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THERMOECONOMIC OPTIMIZATION FOR A SOLAR
ASSISTED ABSORPTION COOLING SYSTEM

ABSTRACT

Turkey receives more solar energy than many countries in the world due to the
geographical location. The Mediterranean and South East of the Turkey has the most
solar energy potential region. So, cooling is a serious need in these regions for
ventilating conditions in many residences. Also, cooling is required for industrial and
commerce purposes in other industrial regions. The use of solar energy in cooling
systems provides to reduce the energy costs and emission of greenhouse gases which
are produced by use of fossil fuels. In these reasons, solar assisted absorption cooling

systems have become quite attractive in recent.

In this thesis, thermoeconomic optimization for a solar assisted single effect
LiBr/water absorption cooling system is carried out. The temperature, pressure and
mass flow rate of the fluids of the system are taken from the study in the literature. For
this purpose, the thermodynamics methods depending on economic bases called
thermoeconomic analysis are used. Thermoeconomic analysis combines second law of
thermodynamics with economic aspects. It causes us to save energy and evaluates the

cost of the system.

In this thesis, energy and exergy balances for the system components are firstly
calculated by EES program. Also, the costs of the inlet and the outlet streams are
calculated by Matlab Program. Then, the optimum design temperatures are found in
order to maximizing some system parameters. Then, the total product cost rate for the
system is also calculated. Also, the total product cost rate for base case and optimum
case are compared. Also, the optimum exergetic efficiency and exergoeconomic factor
are determined for base and optimum case. At the end of the thesis, the base case's and
optimum case's some parameters are compared. Comparison results are also given by

using literatures.

Keywords: Solar, solar assisted, absorption cooling, optimization, thermoeconomic

optimization, cooling, cost
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GUNES DESTEKLI BIR ABSORBSIYONLU SOGUTMA SISTEMI
[CIN TERMOEKONOMIK OPTIMIiZASYON

oz

Tirkiye cografi konumu nedeniyle diinyadaki bir¢ok iilkeden daha fazla giines
enerjisine sahiptir. Akdeniz ve Glineydogu Anadolu bdlgesi Tiirkiye'nin en fazla giines
enerji potansiyeline sahip olan bolgeleridir. Dolayisiyla bu bolgelerde sogutma ciddi
bir ihtiyactir. Ayrica, lilkemizin diger bir¢cok bolgesinde sanayi ve ticaret amagl olarak
da sogutma gereklidir. Sogutma sistemlerinde giines enerjisinin kullanilmasi, enerji
maliyetlerinin diisiiriilmesine ve fosil yakitlar kullanilarak iiretilen sera gazi
emisyonunun azaltilmasina olanak saglar. Bu nedenlerle, giines enerjili absorbsiyon

sistemleri son yillarda sogutma sistemlerinde oldukga cazip hale gelmistir.

Bu tezde, giines enerjisi destekli tek etkili LiBr / H2O akiskanli absorbsiyonlu sogutma
sistemi icin termoekonomik optimizasyon galismasi yapilmistir. Sistemin sicaklik,
basing, kiitlesel debi degerleri literatiirden alinmistir. Termoekonomik analiz,
termodinamigin ikinci yasasini ekonominin yasalariyla birlestirir. Bu analiz ayni

zamanda enerji tasarrufunu ve sistemin maliyetinin degerlendirilmesine olanak saglar.

Bu tezde, ilk olarak enerji ve ekserji analizleri EES programi tarafindan
hesaplanmistir. Ayrica, her bir bilesenin giris ve c¢ikis akis maliyeti, Matlab
programindan yararlanarak hesaplanmistir. Uriin maliyeti hesaplandiktan sonra,
sistemin maliyetini en aza indirmek amaciyla optimum c¢alisma sicakliklart elde
edilmistir. Daha sonra sistemin normal durum maliyeti ile optimum maliyeti
karsilastirilmistir. Ayrica sistemin optimum ekserji verimi ve ekserji ekonomik faktorii
de sistemin durumu ve optimum durumu i¢in hesaplanmistir. Calismanin sonunda da
sistemin durumunun ve optimum durumunun karsilastirmasi yapilarak, sonuglari

verilmistir.

Anahtar Kelimeler: Giines, giines destekli, absorbsiyonlu sogutma, optimizasyon,

termoekonomik optimizasyon, sogutma, maliyet
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CHAPTER 1

INTRODUCTION

Fossil fuels cause the some environmental problems such as air and water pollution,
greenhouse gases release and global warming. However, the renewable energy sources
such as sun, wind, geothermal can be used in terms of fossil fuels in many application
areas. Also, solar energy could be used in many application areas because of easy
access, cheap, abundant, clean and environmental friendly. Solar energy can be used

in heating, cooling and generating electricity in many places.

Solar energy can be supplied a large ratio of the energy consumption used in the world.
The amount of the solar energy arriving the Earth in a year is 160 times that of fossil
fuel sources known in the world. It is also 15,000 times more than the power plants
which are working by using fossil fuels and nuclear fuels and hydroelectric plants on
the world. Also, it is an abundant, continuous, renewable and free energy source. So,
it is an alternative to fossil fuels [1].

Solar energy can be used for cooling purposes such as food protection or providing in
cooling comfort conditions in the buildings of commercial and residences.
Accordingly, the solar energy is used in an absorption cooling systems with many
advantages. Energy consumptions of these systems are lower than the other cooling
systems. Also, small numbers of the moving parts of the system, the low maintenance
costs, refrigerants that do not damage the ozone layer make the absorption systems
quite attractive. Additionally, the absorption system can also use the other cheap
energy sources such as geothermal, waste heat energy coming from industrial plants
[2, 3].

Absorption cooling system was first invented by French scientist Ferdinand Carre in
1860. In the early years of the twentieth century, the absorption cooling system was
become very popular. The first invention of absorption cooling machine was designed
in U.K. After 1920s, advanced studies of the absorption cooling system were continued

especially in USA, Germany, Italy, England and Russia. The production of largest



absorption cooling plant had 4190 kW as a cooling capacity about 1920s. In the 1950s,
LiBr/water working fluid systems were used commercially in the air conditioning of
large buildings. Those days, required heat energy of the absorption cooling system was
supplied from steam or hot water which was obtained from boilers by using natural
gas or fuel oil. In the 1970s, different methods were searched for providing the cheap
energy. In this respect, the solar energy and waste heat energy from industrial plants
has been started to use for the absorption cooling systems. This system is still used for

cooling in many places such as large building, hotel, university and ice rink [2, 3].
1.1 Review of Related Works

The performance of the absorption cooling systems has been extensively investigated
in terms of both first and second law of thermodynamics. Thermoeconomic analysis
with optimization of the system is also studied by many researchers in recent years. It
has been used analytically, numerically and experimentally. Some of the studies in the

literature are given below [4].

Firstly, an experimental study has been established by Dagkin and Aksoy. This study
is about simulation of a solar assisted absorption cooling system design for an air
conditioning in Inénii University Engineering building. In this study, HAP (Hourly
Analysis Program) is used for calculation of cooling capacity of a building. Working
liquids are LiBr/ water. The angle of inclination of the collector was found to benefit
the maximum amount of the sunlight. The solar utilization rates depending on the
variable parameters are calculated according to the months in this research [4, 5].

Kent and Kaptan studied the solar assisted absorption heating and cooling systems for
a hotel in Izmir. The solar energy was used to provide both heating and cooling needs.

Total cost of the system and payback period was calculated in this study [4, 6].

In another study, ice rink cooling by using a solar assisted absorption system is
analyzed. The consumption of the energy for the system was supplied by using solar
collectors. The total energy requirement was supplied for working of the system at
design temperatures in a steady state. The impact of the design parameters on
performance of the system was examined [4, 7].



Ozkan investigated the efficiency of an absorption cooling system theoretically and
practically in a hotel in Izmir. Heating and cooling were supplied by using absorption
heat pumps and chillers. Theoretical and practical examination of COP results was

compared [3, 4].

Kaya analyzed a single effect absorption cooling systems based on the exergetic
performance criterion (EPC). Two different working fluids (LiBr/H20 and NHs/H20)
are used. The exergetic performance coefficient (EPC) results are compared for two

systems. Also, the effects of parameters on COP and EPC are found [4, 8].

Rameshkumar investigated the simulation of a solar assisted absorption cooling system
for heating and cooling system needs. The coefficient of performance (COP) at various
temperatures was also investigated. It was obtained that since the generator

temperature decreases, COP increases [4, 9].

Shirazi et al. investigated the optimization of the solar assisted triple-effect LiBr/H20
absorption system. System was used to provide both cooling and heating requirements.
The multi-objective optimization of the system was implemented by using genetic

algorithm method in order to minimizing the total cost of the system [4, 10].

Sencan investigated the design and construction of the absorption cooling systems.
LiBr/water used as a working fluid. Artificial Neural Network (ANN) method was
used for determination of thermodynamic properties of the LiBr/water solution. The
system parameters effect on the COP was investigated. Also, for determining the
optimal design parameters of the absorption system for cooling and heating

applications, Genetic Algorithm method (GA) was carried out [4, 11].

Solum et al. performed a study on double effect LiBr/water absorption cooling system.

The effects of the system parameters on the COP were investigated [4, 12].

Florides et al. carried out a study on the simulation for a solar assisted absorption
cooling system. Trnsys simulation program was used in this study. System
optimization was performed in order to select the most appropriate collector, storage

tank, generator and other parts of system [4, 13].



Birinci performed a study on the efficiency of an evacuated tube collector in a single
effect absorption cooling system. The evacuated tube collector efficiencies were
compared to other type collectors. Visual FORTRAN 6 program was used for the
simulation. It was found that, maximum efficiency obtained from evacuated — tube
collectors while the minimum system efficiency obtained from double — glazed
collectors [4, 14].

Kodal et al. performed the thermoeconomic optimization for the absorption cooling
systems and heat pumps. The optimal design parameters were investigated.
Economical parameters and the system temperatures on the optimal performances
were discussed [4, 15].

Mashayekh et al. carried out thermoeconomic optimization of the absorption cooling
systems. In this study, optimal working conditions were obtained. Effect of the
thermoeconomic parameters on the objective function, COP and refrigeration load was
investigated [4, 16].

Misra et al. carried out the optimization for a single effect absorption cooling system.
Study aimed the minimizing overall product cost rate. Simplified cost minimization
methology was applied. Optimum design conditions were obtained by using sequential
optimization method. The results were compared for base and optimum case [4, 17]

Kizilkan et al. performed a study on an absorption cooling systems. The optimum heat
exchanger areas in the system with corresponding operating temperatures were
obtained this study [4, 18]

Yildirim et al. carried out thermoeconomic analyze of an absorption system. In this
study, it was accomplished by using "Structural Bond Coefficients Method". The
optimum heat transfer areas were calculated. Internal irreversibility was reduced.

Also, payback period was calculated [4, 19].
1.2 Aim of the Study

The purpose of this thesis is the minimizing the total product cost rate with optimum

design temperatures for a solar assisted absorption cooling system. Firstly, the exergy



analysis is carried out by using the EES program. Then, the cost analysis is made by
using Matlab Computer Program. Also, thermoeconomic analysis is made which
includes investment, operation and maintenance and fuel cost rate of the system. The
analyzed system is considered as base case while the optimum design temperatures
considered as optimum case. The optimum design temperatures are found in order to
obtain optimum case parameters which are COP, cost rate of exergy destruction, cost
rate of exergy loss, exergetic efficiency, exergoeconomic factor and total product cost
rate. So, optimum case parameters are found and it can work more effective with these
optimum parameters. Also, thermoeconomic optimization method is used because of
the computing optimum exergetic efficiency, optimum exergoeconomic factor of the
components and minimizing the total product cost rate of the system. Finally, the base

case and optimum case results are compared.
1.3 Original Contribution

The investment cost rate includes the fixed capital investment and other outlays costs.
The fixed capital investment cost includes direct and indirect investment costs. Unlike
other studies, this thesis considers the investment costs both fixed capital investment
and other outlays costs. This approach results in obtaining more real investment cost

for the system.



