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Abstract. In order to upgrade the waste heat to higher 
process temperatures for recuperation, an ejection absorption 
heat transformer gives more an effective potential for that 
purpose and higher system performance than a single-stage 
one. Thermodynamic analysis, both first and second law, is 
employed to be a tool for consideration of the quantity and 
quality of energy in both thermal systems. In this paper, an 
exergy analysis is comparatively performed on two cycles 
with lithium-bromide/water as the working pair. The 
numerical results for the cycle obtained here are tabulated. 
The thermal properties, entropy, and exergy of the working 
fluids are also calculated to analyze irreversible loss in system 
components under operating conditions.        
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1. Introduction 
 
Many industrial processes release very large amount of 
waste heat at low temperature to the environment, 
which cause to be global warming [4]. In order to 
upgrade these low-grade waste heat for energy 
utilization, absorption heat transformer (AHT) is one of 
effective system is used with approximately 50% of the 
waste heat recovered and reused [11]. With requirement 
of larger temperature lift of useful heating effect, 
absorption heat transformer is modified the cycle with 
improving system performance together with the 
mainly above objective. These modified cycles, for 
example, include two-stage absorption heat 
transformer, double effect absorption heat transformer 
and ejection absorption heat transformer [9]. The 
comparative study show that the temperature of 
recovered heat and the system performance obtained 
from the ejection absorption heat transformer cycle are 
lifter and higher than the others. Most of these studies 
emphasize the consideration of whole system based on 
the first law method. To optimize the thermal design of 
the system, it should show how or where irreversibility 
in a system occurred. 

Second law thermodynamic analysis is an effective tool to 
determine the magnitude of irreversibility occurred which to 
be direction to improve the performance of thermodynamic 
system [1]. The aims of this study are to investigate how or 
where irreversibilities in the ejection absorption heat 
transformer and determine the magnitude of irreversibility at 
any components occurred. In addition, simulation of a 
modified cycle is employed to evaluate the second law 
efficiency as compared to the conventional cycle and 
thermal properties, entropy and exergy of working fluids are 
calculated to second law thermodynamic analysis.  
  
2. Operation of an ejection-absorption heat 
transformer 
 
The system schematic of the single-stage absorption heat 
transformer combined with an ejector is shown in Fig.1. The 
system consists of a generator, a condenser, an evaporator, 
an absorber, a solution heat exchanger, a solution pump, a 
refrigerant pump and a solution expansion valve. In Fig.1, a 
heat source such as waste heat from industrial process is 
supplied at generator to release water vapor from the weak 
LiBr/H2O solution. This water vapor is condensed at the 
condenser to be condensed water, which is delivered to the 
evaporator. There the water is evaporated by employing 
waste heat from the same heat source as supplied to the 
generator. The strong LiBr/H2O solution leaving the 
generator is pumped through the solution heat exchanger. 
This heated solution as a primary fluid enters the nozzle, of 
the ejector in which it expands rapidly. In the exit of the 
nozzle the solution gets very rapid with low pressure and 
draws the refrigerant vapor from the evaporator as a 
secondary fluid. The two fluids mix fully in the mixing tube 
of the ejector. The mixture leaves the diffuser at the 
absorber pressure, and enters the absorber. The weak 
LiBr/H2O solution obtaining at the absorber passes through 
the solution heat exchanger and returns to the generator for 
completing the cycle. 
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Fig. 1. An ejection-single-stage absorption heat transformer cycle 
 
3. Second law performance analysis  
 
Exergy method 
 
A second law analysis calculates the system 
performance based on exergy or availability, which 
always decreases, owing to thermodynamic 
irreversibility. Exergy is defined as the maximum 
possible reversible work which can be obtained when 
the heat rejected from the system is in equilibrium with 
the surrounding environment. The exergy content of a 
pure substance is generally given by [1], [10]. 
 

)()( OOO SSThh −−−=ψ              (1) 
 

where the terms ho and So are the enthalpy and entropy 
of the fluid at the environmental temperature To, which 
ultimately forms the energy (heat) sinks for all 
irreversible and reversible processes. However, in a 
binary mixture solution such as LiBr and water, the 
concentration of the mixture must be taken into account 
for exergy calculation. For a dead state defined as the 
environmental state at To, the exergy of the solution is 
calculated by: 
    
 )),(()),(( OOO STXSThTXh −−−=ψ       (2) 
 
Steady-flow exergy change or the availability loss in 
each component can be expressed as 
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The first term on the right-hand side is the sum of the 
exergy input. The second is the sum of the exergy 
output, while the third term is the exergy of heat Q, 
which is transferred at constant temperature T. The 
exergy of heat equals the work obtained by a Carnot 
engine operating T and To, and is therefore equal to the 
maximum reversible work that can be obtained from 
heat energy Q. The last term is the mechanical work 
transfer to or from the system. 
 
