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Abstract

The exergy analysis method was applied in order to evaluate the new combined cycle proposed by Goswami

[Solar thermal technology: present status and ideas for the future. Energy Sources 1998;20:137–45], using

Hasan–Goswami–Vijayaraghavan parameters. This new combined cycle was proposed to produce both power and

cooling simultaneously with only one heat source and using ammonia–water mixture as the working fluid. The simulation

of the cycle was carried out in the process simulator ASPEN Plus. The Redlich–Kwong–Soave equation of state was used

to calculate the thermodynamic properties. The cycle was simulated as a reversible as well as an irreversible process to

clearly show the effect of the irreversibilities in each component of the cycle. At the irreversible process two cases were

considered, changing the environmental temperature. However, in order to know the performance of the new cycle at

different conditions of operation, the second irreversible case was analyzed varying the rectification temperatures, the

isentropic efficiency of the turbine and the return temperature of the chilled water. Exergy effectiveness values of �53%

and �51% were obtained for the irreversible cycles; with heat input requirements at temperatures of 125 and 150 1C. Solar

collectors or waste heat are suggested as heat sources to operate the cycle.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

In order to solve the problem of primary energy consumption in the energy systems and to reduce
environmental pollution, new thermodynamic cycles have been investigated and developed during the past
20 yr [1]. Some of these new cycles were designed to operate with medium or low temperature heat sources,
such as waste heat or renewable energy sources (e.g., geothermal) or the heat from solar collectors. Theoretical
investigations show the potential of these new cycles to be operated with this kind of heat sources [2–5]. A
characteristic of these new cycles is the use of environmentally friendly working fluids, i.e., ammonia–water
mixture. In the early 1950s, this mixture was analyzed by Maloney and Robertson [6] to operate power cycles;
e front matter r 2006 Elsevier Ltd. All rights reserved.
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Nomenclature

AB absorber
ARM absorption refrigeration machines
CHWI chilled water inlet
CHWO chilled water outlet
COWI cooling water inlet
COWO cooling water outlet
COP coefficient of performance
CPC compound parabolic concentrator
Efl effluent exergy losses
_Ex exergy rate [kW]
GE generator
h enthalpy [kJ/kg]
HE heat exchanger
_I irreversibility rate [kW]
_m , MF mass flow [kg/s]
MX mixer
NA not applicable/not available
P pressure [bar]
Pot improvement potential
_Q heat rate [kW]

r ratio of cooling to work net produced
RE rectifier
s entropy [kJ/kg K]
T temperature [1C]
TV throttle valve
VT vapor turbine
_W work output [kW]

X ammonia weight percent

Greek letters

Z efficiency [%]
e exergy effectiveness [%]
D gradient

Subscripts

0 environmental state
I first law
II second law
cool cooler
cs control surface
T isentropic of turbine
L Lorenz
np net produced
ns net supply
sh shaft
sup super
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however, the major credit has been conceded to Kalina [7], who in 1983 proposed the use of this mixture as the
working fluid in power cycles. To validate this research, pilot plants have been built, as combined power and
refrigeration plants [8–11]. There is a worldwide interest to design energy systems that can work satisfactorily
using less primary energy. Therefore, the trend is to produce integrated systems such as cogeneration and
trigeneration systems, where both energy recovery and energy integration result in a higher thermodynamic
efficiency than the separate simple systems.