CHAPTER 2

BASICS OF THE ABSORPTION COOLING SYSTEM

2.1 Classification of Absorption Cooling System

Absorption cooling systems can be categorized as a half, single and multiple (double,
triple, quadruple) effect. This categorization is performed according to the generator

number and generators connections to each other.

A half effect absorption cooling system can be used relatively lower heat source
temperature than heat sources temperatures of the other types. It has a condenser, an
evaporator, two generators, two absorbers and two pumps, and three expansion valves.

It has lower COP than single effect systems.

A ssingle effect of an absorption cooing systems can be used relatively high temperature
heat source than a half effect absorption cooling system. It has one generator with a
condenser, an evaporator, a pump, a heat exchanger and two expansion valves. The
single effect absorption cooling system working mechanism is explained with detail

in below. It has higher COP than a half effect absorption cooling system.

A multiple effect system is used for higher temperature heat sources then other types.
It has higher COP than others. But, investment costs are higher than other types [20].

2.1.1 A Solar Assisted Single Effect Absorption Cooling Systems

The schematic view of a solar assisted single effect LiBr/water absorption cooling
system is given in Figures 2.1 and 2.2. Water is used as a refrigerant while LiBr is used
as absorbent [17].The working mechanism is explained with detail in below [11]. The
condenser, evaporator, absorber, and expansion valve and throttling valve are

considered as an evaporator assembly in order to analyze the system more easily.



Evaporator

Figure 2.2 Evaporator assembly scheme [17]



Solar collectors are used for supplying steam to the generator as seen in Figure 2.1. In
this system, superheated steam leaves the generator and enters to the condenser. In the
condenser; the vaporized refrigerant becomes liquid by transferring heat to the cooling
water. Then, it enters the expansion the valve where the refrigerant pressure is lowered
at exit of the valve. The lower pressure refrigerant enters the evaporator and evaporates
where heat is absorbed from the cooled space by water. The refrigerant vapor enters
the absorber and is mixed with a weak solution. After the mixing, the solution is
becoming a strong solution. Then, the strong solution is pumped to the generator by
passing the heat exchanger. The water is separated from the absorbent by using the
heat provided in the generator. The fluid which turns back to the absorber is becoming
as a weak solution. This weak solution is used to heat strong solution in the heat
exchanger. Then, weak solution pressure is lowered in the expansion valve and enters
the absorber [4].

The meaning of the cooling water and the generator steam used in the system as seen

in Figure 2.1 are given as below:

11—12 : Condenser cooling water flows
13— 14 : Evaporator chilled water flows
15— 16 : Absorber cooling water flows
17— 18 : Generator steam flows

2.2 Comparison between LiBr/ water and NHs/water refrigerants

There are many absorbent and refrigerant fluid types for the absorption cooling
systems. However, LiBr/water and NHa/ water are most widely used as the fluid

couples in nowadays [22].

LiBr/water systems use water as a refrigerant and LiBr as an absorbent fluid while

NHs/water systems use water as an absorbent and ammonia as a refrigerant fluid [22].



LiBr/water can't be used in the cooling spaces where the cooling temperature is below
0°C. However, NHs/water systems can be used in the cooling spaces where the cooling
temperature is below 0°C. So, LiBr/water systems are more used for air conditioning
application in many large buildings which are hotels, universities etc. Also, ammonia

NHs/ water systems are used in deep cooling applications such as ice rink [22].

LiBr/water systems have also used due to that water has a high evaporation
temperature, low cost, easy to find, and not toxic. But, LiBr/water systems have
crystallization problem unlike NHa/water systems. If the LiBr/water solution exceeds
the crystallization limit, the flow may be blocked by the solid particles which were
existed from the solid crystals. So, crystallization temperature should be considered in

design of the absorption cooling systems [22, 23].

NHs/water systems haven't any crystallization problems. However, there are many
problems coming from the practical applications in using of these systems. So, they
can be used in many applications with some limitations. Ammonia reacts with copper
and copper alloy materials. Hence, steel material should be used in these systems
however it also increases the cost. The saturation pressure of ammonia is very high
when it is compared to LiBr/water systems. So, these systems should need more
thickness of the wall for the components used in the systems. Also, there is a risk that
some water vapor can be transported from the generator to the condenser in these

systems. In order to prevent it, rectifier must be placed in the system [22].
2.3 Crystallization Limit for LiBr/Water Solutions

The solubility limit for LiBr/water solutions is very important issue for the system
continuity. If the mass fraction of salt exceeds the solubility limit, the salt components
will be precipitated and blocked the pipe. The solubility limit depends on the mass
fraction and temperature. Mass fraction and temperature of the solution is more effect

than the pressure of the solution on the solubility limit.

The crystallization limit for the LiBr/water is given in Figure 2.3 [24].
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Figure 2.3 The crystallization limit for LiBr/water solution [22]

The LiBr concentration used in the system is calculated by using some formulas given
in Equation 2.1 and Equation 2.2. The range of concentration is also given in Equation

(2.3). The system is properly worked only in the range of the concentration [25].

_49.04+1.125T gps—Teyp

Xs= 134.65+0.47T qps (2.1)

X8:49.04+1.125Tgen—7"c0nd 22)
134.65+0.47Tgen

0.5< X5 or Xg<0.65 (2.3)

2.4 Absorption cooling system components

An absorption cooling system has main seven components which are generator,
condenser, heat exchanger, pump, expansion valve, evaporator and absorber. The
specific mission of the components is explained in detail as follows. The general
scheme of the absorption cooling system is given in Figure 2.4.
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Figure 2.4 A solar assisted absorption cooling system scheme [26]

2.4.1 Generator

Generator is a component of the system which has one inlet and two outlets. The strong
solution (coming from the absorber) enters the generator. Then, temperature of the
LiBr/water strong solution is increased. While the strong solution boils, the refrigerant
leaves the generator as a vapor form by using heat source. Then, the refrigerant goes
to the condenser and weak solution returns back to the absorber. The generator is a 1
or 2 pass shell and tube type heat exchanger [20, 27]. The schematic view of the
generator with solar collector is given as Figure 2.5 [26].
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Figure 2.5 Schematic view of the generator with solar energy [26]

2.4.2 Condenser

Condenser is a component of the system which purpose is cooling the refrigerant. The
refrigerant leaves the condenser as a liquid form, and then enters the expansion valve.
Condenser is used in absorption cooling systems which is generally 1 or 2 pass shell
and tube type heat exchanger [20]. The schematic view of the condenser is given as
Figure 2.6 [26].

Cooling water

Condenser

Figure 2.6 Schematic view of the condenser [26]

2.4.3 Expansion Valve

Two expansion valves are needed for the single effect absorption cooling systems. One
of them is needed for the decreasing pressure of weak solution. Other one is needed to
drop the pressure of the refrigerant suddenly. It also increases vapor content of the

refrigerant [20]. The schematic view of the expansion valve is given as Figure 2.7 [26].
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Expansion
valve

Figure 2.7 Schematic view of the expansion valve [26]

2.4.4 Evaporator

After the suddenly pressure drop of the refrigerant in the expansion valve, the saturated
high vapor content of the refrigerant enters the evaporator. The heat is absorbed from
the cooled space and the refrigerant is vaporized. Then, vapor of the refrigerant leaves
the evaporator and enters the absorber [20]. The schematic view of the evaporator is
given as Figure 2.8 [26].

Evaporator
—~[VW)—

l Chilled H
| water

Figure 2.8 Schematic view of the evaporator [26]

2.4.5 Absorber

The Refrigerant coming from the evaporator and weak solution coming from the
generator are mixed together and leaves the absorber as one fluid and strong solution.
In this process, some heat is transferred to cooling water. The general scheme of the
absorber is given as below Figure 2.4 [20].The schematic view of the absorber is given
as Figure 2.9 [26].
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Absorber
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4 Cooling water l

Figure 2.9 Schematic view of the absorber [26]

2.4.6 Pump

Pump is placed between the absorber and heat exchanger. The aim of the pump is to
increase pressure of the strong solution [20].The schematic view of the pump is given
as Figure 2.10 [26].

Wiump

Pump

Figure 2.10 Schematic view of the pump [26]

2.4.7 Heat Exchanger

Heat exchanger aim is the heat transfer from weak solution to strong solution. Double
pipe heat exchanger can be used in the absorption cooling systems [20].The schematic

view of the heat exchanger is given as Figure 2.11 [26].

1 }

Weak Strong
guluﬁun Sﬂl.llﬁ.l][l

Figure 2.11 Schematic view of the heat exchanger [26]
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CHAPTER 3

SOLAR COLLECTOR

Solar collector is a heat exchanger which converts the solar energy to internal energy.
Solar radiation is absorbed by the collectors, and it converted into heat. This heat is
transferred to a fluid which flows through the collector. It can be used in order to heat

the water directly or indirectly (by storing) [28].

The solar collector has two types which are stationary (non-concentrating) and
concentrating. Stationary solar collector does not change its position according to the
Sun movement. It has also three categories which are flat plate collector (FPC),
stationary compound parabolic collector (CPC) and evacuated tube collector (ETC)
Concentrating solar collector can change their position with the sun movement. It has
also four categories which are parabolic trough collector, linear Fresnel reflector,
parabolic dish, central receiver [27, 28]. The stationary and concentrating solar

collector is shown in Figures3.1 and 3.2 [29].

The flat plate type of the collector (FPC) is used in this thesis. So, it is explained in

detail below.

Figure 3.1The stationary solar collector (Evacuated tube type) [29]
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Figure 3.2 Concentrating solar collectors (Parabolic trough collector type) [30]

3.1 Flat plate collector

When the sunlight reaches the transparent cover and impinges the absorber surface, a
large portion of this energy is absorbed by the plate. Then, this energy is transferred to
the fluid in the tubes [28].

A flat plate solar collector is shown in Figure 3.3 [31]

Figure 3.3 Flat plate collectors [31]
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The bottom of the absorber plate and side of the casing should be well insulated in
order to decrease the heat conduction losses. The liquid tubes can be welded or they
can be a supplement part of the plate. The transparent cover is placed due to decreasing
the heat losses. The flat plate collector is generally fixed and has not any tracking
systems. It is advised that the collector is directed towards the Equator. The
components of the flat plate consist of a gasket, header, glazing, riser tube, absorber

plate, insulating and casing as shown in Figure 3.4 [32].

Gasket
Header
Glazing

Riser tube
Absorber plate
Insulation

Figure 3.4 Flat plate collector components [30]

3.1.1 Collector Overall Heat Loss Coefficient

Collector overall heat loss coefficient depends on some variables such as environment
temperature, velocity of wind, collector construction and installation, transparent

cover properties, absorber plate properties, insulation material type [32].

The collector overall heat loss coefficient can be expressed as follows [32, 33].
ULoss=Usottom+UTop+UEdge (3.1)

Usack = Back loss overall heat transfer coefficient (W/m?2°C)

Uty = Top loss overall heat transfer coefficient (W/m?2°C)

Uedge = Edge loss overall heat transfer coefficient (W/m?2°C)
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The back loss overall heat transfer coefficient (Usack) can be calculated by assuming
that the bottom surface of the temperature equals to the environment temperature. So,

Usack equation can be expressed as follows [32].

k
UBack:L—y (32)
y
Where ky is heat conduction coefficient of insulation (W/m °C), Ly is insulation

material thickness (mm).

The top loss overall heat transfer coefficient (Utop) can be can be expressed as

following equation [32, 34].

