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ARTICLE INFO ABSTRACT
Keywords: Kalina cycle system (KCS) offers an attractive prospect to produce power by utilizing low-grade heat sources
Kalina cycle system where traditional power cycles cannot be implemented. Intending to explore the potential of exploiting low-

Low-grade thermal source
Multi-phase expander
Thermodynamic analysis

grade heat sources for conversion to electrical energy, this study proposes two modified power generation cy-
cles based on KCS-34. A multi-phase expander is positioned between the Kalina separator and the second heat
regenerator in the proposed X-modification. In contrast, it is located between the mixer and second regenerator
for Y-modification. To explore the potential benefits and limitations of the proposed modifications contrasted
with the KCS-34, thermodynamic modeling and optimization have been conducted. The influence of critical
decision parameters on overall cycle performance is analyzed. The result elucidates that by implementing an
additional multi-phase expander, a significant amount of energy can be extracted from a lean ammonia water
loop and X-modification can deliver superior thermodynamic performance compared with the Y-modification
and the original KCS-34. With a reduced turbine inlet pressure of 58 bar and an ammonia concentration of 80%,
the X-modified cycle’s efficiency reaches a peak value of 17% and a net power yield of 1015 kW. An increase of
6.35% can be achieved compared with the conventional KCS-34 operating at the same conditions. Maximum
exergy destruction of the working substance was observed in the condenser.

temperature, and evaporation pressure of the working fluid significantly
influence the ORC cycle’s performance [9,10]. However, due to the
constant evaporation temperature, significant irreversibility is observed
in the ORC cycle during the evaporation process [11].

Several antiquated fossil-fuel-fired steam power plants are still
operational in countries with large fossil-fuel reserves exhibiting quite a
minimal efficiency [12,13]. Nearly 29% of net effective efficiency is
obtained for the entire fleet of conventional power plants, although a
higher net effective efficiency of 33% can be achieved when 500 MW
units function together [14,15]. According to estimation, at least 1-2
percentage additional efficiency can be further achieved for existing
power plants [16]. To increase the efficiency of the power generation
units while minimizing environmental degradation, a viable source is
the low-grade heat generated by these power plants’ exhaust, which can
be converted to electricity. However, these low-grade exhaust gases lack
the thermal energy necessary to generate steam.

Introduction

To sustain social and economic development, the energy shortage
issue has to be appropriately addressed and one approach to resolve this
critical issue is to utilize low-grade heat sources [1,2]. There are
numerous sources of low-quality energy available, including industrial
waste heat, geothermal energy, and solar thermal energy. However, due
to their low grade, these heat sources cannot be efficiently used to
generate electrical power using conventional methods [3,4]. As a result,
modifications to the traditional power cycle system are required for low-
grade energy conversion applications.

The ORC is a modified Rankine cycle that utilizes organic low boiling
fluids as working fluids. This cycle has the potential to generate elec-
tricity from low-quality heat sources [5-8]. The recent performance
analysis indicates that the condensation temperature, evaporation
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Nomenclatures

T Temperature (K)

p Pressure (bar)

E Exergy (kJ)

S Entropy (kJ/K)

m Mass flow rate (kg/s)

h Specific enthalpy (kJ/kg)
I Thermal irreversibility (kJ)
Q heat transfer rate (kW)
w Power (kW)

X Ammonia concentration
X Vapor quality

c Specific heat (kJ/kg-k)
Greek Letter

n Efficiency (%)

Subscripts

0 Ambient Condition

1-14 System’s State

in Heat input

out Heat output

rm Rich mixture

Im Lean mixture

KS Kalina separator

boi Boiler

cond Condenser

Regen Regenerator

thr Throttle valve

sep Separator

c Cooling water

P Pump

Tur, A  Turbine A

EX Multi-Phase Expander
ex Exergy

KCS Kalina cycle system
ORC Organic Rankine cycle
TFC Trilateral Flash cycle
gen Generator

cw Cooling water

In an effort to improve the efficiency of thermodynamic cycles, Dr.
Kalina proposed a new genre of power generation cycle in the 1980 s,
named the Kalina cycle, that utilized an ammonia-water mixture as the
working substance [17]. This power generation cycle was designed to
utilize medium to low-grade heat source applications [18]. The Kalina
cycle is widely regarded as the most significant advancement in thermal
power cycle design since the invention of the Rankine cycle in the mid-
1800s [11]. Kalina cycle is considered to be one of the few competitors
of the ORC [17]. Depending upon the heat sources’ temperature, the
Kalina cycle system is categorized as KCS-5 to utilize waste heat from a
direct-fired power plant, KCS-6 to integrate with a gas turbine-based
combined cycle power plant, KCS-11 to utilize geothermal energy
ranging between 121 °C to 204 °C, KCS-34 to utilize heat sources below
121 °C [17,19]. The Kalina cycle indicates a decrease in the irrevers-
ibility of the evaporation process when compared to the ORC cycle
operating under similar input conditions [20]. Among the different
categories of the Kalina cycle, the KCS-11 and KCS-34 configurations are
well-known for their effectiveness in utilizing low-grade heat sources.

