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Abstract—This paper presents a thermodynamic performance and pinch point analysis of evaporator for ammonia-water 
based power generation cycle when the heat source is low-temperature energy in the form of sensible heat and the heat transfer 
is operated under the condition of pinch temperature difference. In the analysis, effects of the ammonia mass fraction and 
pressure of ammonia-water mixture are investigated on the system performance including the effectiveness of heat transfer, 
entropy generation, second-law efficiency, and pinch point conditions. The results show that the pinch-point temperature 
shows a discontinuous behavior and ammonia mass fraction and pressure of the mixture have significant effects on the system 
performance of evaporator. 
 
Index Terms— Entropy, Exergy; Ammonia-Water Mixture; Heat Exchanger, Pinch Point. 
 
I. INTRODUCTION 
 
Energy production is expected to have continuous 
growth during next decades, shaping a context of 
current and future global environmental issues [1]. 
Among the identified causes of worldwide GHG 
emissions, energy production is claimed to be the main 
one. In particular, CO2 emitted from the combustion of 
fossil fuels for transportation, industry, electricity and 
heat production is the major contributor to the 
greenhouse effect [2]-[3]. Therefore, it becomes more 
and more important touse energy source efficiently 
and to find improved technologies for power 
generation. When the source is low-grade energy in 
the form of sensible heat, the thermal performance of 
conventional power generation cycle becomes quite 
poor [4]. 
The use of ammonia-water mixture, which is a 
zeotropic binary-mixture, as a working fluid in the 
power generating system has been found to be a 
proven technology for recovery of low-grade heat 
sources [5]-[6]. In the ammonia-water based power 
generation system, heat can be supplied or rejected at 
variable temperature but still at constant pressure. It is 
because the binary mixture evaporates over a wide 
range of temperature. The variable-temperature heat 
transfer process can significantly alleviate the 
temperature mismatch between hot and cold streams 
in heat exchanging components of the system, which 
then reduces the exergy destruction in the power 
cycles [7].  
In the past years the ammonia-water based power 
generation cycles have been investigated by many 
researchers for the purpose of reducing the thermal 
irreversibility in the heat introduction process, 
particularly between the heat source and the 
evaporating working fluid [8]-[11]. 
Exergy is defined as the maximum useful work that 
could be obtained from the system at a given state and 
in a specified environment. It is a powerful and 
effective tool for designing and analyzing energy 

systems by combining the conservation of mass and 
energy principles with the second law of 
thermodynamics [12]. When heat is transferred in a 
heat exchanger, the degradation of energy occurs due 
to irreversibility, but the first law of thermodynamics 
just deals with the quantity of energy and cannot 
evaluate the quality of energy. However, the second 
law of thermodynamics deals with quantifying the 
quality of energy, so it is proper for evaluating 
performances of heat exchanger system and heat 
transfer intensification techniques [13]-[16]. 
Tarlet et al. [17] presented a first and second law 
analysis of the heat transfer characteristics of a mini 
shell-and-tube heat exchanger equipped with 
multi-scale distributor/collector. Sciubba [18] 
proposed a method which can be helpful in assessing 
the optimal configuration of finned-tube heat 
exchangers which is an extension of the local 
irreversibilities method. Naphon [19] performed the 
theoretical and experimental investigation of the 
second law analysis on the heat transfer and flow of a 
horizontal concentric tube heat exchanger.  San [20] 
studied the exergy change rate in heat exchangers 
based on the second law of thermodynamics.  
Kim et al. [21]-[24] investigated the thermodynamic 
performances of ammonia-water based power 
generation cycles for the recovery of low-temperature 
heat sources and showed that the characteristics of 
temperature distributions in the fluid streams of the 
heat exchangers vary quite complicatedly and 
sensitively with changing system parameters. They 
presented the first and second thermodynamic law 
analysis for heat recovery vapor generator of 
ammonia-water mixture when the heat source is low- 
temperature energy in the form of sensible heat.  
In the present work, thermodynamic and pinch point 
analysis of evaporator is performed for 
ammonia-water based power generation cycle to 
covert low-grade heat source to useful form of energy 
under the condition of the pinch temperature 
difference. Special attention is focused on the effects 
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of the ammonia mass fraction and the pressure of the 
ammonia-water mixture on the characteristic of 
thermodynamic performance and pinch point. 