In this context, a new combined cooling and power cycle was proposed by Goswami [3]. This was a combined
cycle because it produced both power and cooling simultaneously with only one heat source, using
ammonia–water mixture as the working fluid. Other researchers have also investigated this new cycle.
Xu et al. [12] presented a parametric analysis of this cycle, Hasan et al. [13] applied an analysis of the first and
second laws of thermodynamics to optimize the combined cycle. A characteristic of this new cycle is that the
ammonia–water vapor that leaves the turbine passes through a heat exchanger (cooler) transferring only sensible
heat; therefore, the produced cooling is relatively small. In order to produce a larger cooling effect, the working
fluid should go through a phase change in the cooler. Zheng et al. [14] proposed a combined cycle utilizing
Kalina0s technology [15] to condense the vapor before passing through the cooler, although the required heat
source temperature was relatively high (350 1C). In a more recent work Zhang et al. [16] compare a cogeneration
cycle based on ammonia–water with systems for separate power generation and refrigeration and show the
advantages of the use of a binary mixture instead of pure fluids as working fluids. Later, Zhang and Lior [17]
analyze several configurations of the cogeneration cycle and show the configuration with the highest energy and
exergy efficiency. However, although these last cycles produce a larger refrigeration load, they were designed in
order to operate with high temperature heat sources around 450 1C, out of the scope of this work.

In this paper the exergy analysis method was applied to evaluate the new combined cycle operated with low
temperature heat sources proposed by Goswami. Exergy parameters were calculated such as second law
efficiency, exergy effectiveness, effluent exergy losses, improvement potential and irreversibilities (exergy
losses). The cycle was simulated as an irreversible process varying the isentropic efficiency of the turbine,
which is different from the analysis presented by Hasan et al. [13], who assumed reversible behavior of the
vapor turbine and solution pump. However, to compare the effect of the irreversibilities in these devices it was
necessary to simulate both reversible and irreversible processes. The performance of the cycle was studied for
two cases of environmental temperature, 17 and 25 1C; obtaining for the irreversible cases exergy effectiveness
values of �53% to �51%, with heat requirements at temperatures of 125 and 150 1C. The exergy losses in each
component of the cycle were also computed. The exergy analysis developed here shows the technical potential
of the combined cycle to produce both electric and cooling energy even in the irreversible case.

2. Methods

2.1. Simulation and description of the combined power and refrigeration cycle

ASPEN Plus [18] was used to simulate the cycle and the Redlich—Kwong–Soave (RKS) equation of state
was selected to calculate the thermodynamic properties of ammonia–water mixture because it shows good
agreement with the literature [14,19] and experimental results obtained with an absorption prototype [20]. The
following parameters and assumptions were used in the simulations: isentropic efficiency of the turbine (ZT)
from 85% to 90%, isentropic efficiency of the pump 80%, mechanical and electric efficiency 96%, minimum
temperature difference for each of the heat exchangers 5 1C, rectifier temperatures from 106 to 112 1C, chilled
water inlet temperatures from 20 to 25 1C, reference temperatures, T0, 17 and 25 1C, reference pressure, P0,
1.0132 bar. The pressure drops were neglected in this analysis. The efficiency values for the turbine and pump
and the temperature approach in the heat exchangers were based in the values suggested by Tamm et al. [11],
Nag and Gupta [21] and Olsson et al. [22].

2.2. Cycle description

Fig. 1 shows the new cycle proposed by Goswami. The ammonia-strong saturated solution (1) which leaves
the absorber (AB) is pumped to 20.5 bar (2). It is then split into two streams; stream 2A and stream 2B, the
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Fig. 1. Schematic diagram of the new combined cycle, adapted from Hasan et al. [13].
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latter is preheated to 109 1C (3B) through the heat exchanger HE-1 by the ammonia-weak solution (10).
Stream 2A is preheated to 93 1C (3A) through the rectifier (RE) by the rejected heat in this device. The
condensed liquid (5) from the rectifier and both 3A and 3B streams are mixed in MX and then fed to the
generator (3). In the generator (GE) which receives heat from a low temperature heat source, stream 3 is
separated into an ammonia-weak solution (10) and an ammonia-rich vapor (4) which is purified in the
rectifier. The ammonia-rich vapor (6) can be superheated through heat exchanger HE-2 and then be expanded
through the turbine to produce power. The ammonia–water vapor (8) that leaves the turbine at low
temperature (7 1C) passes through a cooler (9) providing cooling by sensible heat transfer to the chilled water.
The ammonia-weak solution (11) coming from heat exchanger HE-1 passes through an expansion valve (TV)
where it is throttled down to 2 bar (12). Both stream 12 and stream 9 are fed to the absorber to produce the
ammonia-strong saturated solution (1) completing the cycle.

