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Abstract—The absorption power generation systems using 

ammonia–water mixture as a working fluid are proven to be the 

feasible method for utilizing a low-temperature heat source in 

the form of sensible energy. In this paper, an exergy analysis is 

carried out for an absorption power generation system of Kalina 

cycle using ammonia-water mixture as the working fluid for 

efficient conversion of low-temperature heat source. Effects of 

the ammonia mass fraction and the heat source temperature are 

parametrically investigated on the exergy destruction of each 

component of the system and the exergy efficiency of the system. 

Results show that the exergetical performance is greatly affected 

by the heat source temperature and the ammonia mass fraction 

of the working fluid. 

 
Index Terms—Ammonia-water mixture, absorption power 

generation, exergy, Kalina cycle.  

 

I. INTRODUCTION 

The research on the conversion of low-grade heat from 

sources such as geothermal heat, waste heat, biogenic energy 

systems, low-temperature solar thermal heat, etc. into 

electrical power or low-temperature energy conversion has 

attracted more and more attention. The power generation 

systems using ammonia-water mixture as a working fluid 

instead of pure water as in the case of a steam Rankine cycle 

are proven to be the feasible method for utilizing a 

low-temperature heat source in the form of sensible energy. A 

major advantage for using zeotropic mixtures as a working 

fluid in the power generation systems instead of pure working 

fluids is that heat can be supplied or rejected at variable 

temperature but still at constant pressure [1]-[4]. 

Wagner et al. [5] analyzed thermodynamically an 

ammonia-water based Rankine cycle for renewable based 

power production. They showed that changes in the 

concentration of the ammonia-water mixture due to its nature 

allow thermodynamic cycles to adapt to fluctuations in 

renewable energy sources, which is an important advantage 

with respect to other working fluids. Zamfirescu and Dincer 

[6] presented a thermodynamic analysis of the trilateral 

ammonia-water Rankine cycle that does not use a boiler, but 

rather the saturated liquid is flashed by an expander. Kim et al. 

[7]-[11] investigated the characteristics of stream in the heat 

exchangers used in the ammonia-water based power 

generation cycles. They also studied the Rankine cycle using 

 
Manuscript received April 9, 2015; revised August 8, 2015. This research 

was respectfully supported by Engineering Development Research Center 

(EDRC) funded by the Ministry of Trade, Industry & Energy (MOTIE). (No. 

N0000990).  

Kyoung Hoon Kim is with the Kumoh National Institute of Technology, 

Daehakro 61, Gumi, Gyeongbuk 730-701, Republic of Korea (e-mail: 

khkim@kumoh.ac.kr).  

ammonia-water mixture as working fluid for recovery of 

low-temperature waste heat, and they are compared the 

regenerative Rankine cycle with the simple Rankine cycle. 

They also carried out a thermodynamic analysis of a 

combined cycle using a low grade heat source and LNG cold 

energy. 

The Kalina cycle was introduced in 1984 [12] as an 

alternative to the conventional Rankine cycle to be used as a 

bottoming cycle for combined cycle power plants. Mixture of 

ammonia and water is used in the cycle as its working fluid. 

The composition of the ammonia-water mixture could be 

varied by changing the ammonia mass fraction which is 

defined as the ratio of the mass of ammonia in the mixture to 

the total mass of the mixture. Since its introduction, several 

uses for the Kalina cycle have been proposed such as in a 

geothermal power plant, for waste heat recovery, and in solar 

power plants [13]. 

Ogriseck [14] performed an investigation of the integration 

of the Kalina cycle process in a combined heat and power 

generation, while Lolos and Rogdakis [15] investigated 

Kalina cycle using low-temperature heat sources. Bombarda 

et al. [16] carried out a comparative analysis on 

thermodynamic performance of Kalina and organic Rankine 

cycles. Ganesh and Srinivas [17] investigated a low- 

temperature Kalina cycle to optimize the heat recovery from 

solar collectors. Arslan [18], [19] presented exergo-economic 

evaluation and optimization study of Kalina cycle using 

geothermal resources. Sun et al. [20] studied a solar boosted 

Kalina cycle with an auxiliary superheater. They also 

performed energy-exergy analysis and parameter design 

optimization of the KCS-11 solar system with an auxiliary 

superheater [21]. Kim [22] carried out a thermodynamic 

performance analysis for a Kalina cycle using ammonia-water 

mixture as a working fluid for efficient conversion of 

low-temperature heat source in the form of sensible energy. 