Urop=(——rer— + )71+ L pmta i I8 e (3.3)
Tord e fw (Ep+0.00591 Nhy,) 1+(T>—N
Where
f=(1+0.089 hy - 0.1166 hw€p) (1 + 0.07866N) (3.4)
C=520(1 - 0,00005182) for 0°<R2< 70°, use R= 70. (3.5)
e= 0.430(L - 100/Tpm) (3.6)

R= Collector tilt degree (°)

N= Number of glass covers

Ep= Emittance of plate

Eq=Emittance of glass (0.88)

Tem= Mean plate temperature, (°C)

Ta= Ambient temperature, (°C)

hw= wind heat transfer coefficient (W/m? °C)

Edge loss overall heat transfer coefficient (Uedge) Can be expressed as following
equation [32, 34].
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k(L Ly )L
UEedge= % (3.7)

Where L1, Lo, Lz is length, width and depth of the collector plate (mm), respectively.
3.1.2 Standard Fin Efficiency and Collector Efficiency Factor

The sheet-tube configuration is shown in Figure 3.5. The distance between the tubes
is W, the tube diameter is D, and the sheet is thin with a thickness 6. The temperature
gradient through the sheet is negligible because that the sheet material is a good
conductor. The sheet above the bond is assumed as at some local base temperature
Tv. The region between the centerline separating the tubes and the tube base can be
considered as a classical fin problem due to calculation of useful heat transfer rate
[32].

Figure 3.5 Sheet and tube configuration [32]
Hence, the straight fin efficiency for straight fins with rectangular profile and the
collector efficiency factor can be calculated by using the equations as follows.

The standard fin efficiency for straight fins with rectangular profile (F) can be
expressed as follows [32].

m(W-D)

tanh(———))
— (3.8)
=)
The collector efficiency factor (F') can be written as follows [32, 34].
: 1/U
F= 1 /L,1, T (3.9)

(UL (D+(W-D)F ' Cp,  mD; hg;
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Where Cy, is the bond conductance (.o W/ m° C), D;i is the inside tube diameter (mm),
hri is the heat transfer coefficient between the fluid and the tube wall (W/ m2°C). The

bond conductance (cn) can be written as follows [32].

cb:k;—b (3.10)

Where kp is bond thermal conductivity (W/ m °C), v is the average bond thickness
(mm), b is the bond width (mm).

3.1.3 Collector Heat Removal Factor and Flow factor

Collector heat removal factor (Fr) can be explained as the actual useful energy gain of
a collector to the useful gain if the whole collector surface were at the fluid inlet

temperature. It can be written as follows [32].
mCy(To—T;)

_ _ mCp
PR G—viaiTay A, eXP

A ULF

) =FF (3.11)

Where m:\/%, k is absorber plate thermal conductivity (W/ m °C)

The collector flow factor (F) is the ratio of the collector heat removal factor to the

collector efficiency factor. It can be written as follows [32].

w_Fp_

me ACULF
F= “F AUF'(leXp(

AULF (3.12)

Also, useful ideal energy gain formula is given as below [32].
Qu,l.dealec (S' UL(Ti'Ta)) (3-13)
Where, Tiis water inlet temperature (°C), Ta is environment temperature (°C).

The collector heat removal factor times this maximum possible useful energy gain is

equal to the actual useful energy gain. It is given as below [32].
Qu,;'ealecFR(S' UL(Ti'Ta)) (3-14)

Where, A.is the collector heat transfer area (m?), I, is solar radiation (W/m?).
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3.1.4 The Collector Efficiency and the Required Collector Numbers

The collector efficiency can be written as follows [34].

n= Qu,r.*eal (315)

Acollectorlt

Where, Acoliector iS the heat transfer area of the required collectors (m?), It is solar
radiation (W/m?).

The heat transfer area of the required collectors can be written as follows [34].

Acollectorzﬁ (3.16)
nl

Where, Qgen IS the heat transfer rate in the generator (kW), 1 is collector efficiency.

The required collector numbers can be written as follows [34].

Number of collector :% (3.17)

(4

The properties of the solar collector are given in Table 3.1 [34].



Table 3.1 The properties of the solar collector material [34]

The properties of the solar collector material Species and values
The insulation material type Glass wool
The insulation material thickness 40 mm

The thermal conductivity of the of the insulation  0.045 W/mK

material

The glass covers number 1

The horizontal inclination of the collector 30°C

The absorber surface temperature 110°C

The environment temperature 30°C
Emittance of absorber plate 0.95
Velocity of wind 3m/s

The dimension of the collector 2x1x 0.045 m
The absorber material Cupper
The absorber thermal conductivity 385 W/mK
The solar radiation 600 W/m?

The efficiency of solar collector 40%
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CHAPTER 4

THERMODYNAMIC ANALYSIS OF THE SYSTEM

Energy can be transformed from one form to another by work and heat transfer. The
total amount of energy is conserved in all transformations and transfers. The main aim

of the realizing energy analysis is to determine the used and lost energies [35].

The general mass and energy balance equations of the components are given as
Equation 4.1 and 4.2. The equations regarding with thermodynamic analysis of the

system for all components are given in Equations 4.3-4.19 [5].
Z min :Z Moyt (4-1)
Z(mh)in +Z Qin :Z(mh)out+z Qout (4-2)

The equations for mass and energy balance of the generator, condenser, evaporator,

absorber and heat exchanger are given as follows respectively [5].

my= ms+ mi (4.3
= rhe (4.4)
Ts= g (4.5)
ms= mio+ My (4.6)
= rhy (4.7)
Tg= rhg (4.8)
Qgen= (thi7h7) + (riaihy) + (thshs) (4.9)
Qcona= (tthy) - (rzhy) (4.10)

Qevap= (msha) - (rhzhs) (4.11)
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Qabs = (thizha) + (th1ohio) - (rhshs) (4.12)
Qnex =(rhshe) + (thghs) = (rh7hy) + (rhsho) (4.13)

The mass and work equations of the pump are given as follows [5].

mMs= Me (4.14)
Wp ZW (4.15)
Wp= niyvp (4.16)

The mass balance of the expansion valve is given as follows [5].

o= M1o (4.17)
mp= 13 (4.18)
ho=hs (4.19)

The overall heat transfer coefficient (U) and logarithmic mean temperature difference
(ATm) of the components are given in Table 4.1. The required heat transfer area for the
components can be calculated from the below equation [4, 36].

Q (4.20)

T UF AT,

Where F is correction factor, ATm is logarithmic mean temperature difference.

Table 4.1 The overall heat transfer coefficient and logarithmic mean temperature difference [36].

Components U(W/m?K) ATm
Generator 2300 ((T17-Te)~(T17-T7)) / In((T17-Te)/(T17-T7))
Condenser 3265 (((T1-T12)-(T2-T10)) / In ((T1-T12)/(T2-T11)))
Evaporator 2200 (((T13-T3)~(T14-T4)) / In ((T13-T3)/(T14-T4)))

Absorber 2000 (((T10-T16)-(T5-T15)) / In ((T10-T16)/(T5-T1s)))
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4.1 Coefficient of Performance (COP)

Coefficient of Performance (COP) is important for evaluation of the system. COP is

given as follows [17].

cop=—2_ (4.21)

Qg+ Wp

Where Qp is the heat transfer rate at the evaporator, Q; is the heat transfer rate at the

generator, Wpis the work of the pump.

The assumptions used in the absorption cooling system calculation are given as below
[17].

1) The system is working in a steady state.

2) The refrigerant existing the condenser and evaporator is in a saturated liquid and a

steam respectively.
3) The strong solution of the refrigerant leaving the absorber is saturated.
4) The weak solution of the refrigerant leaving the generator is saturated.

5) LiBr/water solutions in the generator and absorber are assumed in equilibrium at

their respective temperatures and pressures.
6) Pressure losses in pipelines are neglected.

7) The reference state for the system is water at 25°C and 1 atm. pressure.
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CHAPTER 5

EXERGY ANALYSIS

Exergy is shortly defined as an available energy to be used. If the nuclear, magnetic,
electrical energy is absent in the system, the only physical and chemical exergy can be
considered. So, only physical and chemical exergy in the absorption cooling system

are considered. The total exergy (Ex) equation is given as below [4, 17, 37].
Ex= ExP'+ ExC (5.1)
Where Ex™" (kW) is physical exergy and Ex®" (kW) is chemical exergy [4].

The obtainable work from initial state to thermal and mechanical equilibrium state
with the environment is associated with the physical exergy. Its formula is given as
below [4, 17].

ExP'= n((h- ho)- To (s- 50)) (5.2)

Where m(kg/s) is mass flow rate of a fluid, h (kJ/kg) and s (kJ/kgK) are enthalpy and
entropy values at given points respectively, ho and so are enthalpy and entropy values

at reference points respectively [17].

The obtainable work from thermal and mechanical equilibrium with the environment
to most stable configuration equilibrium with environment is associated with the

chemical exergy [4, 17].

Since the chemical state of the absorbent remains same throughout the absorber circuit,
the LiBr chemical exergy is neglected. The change of the chemical exergy of water

can be calculated from below equation [17, 37].

ConHzo)egh,HZo (5.3)

ExSh =m
H2o0 (MWHZO

Where con is water concentration, My is molecular weight, e2y, ;,, is water chemical

exergy [17].
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5.1 Exergy Calculations

Thermal systems include some important exergies regarding with fuel, product,
destruction and loss. The exergy analysis is achieved in order to evaluate a system in

terms of quality.

The product exergy (Exp) can be defined as a desired result produced by the system.
Also, the fuel exergy (Exr) can be defined as a resource expended to generate the
product [17, 37]. Exergy destruction (Exp) is loss exergy from the system to the
environment. It cannot be used anywhere. Loss exergy (Ex.) represents an amount of
exergy is transferred from the system to the some other systems [17, 37].

The exergy balance is given as follows [17].

%, Exiy -, EXoue-Q (1-2) -W - Exp=0 (5.4)
Exergy destruction can be calculated from the below formula [4, 17].

EXpk= EXrk- EXp k- EXik (5.5)

Exergetic efficiency is ratio of product exergy to fuel exergy. It is defined as follows
[17].

é-v:ExP,k:l_ ExD,k+ExL,k) (5 6)
Exrk Expk '

The ratio of the exergy destruction to the exergy of the fuel for the components in the

system is called as exergy destruction ratio (Ypk). It is expressed as follows [17].

_ Expk
Ypk=—"—

EXF total

(5.7)

The ratio of exergy loss to the exergy of the fuel for the components in the system is

called as exergy loss ratio. It is expressed as follows [4, 17].

YL,.k_M (5.8)

EXF total

The exergies for the components in order to analyze the system are computed by using



equations which are given in Table 5.1[4].

Table 5.1 Fuel, product, loss of exergy formulas for the absorption cooling system [4, 17]

‘ Components Fuels (kW) Products (kW) Losses (kW)
Generator EX17- EXus Exi+EXs- EX7 -
Evaporator EX1+EXo- EXs Ex1a- EXi3 (Ex12-Ex11)+
Assembly (Ex16-Ex1s)
Pump We Exe- EXs -

Heat Exchanger EXs- EXo Ex7- EXe -
Overall System EX17- EXis Ex1s- Exis (Ex12-Ex11)+

(EX15-EX15)
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CHAPTER 6

COST ANALYSIS AND EXERGY COSTING

Exergy costing analysis evaluates the cost associated with the exergy stream for the

each component. The general exergy costing formula is given as follows [37].
Zout Ce,k + Cwk = Zin Ci,k + CQ,k + Z1otk (61)

Where C, ($/h) and C;,($/h) are the costs for entering and exiting streams of the
component, Cwxk($/h), and Cox($/h), are the costs of the power component
(compressor, pump etc.) and heat transfer component (boiler, generator etc.),

respectively.

