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Abstract: Recently power generation systems using ammonia-water binary mixtures as a
working fluid have been attracting much attention for their efficient conversion of
low-grade heat sources into useful energy forms. This paper presents the First and Second
Law thermodynamic analysis for a heat recovery vapor generator (HRVG) of ammonia-water
mixtures when the heat source is low-temperature energy in the form of sensible heat. In
the analysis, key parameters such as ammonia mass concentration and pressure of the
binary mixture are studied to investigate their effects on the system performance, including
the effectiveness of heat transfer, entropy generation, and exergy efficiency. The results
show that the ammonia concentration and the pressure of the mixture have significant
effects on the system performance of the HRVG.
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1. Introduction

A thermodynamic analysis based on the First Law can give a good estimation of the expected
performance of a thermal system, however, it apparently has the inherent limitations of no distinction
between work and heat and no provision for quantifying the quality of heat [1]. The method of entropy
and exergy analysis based on the Second Law is well suited for furthering the goal of more effective
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energy resources use, for it enables the location, cause, and true magnitude of waste and losses to be
determined [2] and may give a much more meaningful evaluation by indicating the association of
irreversibilities of the system [3,4]. When heat is transferred in a heat exchanger, a 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 suitable for evaluating the performance of heat
exchanger systems and heat transfer intensification techniques. It shows that not all the energy input
into a system can be used effectively and the irreversibility of the heat exchange process could be
characterized by the increase of entropy generation [5].

Sciubba [6] presented an extended method of local irreversibilities which can be helpful in
assessing the optimal configuration of finned-tube heat exchangers. The method is based on the
determination on a local basis of the two components of the entropy generation rate: the one caused by
viscous dissipations and the one due to thermal irreversibilities. Naphon [7] performed a Second Law
analysis on the heat transfer and flow of a horizontal concentric tube heat exchanger. David et al. [§]
introduced an optimization method for improving thermoelectric heat pump performance by operating
condition management of the thermoelectric modules and design optimization of the heat exchangers.
San [9] carried out a Second Law analysis of heat exchangers for waste heat recovery, while
Giangaspero and Sciubba [10] presented an application of the entropy generation minimization method
to the pseudo-optimization of the configuration of the heat exchange surfaces in a solar heat exchanger.

An efficient use of low-grade energy sources such as geothermal energy, solar energy, biomass
combustion, or waste heat from various industrial processes has become more and more important due
to rapidly increasing worldwide energy demands. When the source is low-temperature energy in the
form of sensible heat, the thermal performance of a power generation cycle using a pure substance
becomes quite poor, because pure fluids have thermal properties of boiling and condensing at a
constant temperature under a constant pressure condition, which leads to large temperature differences
in the vapor generator and condenser and, in turn, inevitably increases the irreversibilities in the
system. However, the use of an ammonia-water mixture, which is a zeotropic binary-mixture, as a
working fluid in power generating systems has been found to be a proven technology for efficiently
utilizing low-temperature heat sources [11-14].

In the power generation system using ammonia-water mixture instead of pure working fluids, heat
can be supplied or rejected at variable temperature but still at constant pressure, since the binary
mixture evaporates over a wide range of temperatures. The variable-temperature heat transfer process
significantly alleviates the temperature mismatch between hot and cold streams in the heat exchanging
components of the system, which then reduces the exergy destruction in the power cycles. The
particular use of ammonia in the binary mixture with water possesses several merits other than the fact
that ammonia is relatively inexpensive. Ammonia and water have similar molecular weights and, thus,
traditional design of steam turbines can be employed in the ammonia-water power cycles with only
minor modifications. Also, the boiling point of ammonia is substantially lower than that of water,
which makes it practically useful to utilize the low-temperature waste heat in the power generation
systems [15,16].

Jonsson and Yan [17] investigated an ammonia-water bottoming cycle and pointed out that
higher power output accounted for low boiling temperature of the ammonia-water mixture as well as
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variable-temperature heat transfer. Roy et al. [18] studied an ammonia-water Rankine cycle with finite
size thermodynamics and their thermodynamic calculations were carried out in the context of
reasonable temperature differences in the heat exchangers. Wagar et al. [19] performed
thermodynamic analysis on the ammonia-water based Rankine cycles and suggested that each cycle
must be optimized using several parameters due to the nonlinear behavior of the working fluid.