 
 
 

Energy and Exergy Analysis 
 
The absorption heat transformer cycle has been analyzed 
thermodynamically as shown in Fig.2. The energy and 
exergy flow balance for each component of  
 

 
 

Fig. 2. Exergy flow balance of the absorption heat transformer cycle 
 

the absorption heat transformer cycle can be expressed as 
follows. 
 
Generator: 
            116677 hmhmhmQG −+=                   (4) 
 
The thermodynamic irreversibility is measured in term of 
exergy change at any components of the system. The exergy 
change of the heating media which to be water is obtained 
from 
 
                           )( 121111, ψψψ −=∆ mGHM &                  (5) 

 
The heat transfer irreversibility is defined as the exergy 
difference between the exergy of the heat flux and the 
exergy change of the heating media 
 

              GHM
g

o
gGht T

T
Q ,, )1( ψψ ∆−−=∆        (6) 

 
The internal irreversibility is defined as the exergy 
difference between the exergy change of the working fluid 
(solution or refrigerant) and the exergy of the heat flux 

)1(7,76,61,1int,
g

o
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T
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For the remaining components, the energy and exergy 
change can be obtained in a similar manner; the 
equations are given as follows: 
 
Condenser: 
  Q )( 877 hhmc −=                      (8) 
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Cooling media (CM) 
      

+
∆       (24) 
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For a combined cycle, the total exergy loss is calculated 
with equation (24) the same, it differs only the term of 
exergy loss at the absorber ( abψ∆ ) which is replaced with 

the term of  that the ejector is considered. *
abψ∆

 )1()( 8,7,7int,
c

o
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Evaporator:    
 )( 9109 hhmQev −=             (12) 
Ejector analysis   Heating media (HM) In this study, an ejector, which is the key component, is 
integrated at absorber of an absorption heat transformer to 
be combined cycle. An ejector employed in this way into the 
absorption heat transformer cycle increases absorber 
pressure which equals the exit diffuser pressure of ejector. 
Also, the combined cycle is called as the three-pressure 
cycle and this pressure is a major parameter for improving 
the system performance. The analysis of ejection-absorption 
heat transformer is the same as single stage heat transformer 
[9]. The only difference is in the ejector-absorber unit. The 
ejector mainly consists of a nozzle, a mixing tube and a 
diffuser. 
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Absorber: 
 33441010 hmhmhmQab −+=            (16) 
 
Cooling media (CM) 
   

 )( 171817, ψψψ −=∆ mabCM &               (17) 
Nozzle flow 
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The exit velocity from the nozzle is calculated from 
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  In case of combining an ejector, term of h of the 
equation (16) is substituted with term of the enthalpy of 
solution leaving from ejector to absorber ( ). Also, 
any terms,

4

*
4h

)( 1718 ψψ − , ,  and abQ abT 4,Sψ in equation 
(17), (18) and (19), respectively are substituted in terms 
of )19( 20 ψψ − , , and respectively. *

abQ T *
ab

*
4,Sψ

The mass flow rate is 
  enww AVm 11ρ=&                     (26) 
 
where is the nozzle efficiency, is the nozzle exit 
area and 

NE

w

enA
ρ is the density of the working fluid. 

 
Flow in the mixing tube  
 Solution heat exchanger (SHE): 
The mixture mass flow rate is 

4,62,15,63,1 SSSSshe mmmm ψψψψψ &&&& −−+=∆              (20) 
  Rwmix mmm &&& +=       (27)  
 Solution pump (SP): 
And the mixture velocity is  

 
6
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ρ

ψ
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−

=∆
&                (21) MMMRw VAmm ρ=+ &&       (28) 

where = cross-sectional area of the mixing tube  MA 
           V = mixture velocity and  MRefrigerant pump (RP): 

 8,987 )( fRP PPm νψ −=∆ &              (22)           Mρ = mixture density 
            

Solution Throttling valve (STV):  A momentum balance over the mixing tube yields 
   
 MMMmixMw APVmAPVm +=+ && 1111     (29) 

2

121 )(
ρ

ψ PPm
STV

−
=∆
&                 (23) 

  
where is the exit nozzle pressure of LiBr/H11P 2O 
solution 

The total of exergy loss of the absorption heat 
transformer is the sum of the exergy loss in each 
component, therefore:  
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Diffuser flow 
 
The mass flow rate in the diffuser, m  is D&

              (30) RwmixD mmmm &&&& +==
 
The energy equation is 
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(
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          (31) 

where is the diffuser efficiency and  is the exit 
diffuser pressure which equals the absorber pressure 

. 