The inlet (Ci) and exit (Ce) costs flow rates of the components can be expressed as

follows.
Ci= ciExi= ci (miexi) (6.2)
Ce= CeEXe= Ce (meeXe) (63)

Where Ciand Ccare the inlet and exit cost flow rates ($/h), ¢i and ce are the cost per
exergy units ($/GJ), Exi and Exe are the exergy flow rates (kW) and exiand ex. are the

specific exergy values (kJ/kg). It has multiplied unit conversion factor [17].

The general exergy costing formula is applied to the each component of the system by
using the Equation 6.1. Then, the all equations obtained for all the components are
shown in Table 6.1 [4, 17].



Components

Generator

Condenser

Evaporator

Absorber

Pump

Heat Exchanger

Expansion valve

Cp($/ h)

Table 6.1 Exergy costing equations [17]

Cost Equations
CytCr+Zgen= Cs+Cy

Ci1tZcong= Cot4 Ceond

Cyt Ce = ACconatACqpst CP + Zk

my (C1ex1—C7ex7) _Mg(Cgexg—C7€x7)
my (ex1—€x7) mg(exg—ex7)

C1 C7(exs—ex1) Cg

my(ex1—ex7) my(exi—ex7)(exg—ex7) mg(exg—ex7)

C1 _C2

Exq, Ex;
C]_+Zc= C2+A Ccond

C2 _C3
Ex, Ex3

C3 _ Cq
Ex3z Exg4

Ca4tC10 C5_
Ex4+Ex109 Es

Cy+ CrotZaps= Cs+AC 4
Ce+Cst+Zpyt Zmot = Cs

Cet+Cg+Znex= C7+Co

Cg _ C9
Exg Exg

C9 _ C10
Exg EXx1p

_ Cptot _ c14—C13
Cp,tot T E _E _E
p,tot X14—EX13

(1)

(*2)

(*3)
(*4)
(*5)

(*6)

(7)

30
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Note:
(*1): The auxiliary relation for the generator is given as Equations 6.4-6.5 [17, 37].

C1-C7 _ Cg—Cy (6 4)
Ex,—Ex; Exg—Ex )

mjiciex1—myCyeX7 _MgCgeXg—MmMyCyeXy

and write my=my +mg (6.5)
miexs—mqexy mgexg—mqyexry;

If the cross multiplication is made in Equation 6.5, four expressions
((mgcyeyy) (Myeyr) = (mgey;) (Mycyey;)) Will be disappeared. Then, the rest of the

equations and the simplifications are given below Equations 6.6-6.10.

my (C1eX1—Cy€x7) :ms (cgexg—cyexy) (6 6)
my (exi—exy) mg (exg—exy) '
miqci€exq micrexy mgcCgeXxg mgcCrexy il (6 7)

my (ex;—exy7) my (exi—ex;) mg (exg—ex;) mg (ex8—3x7)_

C1 Cy 0 Cy Cg _0 (6 8)

} =
mq (ex1—ex;) "~my (ex;—ex;) my; (exg—ex,)’ mg (exg—exy;)

Cq1 C; (—exg+ex;+ex,—exy) Cg _ (6 9)
my (ex;—exy) my (ex;—exy) mg (exg—ex;) '
Cq1 (C7 (—ex8+ex1)) Cg =0 (6 10)

mq (ex1—ex;) “my; (ex;—ex;)’ mg (exg—ex7)_

(*2): The other auxiliary relation for the generator is given as follows [17, 37].

€1 _GC _
E_X1 _E_xz (WhenC1— CZ) (611)

(*3): The auxiliary relation for the condenser is given as follows [17, 37].

C C
E_;:E_; (when c,= c3) (6.12)

(*4): The auxiliary relation for the evaporator is given as follows [17, 37].

C3 _ Cy _
E_X3_E_x4 (When C3= C4) (613)

(*5): The auxiliary relation for the absorber is given as follows [17, 37].
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cten & g (6.14)

EX4_+EX10 ES

(*6): The auxiliary relation for the heat exchanger is given as follows [17, 37].

Ls _Co (when cg= Co) (6.15)

Exg Exg
(*7): The auxiliary relation for the expansion valve is given as follows [17, 37].

Co _ Cio
Exg9 EXxjg

(when c9= C10) (6.16)

The capital cost rate of the each component by giving Zx symbol, which is shown in
Table 6.1 can be calculated based on the heat transfer area for the generator, condenser,
evaporator and absorber. Zp, can also be calculated by using the work and pump
efficiency. Zmot can also be calculated by using the work and motor efficiency. The

equations are given as below [4, 17].

Q
Zy= Zrek ( AAer )90= Zietk (UZ:%)O'6 (6.17)
\\ 1-n
7. =7 b \0.26 P\0.5 1
p ref (Wref,p) (_Il ) (6 8)
Wm 1-n
Linot= Zret (Wrefm)0.87 ( Ilpp) (6.19)

Where Zrs ($) is the reference capital cost of the component, Ac is the heat transfer
area of the component (m?), A, is the reference heat transfer area (m?), W is the pump

work (KW), Wi.ris the reference pump work (kW), 1 is the pump efficiency [17].

The reference capital investment costs are considered for the generator, condenser,
evaporator, absorber and heat exchanger as; 15750%, 71503, 14300$, 15000$, 10700$,
respectively. The reference of the heat transfer area (Ar) is assumed as 100 m?. The

reference of the pump work is assumed as 10 kKW.
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In thermoeconomic evaluation of thermal systems, certain quantities, known as

thermoeconomic variables, play so important role. These are: cost per exergy unit of

the fuel (ce), the cost per exergy unit of the product (ce k), the cost rate of the exergy

destruction (Cpk) and the cost rate of the exergy loss (C k) and exergoeconomic factor

(f). The exergoeconomic factor is the ratio of the non exergy related costs to the total

cost of the component. The formula of the cost rate of the exergy destruction (Cpk),

the cost rate of the exergy loss (CLk) and the exergoeconomic factor (f) are given

below [4, 17].

Crk

CFrk=
Epk

Cpk
Epk

Cp k=
Cb k= CrkEXD K
CLk= CrikEXLK
Z

Z+(Cpr+Cri)

(Expx is constant)

(Exp is constant)

(6.20)

(6.21)

(6.22)

(6.23)

(6.24)
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CHAPTER 7

THERMOECONOMIC ANALYSIS AND
OPTIMIZATION

Thermoeconomics is the branch of the engineering which combines the exergy
analysis with economic principle, which is not giving directly information about the
conventional energy analysis and economic evaluations. It can be considered as

exergy-aided the cost minimization method [37].

The objectives of the thermoeconomic analysis can be given as follows [27, 37]:

1) Calculation of the cost for the each product separately.

2) To understand the cost formation process and the flow of the costs in the system.
3) To optimize specific variables in a single component or the overall system.

The objective of the thermoeconomic optimization is minimizing the total product cost
rate of the system. The objective function (total product cost rate of the system) is

given as below [27, 37].

Minimize (objective function) Cproe= Crrot+ Zrot= Crrot+Z1eC'+ Z70OM

(7.1)
With the LiBr concentration boundaries are 0.5< Xs or Xg<0.65 for the system.

Where Cp 1o is the total product cost rate ($/h), Cg 1o is the total fuel cost rate ($/h),
Z1or ($/0) is the sum of the capital investment operation and maintenance costs rates,
Z70°" and Z1o°™ ($/h) are the capital investment, operation and maintenance costs

rates of the system [4, 37].

The total product cost rate (Cp1o¢) is associated with the product of the system. The

total fuel cost rate (C o) is the total rate of the expenditures made to generate the

product. It is calculated from the solar collector, storage tank and auxiliary heater costs.
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The investment cost rate (Z1o“") includes the fixed capital investment and other outlays
costs. The fixed capital investment has include the costs of the purchased equipment
and installation, piping, instrumentation control, electrical equipment and material, all
engineering and supervision, construction and contingencies. The other layouts are the
startup, working capital, licensing costs and allowance for funds used during
construction. Also, the operation and maintenance costs rate (Ztot®™) include the fixed,

variable and other operation and maintenance costs [4, 37].
The capital investment cost rate is given as below [17].
Zfoe= & Zk +aZk (7.2)

Where, &, Zk ($) and a are the capital recovery factor, fixed capital investment and
other layouts investment cost coefficient, respectively. a coefficient is assumed to be
1% of the fixed capital investment cost of the each component.

The capital recovery factor can be calculated from below formula [4, 17].

. N
i(1+1)7Y ) (73)

ia+)Ny-1

&= (

Where i is interest rate (%), Ny is the years of the life span [17]. i and Ny are

considered as 10% and 15 years of the system, respectively.

It is expected that the fixed capital investment cost increases with the increasing
capacity and increasing exergetic efficiency of the component in the literature. The

fixed capital investment of the each component can be expressed as follows [37].
Zi=ay (—E)DKEx K (7.4)
1-Ex

The operation and maintenance costs rate is depending on the fixed capital investment
and the fixed, variable, other operation and maintenance costs. It is expressed as

follows.
Z9M = =R Z\ +WizExp x +Rxk (7.5)

Where, B and w are the coefficients of the fixed and variable operation and
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maintenance costs, respectively. Zx($) is the fixed capital investment cost, 7(h) is hours
of the operation per year and R ($) is the all other operation and maintenance costs [4,
17].The R coefficient is assumed to be 0.45% of the investment cost of the each
component. Also, the w coefficient is assumed to be 1% of the investment cost of the

each component.

The sum of the total investment and operation and maintenance costs rates of the

system are denoted as Zr,,. It is given below.
Zror = Z1o™'+ Z1a™M= (ZF6r + Z1o0)] T (7.6)

The Zr, Of the system is obtained by using the some operations. First, Z¢!.in Equation
7.2 and Z2M in Equation 7.5 are summed and then is substituted in Equation 7.4. Then,

it is divided to the annual operation hours per year and given as below [27].

. _ € (& +o+RB)
Zror= (a ()P Expu) EX22

+WKEXp k +(%) (7.7)
Where a, b, y are the constants, € is the exergetic efficiency and Exp is the product

exergy.

The total product cost rate (Cp o) Can be written again as substituting the Equation

7.7 into 7.1 which is given as below.

s Ek \bk £y yky EF0tB)
Cprot= Crrot* Z1ot= Crrot+(ak (_1_€k) EXp i’ )f

+WExp H(X)  (7.8)
The objective function for the k th component is defined to minimize the cost per
exergy unit of the product (cpk). It is expressed as follows by using the Equation 7.1
and 7.7 [17].

a (:—‘gk)b'k(g +a+B)

R
() (7.9)

_CtkExtk+ZTot_ 1
Cph=——p— —=Cr(z)+
p.k k

TEp,k

The parameters in Equation 7.9 which area, b,&,0, 3,7, w, R remain constant during the
optimization process. So, the cost per exergy unit of the product (cp) is the function

of the exergetic efficiency (€y) as a variable. The others are constants. The differential
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of the Equation 7.9 with respect to the exergetic efficiency and equate it to the zero,
gives the minimum cost per exergy unit of the product (cp). It is given below.

dcpk_A_ 1 L(§+ +8) € _ 1
g 0= ik ) e (a ()™ bk () (7.10)

p.k

The equation more arranged is given as below.

e ()= g (ax G2 b ) (7.11)

If the both sides multiply with (ZLZ)Z and it is simplified, the following equations are
k

obtained.
(& +a+B) € _ 1
T e (3 ™) b () (66 (7.12)
(& +a+B) (&%) €k _\bk-1
L= R G G2 (7.13)
(& +a+B) €k v2 /1 €k \bk-1
1= ka‘EE; kyk bk (1—€k) (1—Sk) (714)
(& +a+B) €k _\bk+1
1= cfkrE1 kykakbk(l—sk) (7.15)
(1;€k)b,k+1 & +a1+li)k abk (7.16)
k Cfk TE
(1_€k):( (& +0‘+B)ka b )l/bk+1 =A (717)
€k CfrkTEpk

The optimum exergetic efficiency(€y)op: is given as follows.