A KCS 34-based power plant was constructed at the Hoechst indus-
trial park, using the combined heat and power plant’s dry flue gas as the
input source. This project considerably increases the cooling process’s
efficiency and presents a viable waste-heat-to-electricity conversion
technology [21]. The maximum power output and efficiency of the KCS-
34 were observed at 78% ammonia concentration in working fluid for
Indonesian environmental conditions and for Icelandic environmental
conditions, this value of ammonia mass fraction is 82% [11]. The KCS-
11 operating at moderate pressure has exhibited better output when
compared with the ORC cycle [22]. The Kalina cycle for the combined
cooling and power application has gained significant attention in recent
years [23,24]. The Kalina cycle for the combined power generation and
cooling application proposed by Vidal et al. has an exergy efficiency of
37.3 % and an overall thermal efficiency of 24.2 % [25]. A novel
ammonia-water-based cycle for the combined cooling and power
application proposed by Liu and Zhang [26] indicates an effective
reduction in energy consumption compared to the traditional cycle.
Research on solar integrated Kalina system with auxiliary superheater
has demonstrated higher feasibility and efficiency than the conventional
solar power generation system [27]. Nan et al. conducted a life cycle
assessment and optimization of a Kalina cycle integrated absorption
chiller and observed better environmental performance of this proposed
system compared with the individual Kalina cycle [28]. The possibility

of integrating green compressed air energy storage with the Kalina cycle
was analyzed by Soltani et al. [29]. Two novel combined cooling,
heating and power based on the Kalina cycle were presented by Ros-
tamzadeh et al. [30]. Their analysis observed the Kalina-based CCHP
cycle’s superiority in terms of efficiency and economic performance
compared with the ORC-based CCHP cycle. Modified Kalina cycle driven
by the waste heat recovered from the Gas Turbine-Module Helium
Reactor system was proposed by Parikhani et al. [31]. 4E analysis and
optimization of the triple Gas Turbine-Rankine cycle-Kalina cycle were
presented by Ozkan et al. They concluded that this system could recover
46.39% of total heat [32]. A novel solar-driven triple effect absorption
refrigeration system integrated with the Kalina cycle was proposed by
Gogoi et al. [33]. A thermoelectric generator (TEG) integrated Kalina
cycle-based CCHP system was analyzed by Malik et al., considering low-
grade geothermal sources as the energy source. They concluded the
integration of TEG with the base system can improve the efficiency by
1.7% [34]. Congcong et al. [35] followed a novel pinch-based mathe-
matical approach to optimize the Kalina cycle. Mohammadkhani et al.
designed a zero-dimensional model to simulate the Kalina cycle for high-
temperature applications [36]. Transcritical CO2 integrated KCS-11 was
analyzed from the exergoeconomic point of view by Abdolalipouradl
et al. They observed a thermal efficiency of 16.63% and exergy effi-
ciency of 63.78% [37]. Mojtaba et al. presented a new designing and
optimizing method of Kalina cycle power plant driven by the linear
parabolic solar collector and concluded that it could reduce operating
time and system cost when the proposed improvement was implemented
[38]. Triple pressure Kalina cycle combined with a refrigeration cycle
for cogeneration applications was proposed and examined by Zhang
etal. [39]. A novel power production framework has been introduced by
Hayder et al., which incorporates the Kalina cycle and the retention
refrigeration cycle [40].

To extract energy from the lean ammonia-water mixture, the two-
phase expander plays a critical role. In recent years, a significant
amount of research has been conducted to increase the two-phase ex-
pander’s efficiency [41]. An efficiency of 75% has been exceeded when
the two-phase expander is integrated on TFC (Trilateral Flash cycle)
[42]. The two-phase expander technology used in the waste heat energy
recovery system is feasible, and the cost rate is not that substantial
[43-46].

