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This paper investigates a Kalina-based combined cooling and power (CCP) cycle driven by low-grade heat
source. The proposed cycle consists of a Kalina cycle and an absorption refrigeration cycle. By establishing
the mathematical model, numerical simulation is conducted and parametric analysis is performed to
examine the effects of five key parameters on the thermodynamic performances of Kalina-based CCP
cycle. A performance optimization is conducted by genetic algorithm to obtain the optimum exergy effi-
ciency. According to parametric analysis, an optimum expander inlet pressure can be achieved; exergy

Keywords: efficiency increases with expander inlet pressure and concentration of ammonia-water basic solution,
Low-grade heat source . . R .
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and low-temperature recuperator increases. Refrigeration exergy increases with expander inlet pressure
and decreases as expander inlet temperature and concentration of ammonia-water basic solution rise.
However, the refrigeration exergy keeps constant as the terminal temperature difference of
high-temperature recuperator and low-temperature recuperator vary. Furthermore, the optimized
Kalina-based CCP cycle is compared with a separate generation system which is also optimized. The
optimization results show that the exergy efficiency and net power output of Kalina-based CCP are higher
than those of separate generation system.
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1. Introduction which a distiller condensate sub-system was innovatively pro-

posed to solve the condensation problem of ammonia-water mix-

In recent years, energy and environmental problems have
increased interest in utilization of low-grade heat sources.
Ammonia-water mixture is a low-boiling point working fluid,
which exhibits favorable thermodynamic property in low-grade
heat sources recovery. As a non-azeotropic mixture, ammonia-
water mixture evaporates and condenses over a range of tempera-
ture. This characteristic of temperature glide enables the
ammonia-water mixture to achieve a better temperature match
between the working substance and the heat sources.

In 1984, Alexander Kalina [1] came up with a novel power cycle
named Kalina cycle on the basis of ammonia-water mixture, in
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ture at a relatively low turbine backpressure. Kalina cycle has the
potential to accomplish efficient energy conversion of the low-
grade heat sources. Mid/Low-temperature geothermal energy
utilization with Kalina cycle drew researchers’ attention, and
Kalina cycle showed satisfactory thermodynamic performance
[2-6]. In addition, Kalina cycle could be applied to solar energy
utilization. Flat plate collector was usually chosen to boost Kalina
cycle [7-9] owing to its low cost. However, the heat collecting tem-
perature of flat plate collector is relatively low, the parabolic
trough collector [10] and the compound parabolic collector [11]
were employed to increase the heat collecting temperature.
Besides Kalina cycle, ammonia-water absorption refrigeration
cycle was also expected to play a significant role in the low-
grade heat source recovery. Researchers [12,13] conducted energy
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Nomenclature

E exergy, kW

HRSG heat recover steam generator
h specific enthalpy, kJ-kg™!

I exergy destruction, kW

m mass flow rate, kg-s~!

P pressure, MPa

Q heat rate, kW

SHX solution heat exchanger

s specific entropy, kJ-(kg-K)™!
T temperature, K

t temperature, °C

w power, kW

X ammonia mass fraction, %

Greek letters

n efficiency
A difference
Subscript

a absorbent
abs absorber

amb ambient

b ammonia-water basic solution
com compressor

ex exergy

exp expander

gen generator

HTR high-temperature recuperator
in inlet

isen isentropic

LTR low-temperature recuperator
net net

out outlet

p ammonia-poor solution
pump  pump

r ammonia-rich vapor

re refrigerant

rec rectifier

ref refrigeration

S strong solution

th thermal

and exergy analysis for ammonia-water absorption refrigeration
and found an optimum temperature of heat source to maximize
the coefficiency of performance (COP) [14,15]. An experiment
system has been established to verify the feasibility of ammonia-
water absorption refrigeration cycle [15-17].

Nowadays, combined cooling and power cycle is a booming
technology for efficient utilization of energy. Ammonia-water,
which is widely used as working fluid in power cycle and refriger-
ation cycle, exhibits excellent thermodynamic performances.
Therefore, many researchers have attempted to construct com-
bined cooling and power cycles adopting ammonia-water as work-
ing fluid to improve overall energy conversion efficiency.

Zheng et al. [18] proposed a combined cooling and power cycle
on the basis of Kalina cycle to generate power and refrigeration
output simultaneously. The authors substituted the separator with
rectifier to purify the ammonia vapor and inserted a condenser and
an evaporator between the rectifier and the absorber. On this basis,
Luo et al. [19] further analyzed combined cooling and power cycle
proposed by Zheng. They conducted a sensitive analysis and
mainly focus on the impact of the split ratio and the concentration
of ammonia-water on cycle performance. Their results indicated
that appropriate split ratio and concentration of ammonia-water
could enable the cycle to satisfy the power and refrigeration
demands of users. Sun et al. [20] combined a Rankine cycle with
an absorption refrigeration cycle to generate power and refrigera-
tion output by utilizing waste heat source. The high-temperature
portion of the waste heat was used for power cycle, and
the exhaust heat and low-temperature part were used to drive
the refrigeration cycle. Their results showed that the combined
cooling and power cycle was more efficient than separated power
and refrigeration systems. The proposed combined cooling and
power cycle only recover the heat carried by turbine exhaust.
Besides, the turbine exhaust contained a certain amount of ammo-
nia. In order to achieve heat and ammonia mass recovery, Sun et al.
[21] modified their combined cooling and power cycle, in which
the turbine exhaust was brought into the bottom of rectifier to
act as the upward vapor in the process of rectification. Sun et al.
combined the Rankine cycle with a single-effect refrigeration cycle.
The single-effect absorption refrigeration system is the most
commonly used design. But its coefficient of performance (COP)