(29 =c=A (where 2KEED ¢ and —=q) (7.18)
k (cek ‘EEp Ik
(1 — &) = &t (7.19)

e -1 _1
kopt™14cd 144

(7.20)
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b =M: represents the ratio of optimum of total of exergy destruction and
kopt

optimum exergy loss cost rates to the optimum total cost rate [27]. So, the optimum

exergoeconomic factor (fi)opt can be written in terms of bk as follows.

Zkopt Zk 1

fkopt= : == —=
Zxopet(Cr+CLE)opt Zi+by Zi 1+by

(7.21)

The optimization problem is minimizing the total product cost rate (CP,:Fot) as an
objective function given in Equation 7.8. Also, the optimum exergetic efficiency

(Ekopt) and optimum exergoeconomic factor (fkopt ) are obtained by using the

Equations 7.20 and 7.21.

To solve this objective function, ak, bk and yk constants should be defined. These
constants are defined from the curve fitting technique with power equation which is

explained below.

Zi=ax (ﬁ)b'kEXp,ky'k (As given Equation 7.4)

The (:—‘;k) equation equals to (%) (It is obtained by using the Equations 5.5 and 5.6).

Also, (?) equation can be denoted as x. So, the following equation is obtained.
Dk
Zy = ax ( Ex )b,k = ak (ﬂ)b,k = ak Xb,k :f(X) (7 22)
Exg'i 1-€x Epk '

axand bk constants are found by using the following operations.

ZW/Ep¥* and Ep k/Epk should be calculated for the each component's decision variable.
First, Zx can also be calculated from the Equation 6.17 depending on the heat transfer
area. Epx and Epk can be calculated from the Table 5.1 and Equation 5.5, respectively.
Then, Epx/Epx (x axis) versus Zy/Ep¥* (y axis) should be drawn from the curve fitting
technique by using Matlab program. The power function (f(x)= axx®*) should be
defined from f(x) curve drawn by using curve fitting technique (as explained in
Equation 7.22) in Matlab program. So, ak and bk constants can be obtained after these

operations. Also, the yk constant can be assumed according to the heat exchanger type
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from the literature [27, 37].

After calculating ax and bk constants, the minimum objective function (Cp o), the
optimum exergetic efficiency( €y o) and optimum exergoeconomic factor (fi,opt) can

be calculated by using Equations 7.8, 7.20 and 7.21 respectively [27, 37].

The difference between the exergetic efficiency of the system and optimum exergetic
efficiency of the system is denoted as A&k Also, the difference between
exergoeconomic factor of the system and optimum exergoeconomic factor of the

system is denoted as Afk. They are given as follows [17].

Ag =& opty 100 (7.22)
k,opt

A= kor)y 90 (7.23)
k,opt

7.1 Obtain of ax, bk and ykx Constants

In order to compute the optimum exergetic efficiency (Ekopt), Optimum
exergoeconomic factor (f«opt) and the total product cost rate of the system (Cp), ax, bk
and yk should be obtained by using the curve fitting technique. This technique is

explained in the following.
7.1.1 Generator

Generator temperature is considered as a decision variable. Generator temperature
interval is chosen between 100-103 °C. Also, y« is considered as 0.66 for the generator
suggested as a shell and tube type heat exchangers. Zw/Epx>% and Epx/Epx should be
are calculated for the each generator temperature (100-103 °C) as given Table 7.1.
Z/Ep %% versus Epw/Epk is plotted by using the Table 7.1. According to the curve
fitting results ax and bk equal to 200.1and 0.1458, respectively as shown in Figure 7.1
[27, 37].
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Table 7.1 The ZW/Ep X’ and Epx/ Ep results for different generator temperature

Generator : , Zid Ep 0 Epx/ Epk
Temperature
(°C)
100 43.42 16.74 230.4 2.594
101 45.46 14.32 236.3 3.174
102 47.49 11.91 244.3 3.987
103 49.53 9.503 254.9 5.213
Results
General mode! PoerL: 2551 !

fl) =e%"

Coeffigents (with 93% confidence bounds):
a=  20.1(1%4.2 59
b= 0.14% (01238, 0.1677) PEIIS

Goodness of fit:
SE 0.8
Resquare: 0.9976 U5+
Adjusted R-square: 09963
RHEE: 0,641 &

vy
—— untitled fit 1

85+

B}

Figure 7.1 Plot of Zy/ Ep % versus Ep«/ Epx for the generator

7.1.2 Heat Exchanger Effectiveness

Heat exchanger effectiveness is considered as a decision variable. The yk is considered
as 0.16 for the heat exchanger suggested as a double pipe heat exchanger. Z/Ep %18
and Epx/Epx are calculated for the each heat exchanger effectiveness. Zw/Epx%*® and
Er «/Epk should be calculated for the each heat exchanger effectiveness as given Table
7.2. ZWlEpx%®versus Epk/Ep is plotted by using the Table 7.2 [27, 37]. According to
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the curve fitting results (from power function), ax and bk equal to 892.1 and 0.01257,
respectively as shown in Figure 7.2 [27, 37].

The heat exchanger effectiveness formula is calculated from below equation.

X= Qr:eal —_Cmin(Tg—To) _Tg—To (7.24)
Qmax Cmin(Tg—Ts) Tg—Ts

Table 7.2 The ZW/EpX*® and Ep i/ Ep results for different heat exchanger effectiveness

Effectiveness , , Zxl Ep 016 Ep«/ Epk

0.815 6.634 2.574 903 2.578
0.820 6.815 3.052 901.1 2.233
0.830 6.999 3.546 899.6 1.974
0.835 7.184 4.056 898.5 1.771
0.840 7.371 4,582 897.7 1.609
Results
Geneal model Poe 1 i I I ‘
f) =z
Coefficents (it 35% confoenc bounds): 0k
5= 1[0, 39
b= 001357 (L0135, 08454
ik 'YX
gy . — itk
Resquare: 0.9928 00r ]
Ajusted Resquare: 0.9904
RMEE: 0.2075 L |
898 .
| | | |
16 17 18 19 1 A 2 23 14 25 26
X

Figure 7.2 Plot of Z./ Ep % versus Ep/ Ep for the heat exchanger
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7.1.3 Evaporator Assembly

Evaporator assembly is considered as a decision variable. The Table 7.3 has five sets
of operation conditions which have three data. The three data in each set shows the
condenser-evaporator-absorber temperature, respectively. Also, yx constant is
considered as 0.66 for the evaporator assembly suggested as a shell and tube type heat
exchangers. Z«/Ep k%% and Epk/Epx should be calculated for the each set as given in
Table 7.3. According to the curve fitting results ax and bk equal to 2892 and 0.2380,
respectively as shown in Figure 7.3 [27, 37].

Table 7.3 The ZW/Ep>% and Ep«/Ep k results for evaporator assembly

Temperature , , Zl Ep0%® Epx/ Epk

(Tcond-Tevap-Tabs) (OC)

43.8-6-38 10.45 18.14 2541 0.5763
44.8-6-39 10.32 18.33 2519 0.5629
45.8-6-40 10.18 18.52 2504 0.5498
46.8-6-41 10.04 18.7 2492 0.5369
47.8-6-42 9.903 18.89 2484 0.5243
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Results

General model Power 1
ffx) ="
Coefficients (with 95% confidence bounds):
a= 2897 (275, 3039
b= 0.238 (0,155, 0.3199) B30

2540} !

Goodness of fit:
SSE:69.11 2520 - .
R-square: 0.9664 VX
Adiusted R-square: 0,952 — ntitlad fit 1
RVSE: 4799 )2510— :

2500

10

P
| | | | | | L | | | L

055 053 0535 054 0545 055 055 056 0565 057 0575
X

Figure 7.3 Plot of Zi/ Ep k% versus Epx/ Epx for the evaporator assembly

7.2 Thermoeconomic Optimization of the System

The objective of a thermoeconomic optimization is to minimize of total exergetic cost
flow including investment, operation and maintenance costs [25]. The optimization
flow chart for computing of exergy analysis, cost analysis, thermoeconomic analysis

and optimization of the system used in this thesis are given in Figure 7.4.

[ Start ]

y

Input the base case variables
(T, P, m, %LiBr concentrations)

v

Calculate the Q of the
components and COP for the
base case (by EES)

v

Calculate exergies for base case.
Make the detailed exergy
analysis (Exr, Exp, Exp, Exi, €,
Ypand Y)

[ Start ]

y

Determine i, N, . Calculate the &.

!

Calculate the investment cost of
the each component (depending
on the heat transfer area)

'

Calculate the cost of the each
stream for base case (by Matlab)

A 4

| P
In

v
Make the detailed cost analysis for
base case

(Co, Ci, f, cp, CF)

Calculate the Z«/Ep and Epk/ Epk
for base case

UasST LAST +




\ /

Calculate the Eopt, fopt and Cp
for base case

Search the optimum design
temperatures (for maximizing
the COP, €, f and minimizing
Cp and (Cp+CL).

A 4

Calculate the COP, €, f and
(Cp+Cy) for optimum case.

.

Calculate the Zw/Ep and Epk/ Epx
for optimum case.

A

Obtain a, b and y exponents for
optimum case.

v

Calculate the Eopt, fopt and Cp
for optimum case.

A 4
Output: Optimum case results

Figure 7.4 The optimization flow chart of the system
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CHAPTER 8

DEFINING OPTIMAL DESIGN TEMPERATURES

Optimal design temperatures are regarding to maximizing of COP, exergetic efficiency
(€) and exergoeconomic factor (f) and minimizing of cost rate of exergy destruction
and cost rate of exergy loss (Cp+Cr). The change of the design temperature on the
COP, exergetic efficiency (&), exergoeconomic factor (f) and cost rate of exergy
destruction and cost rate of exergy loss (Cp+CL) are investigated in order to obtain the
optimum design temperature. So, COP, exergetic efficiency (&), exergoeconomic

factor (f) and cost rate of exergy destruction and cost rate of exergy loss (Cp+Cy) are
calculated from the Equations 4.21, 5.6, 6.23, 6.21 and 6.22, respectively. Then, some
parameters versus temperature of evaporator condenser, generator and absorber are

drawn. The graphs are given in Figures 8.1-16.

Figure 8.1 presents the variation of COP versus the different evaporator temperatures.

It shows that the COP is increasing slightly with the increasing evaporator temperature.

0.76

0.755}

0.75¢

0.745}

0.741

0.735}

COP (%)

0.73 1

0.725}

0.72

5| 5.|2 5.'4 5.I6 5.I8 é
Evaporator Temperature (°C)

Figure 8.1 Variation of COP for different evaporator temperature

Figure 8.2 presents the variation of exergetic efficiency (€) versus the different
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evaporator temperatures. It shows that the exergetic efficiency (€) is increasing slightly

with the increasing evaporator temperature.

0.174

01721

Exergetic eff. (%)

0.168

0.166

5 5.2 5.4 5.6 5.8 6

Evaporator Temperature (°C)

Figure 8.2 Variation of exergetic efficiency for different evaporator temperature

Figure 8.3 presents the variation of exergoeconomic factor (f) versus the different
evaporator temperatures. It shows that the exergoeconomic factor (f) value is

increasing slightly with the increasing evaporator temperature.

0.5

0.45

0.4

0.35] /

0.3

(%)

0.25}

5 5.2 5.4 5.6 5.8 6

Evaporator Temperature (°C)

Figure 8.3 Variation of exergoeconomic factor for different evaporator temperature

Figure 8.4 presents the variation of (Cp+CL) versus the different condenser



47

temperatures. It shows that the (Cp+Cr) is decreasing slightly with the decreasing
condenser temperature.

