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Abstract—This paper presents a comparative exergy analysis of
ammonia-water Rankine cycles with and without regeneration and
Kalina cycle for recovery of low-temperature heat source. Special
attention is paid to the effect of system parameters such as ammonia
mass fraction and turbine inlet pressure on the exergetical performance
of the systems. Results show that maximum exergy efficiency can be
obtained in the regenerative Rankine cycle for high turbine inlet
pressures. However, Kalina cycle shows better exergy efficiency for
low turbine inlet pressures, and the optimum ammonia mass fractions
of Kalina cycle are lower than Rankine cycles.
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I. INTRODUCTION

ECENTLY the importance of thermodynamic cycles

which convert low-temperature heat sources to useful
energies has been attracting much attention due to exhaustion
of fossil fuel and environmental problems [1]-[3]. Typical low-
temperature heat sources include solar, geothermal, marine
energy, bio-energy, and industrial waste heat. Even in the case
of internal combustion engines, about 60% of the chemical
energy of the fuel is released in the form of sensible energy
through exhaust gas, cooling water and lubricating oil [4].

The most competitive systems for efficient conversion of
low-temperature heat sources are the Rankine cycle and the
Kalina cycle using ammonia-water mixture as the working
fluid. Using a zeotropic mixture like ammonia-water mixture
instead of a pure substance as a working fluid results in the
phase change with wide range of temperature, thus reducing
temperature mismatch between the sensible heat source fluid
and working fluid in a heat exchanger and reducing exergy
destruction. Therefore, the cycles have a lot of advantages in
power generation for recovery of low-temperature heat sources
[5], [6]. The Kalina cycle is based on the Rankine cycle and
separates the vapor and liquid after heating the working fluid so
that the high concentration steam is expanded in the turbine to
produce power, then mixed with the low concentration liquid
and condensed in the condenser. These Kalina cycles have
shown excellent potential for the conversion of low grade heat
sources and are in the process of commercialization worldwide
(71, [8].

Kim et al. [9], [10] analyzed the performance characteristics
of the system energy and exergy with and without regenerator
in the ammonia-water Rankine cycle using low-temperature
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heat sources and analyzed the performance characteristics of
ammonia-water mixture heat exchanger. The pinch point
characteristics were reported in [11]. Lolos and Rogdakis [12]
analyzed the performance of a Kalina cycle with solar heat as a
heat source, and Ogriseck [13] investigated the case of Kalina
power generation in Germany. Yue et al. [14] compared and
analyzed the performance of Kalina Cycle and Transient
Transcritical Organic Rankine Cycle in the -cryogenic
cogeneration system.

The Kalina cycle process is a modified Clausius Rankine
process and the basic solution in a Kalina plant is a binary fluid
with a certain ratio of water and ammonia. For the design of a
Kalina cycle, an optimum between heat exchanger surface and
the generated electricity has to be found. This optimum is
influenced by different parameters such as the temperature
level at the condenser, ammonia mass fraction in the binary
fluid, turbine inlet pressure, and the temperature of heat source
[15]. KCS-11 is a well-known Kalina cycle for low-
temperature driven power generation and using ammonia-water
as its working fluid for this purpose. Many researchers tried
their best to clear the characteristics of the KCS-11 for using
various forms of low-temperature heat sources [16].

However, comparative exergetical studies on ammonia-
water Rankine cycles and Kalina cycle have not been found in
the literature so far. In this study, the exergetical performance
of the ammonia-water Rankine cycles with and without
regeneration and the Kalina cycle (KCS-11) are compared for
the recovery of low-temperature heat source in the form of
sensible energy. The exergetical performance characteristics of
the system according to the change of ammonia fraction or
turbine inlet pressure of the mixture are analyzed.

I1. SYSTEM ANALYSIS

In this study, comparative exergetical analysis is carried out
for basic ammonia-water Rankine Cycle (AWB), regenerative
ammonia-water Rankine cycle (AWR), and Kalina Cycle
System (KCS) for recovery of low-temperature heat source in
the form of sensible energy as shown in Fig. 1. The system of
the regenerative Rankine cycle (AWR) is operated as follows
[6], [7]. The working fluid in the bubble-point state leaving the
condenser (state 1) is pressurized by the pump (state 2) and
preheated by the regenerator (state 3). Then, the fluid enters the
heat exchanger and is heated to the superheated vapor state by
the source fluid and enters the turbine (state 4). The working
fluid expands in the turbine (state 5) with producing mechanical
work. The fluid then enters the regenerator and preheats the
working fluid and enters the condenser (state 6). The system of
the Kalina cycle is as follows. The working fluid leaves the
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condenser in the bubble-point state (state 1) and is pressurized
by the pump (state 2), preheated through the regenerator (state
3), then enters the heat exchanger and is heated to a state of
saturated vapor and liquid mixture (state 4) and enter the
separator. The steam leaving the separator (state 5) expands in
the turbine to state 6 with producing mechanical power. On the
other hand, the liquid leaving the separator (state 7) preheats the
pressurized liquid by the pump (state 8), is throttled (state 9)
and enters the condenser (state 10) with the vapor leaving the
turbine (state 10).
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Fig. 1 Schematic diagrams of (a)AWB, (b)AWR, and (c) KCS