Shi and Che [20] and Wang et al. [21] investigated ammonia-water based power generation
cycles using LNG cold energy. Kim et al. [22-24] investigated the thermodynamic performances of
ammonia-water based power generation cycles for the recovery of low-temperature heat sources.
They 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 proposed
an efficient and novel method for pinch point assessment in heat exchangers with inside flow of
ammonia-water mixture.

In this work, thermodynamic analysis of entropy and exergy is performed for heat recovery vapor
generator (HRVG) of ammonia-water mixture to covert low-temperature heat source to useful form of
energy. The HRVG consists of pre-heater, evaporator and superheater, and the heat source is in the
form of sensible energy. Ammonia mass concentration and pressure of the mixture are considered as
the key system parameters of the system, and their effects are investigated on the temperature
distributions and the system performance variables such as the effectiveness of heat transfer, entropy
generation, and exergy efficiency.

2. System Analysis

As previously mentioned, the HRVG consists of pre-heater, evaporator, and superheater, as its
schematic diagram is shown in Figure 1. The source fluid enters HRVG with thermal capacity Cs and
temperature 7§, where thermal capacity is product of mass flow rate m, and isobaric specific heat c,s of
source fluid. On the other hand, ammonia-water mixture enters HRVG with mass flow rate m,
temperature T, pressure P, and ammonia mass concentration x, is heated by the hot source stream,
and then leaves HRVG with temperature 7.

Figure 1. Schematic diagram of ammonia-water HRVG.
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The basic physical equations used to describe the heat transfer process of the heat exchangers are
developed with the following simplifying assumptions [5]:
(1) The fluid flow and heat transfer rates are steady.
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(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.

In this work, thermodynamic properties of liquid and vapor phases of the ammonia-water mixture
are evaluated by using the excess Gibbs free energy G as [25]:

G* /| RT = x(1- x)|F, + F,(2x 1) + Fy(2x — 1)’} (1)
where R is the universal gas constant, 7" is the absolute temperature, and x is the mole fraction of

ammonia in the mixture, and F), F,, and F3 are the functions of temperature and pressure. The
equilibrium states of liquid and vapor phases are calculated using the methods presented in [22]:

My = [GG’Z j = (a_c;j = uf )
aNa T,P,N, aNa T,P,N,

= [aG’/” j = [ﬁ] = 4 3)
aNW T,P,N, aNW T,P,N,

Here, u is the chemical potential, N,, N,, and N are numbers of moles of ammonia, water, and the
mixture, respectively, while superscripts / and g denote liquid and gas phases, respectively. The Gibbs
free energy of G,, for liquid or gas phase is denoted as:

G, =N,[G, +RTnx]|+ N |G, + RTIn(1-x)]+ NG* (4)

It is considered in this work that the mass flow rate m, ammonia mass concentration x;, and inlet
and outlet temperatures 7;, (=71) and T, (=74) of the ammonia-water mixture, and the thermal
capacity C; and inlet temperature 7 (=7,4) of source fluid are specified. Then, the source-fluid
temperatures 7y, T, and 73 can be obtained from the energy balance equations in HRVG:

Q,, =mlh,—h)=C,(T,~T,) (5)
Q,, =mlhy—h)=C(T;-T,) 6)
Q, =mh, —hy)=C,(T,, - T,) %
Q,, =mlh,—h)=C(T,~T,) )

where 4 is the specific enthalpy of the mixture, Q is the heat transfer rate of a heat exchanger, and the
subscripts of ph, ev, sh, and fot indicate pre-heater, evaporator, superheater, and total system of HRVG,
respectively. Note that 4, and /53 are specific enthalpies at the bubble and dew points of the mixture,
respectively, for the prescribed conditions of pressure P and ammonia mass concentration xp.

Once the values of the temperature are obtained, the entropy generations, which are equal to the
difference of entropy outflow from the system and entropy inflow to the system, can be obtained
as follows:
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AS,, =mls, —s,)-C,In(T,,/T,) ©)
AS,, =mls, =s,)=C,In(T,, / T,,) (10)
AS,, =mls, —s,)-C,In(T,, / T,,) (11)
AS,, =mls, =)= C,In(T,,/T,,) (12)

where s is the specific entropy of the mixture.