1.84}

1.82}

1.8

1.78}

CD+CL($/h)

1.76

1.74

1.72

44 44.5 45 45.5
Condenser Temperature (°C)

Figure 8.4 Variation of (Cp+C\) factor for different condenser temperature

Figure 8.5 presents the variation of exergetic efficiency (€) versus the different
condenser temperatures. It shows that the exergetic efficiency (€) is increasing slightly
with the decreasing the condenser temperature.

0.18

0.174

0.168  +—

Exergetic eff. (%)
l

0.162

0.156

44 44.5 45 45.5

Condenser Temperature (°C)

Figure 8.5 Variation of exergetic efficiency for different condenser temperature

Figure 8.6 presents the variation of exergoeconomic factor (f) versus the different
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condenser temperatures. It shows that the exergoeconomic factor (f) is increasing

slightly with the decreasing condenser temperature.

0.36

0.357 -

0.354

(%)
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Figure 8.6 Variation of exergoeconomic factor for different condenser temperature

Figure 8.7 presents the variation of COP versus the different condenser temperatures.
It shows that the COP is increasing slightly with the decreasing condenser temperature
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Figure 8.7 Variation of COP for different condenser temperature

Figure 8.8 presents the variation of exergetic efficiency (&) versus the different

generator temperatures. It shows that the exergetic efficiency (£) is increasing with the
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increasing generator temperature.
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Figure 8.8 Variation of exergetic efficiency for different generator temperature
Figure 8.9 presents the variation of exergoeconomic factor (f) versus the different

generator temperatures. It shows that the exergoeconomic factor (f) is increasing with

the increasing generator temperature.
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Figure 8.9 Variation of exergoeconomic factor for different generator temperature

Figure 8.10 presents the variation of COP versus the different generator temperatures.

It shows that the COP is increasing with the increasing generator temperature.
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Figure 8.10 Variation of COP for different generator temperature

Figure 8.11 presents the variation of (Cp+CL) versus the different generator
temperatures. It shows that the (Cp+CL) is decreasing with the increasing generator

temperature.
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Figure 8.11 Variation of (Cp+Cy)for different generator temperature

Figure 8.12 presents the variation of exergoeconomic factor (f) versus the different
absorber temperatures. It shows that the exergoeconomic factor (f) is increasing

slightly with the decreasing absorber temperature.
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Figure 8.12 Variation of exergoeconomic factor for different absorber temperature
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CHAPTER 9

OPTIMIZATION RESULTS

9.1 Exergy and Cost Results of the System

Table 9.1 shows exergy and cost results of the components of the base case depending
on the thermodynamic properties. The temperature, pressure and mass flow rate of the
system are taken from Yilmazoglu [36]. The temperature difference of the pump is

neglected.

The physical, chemical, and total exergy are calculated according to Equations 5.1-5.3
by using the EES program as codes given in Appendix A.

The cost balance equations as given in Table 6.1 are used for calculating the cost of
the each stream of the system. The 15 variables of the system are [X] = {C4, C2, C3
... C10, ACcond, ACabs, Cp, Cgand Ce}. C1, C2, Cs ..... Cyo are the unknown costs of the
streams in the system. ACcond and ACabs are the condenser and absorber cooling water
unknown costs, respectively. Cp is the unknown total product cost rate of the system.
Cgand Ck are the generator costs (solar collector, storage tank and auxiliary heater
costs) and electrical energy cost required for the pump, respectively. Cqis calculated
as 2.16 $/h by using the Equations 3.1-3.16. Cg isassumed as 10 $/GJ. So, 13 variables
(C1, Co, Cs ... C10, ACcond, ACabs, Cp) are calculated from linear system equations
(IM] [X] = [Y]) by using Matlab computer program as codes given in Appendix B [4,
17].
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Table 9.1Exergy and cost results [36]

Chemical  LiBr ExPh
Compositi  Con. (kW)

on (%)

1 100 10 0.08 Superheate - 1385 020 1405 0.786
d Steam

2 45.8 10 0.08 Water - 0.232 0.20 0432 0.024

3 5 0.872 0.08 Water - -0.747 020 -0.547 -0.031

4 5 0.872 0.08  Water - -1408 020 -1388 -0.777
Vapor

5 40 0.800 0.81 Water/ 58 3494 085 3579 2139
LiBr

6 40.003 10 0.81 Water/ 58 3494 085 3579 2156
LiBr

7 80 10 0.81 Water/ 58 41.58 0.85 4243 2777
LiBr

8 100 10 0.73 Water/ 64 7297 066 73.63 4.340
LiBr

9 51 10 0.73 Water/ 64 63.77 066 6442 3.797
LiBr

10 49 0.800 0.73 Water/ 64 6358 0.66 64.23 3.786
LiBr

12- 35/375 101.325 19.10 Water - 7.54 0.00 754 0.829

11

14-  12/7 101.325  8.87 Water - 1020 0.00 1020 0.768

13

16- 32/35 101.325 17.84  Water - 6.44 0.00 6.44 1.118

15

17- 11137 149 0.11 Steam - 60.84 0.00 60.84 2.160

18

The fuel exergy (Er), product exergy (Ep) and loss exergy (EL) of the base case are
calculated by using the Table 5.1. The destruction exergy (Ep), exergetic efficiency
(€), exergy destruction ratio (Ypk) and exergy loss ratio (YL k) are calculated by using
the Equations 5.5-5.8. The maximum exergetic efficiency is calculated from the

generator as expected (74.39%). The second most exergetic efficiency is calculated
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from the heat exchanger as 72.05 %.

The maximum exergy destruction occurs in the evaporator assembly (18.50kW and
Yp =43.36 %). Also, the exergy loss is considered only for the evaporator assembly.
So, the exergetic efficiency 23.88% is found too low to compare the others. The
overall exergetic efficiency is found 16.75%. The results of the exergy analysis are
given Table 9.2 [4].

Table 9.2 Exergy analysis results

Components

Generator 60.84 45.25 15.58 0.00 25.61 0.00 74.39
Evaporator 42.68 10.19 18.50 13.98 43.36 32.76 23.88
Assembly

Heat 9.21 6.63 2.57 0.000 27.95 0.000 72.05
Exchanger

Overall 60.84 10.19 36.67 13.98 60.27 22.98 16.75
System

The cost of fuel per exergy unit (crk), cost of product per exergy unit (cp), cost rate
of exergy destruction (Cp), cost rate of exergy loss (C k) and exergoeconomic factor
() of the base case are calculated from the Equations 6.19-6.23. The capital cost rate
(Z,) is calculated by using the Equation 6.17. The maximum exergoeconomic factor
is calculated from the solution heat exchanger (33.92 %). The evaporator assembly has
second most exergoeconomic factor (27.33 %). It has high cost rate of exergy
destruction (Cp) and cost rate of exergy loss (CL). So, it has lower exergoeconomic
factor (f) than heat exchanger. The exergoeconomic factor (f) of the evaporator
assembly can be increased with lowering the cost rate of exergy destruction (Cp) and
cost rate of exergy loss (Cr). The lowest exergoeconomic factor is calculated from the
generator (25.46 %). The exergoeconomic factor of the generator can be increased
with lowering cost rate of exergy destruction (Cp). Table 9.3 shows the
thermoeconomic analysis results of the system for the base case [4, 17].
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Table 9.3 Thermoeconomic analysis results

Components CF Cp o Z:($/h) Ca+CiHZ
$/GY)  ($/GJ)

(i) (/h)

Generator 9.863 14.420 0.553 0 0.189 0.742 25.46
Evaporator 15.910 20.93 1.06 0.801 0.779 2.597 27.33
Assembly

Solution Heat 16.38 26 0.152 0 0.078 0.230 33.92
Exc.

Overall 9.863 20.93 1.302 0.496  1.060 2.858 35.28
System

The required solar collector numbers are calculated for base case by using the Equation
3.1-3.16. Also, the results about the solar collectors for base case are given in Table
9.4.

Table 9.4 Solar collector results

Results The solar collector results

Usottom (W/m? K) 1.125
Urop(W/m? K) 8.159
Uedge (W/m? K) 0.135
F' (the collector efficiency factor) 0.989
Fr (Heat removal factor) 0.969
Qu (useful energy gain) (kW) 1447.2
n (the required number of collector) 402
The collector dimension (m) 2x1x0.08
The each solar collector costs ($/h) 1.94
Generator steam water flows ($/h) 0.22
Cq($/h) 2.16

9.2 Comparison of the Results with Other Studies

The COP and exergy analysis comparison results of this thesis are compared to other
studies. The comparison results are given below in Table 9.5 and 9.6.
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Table 9.5 COP comparison results

Panah Mohtaram Kaya Sencan Daskin This
izadeh et al
study
[38]
[39] [8] [11] [5]
COP 71.17 71.63 70.00 66.16 74.30 84.00 75.80 74.43
(%)

Table 9.6 Exergy comparison results

Exergy Panahizade  Misra Mohtaram et Kaya
h al
AEWAS et al.

[17] [39] (8]

Yo (%)  77.19 76.35 57.42 75.95 88.13 60.27
\ 8.19 12.52 25.74 9.87 2.40 22.98
(%)
€ 14.62 11.13 16.83 14.19 9.47 16.75
(%)

9.3 Optimization Results

It is obtained that the generator temperature should be increased and condenser,
evaporator, and absorber temperatures should be decreased in order to increase the

COP, exergetic efficiency (&), exergoeconomic factor (f) and decrease the cost rate of

exergy destruction and cost rate of exergy loss (Cp+CL).

Above the 102°C of the generator temperature, condenser temperature should be above
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the 45.8 °C in order to prevent the crystallization (Equations 2.1-2.3 are considered).
However, when the generator temperature is 102°C, the condenser temperature can be
lowered as 45.3°C. Also, the evaporator temperature should be higher than the 5°C as
seen in Figures 8.1-8.3. However, it should be lower than 7°C which is the evaporator
water flow temperature. So, it is chosen as 6°C. Also the absorber temperature is
chosen as 39 °C with considering in Figure 8.12 and crystallization problem

(Equations 2.1-2.3 are considered).

The analyzed system is considered as base case while the optimum design temperature
of the system is considered as optimum case. So, the results are given in this
explanation. The base case and optimum case results are given in Table 9.7.

Table 9.7 Base case and optimum case temperature comparison results

Temperature Base case Optimum
(°C) Case

Generator
Temperature 0 102
(°C)
Condenser
Temperature 458 453
(°C)
Evaporator
Temperature
(°C)
Absorber
Temperature

(°C)

40 39

Table 9.8 shows the comparison of the cost rate of exergy destruction (Cp) and cost
rate of exergy loss (CL), COP, exergetic efficiency (&), exergoeconomic factor (f) and

total product cost rate (Cp) for base case and optimum case.
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Table 9.8 Base case and optimum case comparison results

Results Base Case Optimum
Case

COP (%) 74.43 75.18
Cost rate of | 1.302 1.197
exergy

destruction ($/h)

Cost rate of | 0.496 0.465
exergy loss ($/h)

€ (%) 16.75 16.92
f (%) 35.28 41.32
Total product | 2.784 2.700
cost rate ($/h)

The optimum exergetic efficiency (€ ,,:) and optimum exergoeconomic factor (fk,opt)
are calculated by using the Equations 7.20-7.21. The difference between the exergetic
efficiency (&) and optimum exergetic efficiency (€;,,.) of the base case are
calculated by using the Equation 7.22. The difference between the exergoeconomic

factor (f) and optimum exergetic exergoeconomic factor (fi,opt) Of the base case is

calculated by using the Equation 7.23. The results are given in Table 9.9.
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Table 9.9 A€ and Afresults for base case

Components

Components AE (%) Af (%)

Generator -11.76 -70.83
Evaporator -9.85 -66.17
Assembly

Heat -26.05 -65.65
Exchanger

The optimum exergetic efficiency (€ ,,,¢) and optimum exergoeconomic factor (fi,opt)
is calculated by using the Equations 7.20-7.21. The difference between the exergetic
efficiency (£) and optimum exergetic efficiency (€ o,¢) Of the optimum case is
calculated by using the Equation 7.22. The difference between the exergoeconomic

factor (f) and optimum exergetic exergoeconomic factor (fk,opt) Of the optimum case is
calculated by using the Equation 7.23. The results are given in Table 9.10.