The exergy analysis based on the second law is well suited 

for furthering the goal of more effective energy resources use, 

for it enables the location, cause, and true magnitude of waste 

and lost to be determined [23]. Exergy is a measure of the 

departure of the state of a system from that of the environment, 

and the method of exergy analysis is well suited for furthering 

the goal of more energy resource use, for it enables the 

location, cause, and true magnitude of waste and loss to be 

determined [24], [25].  

This study presents an exergy analysis for a Kalina cycle 

using ammonia-water mixture as a working fluid for efficient 

recovery of low-grade heat source. The effects of the source 

temperature and the ammonia mass fraction on the exergy 

destruction of each component of the system and the exergy 

efficiency of the system are parametrically investigated. 
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II. SYSTEM ANALYSIS 

In this work an exergetical analysis is carried out for a 

Kalina cycle using ammonia-water mixture as the working 

fluid for recovery of a low-temperature heat source in the 

form of sensible energy to useful work. The schematic 

diagram of the system is shown in Fig. 1. Let the temperatures 

of source and coolant be Ts and Tc, respectively, and the basic 

ammonia mass fraction at pump or condenser be xb. In the 

cycle the working fluid which comes out the condenser as a 

saturated liquid at temperature TL of state 1 is compressed 

with a pump to pressure of PH of state 2, and preheated in a 

regenerator to state 3. Then the fluid is further heated in the 

source heat exchanger to the turbine inlet temperature TH of 

state 4 and then separated in the separator into a saturated 

vapor of state 5 and a saturated liquid of state 7. The vapor of 

state 5 from the separator enters the turbine and produces 

useful work during the expansion in the turbine to the 

condensing pressure of state 6. The liquid of state 7 from the 

separator enters the regenerator and heats the mixture of state 

2 exiting the pump to state 6, while it is cooled down to state 8, 

and then it is expanded in a throttle valve to state 9. The fluids 

of state 6 and state 9 are mixed in a mixer and enter the 

condenser with state 10 [7], [22].  

Important assumptions in the present cycle analysis are as 

follows: (1) The pressure and temperature at the turbine inlet 

are PH and TH, respectively. (2) The mixture at the condenser 

outlet is saturated liquid at TL. (3) Temperature differences 

between hot and cold streams in the heat exchangers are equal 

to a prescribed pinch temperature difference, ΔTpp. (4) 

Pressure variations except the turbine and pump are also 

negligible. (5) The performances of pump and turbine are 

characterized by constant isentropic efficiencies of ηp and ηt, 

respectively. 

Then, the mixture temperature at which the minimum 

temperature difference occurs and the exit temperature of the 

source under the conditions of maximum mass flow rate can 

be determined by the following equation [7]. 

 

  0,min ,  ppoutsT TTTT                      (1) 

 

And the mass flow rates of m6 and m9 can be determined 

from the mass conservation at the separator and the enthalpies 

of h3 and h8 are evaluated from the equation of energy 

balance. 
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Fig. 1. Schematic diagram of the system. 

 

The turbine power Wt, pumping power Wp, and net power 

production of the system Wnet can be obtained as: 

5 5 6( )tW m h h                                  (2) 

 

1 2 1( )pW m h h                                  (3) 

 

net t pW W W                                    (4) 

 

where h is the specific enthalpy. 

Exergy is a measure of the maximum capacity of a system 

to perform useful work as it proceeds to a specified final state 

in equilibrium with its surrounding and exergy analysis has 

been proven to be a very effective way of analyzing and 

optimizing the complex power generation systems [23]. The 

rate of exergy flow E is evaluated as 

 

 0 0 0( )E m h h T s s                        (5) 

 

where m is the mass flow rate, h and s are respectively the 

specific enthalpy and entropy, and the subscript 0 refers to the 

dead state.  

The exergy input Es and total exergy destruction (or anergy) 

including exergy losses Dtot can be evaluated as follows. 

 

  000 /ln TTTTTcmE sssss                        (6) 

 

nettot sD E W                                   (7) 

 

where Wnet is the net power production of the system. 

The exergy efficiency ηex is defined as the ratio of net 

power production to the total exergy input to the system, and 

the second law efficiency ηII is defined as the ratio of net 

power production to the net exergy input to the system as 

follows: 

 

net /ex sW E                                   (8) 

 

net / ( )s soutW E E                            (9) 

 

where subscript sout indicates the state of source exhaust. 