The exergy efficiency (exergy recovery index or second law efficiency) of a heat exchanger # may
be defined as the ratio of the increased exergy of cold stream to the decreased exergy of hot
stream [2,8]. Then, the exergy efficiency of each heat exchanger in HRVG can be obtained as follows:

m (hz_hl)_To(Sz_Sl)

= T, - 1,)~T,In(T,, /T,,) (13)
n _m (hy —hy)=Ty(ss—s,)
“7 ¢, (1,-1,)-T,(T,/T,) (14
n _m (h4_h3)_To(S4_53)
"¢, (1, -T,)-T,n(T, /T,) (15)
_m (h4_h1)_To(S4_S1) _4E, _I_TOAStot
To = c (T,-T,)-T,In(T,/T,) 4E.  4E (16)
s s4 sl 0 s4 sl s s

where the subscript 0 indicates the dead state.
3. Results and Discussion

In the present study, thermodynamic analysis of the HRVG of ammonia-water mixture is carried
out. The basic data of the system variables are as follows: 7y = 200 °C, T;, = 30 °C, T,,, = 190 °C,
Ty =298.15 K, C; = 10 kW/K, P = 20 bar, and m = 0.3 kg/s. The key parameters in this study are the
ammonia mass concentration and pressure in the stream of ammonia-water mixture. Note that, when
one parameter is varied in the parametric analysis, others are kept constant as the basic data.

3.1. Temperature Distributions

In contrast to the pure substance in which phase transition occurs at a constant saturation
temperature for a specified pressure, the phase transition of the zeotropic mixture as a working fluid
occurs over a wide range of temperature for a specified pressure. The phase transition starts at the
bubble point and ends at the dew point of the mixture. Some typical temperature distributions of the
hot and cold streams in HRVG are illustrated in Figure 2 for various: (a) ammonia concentrations (at
P =20 bar) and (b) pressures (with x, = 60%) of the ammonia-water mixture with respect to relative
heat transfer which is defined as the ratio of heat transfer to total heat transfer in HRVG. Note that the
inlet and outlet temperatures of working fluid are given as fixed values of 30 and 190 °C in order to
show the effects of ammonia concentration and pressure on the variable temperature phase transition.
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Figure 2. Temperature distributions in HRVG for various (a) ammonia concentrations and

(b) pressures of ammonia-water mixture.
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When the ammonia concentration is 99%, the phase transition is naturally similar to that of pure
ammonia by showing that most of phase change occurs at constant temperature. As the ammonia
concentration decreases for a fixed pressure or as the pressure increases for a fixed ammonia
concentration, both the bubble and dew temperatures as well as the temperature range of phase
transition rise and the portion of subcooled liquid increases, while the portion of superheated vapor
decreases. It is usually shown that the pinch point of a heat exchanger with phase change occurs at the
bubble point, if the working fluid is made of a single substance. However, in the heat exchangers using
a zeotropic mixture as a working fluid such as ammonia-water mixture, the pinch point may occur at a
middle point instead of the bubble point due to the nonlinear behavior of the phase transition process,
thus, cautions may be required in the pinch point calculations [22,23].

Figure 3a shows the saturation temperatures (bubble and dew points) of ammonia-water mixture for
the varying ammonia concentration and pressure. For example, the mixture of x, = 58.7% is a saturated
liquid at 30 °C and 5 bar (point i5) and, as the ammonia concentration increases, it becomes the state
of saturated liquid-vapor mixture. Similarly, the mixture of x, = 61.2% is a saturated vapor at 190 °C
and 30 bar (point €30) and, as the ammonia concentration increases, it becomes a superheated vapor. In
Figure 3b, the vaporization heat of ammonia-water mixture is shown to decrease with increasing
pressure or ammonia concentration.