is relatively low comparing with double-effect refrigeration cycle.
Therefore, researchers investigated the combination of power cycle
and double-effect refrigeration cycle. Yu et al. [22] integrated a
modified Kalina cycle and a double-effect absorption refrigeration
cycle by mixing and splitting process to produce power and cool-
ing. The flow rates could be adjusted by varying the split ratio,
which enabled the cooling to power ratio to be adjustable. Jing
and Zheng [23] coupled the Kalina cycle and the double-effect
absorption refrigeration cycle as well. And they compared the
coupled-configuration with the separated Kalina and double-
effect absorption refrigeration cycle. The results showed that
energy cascade utilization was enhanced by the coupled-
configuration.

Zhang and Lior [24] came up with a parallel connected power
and cooling cycle on the basis of absorption refrigeration cycle.
The purified ammonia vapor was condensed and throttled down
to produce refrigeration output in an evaporator. Meanwhile, the
ammonia-poor solution absorbed heat in a boiler and expanded
in a turbine. This cycle generated power and produced refrigera-
tion in parallel, which took full advantage of ammonia-rich vapor
and ammonia-poor solution, achieving cascade utilization of
energy. Liu et al. [25] proposed a series connected ammonia-
water refrigeration and power combined cycle. The ammonia-
poor solution mixed with the ammonia-rich vapor in the absorber.
And the mixture absorbed heat in the boiler and entered the tur-
bine to expand. For the series connected cycle, the working fluid
has higher ammonia concentration in heating process, which
reduces the irreversibility of heating process. Based on the parallel
connected and series connected combined cooling and power
cycles, Liu and Zhang [26] proposed a concentration-adjustable
combined cooling and power cycle by introducing splitting/
absorption unit. In this cycle, the ammonia concentration increases
in heat addition process and the decreases in absorption-conden-
sation process. The irreversibility of both processes could be
reduced simultaneously. Zhang and Lior [27] summarized the gen-
eral principles for integration of power cycle and refrigeration
cycle to achieve higher energy and exergy efficiencies.

As summarized above, the combined power and cooling cycles
with excellent thermodynamic performance could generate power
and cooling simultaneously. However, all these combined power
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and cooling cycles were driven by relatively high temperature heat
sources. For the low temperature heat sources including solar
energy and geothermal energy, Goswami and Xu [28] innovatively
proposed a new combined cooling and power cycle. This cycle
showed potential to utilize the low grade heat sources. Goswami
cycle [29] is the combination of the ammonia-water Rankine cycle
and the absorption refrigeration cycle, in which the condenser and
throttle valve were replaced by a turbine. Goswami cycle rapidly
attracted researchers’ attention, many researchers conducted thor-
ough investigation on Goswami cycle from thermodynamic aspect.
Hasan et al. [30] investigated the effect of heat source temperature
on the performance of Goswami cycle from the thermal and exergy
aspects. They found the existence of the optimum heat source tem-
perature for second law efficiency. Lu and Goswami [31] examined
the performance of Goswami cycle over a range of ambient tem-
perature. The results showed that the first and second law efficien-
cies, power output, and refrigeration output declined as the
ambient temperature rose. Kim et al. [32] conducted a perfor-
mance assessment and examined the effect of some key parame-
ters on the thermodynamic performance of Goswami cycle.
Fontalvo et al. [33] performed an exergy analysis of Goswami cycle
and found that the absorber, boiler and turbine contributed most
to exergy destruction. In addition, the energy quality of power dif-
fered from that of refrigeration. For properly evaluating the ther-
modynamic performance of combined cycle, Vijayaraghavan and
Goswami [34] developed several expressions for the first law, sec-
ond law and exergy efficiency definitions based on the existing def-
initions in the literature. To accomplish efficient operation of
Goswami cycle, researchers optimized the Goswami cycle to obtain
the optimum parameter set. Demirkaya et al. [35] and Pouraghaie
et al. [36] conducted a multi-objective optimization with Non-
dominated Sorting Genetic Algorithm-II (NSGA-II). Work output,
cooling capacity, effective first law and exergy efficiencies were
selected as the objective function. To comprehensively evaluate
the Goswami cycle, Zare et al. [37] took economic factors into con-
sideration and established a thermoeconomic model. They carried
out a parametric analysis to explore the effect of some key param-
eters on the thermoeconomic performance and conducted a ther-
moeconomic optimization of Goswami cycle. The optimization
results indicated that economic performance was improved evi-
dently. On the basis of sufficient theoretical investigation, Tamm
and Goswami [38] constructed an experimental system. The exper-
imental data basically agreed with simulation results, but there
still appeared some deviations.