Table 9.10 A€ and Af results for optimum case

Components Results

Components AE (%) Af (%)

Generator -43.48 -46.61
Evaporator -12.65 -63.50
Assembly

Heat -2.71 -30.15

Exchanger
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CHAPTER 10

DISCUSSION AND CONCLUSION

In this thesis, thermoeconomic analysis and thermoeconomic optimization for a solar

assisted single effect absorption cooling system are carried out.

The total product cost rate of the system is taken into consideration as sum of the total
fuel cost rate, investment cost and operation and maintenance costs for
thermoeconomic analysis. Unlike other studies, this study considers the investment
cost in terms of fixed capital investment and other outlays. This approach causes to

obtain more real investment cost for the system.

The thermoeconomic optimization involves the maximizing thermodynamic
performance and minimizing of the total product cost rate system. Thermoeconomics
combines them and improves the system. It aims to design which has higher efficiency
and lower cost simultaneously for a system. In this thesis, the total product cost rate
IS minimized with maximizing thermodynamic performance of the system. Also, the
optimum exergetic efficiency and exergoeconomic factor are calculated by using the

original approach to investment cost.

The thermoeconomic analysis and thermoeconomic optimization combine a detailed
exergy and cost analyses. Calculations of exergy and some cost analyses are obtained
by using EES and Matlab Computer Programs respectively.

The exergy analysis results show that the evaporator assembly has highest exergy
destruction and exergy loss. So, it has the minimum exergetic efficiency as 23.88% in
the system. Also, maximum exergetic efficiency occurs in the generator as 74.39%.
The overall exergetic efficiency of the system is obtained as 16.75%.

Exergy costing analyses results show that the minimum exergoeconomic factor is
occurred in the generator as 25.46% due to low investment cost and low exergetic

efficiency.
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The second minimum exergoeconomic factor is occurred in the evaporator assembly
as 27.33% because the highest exergy destruction and exergy loss occur. Also, the

overall exergoeconomic factor of the system is obtained as 35.28%.

In this thesis, the change of the design temperature on the COP, exergetic efficiency
(€), exergoeconomic factor (f) and cost rate of exergy destruction and cost rate of
exergy loss (Cp+Cyr) are also investigated in order to obtain the optimum design
temperature. The optimum design temperature results show that the generator
temperature should be increased while condenser, evaporator and absorber
temperature should be decreased in the system. Hence, the optimum design
temperatures which are generator temperature of 102°C, condenser temperature of
45.3°C, evaporator temperature of 6°C, absorber temperature of 39°C are chosen

according to these criteria with considering the crystallization limit.

Consequently, the thermoeconomic results of the optimum case show that the
minimum total product cost rate and COP are obtained as 2.700 ($/h) and 75.18 (%)
respectively. Also, the optimum exergetic efficiency 16.92 (%) and optimum

exergoeconomic factor are determined as 41.32(%).
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Appendix A- EES Codes

T[1]=100

P[1]=10

h[1]=ENTHALPY (Water, T=T[1],P=P[1])
s[1]=ENTROPY (Water, T=T[1],P=P[1])

m[1]=0.08
Ph[1]=m[1]*((h[1]-104.83)-(298.15*(s[1]-0.3672)))
CH[1]=m[1]*(45/18.015)

T[2]=45.8

P[2]=11.5
h[2]=ENTHALPY (Water, T=T[2],P=P[2])
S[2]=ENTROPY (Water, T=T[2],P=P[2])

m[2]=0.08
Ph[2]=m[2]*((h[2]-104.83)-(298.15*(s[2]-0.3672)))
CH[2]=m[2]*(45/18.015)

T[3]=5

h[2]=h[3]
DELTAhN_vap[3]=Enthalpy_vaporization(Water, T=T[3])
X[3]=Quality(Water, T=T[3],h=h[2])
s[3]=Entropy(Water, T=T[3],x=x[3])

m[3]=0.08
Ph[3]=m[3]*((h[3]-104.83)-(298.15*(s[3]-0.3672)))
CH[3]=m[3]*(45/18.015)

T[4]=5

h[4]=ENTHALPY (Water, T=T[4],x=1)

s[4]=ENTROPY (Water, T=T[4],x=1)
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m[4]=0.08
Ph[4]=m[4]*((h[4]-104.83)-(298.15*(s[4]-0.3672)))
CH[4]=m[4]*(45/18.015)

P[5]=0.8

T[5]=40

LiBrH20[1]=0.58

m[5]=0.81

v[5]=1/(rho_LiBrH20(T[5],LiBrH20[1]))
h[5]=h_LiBrH20(T[5],LiBrH20[1])
s[5]=s_LiBrH20(T[5],LiBrH20[1])
Ph[5]=m[5]*((h[5]-104.83)-(298.15*(s[5]-0.3672)))
CH[5]=m[5]*(45/18.015)*((100-(LiBrH20[1]*100))/100)
P[6]=10

T[6]=40.003

m[6]=0.81

h[6]=h_LiBrH20(T[6],LiBrH20[1])
s[6]=s_LiBrH20(T[6],LiBrH20[1])
Ph[6]=m[6]*((h[6]-104.83)-(298.15*(s[6]-0.3672)))
CH[6]=m[6]*(45/18.015)*((100-(LiBrH20[1]*100))/100)
T[7]=80

m[7]=0.81

h[7]=h_LiBrH20(T[7],LiBrH20[1])
s[7]=s_LiBrH20O(T[7],LiBrH20[1])
Ph[7]=m[7]*((h[7]-104.83)-(298.15*(s[7]-0.3672)))
CH[7]=m[7]*(45/18.015)*((100-(LiBrH20[1]*100))/100)
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T[8]=100

m[8]=0.73

LiBrH20[2]=0.64

h[8]=h_LiBrH20(T[8],LiBrH20[2])
s[8]=s_LiBrH20(T[8],LiBrH20[2])
Ph[8]=m[8]*((h[8]-104.83)-(298.15*(s[8]-0.3672)))
CH[8]=m[8]*(45/18.015)*((100-(LiBrH20[2]*100))/100)
T[9]=51

m[9]=0.73

h[9]=h_LiBrH20(T[9],LiBrH20[2])
s[9]=s_LiBrH20(T[9],LiBrH20[2])
Ph[9]=m[9]*((h[9]-104.83)-(298.15*(s[9]-0.3672)))
CH[9]=m[9]*(45/18.015)*((100-(LiBrH20[2]*100))/100)
T[10]=49

m[10]=0.73

h[10]=h_LiBrH20(T[10],LiBrH20[2])
s[10]=s_LiBrH20(T[10],LiBrH20[2])
Ph[10]=m[10]*(([10]-104.83)-(298.15*(s[10]-0.3672)))
CH[10]=m[10]*(45/18.015)*((100-(LiBrH20[2]*100))/100)
T[11]=35

h[11]=ENTHALPY (Water, T=T[11],x=0)
s[11]=ENTROPY (Water, T=T[11] x=0)
m[11]=Q[2]/(4.18*2.5)
Ph[11]=m[11]*((h[11]-104.83)-(298.15*(s[11]-0.3672)))
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T[12]=37.5
h[12]=ENTHALPY (Water, T=T[12],x=0)
s[12]=ENTROPY (Water, T=T[12],x=0)
m[12]=19.35
Ph[12]=m[12]*((h[12]-104.83)-(298.15*(s[12]-0.3672)))
A[L]=(Q[1]/(2300*TM[1]))*1000
A[2]=(Q[2]/(3265*TM[2]))*1000
A[3]=(Q[3]/(2200*TM[3]))*1000
A[4]=(Q[4]/(2000*TM[4]))*1000
A[5]=(Q[5]/(1800*TM[5]))*1000
QLLI=-(m[7T*h[7])+(m[1]*h[1])+(m[8]*h[8])
QI2]=(m[1]*h[1])-(m[2]*h[2])
QI3]1=(m[4]*h[4])-(m[3]*h[3])
Q[4]=(m[4]*h[4])+(m[10]*h[10])-(m[5]*h[5])
QI5]=(m[8]*h[8])-(m[9]*h[])
QI6]=((m[7]*h[7])-(m[6]*h[6]))
DELTAh_vap[2]=Enthalpy_vaporization(Steam,T=T[17])
Q[7]=DELTAh_vap[2]*m[17]
COP[1]=Q[3]/(Q[1]+PU[1])

T[13]=12
h[13]=ENTHALPY (Water, T=T[13],x=0)
S[13]=ENTROPY (Water, T=T[13],x=0)
m[13]=Q[3]/(4.18*5)

Ph[13]=m[13]*((h[13]-104.83)-(298.15*(s[13]-0.3672)))



T[14]=7

h[14]=ENTHALPY (Water, T=T[14],x=0)
s[14]=ENTROPY (Water, T=T[14],x=0)

m[14]=m[13]
Ph[14]=m[14]*((h[14]-104.83)-(298.15*(s[14]-0.3672)))
T[15]=32

h[15]=ENTHALPY (Water, T=T[15],x=0)
S[15]=ENTROPY (Water, T=T[15],x=0)
m[15]=Q[4]/(4.18*3)
Ph[15]=m[15]*((h[15]-104.83)-(298.15*(s[15]-0.3672)))
T[16]=35

h[16]=ENTHALPY (Water, T=T[16],x=0)
s[16]=ENTROPY (Water, T=T[16],x=0)

m[16]=m[15]
Ph[16]=m[16]*((h[16]-104.83)-(298.15*(s[16]-0.3672)))
T[17]=111.37

P[17]=149
h[17]=ENTHALPY (Water, T=T[17],P=P[17])
s[17]=ENTROPY (Water, T=T[17],P=P[17])
m[17]=Q[1]/2226
Ph[17]=m[17]*((h[17]-104.83)-(298.15*(s[17]-0.3672)))
E[1]=Ph[1]+CH[1]

E[2]=Ph[2]+CH[2]

E[3]=Ph[3]+CH[3]

E[4]=Ph[4]+CH[4]
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E[5]=Ph[5]+CH[5]
E[6]=Ph[6]+CH[6]
E[7]=Ph[7]+CH[7]
E[8]=Ph[8]+CHI[8]
E[9]=Ph[9]+CH[9]
E[10]=Ph[10]+CH[10]
E[11]=Ph[11]
E[12]=Ph[12]
E[13]=Ph[13]
E[14]=Ph[14]
E[15]=Ph[15]
E[16]=Ph[16]
E[17]=Ph[17]
C[1]=0.786
C[2]=0.024
C[3]=-0.031
C[4]=-0.777
C[5]=2.139
C[6]=2.156
C[7]=2.777
C[8]=4.340

C[9]= 3.797
C[10]=3.786
C[11]=2.16
C[12]=0.829

C[13]= 1.118
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C[14]=0.768

cp[L]=(ALL[B]*ALL[1]*(3600/ (10"6)))+(N[4]/37500)
TM[1]=((T[17]-T[8])-(T[17]-T[7D))/In ((T[17]-T[8D/(TI17]-T[7]))
TM[2]=(((T[2]-T[12])-(T[2]-T[11]))/In ((T[1]-T[12])/(T[2]-T[11])))*0.57
TM[3]=(((T[13]-T[3])-(T[14]-T[4]))/In ((T[13]-T[3])/(T[14]-T[4])))
TM[4]=(((T[10]-T[16])-(T[5]-T[15]))/In ((T[10]-T[16])/(T[5]-T[15])))*1.073
TM[5]=((T[8]-T[7])-(T[9]-T[61))/In ((T[8]-T[7])/(T[S]-T[6]))
Z[1]=15750*(((Q[1]*1000)/(2300* TM[1]*100))"0.6)*(0.171/2500)
Z[2]=(2100*(PU[1]/10)"0.26)*(((1-PU[13])/(PU[13]))"0.5)*(0.171/2500)
Z[3]=(10700*(((Q[5]*1000)/(1800*TM[5]*100))"0.6))*(0.171/2500)