 
II. SYSTEM ANALYSIS 
 
The schematic diagram of the evaporator is shown in 
Fig.  1. The source fluid enters the evaporator with 
mass flow rate of ms = 1 kg/s and isobaric specific heat 
cps at temperature Ts. On the other hand, 
ammonia-water mixture enters the evaporator with 
mass flow rate m, temperature T1, pressure P, and 
ammonia mass concentration xb, is heated by the hot 
source stream, and then leaves the evaporator with 
temperature T2 

 

 
Fig. 1 Schematic diagram of ORC and condenser 

 
The important assumptions in the present cycle 
analysis are as follows [23]-[24]: 1)The fluid flow and 
heat transfer rates are steady.2)Heat loss between the 
system and environment is negligible so that heat 
transfer occurs only between hot and cold fluid 
streams in the heat exchangers.3)Pressure drop due to 
flows inside heat exchangers is negligible so that the 
pressure inside a heat exchanger is maintained 
constant.4)The kinetic energy and the potential energy 
changes of the fluids in and out of the heat exchangers 
are negligible.5)The longitudinal heat conduction in 
the tube walls is negligible. 
The mass flow rate m and the exit source-fluid 
temperatures Ts2 can be obtained from the energy 
balance equations in the evaporator, and the pinch 
condition that the minimum temperature difference 
between the hot and cold streams equals to the 
prescribed value of the pinch temperature difference, 
ΔTpp: 

 
   2112 sspss TTcmhhmQ  ( 1 ) 

  ppsT
TTT min ( 2 ) 

 
where h is the specific enthalpy of the mixture, Q is the 
heat transfer rate of the heat exchanger, and subscript s 
denotes the source fluid. Let us denote that the 
temperature and specific enthalpy of the mixture at 
pinch point as Tpp and hpp, respectively. The, the 
dimensionless enthalpy of mixture at the pinch point, 
Hpp is defined as follows: 
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1

hh
hh
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 ( 3 ) 

The entropy generationΔS, which equals to the 
difference of entropy outflow from the system and 
entropy inflow to the system, can be obtained as 
follows: 

 
   1212 /ln sspss TTcmssmS                             (4) 

 
where s is the specific entropy of the mixture. 
The effectiveness of evaporator,  ε is defined as the 
ratio of the heat transfer of the evaporator to the heat 
transfer of evaporator when the heat transfer area 
becomes infinity. On the other hand, the second law 
efficiency of a heat exchanger, ηIIis be defined as the 
ratio of the increased exergy of cold stream to the 
decreased exergy of hot stream [12]. Then, the second 
law efficiency of the evaporator can be obtained as 
follows [23]: 
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where E denotes the exergy and the subscript 0, s, and 
w indicate the dead state, source fluid and the mixture, 
respectively. 
In this work, thermodynamic properties of liquid and 
vapor phases of the ammonia-water mixture are 
evaluated by using the excess Gibbs free energy [25] 
and the equilibrium states of liquid and vapor phases 
are calculated using the methods presented in [7]. 
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III. RESULTS AND DISCUSSIONS 
 
In the present study, thermodynamic and pinch 
analysis of evaporator in ammonia-water based power 
generation cycle is carried out. The basic data of the 
system variables are as follows: Ts = 200°C, T1 = 
30°C, T2 = 190°C, T0 = 298.15 K, ms = 1 kg/s, and 
ΔTpp = 8°C. The key parameters in this study are the 
ammonia mass fraction and the pressure of the 
mixture. 
The source fluid is considered as water at Ts = 150°C 
with ms = 1 kg/s. The basic data of the system 
variables are as follows: turbine inlet temperature TH = 
135°C, coolant temperature Tc = 25°C, dead state 
temperature T0 = 298.15 K, pinch temperature 
difference ΔTpp = 10°C, isentropic pump efficiency ηp 
= 0.85, isentropic turbine efficiency ηt = 0.85. The key 
parameter in this study is the condensation 
temperature, TL.  
Fig. 2 shows the pinch point quality of mixture xpp, 
with respect to the ammonia mass fraction for 
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pressures from 5 to 30 bar with an interval of 5 bar. It 
can be seen from Fig. 4 in [7] that the evaporation 
process occurs with varying temperature and the 
temperature profile of the mixture looks like s-curve 
and can be divided to three ranges. As dimensionless 
enthalpy H increases, the slope of the temperature is 
firstly gentle (range 1), and is changed to be steep 
(range 2), and then becomes gentle again (range 3). As 
the ammonia mass fraction increases, the range 3 
becomes smaller and when the ammonia mass fraction 
is high, it disappears so the temperature profile 
becomes resemble to that of the pure substance. When 
the pressure is 5 bar, the pinch point quality occurs 
always at the saturated liquid of xpp = 0. But for the 
pressures from 10 to 30 bar, the pinch point occurs at a 
saturated mixture for low ammonia mass fractions. 
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Fig. 2Pinch point quality of mixture as a function of 

ammonia mass fraction for various pressures 

0.4 0.5 0.6 0.7 0.8 0.9 1.0
20

40

60

80

100

120

140

160

180 P [bar]

T pp
 [o C

]

xb

  5
 10
 15
 20
 25
 30

 
Fig. 3 Pinch point temperature of mixture as a function of 

ammonia mass fraction for various pressures. 
 