2.3. Exergy analysis method

The first law analysis method is widely used to evaluate thermodynamic systems; however, this method is
concerned only with energy conservation, and therefore it cannot show how or where irreversibilities occur in
a system or process. To determine the irreversibilities, the exergy analysis method is applicable, providing an
indicator that points in which direction efforts should concentrate to improve the performance of the
thermodynamic systems [23].
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The maximum work obtainable from a system using the environmental parameters as reference state is
called exergy and is expressible in terms of four components: physical exergy, kinetic exergy, potential exergy
and chemical exergy. However, the kinetic and potential exergies are usually neglected and because there is no
departure of chemical substances from the cycle to the environment, the chemical exergy is zero [24,25].
Therefore, in this analysis the physical exergy (Ėx) is only considered and is calculated by the general
expression:

¼ ðh� h0Þ � T0ðs� s0Þ, (1)

where h and s are the enthalpy and entropy respectively and T0 is the reference environmental temperature.
However, usually the analysis of a process requires of the difference in physical exergy for two states in the

process rather than environmental state [24]. Therefore, from Eq. (1)

_Ex ¼ ðh1 � h2Þ � T0ðs1 � s2Þ. (2)

Another form of exergy is associated with the heat transfer out of or into a control surface called thermal
exergy (ĖxQ) defined as

_ExQ ¼ _Q 1�
T0

T cs

� �
, (3)

where Tcs is the uniform temperature at the control surface.
2.4. Exergy balance and irreversibilities

Considering the control volume at steady state of Fig. 2 the exergy balance can be expressed as

_Exin þ _ExQ in ¼ _Exout þ _ExQ out þ _W sh þ _I , (4)

where the subscripts in and out indicate inlets and outlets, respectively. The exergy losses due to
irreversibilities in steady state can be determined for each component of the cycle by the following expression:

_I ¼ T0

X
out

_ms�
X
in

_ms�
X
hs

_Q

Ths

" #
, (5)

where the first two terms represent the entropy flux associated with the flow of matter. The third term gives the
sum of thermal entropy fluxes. With _Q ¼ 0 the Eq. (5) can be written as:

_I ¼ T0

X
out

_ms�
X
in

_ms

" #
. (6)

Eqs. (5) and (6) are known as the Gouy–Stodola relation and are applicable to all real process [24].
Environment
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Fig. 2. Flow of matter and energy in a control region of a steady state process, adapted from Ref. [24].
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2.5. Energy and exergy parameters

The first and second law efficiencies (Eqs. (7) and (8)) of the combined cycle were calculated by the
definitions of Vijayaraghavan and Goswami [26]. The exergy parameters were calculated by the definitions of
Rivero and Le Goff [27].

First law efficiency is obtained for the combined cycle by the following expression:

ZI ¼
_Wnp þ D _Excool
_QGE þ

_Qsupheat

, (7)

where _Wnp and D _Excool are the net work and exergy changes of the chilled water in the cooler, respectively;
produced by the combined cycle. _QGE and _Qsup heat are the supply heat to generator and superheater,
respectively.