However, the amount of refrigeration capacity and refrigeration
exergy generated by Goswami cycle was quite small, because the
quality of turbine exhaust almost reached saturation state, which
led to a small amount of evaporation capacity. Moreover, the
amount of refrigeration capacity and refrigeration exergy was very
sensitive to turbine performance [39]. Vidal et al. [40] investigated
the impact of irreversibility in turbine on cycle performance in
detail. They used the operation parameter reported in Ref. [30]
and only changed the efficiencies of pump and turbine. They found
that the temperature of turbine exhaust was higher than ambient
temperature with turbine efficiency of 85%. At a given back pres-
sure of turbine, the temperature of turbine exhaust increased as
the turbine efficiency decreased, which could diminished the cool-
ing effect. Then they lowered the back pressure of turbine to obtain
proper temperature to produce refrigeration. However, the
decrease in back pressure led to absorber temperature to be lower
than ambient temperature. The absorption heat couldn’t be
rejected to environment. Generally, Goswami cycle had a relatively
strict requirement for turbine efficiency, which restricted the
adaptability of Goswami cycle to generate power and refrigeration
by utilizing the low grade heat source under different condition.

Above all, only the turbine with a large capacity can reach an isen-
tropic efficiency up to 90%.

In order to improve the efficiency of combined cooling and
power systems in low-grade heat recovery, a Kalina-based com-
bined cooling and power (CCP) cycle is proposed. In Kalina cycle,
the ammonia-poor solution is extracted from separator with a high
temperature. It is potential to further utilize the heat contained by
ammonia-poor solution. Thus, an absorption refrigeration cycle is
inserted into Kalina cycle before the high-temperature recuperator
to produce the power and refrigeration output simultaneously.
And a parametric analysis is conducted to examine the effect of
some key parameters on thermal and exergy efficiency. In order
to verify that the proposed cycle has better performance, the
Kalina-based combined cooling and power cycle is optimized by
Genetic Algorithm and compared with a separate generation sys-
tem under the same boundary condition. Moreover, an exergy
destruction analysis under optimum condition is performed to
investigate which component contributes most to overall cycle
inefficiency.

2. System description

As shown in Fig. 1, the Kalina-based CCP cycle consists of a heat
recover steam generator (HRSG), a separator, an expander, a gener-
ator, a high-temperature recuperator (HTR), a low-temperature
recuperator (LTR), condenser I, pump I, throttle valve Iand an
absorption refrigeration cycle. The absorption refrigeration cycle
is made up of a distillation tower, condenser II, a precooler, throttle
valve II, throttle valve III, an evaporator, an absorber, pump Il and a
solution heat exchanger (SHX). In this paper, an expander is used
to generate power because expander has better adaptability for
working medium comparing with turbine. There is no need to con-
sider moisture content, oxygen content and impurities in working
medium.

After being heated in HRSG, the ammonia-water basic solution
in two-phase region is separated into ammonia-rich vapor and
ammonia-poor solution in separator. The ammonia-rich vapor
enters expander and expands to state 4. The ammonia-poor solu-
tion that possesses a relatively high temperature and mass flow
rate serves as the heat source to drive the absorption refrigeration
cycle. After releasing heat to absorption refrigeration cycle, the
ammonia-poor solution is further cooled in HTR and is throttled
down to a low pressure. Then the ammonia-poor solution is mixed
with expander exhaust to form ammonia-water basic solution. The
ammonia-water basic solution is cooled down to saturated state
successively in low-temperature recuperator and condenser I. Then
the ammonia-water basic solution is pressurized by pump I. The
compressed ammonia-water basic solution absorbs heat in LTR
and HTR in sequence. Afterwards, the ammonia-water basic solu-
tion enters the HRSG to finish the cycle.

For the absorption refrigeration cycle, the strong ammonia solu-
tion is pumped through SHX to distillation tower. The strong solu-
tion is heated by ammonia-poor solution in distillation tower and
purified into refrigerant with high concentration. Then the refriger-
ant is condensed in condenser II, and the condensate is further
cooled in precooler and is throttled down by throttle valve III, after
which the temperature and pressure of refrigerant significantly
drop. The low-temperature refrigerant releases its cold energy in
evaporator. Then the refrigerant passes through the precooler
and enters the absorber. In the distillation tower, the remaining
ammonia weak solution, namely, absorbent is cooled and throttled
into the absorber. The absorbent is mixed with the refrigerant to
form strong ammonia solution. Meanwhile, the mixture is cooled
by cooling water.
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Fig. 1. Schematic diagram of Kalina-based CCP cycle.

3. Mathematical model

All the components in Kalina-based CCP cycle can be treated as
control volume and the Kalina-based CCP cycle is modeled on mass
and energy conservation. Some assumptions are made as follows to
simplify the mathematical model:

(1) The cycle reaches a steady state. The potential and kinetic
energy are neglected.

(2) The leakage of working fluid and pressure loss in pipes are
neglected, while the pressure loss in some components can-
not be neglected. In addition, the heat loss to ambient in all
components and pipes are ignored.

(3) The isentropic efficiency of expander is a function of expan-
sion ratio, and pumps have a given isentropic efficiency.

(4) The working fluid at absorber, condenser land condenser Il
outlet is saturated liquid.

(5) The flows across the throttle valve are isenthalpic.

(6) The refrigerant from distillation tower is saturated vapor
and the absorbent from distillation tower is saturated liquid.