In this study, the following assumptions are made for
interpretation [7]. The system ignores the pressure drop except
for the pump or turbine, ignores the heat loss except the heat
exchanger and assumes constant isentropic efficiency in the
pump and turbine. It is assumed that the working fluid at the
turbine inlet of the primary and regenerative Rankine cycles is
pure vapor and that the working fluid quality at the turbine
outlet should be at least 90% of the reference value and that in
the Kalina cycle the working fluid at the evaporator outlet
should be a vapor-liquid mixture. The pinch temperature
difference, AT, is prescribed so that

min(Tpor — Teorq) = ATy 1)

This assumption means that the flow rate of the working

fluid is maximized for a given heat source fluid in a heat
exchanger and the flow rate of cooling water is minimized for a
given working fluid in a condenser.

In the case of a regenerative Rankine cycle in three cycles,
the main parameters of the system can be obtained as follows. If
the flow rate, specific heat and inlet/outlet temperature of the
heat source fluid are my, ¢y, Ts, Tsou, respectively, the flow rate
mw of the working fluid is obtained from the energy balance in
the heat exchanger as follows;

_ My ps(Ts=Tsout)
M = h4-h3 @
where h is the specific enthalpy of the working fluid. Let Q,,
Q., Wy be the inlet heat of the system, the heat transfer of the
regenerator, the date of production of the ash, the net output and
the thermal efficiency, respectively.

Qin = my,(hy — h3) €))
Qr =m, (h3 - hz) (4)
Whet = My (hy — hs + hy — hy) 5

The exergy efficiency is defined as the ratio of the network to
the exergy input [10], [17]:

— Wnet (6)

The exergy destruction or anergy of the adiabatic system is
calculated as the difference of exergy input and output. The
exergy destruction ratio at a system component is defined as the
ratio of anergy there to the exergy input by source fluid. Then
summation of all anergy ratios of the system and the exergy
efficiency becomes unity [18]:

Nex + Ds + Dgoye + D + Degye + D+ D, =1 @)

where D, Dgou, De, Deows Dr, and Dy, are exergy destruction
ratio of the source heat exchanger, source exhaust, condenser,
coolant exhaust, regenerator, and power production,
respectively.

The thermodynamic properties of ammonia-water mixture
are evaluated using the method of Gibbs free energy which was
first introduced by Xu and Goswami [19], and the equilibrium
conditions are determined by equating the chemical potentials
of each phase for each element [9].

,,;:(66#] :[66] s ®)
N T.,P.N, aNa T,P.N,,

,,vbz[@GéJ :(%ﬂj s ©
oN,, T.P.N, oN,, T.P.N,

Here, N,, N,,, and N are the numbers of moles of ammonia,
water, and the mixture, respectively. The Gibbs free energy of
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G, for liquid or gas phase is denoted as
Gn = N,[G, + RTInx]+ N, [G,, + RTIn(1-x)]+ NG (10)

III. RESULTS AND DISCUSSIONS

In this work, it is considered that the source fluid is air at Tg =
180 °C with mass flow rate 1 kg/s. The basic data of the system
variables are as follows; turbine inlet temperature Ty = 160 °C,
condensation temperature T = 25 °C, coolant temperature T; =
15 °C, pinch temperature difference AT,, = 5 °C, isentropic
pump efficiency n, = 0.85, isentropic expander efficiency n, =
0.90, respectively.
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Fig. 2 Effect of ammonia mass fraction on the exergy destruction ratio
of source exhaust

Fig. 2 illustrates the effects of ammonia mass fraction on the
exergy destruction ratio of source exhaust, Dy,. In AWB, the
ratio decreases with increasing pressure, since the evaporation
temperature decreases and consequently the exit temperature
becomes lower. In AWR, the ratio increases with increasing
ammonia mass fraction when the turbine inlet pressure is 15 bar
and ammonia mass fraction is lower than 73%. But, for other
conditions, the ratio decreases with increasing ammonia mass
fraction due to the decreased evaporation temperature. In KCS,
as the ammonia mass fraction increases, the ratio decreases for
all turbine inlet pressures. When the turbine inlet pressure
becomes higher for a specified ammonia mass fraction;
however, the effect of increase in the bubble point temperature
becomes dominant, which leads to a higher exit temperature of
source temperature and consequently to a higher exergy
destruction ratio in all cycles.