The second law efficiency is a measure of the performance of a device relative to its performance under
reversible condition. In the Goswami cycle the working fluid used is a zeotropic mixture of ammonia–water;
therefore, the Lorenz cycle is used as reference cycle (reversible cycle) because is based on using a mixture of
refrigerants as the working fluid rather than single pure refrigerant as the Carnot cycle [28]. The
temperature–entropy diagram of the Lorenz cycle is shown in Fig. 3. Therefore, the expression in order to
evaluate the second law efficiency can be written as:

ZII ¼
ZI
Zrev

, (8)

where the Zrev is based in the Lorenz cycle efficiency for power and refrigeration, which was developed by
Vijayaraghavan and Goswami [26]:

Zrev ¼ ZLorenz
1þ r

1þ r=COPLorenz

� �
" #

, (9)

where ZLorenz for power was developed as shown in Fig. 3a:

ZLorenz ¼ 1�
ðT3 � T4Þ= lnðT3=T4Þ

ðT2 � T1Þ= lnðT2=T1Þ
. (10)

The COPLorenz for refrigeration was developed as shown in Fig. 3b:

COPLorenz ¼
ðT2 � T1Þ= lnðT2=T1Þ

ðT3 � T4Þ= lnðT3=T4Þ � ðT2 � T1Þ= lnðT2=T1Þ
. (11)
(a)  (b) 
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Fig. 3. (a) Temperature–entropy diagram for the Lorenz power cycle. (b) Temperature–entropy diagram for the Lorenz refrigeration

cycle.
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The ratio of cooling to work net produced (r) is

r ¼
_Qcool

_Wnp

. (12)

The exergy effectiveness is defined as a measurement of the capacity of system to produce the desired effect,
power and cooling in this case. The exergy effectiveness is calculated with the following expression:

e ¼ 1�
_ICycle
_Exns
¼
_Exnp
_Exns
¼

_W sh þ D _ExCW
D _ExGE þ D _ExHE�2 þ _Wpump � D _ExAB

, (13)

where Ėxnp and Ėxns are the net exergy produced and net exergy supplied, respectively; D _ExCW, D _ExGE,
D _ExHE�2 and D _ExAB are the exergy changes of chilled water, heating fluid (in the generator and superheater)
and cooling water or cooling air (in the absorber), respectively. D _ExGE and D _ExHE�2 were computed by the
definition of thermal exergy given by Eq. (3), because the heat sources in the generator and the superheater are
not yet defined.

The effluent exergy losses are the sum of all exergy streams rejected to the environment. For the combined
cycle analyzed the absorber heat is the only stream rejected to the environment; therefore

Efl ¼ D _ExAB. (14)

The exergy analysis would not be complete if it is not known how much the efficiency or effectiveness of a
system or processes could be improved. The improvement potential of a system is a measure of how much and
how easily the system could be improved for optimization purposes and can be obtained by the following
expression:

Pot ¼ _ICycleð1� eÞ þ Efl: (15)

The first term of Eq. (15) has been proposed by van Gool, cited by Hammond et al. [29], to define the
improvement potential; however, Rivero et al. [27] added the term of environmental potential (Efl), which is a
measure of how much a system can be improved by using the effluent streams instead of rejecting their exergy
to the surrounding medium. This term has a greater importance when the temperature level of effluents is high;
so their recovery is feasible.

3. Results and discussion

To consider the operation of the turbine and the pump as reversible in a thermodynamic analysis can be
useful only as an idealized reference point, since the real behavior of these devices is very far from reversible.
Therefore, in order to be able to improve a process it is necessary to know the nature of the irreversibilities. It
is important to mention that considering in the simulation the turbine as a reversible device leads to that the
fluid coming out of the steam turbine is at a low temperature, which produces cooling by passing it through a
heat exchanger, as reported by Hasan et al. [13]; however, considering the turbine as irreversible the cooling
effect is diminished for the reasons that are explained in the following paragraphs. Therefore, in this work it
was investigated how the production of power and cooling of the Goswami cycle is affected when simulated in
a more realistic way; considering for the pump and turbine isentropic and mechanical efficiencies, common in
the operation and design as reported in the literature [11]. The rectification temperatures and the return
temperatures of the chilled water also were varied in this analysis.