3.1. Energy and exergy analysis

The Kalina-based CCP cycle will be analyzed from energy and
exergy perspective. Energy analysis based on the first law of ther-
modynamic discusses the energy conversion in quantity, but it is
incapable of indicating the work potential or quality of different
energy forms in relation to a given ambient condition [41]. Exergy
method not only demonstrates the amount of usable work poten-
tial, or exergy, supplied as input to a system, but also reveals the
system irreversibility distribution among different components
and pinpoints the one contributing most to overall system
inefficiency.

For heat exchangers including HRSG, HTR, LTR, SHX, precooler,
condensers and so on, the mass and energy balance equation take
the forms

Min 1 + min,2 = mout,l + Mout,2

(M
@)

min,lhin,l + min.Zhin.Z = mout,lhout,l + mout,2h0ut.2
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The exergy destruction equation of the heat exchangers can be
represented as

I = Ein1 + Einz — Eout1 — Eout2 3)

For condensers, the cooling water will not be further utilized
after condensing the working fluid in the cycle, the exergy destruc-
tion equation of condensers becomes

I= Ein - Eout (4)
Exergy is calculable as E = m[(h — hamb) — Tamb (S — Samb)]-
The isentropic efficiency of expander is given by

n _ hin - hout

xp hin - hout,isen
The expander power output is

Wexp = m(hin - hout) (6)
The exergy destruction equation of expander is as follows

I= Ein - Eout - Wexp (7)
For separator, the mass balance equation, ammonia mass bal-

ance equation and energy balance equation can be expressed as

my = m; +m, (8)
MpXp = M X + MpXp (9)
minhin = Mout,1 hout,] + mout.Zhout,Z (10)

The exergy destruction equation of separator is
I= Ein - Eout.l - Eout.z (1])

Mass balance equation, ammonia mass balance equation and
energy balance equation of absorber are as follows

Ms = Mee + My (12)
MsXs = MreXre + MaX, (13)
Mout.1 hout.l + Qabs = Mip1 hin,l + min,zhin,2 (14)

where Q,,, is the heat of absorption.
The exergy destruction equation of absorber is written as

I= Ein,l + Ein,2 - Eout (15)

For distillation tower, the mass balance equation, ammonia
mass balance equation and energy balance equation of absorber
are

ms = Mee + Mg (16)
MsXs = MreXre + MaXa (17)
minhin + Qgen = Moyt hout,l + mout,Zhout,Z + Qrec (18)

where Qg, is heat of generator in distillation tower and Q. is heat
of rectifier in distillation tower.

The exergy destruction equation of distillation tower can be
represented as

I= EinAl + Ein,2 - Eout,l - Eout.z - Eout.3 (19)
The isentropic efficiency of pumps is defined as

_ houtjsen - hin
Mpump =~ " h (20)

The work input by pumps can be written as
Wpump = m(hout - hin) (21)

The exergy destruction equation of pumps is

I= Ein + Wpump - Eout (22)

According to assumption (5), the flows across the throttle valve
are isenthalpic, thus the energy balance equation and exergy
destruction equation of valves are

hin = hout (23)

I =Ein — Eout (24)

In this work, the thermal efficiency and exergy efficiency are
adopted to evaluate the cycle performance. The thermal efficiency
can be defined as the useful energy output divided by energy input
from heat source [6], given by

Wnet + Qref

_ 25
nth Qin - Qout ( )

Using exergy change of heat source as exergy input to cycle,
exergy efficiency becomes [6]

Whet + E
Nex ="pr —F (26)
The net power output of the cycle is defined as
Wnet = Wexp - Wpump.l - Wpump,z (27)

3.2. Mathematical model validation

To verify the validity of the mathematical model, the available
data in literature serves as contrast to the simulation results. The
Kalina cycle and absorption refrigeration cycle are validated by
data in Ref. [42] and Ref. [12], respectively. The Kalina cycle has
the similar schematic diagram as illustrated in Fig. 1(a). When
refrigeration cycle isn’t attached to Kalina cycle, state 3 and state
5 are the same point. Therefore, all node numbers of Kalina cycle
is in conformity with those in Fig. 1(a) and state 3 and state 5 share
the same thermodynamic parameters. Each point of absorption
refrigeration cycle corresponds to those in Fig. 1(b).

The validation results are presented in Tables 1 and 2, in which
the simulation results are well consistent with the data in
literature.

4. Result and discussion

In this section, a parametric analysis for Kalina-based CCP cycle
driven by low-temperature exhaust gas is performed and an
optimization is also conducted to investigate the optimum thermo-
dynamic performance of Kalina-based CCP cycle. All the thermody-
namic properties of ammonia-water mixture are calculated by
REFPROP 9.1 developed by the National Institute of Standard and
Technology of the United States. On the basis of mathematical
model, the numerical simulation is implemented by MATLAB soft-
ware. The boundary condition and simulation parameters for
Kalina-based CCP cycle are summarized in Table 3. The pressure
loss of some components is listed in Table 4. The isentropic effi-
ciency curve of expander over expansion ratio provided by expan-
der manufacturer is illustrated in Fig. 2. The isentropic efficiency
curve of expander is embedded in the simulation program. And
all restricted conditions of expander are shown in Table 5.