Let us define the exergy destruction ratio (anergy ratio) of a 

component as the ratio of the exergy destruction of the 

component to the total exergy input. The anergy ratios of the 

system can be evaluated as follows; 

 

Source exhaust: /sout sDSE E E                   (10) 

 

Coolant exhaust: /cout sDCE E E                   (11) 

 

Evaporator:  3 4 /s sout sDEV E E E E E           (12) 

 

Regenerator: 
2 7 3 8( ) / sDRG E E E E E         (13) 

 

Condenser: 
10 1( ) /c cout sDCD E E E E E         (14) 

 

Turbine: 
5 6( ) /t sDTB E E W E                    (15) 
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Pump: 
1 2( ) /p sDPM E E W E                  (16) 

 

Valve: 
8 9( ) / sDVL E E E                     (17) 

 

Mixer: 
6 9 10( ) / sDMX E E E E               (18) 

 

Then sum of the exergy destruction ratios of the system and 

the exergy efficiency becomes unity [24]-[26].  

 

ex DSE DCE DEV DRG DCD

DTB DPM DVL DMX

     

    1
         (19) 

 

In this paper, thermodynamic properties of liquid and 

vapor phase of the ammonia-water mixture are evaluated by 

using the Gibbs free energy; 

 

 2

321 )12()12()1(/  xFxFFxxRTGE       (20) 

 

Here, x is the mole fraction of ammonia in the mixture, and 

F1, F2, and F3 are the functions of temperature and pressure 

[27]. The equilibrium states of liquid and vapor phase are 

calculated using the modeling of [7]; 
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Here, Na, Nw, and N are numbers of moles of ammonia, 

water, and the mixture, respectively. 

 

III. RESULTS AND DISCUSSIONS 

In this work it is assumed that the source fluid is a standard 

air and the mass flow rate of the source fluid is 1 kg/s. The 

basic data of the system variables are as follows; separator 

pressure PH = 20bar, condensation temperature TL = 25C, 

coolant temperature Tc = 15C, pinch temperature difference 

ΔTpp = 5C, isentropic pump efficiency ηp = 0.85, isentropic 

turbine efficiency ηt = 0.90, quality limit at turbine exit yt = 

0.90. The key parameters in this study are the source 

temperature and the ammonia mass fraction. It is assumed that 

the separator temperature is lower than the source temperature 

by 20C [22]. 

Fig. 2 shows the effects of source temperature on the 

anergy of the exhausted source for various ammonia mass 

fractions. The anergy of exhausted source also indicates the 

exergy loss by exhausted source fluid. It can be seen from the 

figure that for a specified pressure there may exists a lower 

limit of allowable source temperature especially for low 

ammonia mass fractions and the lower limit of source 

temperature decreases with increasing ammonia mass fraction. 

It is because for the separation of the working fluid into liquid 

and vapor in the separator, the separator temperature should 

be higher than the bubble point of the ammonia-water mixture 

and the bubble point decreases with increasing ammonia mass 

fraction for a given pressure. The anergy ratio decreases with 

increasing source temperature for a given ammonia mass 

fraction. It occurs because as the source temperature increases, 

the exergy input by the source fluid increases but the source 

exhaust temperature remains almost constant. When the 

ammonia mass fraction increases for a given source 

temperature, the anergy ratio decreases with increasing 

ammonia concentration. This is because the temperature at 

which the pinch point occurs inside the heat exchanger 

decreases with higher ammonia mass fraction, which then 

leads to lowering of the temperature of exhausted source. 
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Fig. 2. Effects of source temperature on anergy ratio of exhausted source for 

various ammonia mass fractions. 
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Fig. 3. Effects of source temperature on anergy ratio of evaporator for 

various ammonia mass fractions. 

 

Anergy ratios of evaporator are plotted against source 

temperature in Fig. 3 for various ammonia mass fractions. As 

source temperature increases for a given ammonia mass 

fraction, the heat transfer in the evaporator as well as the 

exergy input by the source fluid increase, thus there are both 

the increasing and decreasing factors for the anergy ratio of 

the evaporator. So the anergy ratio has a peak with respect to 

the source temperature for a given ammonia mass fraction. 

The source temperature for the peak value increases with 

decreasing ammonia mass fraction, so the anergy ratio 

monotonically increases with source temperature for low 

ammonia mass fractions for the range of the source 

temperature. The anergy ratio decreases with increasing 

ammonia mass fraction for a given source temperature. It 

273

Journal of Clean Energy Technologies, Vol. 4, No. 4, July 2016



  

occurs because as the ammonia mass fraction increases, the 

thermodynamic properties of the mixture approaches to those 

of pure ammonia, the average temperature difference between 

the hot and cold fluid streams in the evaporator is expected to 

grow, so the irreversibility in the evaporator increases 

substantially. 