At the beginning of this investigation, the operation parameters reported in the work of Hasan et al. [13]
were used in our simulation, changing only the efficiencies in the pump and the turbine (first irreversible case).
Under these conditions, the result was that the fluid that leaves the turbine resulted in greater temperature
(17.8 1C) than the environmental temperature (17 1C); therefore, the cooling effect was null. It was necessary to
lower Pout (1.5 bar) to obtain the suitable temperature to reach the cooling effect. However, this decrease of
Pout leads to absorber temperatures lowers than the environmental temperature, which could make it difficult
to reject the absorption heat. Therefore, the operation parameters were modified to reach, in addition to
produced power, useful cooling. The environmental temperature was changed from 17 to 25 1C, the Pout was
increased from 2 to 3.15 bar, in order to guarantee that the absorption heat can be rejected with water or air to
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Table 1

Parameters obtained in the simulation of the first irreversible case T0 ¼ 17C; ZT ¼ 85%
� �

Stream T [1C] P [bar] h [kJ/kg] S [kJ/kgK] _m [kg/s] X (kg NH3/kg H2O) [%] Ėx [kW]

1 9.72 1.50 �11024.0 �10.53327 1 43.70 9.70

2 9.87 20.50 �11021.0 �10.53326 1 43.70 12.69

2A 9.87 20.50 �11021.0 �10.53326 0.05 43.70 0.69

2B 9.87 20.50 �11021.0 �10.53326 0.95 43.70 12.00

3 103.89 20.50 �10529.0 �9.026655 1.00 43.66 73.94

3A 110.00 20.50 �10423.0 �8.762368 0.05 43.70 5.32

3B 103.48 20.50 �10530.0 �9.043041 0.95 43.70 67.62

4 125.00 20.50 �3355.8 �6.352111 0.18 92.30 83.39

5 108.50 20.50 �10913.0 �8.960369 0.01 40.42 0.91

6 108.50 20.50 �2963.9 �6.64026 0.17 96.30 74.07

7 108.50 20.50 �2963.9 �6.640266 0.17 96.30 74.07

8 6.74 1.50 �3283.7 �6.434268 0.17 96.30 9.08

9 12.00 1.50 �3260.6 �6.352584 0.17 96.30 8.97

10 125.00 20.50 �11734.0 �8.609784 0.83 32.83 71.16

11 14.87 20.50 �12294.0 �10.25295 0.83 32.83 1.97

12 15.30 1.50 �12294.0 �10.24326 0.83 32.83 �0.35

CHWI 17.00 1.50 �15899.0 �9.169373 0.18 0.00 0.00

CHWO 11.73 1.50 �15921.0 �9.246064 0.18 0.00 0.02

COWI 4.72 1.50 �15950.0 �9.350442 13.19 0.00 12.97

COWO 9.72 1.50 �15912.0 �9.275608 13.19 0.00 8.90

Table 2

Parameters obtained in the simulation of the second irreversible case T0 ¼ 25C; ZT ¼ 85%
� �

Stream T [1C] P [bar] h [kJ/kg] s [kJ/kgK] _m [kg/s] X (kg NH3/kg H2O) [%] Ėx [kW]