4.1. Parametric analysis

Before thermodynamic optimization, a parametric analysis is
conducted for Kalina-based CCP cycle to examine the effect of five
key thermodynamic parameters on the cycle performance. These
parameters include expander inlet pressure P,, expander inlet
temperature t,, concentration of basic solution xp, terminal
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Table 1
Mathematical model validation for Kalina cycle; (a) present work, (b) Ref. [42].
State t(°C) P (MPa) X (%) m (kgs™")
(a) (b) (a) (b) (a) (b) (a) (b)
1 116.00 116.00 3.23 3.23 82.00 82.00 16.60 17.16
2 116.00 116.00 3.23 3.23 96.61 97.00 11.47 11.52
3 116.00 116.00 3.23 3.23 49.36 51.00 5.13 5.65
4 44.10 41.30 0.66 0.66 96.61 97.00 11.47 11.52
5 116.00 116.00 3.23 3.23 49.36 51.00 513 5.65
6 45.07 45.29 3.13 3.13 49.36 51.00 5.13 5.65
7 45.42 45.29 0.66 0.66 49.36 51.00 5.13 5.65
8 45.42 45.29 0.66 0.66 82.00 82.00 16.60 17.16
9 29.32 29.90 0.559 0.56 82.00 82.00. 16.60 17.16
10 8.00 8.00 0.46 0.48 82.00 82.00 16.60 17.16
11 8.42 8.44 3.53 3.53 82.00 82.00 16.60 17.16
12 40.07 40.29 343 3.43 82.00 82.00 16.60 17.16
13 61.95 62.87 3.33 3.33 82.00 82.00 16.60 17.16
Table 2
Mathematical model validation for refrigeration cycle; (a) present work, (b) Ref. [12].
State t(°C) P (MPa) X (%) m (kg-s™1)
(a) (b) (a) (b) (a) (b) (a) (b)
14 45.05 44.07 1.56 1.56 99.96 99.96 0.13 0.14
15 40.00 40.00 1.56 1.56 99.96 99.96 0.13 0.14
16 16.55 16.88 1.56 1.56 99.96 99.96 0.13 0.14
17 -15.11 -14.14 0.24 0.25 99.96 99.96 0.13 0.14
18 —10.00 —10.00 0.24 0.25 99.96 99.96 0.13 0.14
19 37.39 37.39 0.24 0.25 99.96 99.96 0.13 0.14
20 40.00 40.00 0.24 0.25 35.44 37.09 1.06 1.00
21 40.44 4045 1.56 1.56 35.44 37.09 1.06 1.00
22 111.80 110.06 1.56 1.56 35.44 37.09 1.06 1.00
23 130.00 130.31 1.56 1.56 26.45 27.09 0.93 0.86
24 40.44 40.45 1.56 1.56 2345 27.09 0.93 0.86
25 40.70 40.71 0.24 0.25 2345 27.09 0.93 0.86
Table 3 Table 4
The boundary condition and simulation condition for Kalina-based CCP cycle. Pressure loss for components [43,44].
Term Value Term Value
Heat source Exhaust gas (26.80%N;, 73.20% Pressure loss in HRSG 40.00 kPa
COy) Pressure loss in HTR 80.00 kPa
Mass flow rate of heat source 20.00 kg/s Pressure loss in LTR 50.00 kPa
Temperature of heat source 140.00 °C Pressure loss in condenser I 80.00 kPa
Pressure of heat source 500.00 kPa Pressure loss in distillation tower 20.00 kPa
Ambient temperature 20.00 °C Pressure loss in condenser Il 10.00 kPa
Ambient pressure 101.30 kPa Pressure loss in precooler 20.00 kPa
Expander inlet pressure 3000.00 kPa Pressure loss in absorber 10.00 kPa
Expander inlet temperature 120.00 °C Pressure loss in SHX 10.00 kPa
Concentration of basic solution 70.00% Pressure loss in evaporator 10.00 kPa
Terminal temperature difference of HTR 10.00 °C
Terminal temperature difference of LTR 10.00 °C
Pump efficiency [42] 60.00% 69 -
Pinch-point temperature difference 10.00 °C
Terminal temperature difference of heat 5.00 °C 1
exchanger 68 -
Concentration of refrigerant 99.96%
Refrigerating temperature 0.00 °C 1
67
< ]
. . . <66
temperature difference of HTR Atyrg and terminal temperature dif- s
ference of LTR At tg. In the parametric analysis, as one parameter is & 1
examined, others are kept constant as listed in Table 3. 65 4
Fig. 3 depicts the influence of expander inlet pressure on exergy 1
efficiency, thermal efficiency, net power output, refrigeration 64
capacity and refrigeration exergy. As the expander inlet pressure |
increases, the specific enthalpy drop in expander rises. However, 2
; : : : = —T LA LA R S R B LA R | L
an increase in expander inlet pressure leads to a decrease in mass 1 P 3 5 6 7 8 9 10 1 12 13

flow rate of ammonia-rich vapor separated from separator. It turns
out that the net power output increases first and then decreases.
Meanwhile, the ammonia-poor solution goes up which leads to

Fig. 2. Isentropic efficiency of expander over expansion ratio.