With given enthalpy 4 of ammonia-water mixture, let us define the enthalpy ratio as:
_ h—h,

h,—h,

y (17)
where /iy and &, are the enthalpy of saturated liquid and saturated vapor, respectively, at given pressure
and ammonia concentration. Thus, the ammonia-water mixture is expected to be a subcooled liquid
with y <0, a saturated liquid-vapor mixture with 0 <y <1, and a superheated vapor with y > 1.
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Figure 3. The effects of ammonia concentration and pressure on (a) saturation

temperatures and (b) vaporization heat for ammonia-water mixture.
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Figure 4 shows the change of enthalpy ratio at 30 and 190 °C with respect to ammonia

concentration and pressure. If the temperature is low enough, such as 30 °C in Figure 4a, the mixture

stays as a subcooled liquid at higher pressure. However, at low pressures of 5 or 10 bar, the enthalpy
ratio exhibits a large increase after the state of saturated liquid (point i5 or 110) with further increase of
ammonia concentration. If the temperature is as high as 190 °C in Figure 4b, the trends are quite

opposite to the ones shown in Figure 4a. In the case where the working fluid exiting the heat exchanger

goes into turbine, the limitation of ammonia concentration can be determined (point €25 or €30) to

maintain the working fluid as a superheated vapor.

Figure 4. Change of enthalpy ratio of ammonia-water mixture at (a) 30 °C and (b) 190 °C

with respect to ammonia concentration and pressure.
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Figure 5 shows the heat transfers in pre-heater, evaporator, and superheater with the changes of
ammonia concentration and pressure of working fluid. Heat transfer in pre-heater increases with
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decreasing ammonia concentration or increasing pressure, due to the elevated temperature of the
bubble point of the mixture for a specified inlet temperature of the mixture. When the pressure is low
and the ammonia concentration is high (for example, P = 5 bar and x, = 60%), the heat transfer reduces
to zero, which indicates that the incoming working fluid is a saturated mixture of liquid and vapor.
Heat transfer in the superheater drops with decreasing ammonia concentration or increasing pressure
because of the elevated temperature of the dew point in the mixture for a specified outlet temperature of
the mixture. When the pressure is high and the ammonia concentration is low (for example, P = 30 bar
and x;, = 50%), the heat transfer becomes zero and, at this time, it is because the working fluid leaving
the evaporator reaches the specified outlet temperature.

Figure 5. Heat transfers in pre-heater, evaporator, and superheater for various ammonia
concentration and pressure of working fluid.
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In general, heat transfer in the evaporator is greater than that in the pre-heater or superheater and
decreases with increasing ammonia concentration or pressure of the working fluid because of the
reduced vaporization heat of the working fluid. The middle range of pressure (15 or 20 bar) in Figure 4
belongs to this monotonic decrease of heat transfer with ammonia concentration in evaporator, as the
working fluid is subcooled liquid or superheated vapor at the inlet or exit, respectively, for all degree
of ammonia concentration in the figures. When the ammonia concentration is high and pressure is low,
however, the decreasing rate of heat transfer with respect to the ammonia concentration becomes
higher, since the incoming working fluid is the saturated mixture of liquid and vapor instead of usual
subcooled liquid, which can be verified in the case of 5 or 10 bar in Figure 4a. When the ammonia
concentration is low and pressure is high, the heat transfer firstly increases with ammonia
concentration before its decline at the range of higher ammonia concentration. This is because the
working fluid leaving evaporator is now saturated mixture of liquid and vapor, as this is depicted in the
cases of 25 or 30 bar in Figure 4b.

The effectiveness of heat exchanger ¢ is defined as the ratio between actual heat transfer rate and
the maximum possible heat transfer rate and it can be approximately obtained as follows:

Ts — Tsl
T, 4o

g
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Figure 6 illustrates the effects of ammonia concentration and pressure of working fluid on the
effectiveness of heat exchanger. Since the heat transfer in evaporator is dominant in total value,
the effectiveness exhibits quite similar changes shown in evaporator of Figure 5. As long as the
ammonia-water mixture is a subcooled liquid at the inlet temperature of 30 °C and a superheated vapor
at 190 °C, the effectiveness of HRVG at different pressures falls onto one declining line with
increasing ammonia concentration. However, if either the inlet or exit condition of working fluid is in
a saturated state, which is determined by pressure and ammonia concentration, it could result in a
significant decrease of effectiveness.