The research conducted on the Kalina cycle either focuses on para-
metric analysis or tries to introduce a novel Kalina cycle. However, the
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Fig. 1. Schematic Diagram of Kalina cycle System

Turbine A =S

Multi-phase
Expander_

Generators

Electricity

Condenser
naonnnn

(TO 0000

» 13

-3
<
«

-]

JUUUUU

A 4

[lnannnll

Pump

10 Regen.2 9’ Regen. 1 9

Rich Mixture
Lean Mixture
Basic Mixture

X-modified cycle

Turbine Generator
>
2 A I I==» E
= ¢
g 4 =
E Sm— Mixer L
5y ™ ST
s 14 X §C: 14
4 » zldg
3 v ] cg
- =
< qg
RSk ’ S| 13
[« g =1 y O —
b| £ 7
C: g A6 Y8
b g =
» c1 = 0 E
12 7 U -9
10 Regen.1 9' Regen.2 9
Rich Mixture
Lean Mixture
Basic Mixture
I == i
Turbine A » )
Multi-phase PE
Expander Generatorsi E
I L)
21 =
=
= I
[=] )
g
= -
= a
b3 / | Pl 14
14 g C:
W - H P
ne C; . Mixer g cg
C: = 7 ola » 13
q S A =’
x| = 45 7! Y 8
D| £ a
[ C\ E E
12 V— - ﬂ=-
10 Regen.2 9’ Regen.1 9

Rich Mixture
Lean Mixture
Basic Mixture

Y-modified cycle

Fig. 2. The modified Kalina cycle system.

lean ammonia-water mixture in the close loop of the KCS-34 is hardly
analyzed, although it contains significant enthalpy, from which sub-
stantial energy can be extracted. Two novel KCS systems have been
developed in the present work, integrating an additional two-phase
expander in the lean ammonia-water loop of the KCS-34. Additionally,
to the authors’ knowledge, no research articles containing a detailed
methodology for optimizing KCS-34 have been published to date; thus,
this research presents a comprehensive model for solving and optimizing

KCS-34. Since KCS-34 is designed to generate electricity through the
conversion of low-grade heat; it is well suited to extracting energy from
industrial flue gases.

The thermal performance of the proposed Kalina cycle is compared
to that of the KCS-34. To simulate the Kalina cycle System under steady-
state conditions, a mathematical model has been developed. To examine
the influence of critical decision parameters on system performance, a
parametric analysis has been conducted. Furthermore, pressure
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Fig. 3. h-x diagram of Kalina cycle System. The Blue lines indicate working
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optimization of the working fluid has also been performed.
System description

Fig. 1 represents the original Kalina cycle introduced by Kalina in
which an additional condenser operating at an intermediate pressure
was placed after the binary separator providing an extra degree of
freedom in the boiling mixture’s composition, which subsequently
allowed the distillation process at a lower pressure than the Kalina cy-
cle’s maximum pressure [18]. Another difference compared to KCS 34 is
in the heat exchanger’s position, which had to be installed downstream
of the expander [17].

In the circumstances when low or medium graded heat sources are
used and the power conversation unit is smaller, the power cycle layout
is simplified, consisting of only one main condenser working at the cy-
cle’s lowest temperature and placing the evaporator before the separator
[47]. Several researchers have investigated this simplified Kalina cycle
to derive the best possible combination of the working fluid character-
istics and the operating conditions [48,49].

In Fig. 1, the schematic diagram of KCS-34 is also presented. When
heat from the source is directed to the Kalina evaporator (11,12),
saturated ammonia-water mixture absorbs energy (1,2) and gets su-
perheated. In the separator, lean ammonia-water mixture (2,3) gets
separated from the rich ammonia-water mixture (2,4). By expanding the
superheated rich ammonia-water mixture, work is produced by the
expander (2,4). After leaving the turbine, this exhaust-rich ammonia-
water mixture is diluted with the lean ammonia-water mixture in the
mixing chamber (4,6,7). Following the mixing procedure, condensation
of the working fluid proceeds (7°,8). After that, using a pump, the
saturated working fluid’s pressure is raised (8,9) to an intermediate
pressure then heated in the pre-heater (9,9°,10). Two regenerative heat
exchangers are used as a medium to pre-heat the working substance
utilizing the internal residual heat of the cycle [50]. This working pro-
cedure is also illustrated in the h-x diagram in Fig. 3.

An explanation of the efficiency improvements for the KCS cycle can
be derived by explaining the heat acquisition and the heat rejection
process. Due to the ammonia-water mixture’s unique condensing and
boiling properties, the exergy losses in the heat exchanger and the
thermal pinch effect in the boiler gets decreased, resulting in a better
efficiency performance.