Expansion ratio (kPa/kPa)
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Table 5

Restricted conditions of expander.
Term Value
Maximum expander inlet pressure 4000.00 kPa
Maximum expander inlet temperature 300.00 °C
Maximum expansion ratio 12.20

an increase in the heat offered to absorption refrigeration cycle.
The mass flow rate of refrigerant is positively correlated with the
heat offered to absorption refrigeration cycle. As a consequence,
the refrigeration capacity and the refrigeration exergy increase
with the mass flow rate of refrigerant. The value of net power out-
put is much greater than that of refrigeration exergy. Therefore, the
refrigeration exergy scarcely imposes influence on the exergy effi-
ciency. As a result, the exergy efficiency shares the same variation
trend with net power output. The thermal efficiency increases with
expander inlet pressure. This is because the values of net power
and refrigeration capacity share the same order of magnitudes,
thus, both of net power and refrigeration capacity have influence
on thermal efficiency. Even more important, the reduction in the
mass flow rate of ammonia-rich vapor is greater than the growth
of mass flow rate of ammonia-poor solution, which leads to a
decrease in mass flow rate of ammonia-water basic solution.
Consequently, energy input from heat source drops as the mass
flow rate of ammonia-water basic solution decreases. Under the
comprehensive impact of net power output, refrigeration capacity
and energy input, the thermal efficiency increases with expander
inlet pressure.

Fig. 4 illustrates the effect of expander inlet temperature on
exergy efficiency, thermal efficiency, net power output, refrigera-
tion capacity and refrigeration exergy. As the expander inlet tem-
perature increases, the specific enthalpy drop in expander
increases. However, an increase in expander inlet temperature
leads to the drop of mass flow rate of ammonia-water basic solu-
tion. The mass flow rate of ammonia-rich vapor and ammonia-
poor solution decreases as well. Under the combined influence of
reduction in mass flow rate of ammonia-rich vapor and the growth
of specific enthalpy drop in expander, the net power output
increases first and then goes down slightly. As the mass flow rate
of ammonia-poor solution decreases, the heat offered to absorp-
tion refrigeration cycle goes down. Therefore, the mass flow rate
of refrigerant generated from distillation tower declines, which
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leads to the drop of refrigeration capacity and refrigeration exergy.
Comparing with the refrigeration exergy, the net power output
exerts greater impact over exergy output. Furthermore, the reduc-
tion in mass flow rate of ammonia-water basic solution leads to a
decrease in exergy input. Thus, the exergy efficiency increases with
expander inlet temperature. For thermal efficiency, the decrement
of refrigeration capacity far exceeds the increment of power out-
put, which leads to a significant drop of energy output. As a conse-
quence, the thermal efficiency decreases.

Fig. 5 shows the effect of concentration of ammonia-water basic
solution on exergy efficiency, thermal efficiency, net power output,
refrigeration capacity and refrigeration exergy. As the concentra-
tion of ammonia-water basic concentration increases, the mass
flow rate of ammonia-rich vapor goes up and the mass flow rate
of ammonia-poor solution goes down. The net power output is
mainly determined by the mass flow rate of ammonia-rich vapor.
Therefore, the net power output increases with the concentration
of ammonia-water basic solution. And the decrease in mass flow
rate of ammonia-poor solution leads to a reduction in the heat
offered to absorption refrigeration cycle. As a result, the mass flow
rate of refrigerant decreases, and the refrigeration capacity and the
refrigeration exergy fall simultaneously. The net power output is
the dominant factor in exergy output comparing with the refriger-
ation exergy and exerts great influence over exergy efficiency.
Therefore, the exergy efficiency increases with concentration of
ammonia-water basic solution. The thermal efficiency shows a
downtrend when the concentration of ammonia-water basic solu-
tion rises. This is because the refrigeration capacity shares the
same order of magnitudes with net power output and declines
markedly, which leads to a reduction in energy output. As a result,
the thermal efficiency decreases.

Fig. 6 presents the effect of terminal temperature difference of
HTR on the exergy efficiency, thermal efficiency, net power output,
refrigeration capacity and refrigeration exergy. The terminal tem-
perature difference of HTR has no impact on refrigeration capacity
and refrigeration exergy. Therefore, the refrigeration capacity and
refrigeration exergy keep constant as the terminal temperature dif-
ference of HTR increases. The terminal temperature difference of
HTR is also irrelevant to net power output, so the net power output
remained unchanged as well. The amount of heat conduction
through HTR decreases when the terminal temperature difference
of HTR increases. And the HTR outlet temperature of ammonia-
water basic solution falls accordingly. That’s to say, the average
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temperature of heat addition decreases, which leads to an increase
in energy input and exergy input from heat source. As a conse-
quence, the exergy efficiency and thermal efficiency decreases
simultaneously.

Fig. 7 displays the effect of terminal temperature difference of
LTR on exergy efficiency, thermal efficiency, net power output,
refrigeration capacity and refrigeration exergy. The terminal tem-
perature difference of LTR is unrelated to net power output, refrig-
eration capacity and refrigeration exergy. Thus, the net power
output, refrigeration capacity and refrigeration exergy all remain
constant. For exergy efficiency and thermal efficiency, as the termi-
nal temperature difference of LTR increases, the LTR outlet temper-
ature of ammonia-water basic solution falls. And the HTR outlet
temperature of ammonia-water basic solution decreases as well,
which leads to an increase in energy input and exergy input from
heat source. Therefore, the exergy efficiency and thermal efficiency
decreases when the terminal temperature difference of LTR
increases.