1 30.07 3.15 �10922.00 �10.18744 1.00 43.70 18.38

2 30.33 30.00 �10918.00 �10.18729 1.00 43.70 22.34

2A 30.33 30.00 �10918.00 �10.18729 0.17 43.70 3.85

2B 30.33 30.00 �10918.00 �10.18729 0.83 43.70 18.49

3 129.10 30.00 �10282.00 �8.54586 1.05 44.10 127.48

3A 135.00 30.00 �10250.00 �8.34344 0.17 43.70 24.25

3B 129.33 30.00 �10335.00 �8.55206 0.83 43.70 97.72

4 150.00 30.00 �3804.00 �6.23371 0.24 87.80 123.49

5 108.00 30.00 �9546.80 �9.15048 0.05 51.74 4.90

6 108.00 30.00 �2812.80 �6.95997 0.18 97.95 88.50

7 120.00 30.00 �2780.90 �6.87758 0.18 97.95 89.85

8 11.31 3.15 �3057.10 �6.70351 0.18 97.95 29.48

9 20.00 3.15 �3020.20 �6.57584 0.18 97.95 29.26

10 150.00 30.00 �11761.00 �8.26123 0.82 31.46 92.48

11 35.33 30.00 �12353.00 �9.88781 0.82 31.46 4.95

12 35.91 3.15 �12353.00 �9.87486 0.82 31.46 1.80

CHWI 25.00 1.50 �15866.00 �9.05579 0.19 0.00 0.00

CHWO 16.31 1.50 �15902.00 �9.17929 0.19 0.00 0.15

COWI 25.00 1.50 �15866.00 �9.05579 13.74 0.00 0.20

COWO 30.00 1.50 �15845.00 �8.98639 13.74 0.00 4.57

A. Vidal et al. / Energy 31 (2006) 3401–34143408
the environmental temperature. The operation temperature also was increased from 125 to 150 1C (second
irreversible case). The exergy analysis was carried out using the data produced in the simulations; only two
simulation cases are reported in Tables 1 and 2.

Table 3 shows the comparison of the thermodynamic parameters for the reversible and both irreversible
cases, the reversible case is only added as an ideal reference. In the second irreversible case, with higher T0, the
power produced was 7.2% less than the first irreversible case, causing also a decrease in the first law efficiency
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Table 3

Comparison of thermodynamic parameters

Parameters Reversible cycle (Hasan et al. [13]) Irreversible cycles [this work]

T0 ¼ 17 �C T0 ¼ 17 �C T0 ¼ 25 �C

_W sh (kW) 49.4a 52.6b 48.8b

_Wpump (kW) 2.2 3.0 4.4

_Qcool (kW) 3.5 4.0 6.8

_QGE in (kW) 278.8 324.5 320.3

_QSupheat in (kW) 0.0 0.0 5.9

_QAB out (kW) 235.2 277.0 287.0

ZI (%) 16.9 15.3 13.7

Zrev (%) 25.8 27.0 27.8

COPL NA 6.0 5.6

ZL (%) NA 25.4 24.81

aTurbine efficiency ¼ 100%.
bTurbine efficiency ¼ 85%.
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of 10.5%, falling from 15.3% to 13.7%. This decrease in the power output is due to the high Pout of the
turbine, which by environmental conditions was set at 3.15 bar. It was also necessary to add 5.9 kW of
superheating in this case. The cooling produced was 4.0 and 6.8 kW for the first and the second irreversible
cases, respectively. This increase of the cooling load, for the second irreversible case, was because the
temperature change of the chilled water stream (DT) was higher (8.7 1C) than the first irreversible case (5 1C).
However, it is unlikely that the chilled water returns to the environment temperature; therefore, the return
temperature of chilled water was varied from 25 to 20 1C in order to know the behavior of the cooling load and
mass flow of chilled water produced. Fig. 4 shows the results of these variations; the cooling load is decreased
as the return temperature of the chilled water is also decreased. However, this decrease in the cooling load is
more noticeable for high rectification temperatures, because the refrigerant stream does not have the ammonia
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Table 4

Exergy parameters

Parameters Reversible cyclea Irreversible cycleb Irreversible cycleb

T0 ¼ 17 �C T0 ¼ 17 �C T0 ¼ 25 �C

ZII (%) 65.4 56.5 49.2

e (%) NA 52.4 51.0

Efl (kW) NA �9.3 4.4

Pot (kW) NA 13.5 27.5
_ICycle (kW) 25.3 48.0 47.0

aTurbine efficiency ¼ 100%.
bTurbine efficiency ¼ 85%.

A. Vidal et al. / Energy 31 (2006) 3401–34143410
purity necessary to obtain low temperatures in the cooler. Fig. 4 is also useful to know the mass flow of chilled
water for different conditions.