The change of the anergy ratio of condenser to varying 

source temperature is depicted in Fig. 4. As source 

temperature increases for a specified ammonia mass fraction, 

the anergy ratio increases, due to the increase in the heat 

transfer in the condenser. For a given source temperature, the 

anergy ratio increases first and reach a peak point and then 

starts to decreases as the ammonia mass fraction increases. 

This is because as the ammonia mass fraction increases, the 

average temperature difference between the streams becomes 

larger, and consequently the anergy ratio increases. However, 

when the ammonia mass fraction becomes higher and working 

fluid is closer to pure ammonia, temperature of the mixture 

remains nearly constant inside the condenser, which makes 

the average temperature difference between the fluid streams 

and consequently the anergy smaller [8].  

 

100 110 120 130 140 150

0

5

10

15

20

25

30

x
b
 [%]

 40

 50

 60

 70

 80

 90

a
n

e
rg

y
 r

a
ti

o
 o

f 
c

o
n

d
e

n
s

e
r 

[%
]

source temperature [
o
C]   

Fig. 4. Effects of source temperature on anergy ratio of condenser for various 

ammonia mass fractions. 
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Fig. 5. Effects of source temperature on total anergy for various ammonia 

mass fractions. 

 

Effects of source temperature on the total anergy are 

illustrated in Fig. 5 for various ammonia mass fractions. As 

the source temperature increases for a specified ammonia 

mass fraction, the total exergy destruction increases due to 

increase in the temperature differences between hot and cold 

streams in the heat exchangers. For a given source 

temperature, the anergy ratio has a peak value with respect to 

the ammonia mass fraction.  

Fig. 6 and Fig. 7 show the effects of source temperature on 

the exergy and second law efficiencies, respectively, for 

various ammonia mass fractions. Exergy efficiency is defined 

as the ratio of the net power production to the exergy input as 

Eq. (5). When the source temperature increases for a given 

ammonia mass fraction, not only the net power production but 

also the exergy input by the source fluid increase, therefore 

there are both the increasing and decreasing factors for the 

exergy efficiency. So the exergy efficiency has generally a 

peak with respect to the source temperature for a given 

ammonia mass fraction. The source temperature for the peak 

value increases with decreasing ammonia mass fraction, so 

the exergy efficiency simply increases with source 

temperature for low ammonia mass fractions for the range of 

the source temperature.  
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Fig. 6. Effects of source temperature on the exergy efficiency for various 

ammonia mass fractions. 
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Fig. 7. Effects of source temperature on the second law efficiency for various 

ammonia mass fractions. 

 

On the other hand, the second law efficiency is defined as 

the ratio of the net power production to the net exergy input 

which is the difference between the exergy input and the 

exergy exhaust of the source fluid, as is seen in Eq. (6). Since 

the net exergy input is smaller than the exergy input, the 

second law efficiency is higher than the exergy efficiency. 

The second law efficiency has generally a peak with respect to 

the source temperature for a given ammonia mass fraction and 

the source temperature for the peak value increases with 

decreasing ammonia mass fraction, which is similar to the 

exergy efficiency. However, the source temperature for the 

peak of the second law efficiency is lower than that of the 

exergy efficiency, thus the second law efficiency simply 

decreases with increasing source temperature for high 

ammonia mass fractions for the range of the source 

temperature.  
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IV. CONCLUSIONS 

In this paper an exergetical performance analysis was 

carried for an absorption power generation cycle using 

ammonia-water mixture as a working fluid in order to produce 

maximum power from the low-temperature heat source in the 

form of sensible energy. Special attention is focused on the 

effects of the source temperature as well as the ammonia mass 

fraction on the exergetical system performance such as exergy 

destructions of source exhaust, evaporator, condenser as well 

as the exergy and the second law efficiencies.  

Results show that the exergetical performance of the 

system is sensitively influenced by the source temperature as 

well as the ammonia mass fraction of the working fluid. The 

biggest anergy occurs due to the source exhaust for the low 

ammonia mass fraction but occurs at the evaporator for high 

ammonia mass fraction. The performance characteristics of 

the exergy efficiency due to variations of ammonia mass 

fraction and source temperature are much different from those 

of the second-law efficiency, which requires further 

investigations.  
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