4.2. Optimization and comparison

According to the parametric analysis, it is necessary to conduct
an optimization for Kalina-based CCP cycle to obtain the optimum
thermodynamic performance. Genetic Algorithm is employed to
optimize the Kalina-based CCP cycle. Genetic Algorithm [45] was
initially proposed by Holland. It is a stochastic global search
method which is inspired by the process of natural selection.
Genetic Algorithm is superior to traditional optimization tech-
niques because it involves a search from a population of solutions
rather than a single point, and it has better global optimization
capability. The genetic algorithm encodes a potential solution to
a specific domain problem on a chromosome-like data structure,
in which where genes are parameters of the problem to be solved.
Genetic Algorithm conducts evolution search without any external
information, and fitness function is the only criterion to evaluate
the adaptability of an individual. The individual with low adapt-
ability will be eliminated. Selection operator, crossover operator
and mutation operator are the basic operators of Genetic Algo-
rithm. The selection operator selects parents for next generation
of solutions. The individual with higher fitness has higher probabil-
ity to be selected. The crossover operator produces new chromo-
somes. It produces new individuals that have some parts of both
parent’s genetic material. The mutation operator randomly modi-

fies values in the chromosomes with low probability. At each gen-
eration, Genetic Algorithm selects the individuals according to
their fitness in the problem domain, and produces new populations
of solution with the help of crossover and mutation operator. This
process leads to evolution of populations that are better suited to
the environment.

In the process of optimization, the exergy efficiency is selected
as the objective function for Kalina-based CCP cycle. Three key
thermodynamic parameters including expander inlet pressure P,
expander inlet temperature t,, concentration of basic solution xj,
are chosen as the decision variables. According to the parametric
analysis, the lower terminal temperature difference of HTR and
LTR are, the higher the exergy efficiency is. The effect of terminal
temperature difference of HTR and LTR on exergy efficiency is pre-
dictable. Therefore, terminal temperature difference of HTR and
LTR will not be optimized. The terminal temperature difference
of HTR and LTR are 5 °C in optimization.

In this paper, an absorption refrigeration cycle is attached to
Kalina cycle to recover heat from ammonia-poor solution before
the HTR. In order to investigate how this addition affects the cycle
performance, a comparison between the Kalina-based CCP cycle
and a system for separate generation of power and refrigeration
is conducted under the optimum operation condition. The separate
generation system that consists of a Kalina cycle and a compres-
sion refrigeration cycle driven by the Kalina cycle is illustrated in
Fig. 8. The separate generation system is optimized to achieve
maximum exergy efficiency under the condition that the separate
generation system generates the same amount of refrigeration
exergy with Kalina-based CCP cycle. And the definition of exergy
efficiency for separate generation system takes the form of Eq.
(26), but the net power output of separate generation system is
given by

Wnet = Wexp - Wcom - Wpump (28)

where Wy, is power consumption of compressor.

The expander inlet pressure P,, expander inlet temperature t;,
concentration of basic solution x;, are chosen as the decision vari-
ables. In addition, R134a is chosen as the working fluid for the
compression refrigeration cycle [46].

The Kalina-based CCP cycle shares the same boundary and opti-
mization condition with separate generation system. The operation
parameters of Genetic Algorithm and ranges of key thermody-
namic parameters for both systems are listed in Table 6. Further-
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Table 8
Optimization results for Kalina-based CCP cycle and separate generation system.

Table 6

Operation parameters for optimization.
Term Value
Population size 100
Generation 100
Ranges of expander inlet pressure 1600-4000 kPa
Ranges of expander inlet temperature 100-140 °C
Ranges of concentration of basic solution 50-80%

more, some restricts have to be set in the optimization program.
For example, all restricted conditions for expander is listed in
Table 5; the pinch-point temperature difference is the minimum
temperature difference in process of evaporation; the degassing
width between concentration of strong solution and concentration
of absorbent shouldn’t be lower than 0.6 [44]; the basic solution

Term Kalina-based Separate generation
CCP cycle system

Expander inlet pressure 3571.85 kPa 3517.29 kPa

Expander inlet temperature 129.57 °C 129.77 °C

Concentration of basic solution 80.00% 80.00%

Exergy efficiency 25.76% 23.44%

Net power output 89.59 kW 77.81 kW

Power consumption of compressor / 12.54 kW

Refrigeration exergy 5.58 kW 5.58 kW

heated by HRSG should be in two-phase region; in all heat
exchangers, the temperature of hot fluid shouldn’t be lower than
that of cold fluid. The thermodynamic parameters of each point