Table 4 shows the exergy parameters for both reversible and irreversible cases. In the second irreversible
case, the second law efficiency ðZIIÞ and the exergy effectiveness ðeÞ diminished 12.9% and 2.7%, falling from
56.5% to 49.2% and from 52.4% to 51.0%, respectively, with respect to the first irreversible case. This
decrease is due to the fact that the first irreversible cycle ‘‘can produce more exergy’’ ð _W sh þ D _ExcoolÞ than the
second irreversible cycle, although it is true thermodynamically, an additional cooling system would be
necessary in order to have a correct operation. Although in the irreversible cases there is a high entropy
generation, there is also a high improvement potential (Pot), 27.5 and 13.5 kW, which means that applying
optimization techniques and using very efficient devices, the total irreversibility of the cycles could be reduced
and consequently the exergy effectiveness of the cycle could be increased. Substituting values of Table 3 and
Table 4 in Eqs. (13)–(15); the cycle irreversibility, 47.1 and 47.7 kW, could be reduced up to 19.6 and 34.6 kW
for the second and the first irreversible case, respectively. Consequently the exergy effectiveness could be
increased up to 79.8% and 65.5% for the second and the first irreversible case, respectively. The effluent
exergy losses (Efl) were negative in the first irreversible case because the absorption temperature (9.7 1C) was
lower than the ambient temperature (17 1C). Therefore, in order to reach the condensation of the solution it
would be necessary to cool the absorber with water or air at a temperature below 9.7 1C. In this work for the
first irreversible case, cooling water inlet temperature was assumed at 4.7 1C and the outlet temperature at
9.7 1C, in order to remove the absorption heat and to obtain the ammonia-strong solution. As the streams
were below the ambient temperature, the exergy losses were negative. However, this case is not considered
feasible due to the amount of chilled water required. The specifications of these streams are shown in Table 1.
In the second irreversible case this problem was solved increasing Pout to 3.15 bar, but increasing also the
operation temperature to 150 1C. However, the cycle efficiency was diminished due the exergy produced was
lower respect to the exergy supply. In this second irreversible case, the cycle efficiency can be improved,
amongst other ways by improving the efficiency of the turbine.

As the cooling produced by the cycle is an important factor in the possible use of the cycle, it is of interest to
analyze how to increase the cooling capacity produced. For a fixed generation temperature of 150 1C,
producing an ammonia vapor of higher purity can increase the cooling capacity. This is achieved by reducing
the rectifier operating temperature. Fig. 5a shows the reduction in refrigerant vapor temperature entering the
cooler as function of the isentropic efficiency of the turbine (ZT) for four rectifier temperatures. The
corresponding ammonia vapor concentration in weight percent is also shown. It can be seen that for an
isentropic efficiency of 85%, the refrigerant vapor temperature entering the cooler decreases by 6 1C when the
rectifier temperature is reduced from 112 to 106 1C. The same temperature difference is maintained as the
isentropic efficiency of the turbine is increased, although at lower refrigerant temperatures. This produces, as
shown in Fig. 5b, an increasing in the cooling load, which is more noticeable as the turbine efficiency increases
and as the rectifier temperature decreases.

Fig. 6 shows the behavior of the second law efficiency and of the exergy effectiveness. As expected, the
exergy parameters decrease as the rectifier temperature decrease. Producing a higher purity refrigerant in the
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rectifier increases the temperature difference between generator and rectifier and more heat is needed in the
superheater.

Fig. 7a shows, for the second irreversible case, a lowering of the total irreversibility of the cycle by 0.5 kW,
as the rectifier temperature is decreased from 112 to 106 1C. This behavior is higher if the isentropic efficiency
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of the turbine is increased. As Fig. 7b shows, the lowering of total irreversibility is reflected in the decrease of
the improvement potential.