Figure 6. Heat exchanger effectiveness of HRVG for various ammonia concentrations and
pressures of working fluid.
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3.3. Entropy Generation

As aforementioned, the entropy generation is a measure of irreversibility and can be obtained from
Equations (9)—(12) for pre-heater, evaporator, superheater, and HRVG, respectively. Figure 7 shows
the entropy generation in pre-heater, evaporator, and superheater, respectively, as functions of the
ammonia concentration and pressure of working fluid. The entropy generation in the pre-heater shows
an increasing tendency when the ammonia concentration decreases or the pressure of working fluid
increases, which is similar to the case of the heat transfer in the pre-heater. In contrast, the entropy
generation in the superheater increases with increasing ammonia concentration or decreasing pressure
of working fluid, which is similar to the case of the heat transfer in the superheater.

However, it can be seen from the figure that entropy generation in the evaporator is generally
greater than that in the pre-heater or superheater, and has a peak value with respect to the ammonia
concentration of the working fluid. The ammonia concentration corresponding to the peak value for
entropy generation increases with the pressure of working fluid. As the ammonia concentration
increases, temperature mismatch between hot and cold streams in the heat exchanger usually becomes
worse and yields the increase of entropy generation or irreversibility. However, at low pressure (5 or
10 bar), with the increase of ammonia concentration, the working fluid at the inlet goes into to the
saturated state. Thus, this starts the alleviation of temperature mismatch and creates the peak value for
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entropy generation at the ammonia concentration that indicates the saturated liquid state, which is
labeled as point i5 or 110 in Figures 3a and 4a. Note that the small peaks for high pressure cases near
the 100% ammonia concentration are due to the steep increase of enthalpy ratio shown in Figure 4b.

Figure 7. Entropy generation in pre-heater, evaporator, and superheater for various
ammonia concentrations and pressures of working fluid.
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Figure 8. Entropy generation of HRVG with changes of ammonia concentration for
different pressures of working fluid.
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Figure 8 illustrates the effects of ammonia concentration and pressure of working fluid on the
entropy generation of total system. When the pressure is high (P = 15, 20, 25, 30 bar), the entropy
generation shows a monotonous increasing tendency with increasing ammonia concentration or
decreasing pressure of working fluid. When the pressure is low enough (P = 5, 10 bar), however, the
entropy generation first increases with the ammonia concentration, reaches a peak value, and then
decreases to a very small value. Therefore, when the ammonia concentration has a high value near
100%, the entropy generation as well as the effectiveness of the system becomes very small. As
discussed earlier, this behavior at lower pressure is due to the fact that the working fluid becomes a
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saturated liquid-vapor mixture, not a subcooled liquid any more, at the inlet, when the ammonia
concentration increases past a certain value. Therefore, at low pressures, with increasing ammonia
concentration, the entropy generation of the system increases first (subcooled liquid at the inlet), and
then starts to decrease (saturated liquid-vapor mixture at the inlet). Also, the working fluid becomes
simply saturated vapor, as the ammonia concentration approaches 100% or the working fluid is quite a
pure substance. Hence, the function of evaporator is meaningless and it is reflected on the very small
value of heat transfer or entropy generation in this case.

3.4. Exergy Efficiency

As the HRVG is employed in a low-grade heat recovery process, thermal exergy is transferred from
a hot stream to a cold stream. The exergy efficiency of a heat exchanger can be viewed as the net
recovered thermal exergy in the cold stream normalized by the available thermal exergy in the hot
stream as listed in Equations (13)—(16). Figure 9 shows the exergy efficiencies of pre-heater,
evaporator, and superheater for various ammonia concentrations and pressures of working fluid.

Figure 9. Exergy efficiency as a function of ammonia concentration for pre-heater,
evaporator, and superheater.

100

] preheater \evaporator
80 T —

\\\ superhe}
%0 P [bar] \\\\\

1 5 10 15 20 25 30
40'\\% /)] ]

] \K\
20 \

)
40 100 40 100 40 100
ammonia concentration [%)]

exergy efficiency [%]