Fig. 3 shows the pinch point temperature of mixture 
Tpp, with respect to the ammonia mass fraction for 
various pressures. The pinch point temperature 
decreases with increasing ammonia mass fraction or 
decreasing pressure. However, it can be seen from the 

figure that there is a discontinuity for the pinch point 
temperature, which is due to the movement of pinch 
point from a saturated mixture state to saturated liquid 
state. 
Fig. 4 shows the pinch point dimensionless enthalpy of 
mixture Tpp, with respect to the ammonia mass fraction 
for various pressures. The pinch point enthalpy 
decreases with increasing ammonia mass fraction or 
decreasing pressure, which is similar to pinch point 
temperature. It means that the higher ammonia the 
mass fraction becomes or the lower the pressure 
becomes, the earlier the pinch point occurs in the 
evaporator. For pressures from 10 to 30 bar, there 
exists also a discontinuity in the pinch point 
dimensionless enthalpy. 
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Fig. 4 Pinch point dimensionless enthalpy of mixture as a 

function of ammonia mass fraction for various pressures 
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Fig. 5 Mass flow rate of mixture as a function of ammonia mass 

fraction for various pressures 
 

The mass flow rate of mixture m is plotted against the 
ammonia mass fraction for various pressures in Fig. 5. 
The mass flow rate increases with increasing ammonia 
mass fraction. It is because as the ammonia mass 
fraction increases, the pinch point temperature 
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decreases, which leads to lower source temperature at 
exit and higher heat transfer in the evaporator. The 
mass flow rate decreases with increasing pressure, 
since the pinch point temperature increases with 
increasing pressure, which leads to higher source 
temperature and lower heat transfer in the evaporator. 
The effectiveness of evaporator ε is displayed in Fig. 6 
with respect to the ammonia mass fraction for various 
pressures. The effectiveness increases with increasing 
ammonia mass fraction, due to decrease in the pinch 
point temperature or heat transfer in the evaporator. It 
can be seen from the figure that there exists an abrupt 
change in the slope of the effectiveness with respect to 
the ammonia mass fraction, which is due to the 
discontinuity of pinch point. The effectiveness 
decreases with increasing pressure, due to rise of the 
pinch temperature with increasing pressure. 
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Fig. 6 Effectiveness of evaporator as a function of ammonia 

mass fraction for various pressures 
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Fig. 7 Entropy generation at evaporator as a function of 

ammonia mass fraction for various pressures 
 

The entropy generation of evaporator ΔS is illustrated 
in Fig. 7 with respect to the ammonia mass fraction for 
various pressures. The entropy generation is one of the 
indexes for irreversibility and it increases with 

increasing ammonia mass fraction, due to decrease in 
the pinch point temperature or heat transfer in the 
evaporator. It can be seen from the figure that there 
exists an abrupt change in the slope of the 
effectiveness with respect to the ammonia mass 
fraction, which is due to the discontinuity of pinch 
point. The effectiveness decreases with increasing 
pressure, due to rise of the pinch temperature with 
increasing pressure.  
The second law efficiency of evaporator ηII is shown 
in Fig. 8 with respect to the ammonia mass fraction for 
various pressures. When the ammonia mass fraction is 
low so the pinch point occurs at the state of saturated 
mixture, entropy generation increases with increasing 
ammonia mass fraction but the exergy input by source 
fluid also increases, so the behavior becomes complex. 
As the ammonia mass fraction increases, the 
efficiency increases for the pressure equal to or lower 
than 10 bar, however, decreases for the pressure higher 
than 10 bar.  
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Fig. 8 Second law efficiency of evaporator as a function of 

ammonia mass fraction for various pressures. 
 

But for high ammonia mass fractions where the pinch 
point occurs at the state of saturated liquid, the 
second-law efficiency decreases as the ammonia mass 
fraction increases or the pressure decreases. It is 
because the exergy input supplied by source fluid 
grows faster than the exergy generation in the 
evaporator. 

 
CONCLUSIONS 
 
A thermodynamic performance and pinch point 
analysis of evaporator in ammonia-water based power 
generation cycle is carried out based on the first and 
second laws of thermodynamics for the recovery of 
low grade finite heat source. The results show that the 
ammonia mass fraction and pressure of the 
ammonia-water mixture exhibit significant effects on 
the performance of the evaporator. The pinch point 
temperature and the pinch point dimensionless 
enthalpy decrease with increasing ammonia mass 
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fraction or decreasing pressure, and there exists a 
discontinuity due to the movement of pinch point from 
the state of saturated mixture to the saturated liquid. . 
AS the ammonia mass fraction increases, the 
effectiveness or entropy generation of evaporator 
increases but the second law efficiency decreases for 
high ammonia mass fraction. 
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