Fig. 8 shows the irreversibilities of each component of the cycle for the reversible and irreversible cases. For
the first irreversible case the component with the highest irreversibility was the heat exchanger (HE-1) with
13.6 kW with respect to 8.3 kW of second irreversible case; because in this last case the stream 3B reaches a
higher vapor fraction; therefore, it also has a higher exergy value. For both irreversible cycles, the turbine (VT)
resulted with irreversibilities of 12.4 and 11.6 kW (25.9% and 24.6% of the total irreversibility) for the first and
second case, respectively, due to the assumed isentropic efficiency of 85%. However, it is well known that
increasing the turbine efficiency, the irreversibility in this device is reduced. For the second irreversible case the
irreversibility in the turbine was diminished by 11, 10.4, 9.8, 9.2 and 8.5 kW for isentropic efficiencies set at:
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86%, 87%, 88%, 89% and 90%, respectively. The absorber (AB) resulted with 8.3 and 6.9 kW (17.2% and
14.7% of the total irreversibility), the generator (GE) resulted with 7.5 and 6.2 kW (15.5% and 13.1% of the
total irreversibility) for first and second case, respectively. Although in these devices both mass and heat
transfer processes causes more entropy generation, the high irreversibility is due mainly to the heat transfer
process [23]. In the rectifier (RE) the irreversibility was 3.8 and 9.7 kW (7.9% and 20.6% of the total
irreversibility) for first and second case, respectively, due to the temperature gradient between the generator
and the rectifier. The irreversibility in this device increases or reduces as the rectification temperature is
diminished or increased. For the second irreversible case the irreversibility in the rectifier varied by: 9.9, 9.4
and 9.1 kW for rectification temperatures of: 106 1C (X ¼ 98.16%), 110 1C (X ¼ 97.71%) and 112 1C
(X ¼ 97.47%), respectively and for an efficiency ZT ¼ 85%. Therefore, in order to reduce the entropy
generation in this device, it should be designed with the maximum effectiveness. This also applies to HE-1,
which plays an important role in the optimization of the cycle; although this would increase the size and price
of the system. Other key parameters to reduce the irreversibility and optimize the absorption cycle have been
discussed by other authors. Aphornratana and Eames [23] proposed to reduce the solution circulation rate and
to use a more effective solution heat exchanger (HE-1). Vicatos and Gryzagoridis [30], Tamm et al. [11]
proposed to optimize the generator temperature to reduce the entropy generation and to reach a better
performance of the cycle. The other components of the cycle resulted with smaller irreversibilities; however,
they must be taken into account for a good cycle optimization.

Heat sources for driving the combined cycle can be obtained from the waste heat rejected by the furnaces,
boilers or some streams of processes having temperatures between 150 and 300 1C [5,31]. The heat from solar
collectors also can be used, e.g., Krüger et al. [32] proposed to use parabolic trough collectors to drive
absorption cooling machines (ACM) of single and double effect. Direct steam generation into solar power
systems has been technically proven and analyzed up to temperatures of 400 1C, with parabolic trough
collectors or utilizing Fresnel reflectors [33,34]. Ortega and Best [4] proposed a compound parabolic
concentrator (CPC) for the direct vapor generation in an ammonia–water absorption solar refrigerator, e.g., a
CPC acts as the generator in absorption refrigeration cycle in which an input temperature of 60 1C, an output
of 108 1C and initial ammonia concentration of 39% are achieved in the simulation. Higher generating
temperatures required in the combined power and cooling cycle analyzed could be achieved with CPC
technology.

4. Conclusions

The exergy analysis method applied to a new cycle shows its potential to produce both power and cooling
using heat sources at low temperature, even for the irreversible cycles. However, the cooling produced is small
as compared to the generated power. With reference to the system proposed by Goswami, the cycle was
analyzed, varying some important set points, such as the ambient temperature, turbine efficiency and rectifier
temperature. Exergy parameters were good indicators to show the effectiveness of the cycle, as well as to
identify the devices where most exergy destruction occurs. Although in the irreversible cycles there is a high
entropy generation, there is also a high improvement potential, which means that applying optimization
techniques, the total irreversibility of the cycle could be reduced.
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