the Solar Collector Efficiency, Solar Radiation Production and

the Heat Output from Solar Collector

Hourly efficiency of solar collector on the 23™ days of five-months is shown
in Figure 4.12. Solar collector efficiency is calculated for solar radiation hours. Solar
collector efficiency is directly proportional to the atmospheric temperature and solar
radiation. Therefore, solar collector efficiency increases towards the noon time and
then it starts to decrease. The solar radiation is more decisive than the atmospheric
temperature on the efficiencies of solar collector. Levels of temperatures are lower in
May comparing to the value obtained in September but solar radiation level is higher

in May comparing to September. Therefore, solar collector efficiency is higher in
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May than in September. Between hours ranging from 08:00 a.m. to 05:00 p.m., the

value of solar collector efficiency increases from 0.66 to 0.78 in May, from 0.68 to
0.79 in June, from 0.67 to 0.78 in July, from 0.63 to 0.78 in August and finally from

0.54 to 0.77 in September.
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Fig. 4.12: Variation of hourly efficiency of solar collector on the 23" days of five-

months

The total amount of solar heat transfer, Qso is calculated by multiplying the

radiation and the selected collector area. Hourly calculated heat transfer Qso from

radiation on the 23 days of five months shown in Figure 4.13 demonstrates that

there are similarities between distributions of hourly heat received for all months.

The highest values of Qso are observed in June, while the lowest values of Qso are

received in September. Qsol Values measured in the hours from 8:00 am to 05:00 pm
change from 17.24 KW to 41.31 kW in May, from 18.49 kW to 43.90 kW in June,
from 16.86 kKW to 41.49 kW in July, from 13.95 kW to 38.83 kW in August and from
10.18 kW to 35.72 kW in September.
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Fig. 4.13: Variation of hourly values of Qso on the 23" days of five-months

Efficiency is also considered in the calculation of Qsol-gen; therefore, Qsor and
Qsol-gen demonstrated similar distributions, but Qsol-gen Values are lower than Qsol
values and cooling period of Qsolgen IS shorter than cooling period of Qs (Figure
4.14). Qsol-gen Values measured during period of time in the range between 8:00 am
and 05:00 pm change from 11.39 kW and 32.13 kW in May, from 12.58 kW and
34.50 kW in June, from 11.27 kW and 32.53 kW in July, from 8.77 kW and 30.25
KW in August, from 5.48 kW and 27.49 kW in September.

4.10. Comparison of the Heat Transfer in the Generator and Heat Output from

Solar Collector

In the comparison of the heat transfer in the generator and heat output from
the solar collector, the contribution of the solar energy to the required thermal energy
for cooling is observed.

The required energy for cooling (Qg) and solar energy received from the sun
(Qsol-gen) ON the 23" of May are seen in Figure 4.15. In May, the cooling process can

be performed with solar energy between 7:21 am. and 05:04 p.m. Cooling
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requirement can be achieved by solar energy for all days in terms of storage tank in
May because collector area is selected by considering the cooling requirements for a

five-month period, so, Qsol-gen Values are more than enough.
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Fig. 4.14: Variation of hourly values of Qsoigen ON the 23" days of five-months

35

30 - - Qg

—=— Q sol-gen

N
al
!

N
o
!

Heat transfer rate (kW)
[~ =
o (6]

[&)]
!

Time (hour) May

Fig. 4.15: The required energy for cooling requirement (Qg) and solar energy
received from the sun (Qsol-gen) 0N the 23 of May
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Figure 4.16 demonstrates the required energy for cooling purposes (Qg) and
solar energy received from the sun (Qsol-gen) ON the 23" of June. In June, the cooling

process can be conducted with solar energy between 7:50 a.m. and 04:13 p.m.

Table 4.3: Amount of required additional thermal energy for specified months
Month Total Qe (kW) Total Qsol-gen (KW)  Difference (kW)

May 174.13 242.26 68.13
June 289.83 270.65 -19.18
July 321.65 251.84 -69.80
August 336.02 215.94 -120.08
September 324.00 183.40 -140.60