DE EDP

)( abP
Due to thermodynamic properties correlations of 
aqueous LiBr/H2O solution given by [2], the following 
parameters are determined respectively. The refrigerant 
temperature of aqueous LiBr/H2O solution leaving from 
ejector at the diffuser, which enters the absorber is 
determined from the absorber pressure as 
         5.02 )]log(4[

2)(
ab

o

PCEDD
EKRT
−−+

−
=     (32) 

 
where = 7.05, = -1596.49 and C D E = -104095.5 and 

in kPa. abP
Obtained the above refrigerant temperature ( RT ), the 
solution temperature ( ) can be determined 
according to the expression as  

ST
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where = -2.00755, = 0.16976, = -3.1333E-03    oA 1A 2A
          = 1.97668E-05, = 124.937, = -7.71649 3A oB 1B
          = 0.152286, = -7.95090E-04 2B 3B

         = Refrigerant temperature (-15 110) RT << )( CRT o

          X = percent LiBr (45 << X 70%) 
           
The enthalpy of solution entering to the absorber ( ) 
can be determined from LiBr mass fraction and the 
solution temperature obtained from the above equation. 
In order to obtain the heat rejected at the absorber in 
case of combining an ejector ( ), the energy balance 
at the absorber according to equation (16) is considered 
by instead of the enthalpy of solution entering to the 
absorber ( ) with the term of which can be written 
as  

*
4h

*
abQ
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*
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Fluid properties 
 
In order to calculate the exergy of the lithium bromide/water 
solution and to conduct the second law analysis, the 
enthalpy and entropy need to be calculated first. As 
compared to the enthalpy equation of [7] that of [6] used by 
[4] gives less fitting extension which leads to larger the 
standard deviation. Then, the enthalpy equation of the 
solution employed in this study is based on [7]. The 

enthalpy of the lithium bromide/water solution is calculated 
as 

         h                    (35) ∑∑
= =
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K
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where  T = Solution temperature (0< <T 180 o C) 
            X = percent LiBr (0 << X 70%)   
 
The constants appeared in Equation (35) are listed in Table 
1. The procedure to calculate the entropy and exergy of the 
LiBr/H2O solution is obtained from the method proposed by 
[1] and is summarized below. 
The entropy of the LiBr/H2O solution is derived from 
 












∫

−
+

∫ 






∂
∂

−






∂
∂

∫=−

X

X Sol

LiBrwater

XP

P

PXP

T

T
XTXT

ref

refref
refref

dX
M

aa
R

dP
T
vdT

T
h

T
SS

lnln

1

,,
,,

  (36) 

The first term on the left-hand side in Equation (36) is the 
entropy of the solution at a specified temperature and 
concentration. The second term is the reference entropy at a 
reference state. Here the reference is selected to correspond 
to 25OC. Based on the assumptions made by [1], only the 
temperature variation is considered; thus, the reference 
entropy is a function of the concentration. The pressure 
effect on entropy for a liquid may be neglected, and, 
therefore, the second integral term is canceled out. The last 
term on the right-hand side is recognized as the difference 
between the entropy of mixing ( ) at the reference 

temperature and at the temperature 
mixS∆

refT T . The entropy 
change as a function of temperature at constant 
concentration can be expressed as 

mixTT
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The integral term can be solved numerically using Equation 
(38) as follows: 
  

T
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The dew point temperature correlation employed in this 
study is described in [7], which is a function of the solution 
temperature and concentration. The correlation is expressed 
as 
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The constants appeared in Equation (39) are listed in Table 1. 
And  
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where = universal gas constant = 8.314 kJ  R Kkmol./
 = Solution molecular weight, which is  SolM
              expressed as 

  
X

M Sol 7926.01
015.18

−
=     (41) 

X  = mole fractions of LiBr and water 
 γ  = mean molar ionic activity coefficient 

 P and *P = pressure of water vapor of the  
                     solution and pure water 
 
The vapor pressure of the water arising from the LiBr/H2O  
solution can be calculated from the dew point temperature,  
which is given by [6] 