Z[4]=(14300*(((Q[3]*1000)/(2200*TM[3]*100))"0.6)+7150*(((Q[2]*1000)/(3265*
TM[2]*100))"0.6)+15000*(((Q[4]*1000)/(2150* TM[4]*100))"0.6)) *(0.171/2500)

Z[5]=(14300*(((Q[3]*1000)/(2200* TM[3]*100))"0.6)+7150*(((Q[2]*1000)/(3265*
TM[2]*100))"0.6)+15000*(((Q[4]*1000)/(2150* TM[4]*100))"0.6)) *(0.171/2500)

Z[7]=14300*(((Q[3]*1000)/(2200*TM[3]*100))"0.6) *(0.171/2500)
Z[8]=15000*(((Q[4]*1000)/(2150* TM[4]*100))"0.6)*(0.171/2500)
Z[9]=7150*(((Q[2]*1000)/(3265*TM[2]*100))"0.6) *(0.171/2500)
J[1]=18700*(((Q[1]*1000)/(2300*TM[1]*100))*0.6)
J[2]=15000*(((Q[5]*1000)/(1800*TM[5]*100))*0.6)
J[3]=20000*(((Q[3]*1000)/(2200*TM[3]*100))"0.6)
J[4]=12500*(((Q[2]*1000)/(3265* TM[2]*100))"0.6)
J[5]=26000*(((Q[4]*1000)/(2150*TM[4]*100))"0.6)

J[6]=(20000*(((Q[3]*1000)/(2200*TM[3]*100))*0.6)+12500*(((Q[2]*1000)/(3265*
TM[2]*100))"0.6)+26000*(((Q[4]*1000)/(2150*TM[4]*100))"0.6))

N[1]=(I[1]*1.45)+GENEF[2]+70
N[2]=(J[2]*1.45)+HE[2]+70
N[3]=(J[6]*1.45)+EV[2]+70



N[4]=N[1]+N[2]+N[3]

EPS[1]=(T[8]-T[9])/(T[8]-T[6])

GENEF[1]=E[17]

GENEF[2]=E[1]+E[8]-E[7]
GENEF[3]=GENEF[1]-GENEF[2]

GENEF[4]=0

GENEF[5]=GENEF[3]/GENEF[1]
GENEF[6]=GENEF[4]/GENEF[1]
GENEF[7]=GENEF[2]/GENEF[1]
GENEF[8]=(C[11]*10°6)/(E[17]*3600)
GENEF[9]=((C[1]+C[8]-C[7])*(10"6))/((E[1]+E[8]-E[7])*3600)
GENEF[10]=GENEF[8]*GENEF[3]*(3600/ (10"6))
GENEF[11]=GENEF[4]*GENEF[8]*(3600/ (10"6))
GENEF[12]=Z[1]/(Z[1]+GENEF[10]+GENEF[11])
GENEF[14]=GENEF[2]/GENEF[3]

GENEF[15]=(15750*(((Q[L]*1000)/(2300* TM[L]*100))"0.6))/(GENEF[2]"0.66)

EV[1]=E[1]+E[9]-E[5]

EV[2]=E[14]-E[13]
EV[3]=EV[1]-EV[2]-(((E[12]-E[11])+E[16]-E[15]))
EV[4]=((E[12]-E[11])+E[16]-E[15])

EV[5]=EV[3)/EV[1]

EV[6]=EV[4]/EV[1]

EV[7]=EV[2]/EV[1]
EV[8]=((C[1]+C[9]-C[5])*(10"6))/((E[1]+E[9]-E[5])*3600)
EV[9]=((C[14])*(10°6))/((E[14]-E[13])*3600)
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EV[10]=EV[8]*EV[3]*(3600/ (10"6))

EV[11]=EV[4]*EV[8]*(3600/ (10"6))
EV[12]=Z[4]/(Z[A]+EV[10]+EV[11])

EV[14]=EV[2]/EV[3]
EV[15]=(14300*(((Q[3]*1000)/(2200*TM[3]*100))"0.6)+7150*(((Q[2]*1000)/(326
5*TM[2]*100))"0.6)+15000*(((Q[4]*1000)/(2150* TM[4]*100))"0.6)) /
(EV[2]"0.66)

PU[13]=0.7

PU[1]=((P[6]-P[5])*m[5]*V[5])/PU[13]

PU[2]=E[6]-E[5]

PU[3]=PU[1]-PU[2]

PU[4]=0

PU[5]=PU[3]/PU[1]

PU[6]=PU[4]/PU1]

PU[7]=PU[2]/PU[1]

PU[8]=10

PU[9]=((C[6]-C[5])*(10°6))/((E[6]-E[5])*3600)
PU[10]=PU[8]*PU[3]*(3600/ (10"6))

PU[11]=PU[4]*PU[8]*(3600/ (10"6))

PU[12]=Z[2]/(Z[2]+PU[10]+PU[11])

PU[14]=PU[2]/PU[3]
Z[6]=2100*((PU[1]/10)"0.26)*(((1-PU[13])/(PU[13]))"0.5)*(0.199/2500)
PU[16]=(2100*(PU[1]/10)0.26)*(((1-PU[13])/(PU[13]))"0.5)/(PU[2]"0.48)

HE[1]=E[8]-E[9]
HE[2]=E[7]-E[6]

HE[3]=HE[1]-HE[2]



HE[4]=0

HE[5]=HE[3]/HE[1]

HE[6]=HE[4]/HE[1]

HE[7]=HE[2]/HE[1]
HE[8]=((C[8]-C[9])*(10"6))/((E[8]-E[9])*3600)
HE[9]=((C[7]-C[6])*(10"6))/((E[7]-E[6])*3600)
HE[10]=HE[8]*HE[3]*(3600/ (10"6))
HE[11]=HE[4]*HE[8]*(3600/ (10"6))
HE[12]=Z[3]/(Z[3]+HE[10]+HE[11])
HE[14]=HE[2]/HE[3]

HE[15]=(10700*(((Q[5]*1000)/(1600*TM[5]*100))"0.6))/(HE[2]"0.16)

ALL[0]=(ALL[8]*E[17]*3600)/ (10"6)
ALL[1]=E[17]+PU[1]
ALL[2]=E[14]-E[13]
ALL[3]=GENEF[3]+EV[3]+PU[3]+HE[3]
ALL[4]=EV[4]

ALL[5]=ALL[3J/ALL[1]
ALL[6]=ALL[4]/ALL[1]
ALL[7]=(ALL[2]/ALL[1])
ALL[8]=(C[11]/3600)/(E[17]/ (10°6))
ALL[9]=EVI[9]
ALL[10]=ALL[8]*ALL[3]*(3600/ (10"6))
ALL[11]=ALL[4]*ALL[8]*(3600/ (10"6))
ALL[12]=(Z[1]+Z[2]+Z[3]+Z[A])/(ALL[10]+ALL[11]+Z[1]+Z[2]+Z[3]+Z[4])

ALL[13]=ALL[10]+ALL[11]
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Appendix B- Matlab Codes
syms C1 C2 C3C4 C5C6 C7 C8C9 C10CP CC CA;

symsCHCEEL1E2E3E4ES5E7E8E9E1O0el e2e3ede7e8edel0 ml m2m3mi
m7 m8 m9 m10 ZG ZHE ZP ZM ZC ZA ZEA

CH=2.16;

CE = 2.304*10(-4);
Z2G=0.189;
ZP=0.014;
ZHE=0.078;
ZEA=0.6995;
ZM=3.00*10"(-3);
ZC=0.067;
ZA=0.248;
E1=14.05;
E2=0.432;
E3=-0.547,
E4=-13.88;
E5=35.79;
E8=73.63;
E9=64.42;
E10=64.23;
e1=175.625;
e7=52.383;
€8=100.863;
m1=0.08;

m7=0.81;



m8=0.73;

%C1C2C3C4C5C6C7C8CI9C10CPCCCA

% denklem1

% -C1+C7-C8+=-ZG-CH

%denklem2

% (C1*(m7*m8*(e8-e7)))-(C7*((e8-e1)*(m1*m8)))+(C8*((e7-e1)*m1*m7)) =0
% denklem3

% C6-C7+C8-C9=-ZHE

%denkelm4

% (C8-((E8/E9)*C9))==

(@)

%denklem5

% C6-C5=CE+ZP+ZM
%denklem6

% C1-C2-CC=-2C
%denklem7

% C4-C5+C10-CA=-ZA
%denklem8

% C1-((E1/E2)*C2)=0
%denklem9

% C2-((E2/E3)*C3)=0
%denklem10

% C9-((E9/E10)*C10)==0
%denklem11

% C4*E5-C5*(E4+E10)+C10*E5=0
%denklem12

% (C3-((E3/E4)*C4))==0
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%denklem13

% CC+CP+CA=CH+CE-(ZG+ZP+ZHE+ZEA)

a=[-1,0,0,0,0,0,1,-1,0, 0,0,0,0; %denkleml
(m7*m8*(e8-e7)), 0, 0, 0, 0, 0, ((e1-e8)*(m1*m8)), ((e7-e1)*m1*m7), 0, 0,0,0,0;
%denklem2
000001-11-10,0,0,0; %denklem3
0,0,0,00,0,0,1, (-(E8/EY)), 0,0, 0, 0; %denklem4
0,000-1100,0, 0, 0,0,0; %denklem5
1,-1,0,0,0,0,0,0,0,0,0, -1, 0; %denklem6
0o001-100001,0,0,-1; %denklem7
1, (-(EL/E2)),0,0,0,0,0,0,0,0,0,0,0; % denklem8
0, 1, (-(E2/E3)), 0,0,0,0,0,0,0,0,0, O; %denklem9
0,0,0,00,0,0,0,1, (-(E9/EL0)), 0, 0, 0; %denklem10
0,0, 0, E5, (-(E4+E10)), 0, 0, 0, 0, E5, 0, 0, 0; %denklem11
0,0,1, (-(E3/E4)),0,0,0,0,0,0,0,0, 0; %denklem12
0000000000111 %denklem13
I;
a_inv=inv(a);
res=[
(-ZG-CH); %denkleml
0; %denklem?2
(-ZHE); %denklem3
0; %denklem4
(CE+ZP+ZM) %denklem5
(-ZC) %denklem6

(-ZA) %denklem7



(CH+CE-(ZG+ZP+ZHE+ZEA))

I;

fin=a_inv*res;

disp(['C1: ',sprintf("%.9f',fin(1))])
disp(['C2: ',sprintf("%.9f',fin(2))])
disp(['C3: ',sprintf("%.9f',fin(3))])
disp(['C4: ",sprintf("%.9f',fin(4))])
disp(['C5: ',sprintf('%.9f",fin(5))])
disp(['C6: ',sprintf("%.9f',fin(6))])
disp(['C7: ",sprintf("%.9f',fin(7))])
disp(['C8: ',sprintf("%.9f',fin(8))])
disp(['C9: ',sprintf('%.9f",fin(9))])
disp(['C10: ",sprintf('%.9f" ,fin(10))])
disp(['CP: ',sprintf('%.9f",fin(11))])
disp(['CC: ",sprintf('%.9f",fin(12))])

disp(['CA: ",sprintf(*%.9f",fin(13))])

%denklem8
%denklem9
%denklem10
%denklem11
%denklem12

%denklem13
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