As is seen in the figure, the exergy efficiency of each heat exchanger shows the decreasing
tendency with increasing ammonia concentration. Especially, it is reduced to a very small value as
ammonia concentration approaches 100%. As the pressure of working fluid increases for a specified
ammonia concentration, the exergy efficiency generally increases except for low pressure and high
concentration or high pressure and low concentration. This can be explained as follows. In hot stream
(source fluid), the change of exergy is insensitive to pressure change. In contrast, the exergy in cold
stream (working fluid) can increase sensitively with the increase of pressure or decrease of ammonia
concentration, resulting in those behaviors of exergy efficiency in Figure 9. The inconsistency to this
trend that appears in the figure is due to the aforementioned effects of inlet or exit conditions of
working fluid being or crossing over the bubble or dew points for the cases being either low pressure
and high ammonia concentration or high pressure and low ammonia concentration.
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Figure 10 shows the exergy efficiency of HRVG for various ammonia concentrations and pressures
of working fluid. It can be seen from the figure that the exergy efficiency of each heat exchanger
generally decreases with increasing ammonia concentration or decreasing pressure of working fluid.
First, it has a local maximum value with respect to ammonia concentration for low ammonia
concentration and high pressure of working fluid due to the fact that the exit condition of working fluid
experiences dew point and is still at saturated state.

Figure 10. Exergy efficiency of HRVG for various ammonia concentrations and pressures
of working fluid.
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In contrast, it has a local minimum value with respect to ammonia concentration for high ammonia
concentration and low pressure of working fluid. This is related to the substantial decrease of entropy
generation with higher ammonia concentration in evaporator by having the working fluid as saturated
liquid-vapor mixture at the inlet, combined with the change of exergy in pre-heater and superheater.
Furthermore, it can be observed from Figures 8 and 10 that the extremes (maximum for entropy
generation on Figure 8 and minimums for exergy efficiency on Figure 10) are not at the same ammonia
concentrations for 5 bar (at 57.3% and 84.9%) but are quite close for 10 bar (at 84.9% and 84.9%),
respectively. It can be explained as follows: considering the rightmost part of Equation (16) and
introducing two supplementary functions for the total entropy generation (AS,,) and the exergy
decrease in source fluid (AE) such as:

d(4S,,)/ dx, _dIn(4S,,)

Flx) =" " (19)
tot b
d\4E, )/ dx, dIn(4E,

6x) -4 Ag b= ;x ) (20)
s b

it is readily found that the total entropy generation and the total exergy efficiency have extremes with
respect to ammonia concentration at the zeroes of F' and at the intersection between F and G,
respectively. These extreme points are pictorially given in Figure 11 for the pressure between 2.5 and
15 bar with an interval of 2.5 bar. It is to be noted that the ammonia concentrations giving maximum
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entropy generation for 5 and 10 bar coincide with those of the points marked as i5 and 110,
respectively, in Figure 4. The ammonia concentration giving maximum entropy generation increases
with the pressure and eventually reaches 100% when the pressure becomes high enough (such as 15 bar
or above). The total exergy efficiency shows a qualitatively similar but quantitatively different
dependence on ammonia concentration; concentrations at minimum efficiencies are higher than those
of maximum entropy generations and comparatively insensitive to the change of pressure.

Figure 11. Functions F and G for various ammonia concentrations and pressures of
working fluid.
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4. Conclusions

In this study, a performance analysis based on the First and Second Laws of thermodynamics is
carried out for the heat recovery vapor generator (HRVG) of an ammonia-water mixture. The heat
source is a low-temperature heat source in the form of sensible energy and the HRVG consists of
pre-heater, evaporator, and superheater. The ammonia mass concentration and pressure of the mixture
are considered as the key parameters, while other system parameters are prescribed. The results of the
present analysis show that the temperature distribution changes depend dramatically on the ammonia
concentration and pressure, which reveals that the nonlinear behaviors of temperature distribution in
zeotropic mixture should be considered carefully for thermodynamic performance analyses. Simulation
results show that the ammonia concentration and the pressure of the mixture exhibit significant effects
on the system performance such as the effectiveness of heat exchanger, entropy generation and exergy
efficiency for pre-heater, evaporator, superheater, and total HRVG system. In general, the entropy
generation increases but the exergy efficiency decreases with increasing ammonia concentration or
decreasing pressure of the mixture. However, the exergy efficiency possess a local minimum value
with respect to ammonia concentration for high ammonia concentration and low pressure of working
fluid, and has a local maximum value with respect to ammonia concentration for low ammonia
concentration and high pressure of working fluid.
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