  2
21

10 T
k

T
kkP o ++=log   (42) 

where P = partial pressure ( ) psia

           T = water vapor temperature ( ) 7.459+= FR oo

           = 6.21147 ok
           = -2886.373 1k
           = -337269.46 2k
            
The reference entropy of the lithium bromide/water solution at 
25OC is 

  
ref

solsol
T T

gh
ref

−
=S   (43) 

The Gibbs’ free energy of the LiBr/H2O solution, is 
calculated from 

solg

 water
water
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sol M
X

M
Xg µµ +

−
=
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where X is the solution concentration, M is the molecular  
weight, and µ is the chemical potential. The chemical  
potential of water in the solution is 
  watervrefvwater STh )( −=µ   (45) 
The enthalpy and entropy of the water vapor are obtained  
from steam tables at the reference temperature, and the  
chemical potential of LiBr in the solution is 
 *)ln(2 LiBrrefLiBrrefLiBr TKmRT µγµ ++=  (46) 
 
where K = -192.2 kJ/kmol K, γ is the mean molar ionic  

activity coefficient, and is the LiBr molality. Librm

LiBrm = 
)1(845.86 X

X
−

  (47) 

The chemical potential of pure LiBr is 
 
  LiBrrefLiBrLiBr STh −=*µ   (48) 
 
This chemical potential becomes zero as pure LiBr at  
25OC has been assigned a zero enthalpy and a zero entropy.  
Then the entropy of the LiBr/H2O solution at 25OC can be  
calculated using Equation (43) through (48). The mean 
molar ionic activity coefficient, γ in Equation (40) and (46) 

is now calculated as follows. For a single electrolyte 
solution at 25OC, 
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where oΓ is the reduced activity coefficient of pure solution 
at 25OC; qB 065.075.0 −= ; is Meissner’s parameter 
(

q
27.7=q ) 

                           )1/()5107.0(log * ICIe +−=Γ      (50) 
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where I is the ionic strength ( ∑ == LiBrii mZmI 2

2
1 ); Z is 

the number of charges on the cation or anion ( 1=Z  for 
LiBr/H2O solution). Then the mean molar ionic activity 
coefficient of the LiBr/H2O solution is calculated from the 
following relationship: 
               (52) oZZo Γ=Γ= −+)(γ
 
With the entropy in Equation (37) and the enthalpy 
calculation, the exergy of the LiBr/H

TS
2O solution in Equation 

(2) can be calculated. 
 
For refrigerant loop, saturated and superheated properties of 
water and steam employed in this study describes in [4] 
which approximate equations are developed from steam data 
tables by Irvine and Liley 1984. These property equations, 
including the relationships of temperature, pressure, 
enthalpy, and entropy of water and water vapor are replaced 
in the corresponding equation. 
 
Saturation temperature T   )(S
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BAST
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where 0.000611 <≤ )(SP 12.33 MPa and 
273.16 <≤ )(ST 600 K 
 
The constant and in Equation (53) are listed in Table 1. BA, C
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For calculation of enthalpy and entropy of saturated water 
and vapor, the following equations need to be calculated 
first. Then the calculated numbers are substituted into the 
individual equation of those saturation properties. The 
constants in Equation (55) for each saturation property are 
listed in Table 1. 

∑++++=
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All constants and coefficients for the thermal properties of 
water and steam in Equations 53 to 57 are listed in Table 1. 

where 
  
  

)(/)]()([)( CRTSTCRTCT −=
KCRT 3.647)( =  

4.  The computer program and assumptions Liquid saturation enthalpy: 
  
The LiBr/H2O absorption heat transformer cycle is analyzed 
and compared thermodynamically both with and without a 
combining ejector. The computer program is written based 
on heat and mass balances, heat transfer equations, the 
mathematical equations of ejector model and 
thermodynamic properties equations of solution and 
refrigerant. Here the computer codes are designed to analyze 
both first law and second law analysis. First law analysis of 
the system leads to computing a coefficient of performance 
( COP ), which is defined as the ratio of the upgraded heat 
obtained from the absorber to the waste heat added to the 
generator and evaporator. Therefore, the equation can 
be expressed as 

COP

   )()()( FCRHSYFH =
Vapor saturation enthalpy: 
   )()()( GCRHSYGH =
Liquid saturation entropy: 
   )()()( FCRSSYFS =
Vapor saturation entropy: 
   )()()( GCRSSYGS =
 
The thermodynamic properties equations for superheated  
water vapor are calculated as functions of pressure  
P and temperature T as follows. 
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and the exergy efficiency is based on the second law is 
defined as where  
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In order to analyze the irreversible losses of the system, 
many subroutines for thermal properties of the working pair 
are added into the computer code developed by the author to 
calculate the entropy and exergy of working fluid at each 
state point, including exergy loss for each of the 
components and total exergy loss occurred in the system. 
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The assumptions of the absorption heat transformer cycle 
required for input in the computer code are listed in Table 2.  

increasing the upgraded heat load at the absorber from the 
value of 181.081 kW (for a conventional cycle) to that of 
243.770 kW leads to larger overall energy loss, which 
equals 62.756 kW.  