Table 7
Thermodynamic parameters of each point for Kalina-based CCP cycle under optimum condition.
State t(°C) P (kPa) X (%) h (k-kg™") s kJ-(kg-K)! m (kg-s™") Quality
1 129.57 3571.85 80.00 1460.50 4.81 0.980 0.70
2 129.57 3571.85 94.64 1852.56 5.88 0.690 1.00
3 129.57 3571.85 45.18 528.01 2.28 0.290 0.00
4 76.34 905.30 94.64 1712.29 6.09 0.690 0.95
5 77.70 3551.85 45.18 264.60 1.58 0.290 0.00
6 71.24 3471.85 45.18 232.32 1.49 0.290 0.00
7 66.63 905.30 4518 232.32 1.50 0.290 0.02
8 71.57 905.30 80.00 1274.23 4.73 0.980 0.68
9 51.05 855.30 80.00 1069.82 4.14 0.980 0.59
10 25.00 775.30 80.00 250.27 1.48 0.980 0.00
11 26.01 3741.85 80.00 257.36 1.49 0.980 0.00
12 66.24 3691.85 80.00 461.77 2.13 0.980 0.00
13 68.09 3611.85 80.00 471.32 2.16 0.980 0.00
14 32.84 1012.62 99.96 1650.79 5.87 0.040 1.00
15 25.00 1002.62 99.96 461.60 1.88 0.040 0.00
16 11.64 982.62 99.96 398.49 1.67 0.040 0.00
17 -9.59 295.56 99.96 398.49 1.69 0.040 0.08
18 —5.00 285.56 99.96 1605.33 6.28 0.040 1.00
19 20.00 265.56 99.96 1668.44 6.54 0.040 1.00
20 25.00 255.56 44.42 —4.54 0.76 0.133 0.00
21 25.36 1032.62 44.42 -3.04 0.76 0.133 0.00
22 75.70 1022.62 44.42 309.19 1.71 0.133 0.04
23 124.57 1012.62 20.50 475.71 1.90 0.093 0.00
24 30.36 1002.62 20.50 29.04 0.62 0.093 0.00
25 30.48 265.56 20.50 29.04 0.62 0.093 0.00
01 140.00 500.00 / 476.95 5.77 20.000 1.00
02 92.36 460.00 / 428.51 5.66 20.000 1.00
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for Kalina-based CCP cycle under optimum condition are listed in
Table 7. And optimization results for Kalina-based CCP cycle and
separate generation system are summarized in Table 8.

As shown in Table 7, the optimization results are highly consis-
tent with the parametric analysis for Kalina-based CCP cycle.
Under the optimum condition, the exergy efficiency for Kalina-
based CCP cycle is 25.76%. The net power output and refrigeration
exergy are 89.59 kW and 5.58 kW, respectively. For separate gener-
ation system, the optimum exergy efficiency is 23.44%, which is
lower than that of Kalina-based CCP cycle by 2.32%. As for net
power output, separate generation system generates 77.81 kW
power and it is 11.78 kW lower than that of Kalina-based CCP
cycle. The compressor in separate generation system consumes
12.54 KW power to generate the same amount of refrigeration
exergy with Kalina-based CCP cycle.

4.3. Exergy destruction of different components

Fig. 9 illustrates the exergy destruction ratio of different compo-
nents in Kalina-CCP cycle at the optimum condition. It can be seen
that the exergy destruction caused by HRSG is about 59.49% owing
to the irreversibility in heat transfer at the relatively high temper-
ature, which contributes most to overall exergy destruction. Thus,
HRSG needs careful design and selection. And the exergy destruc-
tion of expander and condenser I are 15.61% and 14.41%, respec-
tively. For HTR and LTR, exergy destruction is 4.89%. The exergy
destruction caused by absorption refrigeration cycle is only
4.12%, this is because the mass flow rate of absorption refrigeration
cycle is relatively small comparing with that of Kalina cycle. And
the exergy destroyed by remaining components is less than 2%.

5. Conclusion

In this paper, a Kalina-based CCP cycle driven by low-grade heat
source is analyzed. By establishing mathematical model, a simula-
tion is conducted to perform parametric analysis. Five key param-
eters including expander inlet pressure, expander inlet
temperature, concentration of ammonia-water basic solution, ter-
minal temperature difference of HTR and terminal temperature
difference of LTR are selected to explore their effects on the ther-
modynamic performances of Kalina-based CCP cycle. According
to the parametric analysis, an optimization is conducted by Genetic
Algorithm to search for optimum exergy efficiency. Moreover, a
comparison between Kalina-based CCP cycle and separate genera-

tion system is conducted under the optimum condition. The main
conclusions are summarized as follows:

(1) Exergy efficiency increases with expander inlet temperature
and concentration of ammonia-water basic solution; exergy
efficiency decreases as the terminal temperature difference
of HTR and LTR increases. An optimum expander inlet pres-
sure can be achieved to maximize exergy efficiency.

(2) Refrigeration exergy is positively correlated with mass flow
rate of refrigerant. The mass flow rate of refrigerant rises
with expander inlet pressure, which leads to an increase in
refrigeration exergy. As the expander inlet temperature
and concentration of ammonia-water basic solution
increases, the mass flow rate of refrigerant and refrigeration
exergy decline simultaneously. The terminal temperature
difference of HTR and LTR are irrelevant with refrigeration
exergy.

(3) Comparing the optimization results of Kalina-based CCP
cycle and separate generation system, Kalina-based CCP
cycle has higher exergy efficiency and generates more net
power output than separate generation system does on the
condition that the Kalina-based CCP cycle and separate gen-
eration system produce the same amount of refrigeration
exergy.

(4) Exergy analysis of Kalina-based CCP cycle at the optimum
condition illustrates that the HRSG contributes most exergy
destruction to the cycle, which is the largest source of over-
all cycle inefficiency. And expander and condenser I destroy
second largest amount of exergy. The exergy destruction of
absorption refrigeration cycle is relatively small on account
of small mass flow rate of working fluid.
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