Fig. 3 shows the effects of ammonia mass fraction on the
exergy destruction ratio of the heat exchanger, Dy,. In AWB and
AWR, the ratio becomes higher for higher ammonia mass
fractions, since the heat addition from the source heat
exchanger increases as the ammonia mass fraction becomes
higher. It can be seen from the figure the ratio of AWB is higher
than AWR for a specified ammonia mass fraction, since the
heat transfer in AWB is higher than AWR preheated by
regenerator. In KCS, the ratio increases also with increasing
ammonia mass fraction, because as the ammonia mass fraction

increases, the heat addition with source heat exchanger
increases and the mismatch between hot and cold streams in the
heat exchanger becomes higher. In all cycles, the ratio
decreases with increase in the pressure due to decreasing heat
transfer in the heat exchanger. It is to be noted that the ratios of
KCS are much lower than those in AWB.
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Fig. 3 Effect of ammonia mass fraction on the exergy destruction ratio
at source heat exchanger

Fig. 4 displays how the exergy destruction ratio of the
coolant exhaust, D.,, is affected by the ammonia mass fraction.
It can be observed from the figure that as the ammonia mass
fraction increases, the exergy destruction ratio the exergy
destruction ratio drops in AWB but increases in KCS. However,
the ratio decreases with increasing for a given ammonia mass
fraction in both AWB and KCS. In AWR, however, as the
ammonia mass fraction increases, the ratio firstly decreases and
then increases, and finally decreases again, so it shows a
complex behavior. It is to be noted that the exergy destruction
ratios in AWR are much lower than AWB. For a specified
ammonia mass fraction, the ratio decreases with increasing
turbine inlet pressure in AWB and KCS.
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Fig. 4 Effect of ammonia mass fraction on the exergy destruction ratio
of coolant exhaust

Fig. 5 shows how the exergy destruction ratio of the
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condenser, D, is affected by the ammonia mass fraction. In
AWB, as the ammonia mass fraction increases, the ratio firstly
increases and reaches a local maximum value and the decreases
again. In AWR and KCS, however, the ratio firstly increases
and reaches a local maximum value and then decreases, and
finally increases again, so it shows a complex behavior. It is to
be noted that the ratio in AWB is much higher than in AWR and
KCS. As turbine inlet pressure increases, the exergy destruction
ratio decreases in AWB and KCS, but increases in AWR for a
given ammonia mass fraction.
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Fig. 5 Effect of ammonia mass fraction on the exergy destruction ratio
at condenser
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Fig. 6 Effect of ammonia mass fraction on the exergy destruction ratio
at regenerator

Fig. 6 illustrates the effects of the ammonia mass fraction on
the exergy destruction ratio at regenerator. In AWR, as the
ammonia mass fraction increases, the exergy destruction ratio
firstly increases and reaches a local maximum value and the
decreases again. When the turbine inlet pressure is 15 bar, the
exergy destruction ratio has a peak value of 26% at ammonia
mass fraction of 87%. As the turbine inlet pressure increases,

each of the maximum exergy destruction ratio and the
corresponding ammonia mass fraction decreases. It is to be
noted that the lower limit of ammonia mass fraction for proper
operation decreases with increasing turbine inlet pressure. In
KCS, however, the ratio firstly increases and reaches a local
maximum value as ammonia mass fraction increases.
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Fig. 7 Effect of ammonia mass fraction on the exergy destruction ratio
of exergy efficiency

Fig. 7 shows the effects of the ammonia mass fraction on the
exergy efficiency which is defined as the ratio of the net power
production to the exergy input into the system. AWB shows
different behavior of the exergy efficiency depending on the
turbine inlet pressure. As the ammonia mass fraction increases,
the exergy efficiency monotonically decreases for Py = 15 bar,
has a local minimum value for Py = 20 bar, but monotonically
increases for Py = 25 bar and 30 bar. In AWR, the exergy
efficiency has a maximum value with respect to ammonia mass
fraction. As the turbine inlet pressure increases, the maximum
value increases while the corresponding optimum ammonia
mass fraction slightly decreases. In KCS, the exergy efficiency
has a maximum value with respect to the ammonia mass
fraction, and the maximum efficiency and the corresponding
optimum ammonia mass fraction increases as the turbine inlet
pressure increases. When the turbine inlet pressure is 30 bar,
the exergy efficiency monotonically increases with increasing
ammonia masss fraction. It is to be noted the optimum
ammonia mass fractions in KCS are much lower than AWR,
and the maximum exergy efficiencies in AWR are higher than
those in AWB or KCS.

IV. CONCLUSION

The exergetical performance characteristics of the basic
Rankine cycle, the regenerated Rankine cycle and the Kalina
cycle using the ammonia - water mixture as the working fluid
for recovery of low-temperature heat source were compared
and analyzed.
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The important conclusions are as follows:

1) For effective operation of the system, the basic and
regenerative Rankine cycles have a lower limit while the
Kalina cycle has an upper limit of the ammonia fraction.
The limits of the ammonia mass fraction increase as the
turbine inlet pressure increases.

2) The thermal efficiency of the system can have a peak value
with respect to the ammonia mass fraction, and the Kalina
cycle is the best and the base Rankine cycle is the lowest at
the same operating conditions.

3) The exergy efficiency of the system can have a peak value
with respect to the ammonia mass fraction. The exergy
efficiency of the regenerated Rankine cycle is the best
under the same operating conditions.

4) The optimal ammonia mass fractions for the maximum
exergy and thermal efficiencies of the Kalina cycle are
much lower than the regenerated Rankine cycle.
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