The highest value of Qsol-gen IS Seen in June. Qg value takes the minimum
values during four months excluding May. By using storage tank, thermal energy
provided with solar energy activates cooling system throughout the day and allows
its use similar in May. Qsol-gen IS 19.18 kW lower than the required thermal energy for
cooling requirement on the 23 of June (Table 4.3). The system provides cooling
process for during day time with an additional source of heating.
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Fig. 4.16: The required energy for cooling (Qg) and solar energy received from the
sun (Qsol-gen) ON the 23™ of June
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Figure 4.17 shows the required energy for cooling (Qg) and solar energy
received from the sun (Qsol-gen) ON the 23" of July. In July, the cooling process can be
conducted with solar energy between 8:00 am and 03:48 pm. Qg increases in July,
while Qsol-gen decreases. In this case, it becomes more difficult to meet the cooling
requirements with the thermal energy provided by solar energy for the entire day.
The difference between the required thermal energy and the thermal energy obtained
from the sun decreases to 69.80 kW on the 23" of July. The need for an additional
heat source increases in July to provide the necessary cooling for the entire day.
Figure 4.18 shows the required energy for cooling requirement (Qg) and solar energy
received from the sun (Qsogen) ON the 23™ of August. In August, the necessary

cooling process can be conducted with solar energy between 8:41 am and 02:59 pm.
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Fig. 4.17: The required energy for cooling (Qg) and solar energy received from the
sun (Qsol-gen) 0N the 23™ of July
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Fig. 4.18: The required energy for the purpose of cooling (Qg) and solar energy
received from the sun (Qsol-gen) 0N the 23" of August

While Qg increases in August, Qsol-gen decreases. Naturally, the energy needed
from an external heat source increases and additional thermal energy requirements
become 120.08 kW. For constant operation of the system all-day, an additional
heater must be used as well as the storage tanks.

Figure 4.19 demonstrates the required energy for cooling (Qg) and solar
energy received from the sun (Qsol-gen) In September. In September, the cooling
process can be conducted with solar energy source between 9:00 am and 02:09 pm.

While Qg decreases in September, Qsol-gen takes the lowest values of a five-
month. The difference between the energy required for cooling requirement and
thermal energy from the sun reaches its highest value in September. Naturally,
cooling with solar energy can not be achieved during the day even with the storage
tank. On the 23" of September, 140.60 kW of thermal energy must be provided to
the system from an additional heat source to ensure, that cooling is conducted for all
days.
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Fig. 4.19: The required energy for cooling (Qg) and solar energy received from the
sun (Qsol-gen) ON the 23™ of September
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5. CONCLUSION

This study investigates the solar-powered absorption cooling system by using
hourly temperature and radiation data in Mersin. The obtained results show the
benefits and features of using solar energy in the cooling systems. The greatest
advantage of these systems is to increase radiation while the requirement for cooling
is highest.

The following conclusions can be drawn from the present study:

Atmospheric air temperature, Ta is the most important factor affecting
COP cooling. Atmospheric air temperature, Ta is inversely proportional
to the value of COP cooling.

COP values vary during the day. COP coiing ranges from 0.46 to 0.49
in May, from 0.43 to 0.47 in June, from 0.41 to 0.45 in July, from
0.40 to 0.45 in August, from 0.43 to 0.48 in September. On the other
hand, COP heating Values vary between 1.46 and 1.49 in May, between
1.43 and 1.47 in June, between 1.41 and 1.45 in July, between 1.40
and 1.45 in August and between 1.43 and 1.49 in September.

COP values are also different on the 23 days of chosen months. The
highest values are observed in May, while the lowest values are seen
in July and August in presented four Figures of COP.

The maximum solar efficiency is observed on the 23" of June at 01:00
p.m. This solar efficiency is calculated as 0.8, while solar radiation is
878 W/m?,

Qg is proportional to the atmospheric air temperature, Ta. On the other
hand, Qg does not get minimum values at 05:00 a.m. for calculating
mass, m values with heat transfer of evaporator that dissipated per unit
mass, ge. If ge was fixed, Qe would be minimum at 05:00 am when
the atmospheric air temperature, T, takes its lowest value. The highest
values of Qg are measured at 03:00 p.m. in September and August
May and at 04:00 p.m. June and July. The lowest values of Qg are
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measured at 04:00 a.m. in May, at 02:00 a.m. in June, at 04:00 a.m. in
July and August and at 05:00 a.m. in September.

The results suggest that solar energy utilization is not suitable for each
hour of the radiation. Therefore, the cooling process with the solar
energy must be evaluated for specific hours. In this study, the cooling
process with solar energy is evaluated for the time period from 8:00
a.m. to 05:00 p.m. The minimum required collector surface areas are
found as 13.4 m? at 12:00 a.m. on the 23" of May, 20.6 m? at 12:00
a.m. on the 23 of June, 24.7 m? at 11:00 a.m. on the 23" of July, 30.1
m? at 12:00 a.m. on the 23" of August and 35.0 m? at 11:00 a.m. on
the 23" of September. According to the results, the optimum required
collector area for cooling is determined as 50 m?.

The thermal energy needed for generator can be provided fully for 9
hours, 43 minutes in May; 8 hours, 23 minutes in June; 7 hours, 48
minutes in July; 6 hours, 18 minutes in August and 5 hours and 9
minutes in September.

The results show that solar-powered absorption cooling system is

suitable for use in Mersin.
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