 
5.  Results and discussion 
 
A theoretical comparative study of thermodynamic 
between a lithium-bromide ejection absorption heat 
transformer and a conventional cycle is investigated 
and presented in this paper. Based on the 
thermodynamic equation ( ) and ( ), the 
required enthalpies for each component are obtained for 
calculations of heat applied at evaporator, heat supplied 
at generator, heat delivered to condenser and to 
absorber on both two cycles. With the only different 
analysis at the ejector-absorber unit, as shown in Figure 
1, the exit diffuser pressure of solution, which is the 
most significant parameter and equals the absorber 
pressure ( ), is lifted. This pressure causes the 
solution temperature of inlet solution to the absorber to 
increase which leads to increased enthalpy of solution 
entering to the absorber. The energy balance (first law 
analysis) at the absorber shows that the upgraded heat 
load is obtained to be increased. Then, the COP of a 
modified cycle is improved with the value of 0.654 
from that of 0.486 for a conventional cycle as compared 
to the same energy input supplied to the system. Based 
on energy flow analysis, the sum of the heat input at the 
evaporator and at the generator is found to be slightly 
different to that of the heat rejected at the condenser 
and at the absorber with the energy loss of 0.0669 kW 
for a conventional cycle. For a modified cycle,  

XTP ,, XTh ,,

abP

 
As listed in Table 3, in states 13, 17 and 19, the exergy flow 
from the water environment is evaluated to be zero because 
the temperature of the considered system is equal to the 
environment temperature. Table 4 shows the magnitude of 
irreversibility in the system components due to the second 
law detection. It is clear that the absorber has the highest 
availability loss due to the temperature difference between 
the absorber and the surroundings. For comparison between 
both cycles, the larger availability loss at the absorber is 
obtained in case of a modified cycle due to the higher the 
temperature difference. This is because the exit diffuser 
pressure of solution which equals the absorber pressure is 
lifted with an ejector. This pressure causes the inlet solution 
temperature to the absorber to increase which leads to 
increase the enthalpy and entropy of solution. This result 
can be considered as Table 3. This entropy of solution 
increased leads to increasing internal irreversibility. Then, 
availability loss at the absorber is increased with increasing 
exergy input at the absorber. The result of higher exergy 
loss can be reduced by increasing the surface area of the 
absorber, consequently, increasing the cost of the absorber. 
Meanwhile, availability loss at the absorber is increased, 
exergy of heat flux at the absorber, which equals the work  
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obtained by a Carnot engine operating between T and ab

oT , increases due to increasing heat rejected at the 
absorber. This exergy increased causes the exergy 
efficiency based on the second law to increase with the 
value of 44.66% from the value of 33.17% for a 
conventional cycle when the two cycles is considered at 
the same energy input introduced to the system. As is 
shown in Table 4, the next largest exergy loss is occurred 
in the generator due to the temperature difference 
between the heat source and the temperature of the 
working fluid. 

 
6. Conclusion 
 
A theoretical comparative study of thermodynamic 
between a lithium-bromide ejection AHT cycle and a 
conventional cycle is investigated and presented in this 
paper. For the first law thermodynamic reflects the 
quantity of energy, the conventional AHT cycle obtain 
higher first law performance (COP) due to combining 
an ejector developed to be the modified cycle. 
Moreover, second law analysis provides an alternate 
view of cycle performance and provides an insight that 
the first law method cannot. It is proved to be a simple 
and effective tool, by providing information to identify 
the less efficient components of the system and how 
losses at different devices are interdependent and where 
a given design should be modified for the best 
performance. For the second law analysis, the total 
exergy loss and exergy loss of each component are 
calculated. For the comparison of two cycles, exergy 
loss at any components is determined in the same 
pattern. The only different analysis is the absorber with 
and without combining an ejector. Results show that the 
absorber has the highest exergy loss. In the comparison 
of two cycles based on the same energy input 
introduced to the cycle, a modified cycle has higher 
exergy loss at the absorber than a conventional one due 

to higher temperature difference between the absorber 
and surroundings. 
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