Depicted in Fig. 2, the proposed two modifications of KCS-34, termed
the X-modified cycle and the Y-modified cycle, are introduced to define
the most efficient arrangement of the multi-phase expander. Coupled
with KCS-34, all three cases of KCS-34 have been investigated compre-
hensively. The investigated cases are described as:

Energy Conversion and Management: X 12 (2021) 100121

i. X-modified cycle: In the conventional KCS-34, lean ammonia-
water mixture separated from the working fluid is passed
through the lean ammonia-water loop. During this process, a
small fraction of lean ammonia-water’s available energy gets
extracted at the regenerator. However, if an expander is installed
in the lean ammonia-water loop, it can recover a significant
portion of available energy. So, with the purpose of extracting
additional energy from the lean ammonia loop of KCS 34, a
modification of KCS 34 is presented in Fig. 2. In the KCS-34
layout, a multi-phase expander in addition to the vapor
expander is proposed to be positioned intermediate of the
regenerator and the separator to derive the X-modified cycle.

ii. Y-modified cycle: With the purpose to find out the most efficient
layout of modified KCS-34, another modification is present in
Fig. 2, termed as Y-modification. In this modification, the multi-
phase expander is placed intermediate of the regenerator and the
mixer.

iii. KCS-34: With a view to comparing KCS-34 with the proposed
cycles, KCS 34 presented in Fig. 1 is also investigated.

Methodology

Assumptions

—

. All three cycles are considered to be operating at the steady-state

condition.

ii. Pressure drops and heat losses are neglected in this system,
including the pipes and heat exchangers.

iii. The process of pumping is assumed to be isentropic.

iv. The dry saturated vapor is approximated at the turbine inlet
(state 2).

v. The mixing process in the mixing chamber is isentropic.

vi. The Log Mean Temperature Difference (LMTD) values of
condenser, Kalina evaporator, and regenerators are held constant
throughout the parameters’ sensitivity analysis for each different
cycle.

vii. At the condenser outlet, working fluid is assumed to be saturated
(state 8).

viii. The inlet temperature of cooling water constrains working fluids
temperature at the condenser exit (state 8) such that no temper-
ature cross-over occurs.

ix. The isentropic and mechanical efficiencies of the multi-phase
expander in X-modification and Y-modification are identical.

x. In X-modification and Y-modification, the effectiveness of the

regenerator is identical to its counterpart in KCS 34.

Mathematical model

To obtain a comprehensive understanding of the function of the
multi-phase expander, qualitative exergy and quantitative energy in-
vestigations are carried out. For example, in the case of the X-modified
cycle, the multi-phase expander’s work yield can be denoted as:

W:mX(h37h3’) (1)

The h-x diagram depicted in Fig. 3 graphically illustrates the math-
ematical formulation of KCS-34. The measures of the lines in the
perpendicular orientation designate the quantity of qualitative energy
transferred to the system. Considerable thermal energy is interchanged
in the recuperator of the saturated lean ammonia-water mixture,
geometrically indicated by line 3-6.

The quantitative thermodynamic analysis can be presented for these
cycles by establishing the Energy balance relationships among each
component. The heat input of the system (Qi,):

Oin :mh(hlz —hn) (2)

The exhaust gas from a combined power cycle’s topping cycle is used
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Table 1

Boundary conditions for the Kalina Cycle’s under investigation [50,52].
Input parameters Status quo
Flue gas flow rate 112 kg/s
Flue gas temperature at the evaporator inlet 150 °C
Flue gas temperature at the evaporator outlet 130 °C

Flue Gas composition

Oxygen 5.0 % volume
Nitrogen 75.2 % volume
Argon 0.9 %volume
H,0 5.6 % volume
SO, 0.04 % volume
COy 13.3 % volume
Condensation pressure 6.6 bar
Generator efficiency 96%

Turbine isentropic efficiency 87%

Pump isentropic efficiency 80%
Mechanical efficiency 98%

The cooling water inlet temperature 5°C
Minimum temperature differences

Evaporator 6 K
Regenerator 4k

Condenser 3K

as the heat source in this research, and the amount of energy exchanged
in the evaporator is equal to the system’s heat input. The system’s heat
source is consistent since the temperature of the flow from the heat
reservoir is fixed at the inlet.

Quantification of thermal energy exchanged during condensation in
the condenser (Qcond):

Qecona=m X (hy — hs) 3
Heat transfer in the regenerators (regen.1 and regen.2):

Oregen1=m X (hy — ho) @)

Oregena=m X (hyg — hg) ()

The amount of power generated by the Turbine, A (Wr,4) was
determined by multiplying the mass flow rate of the rich ammonia-water
mixture (m,,) with the enthalpy drop:

Wira = My X (hy — hy) (6)

Similar to the turbine, Expander’s power yield (Wgx) was calculated
by multiplying the mass flow rate of the lean ammonia-water mixture
(myy,) with the enthalpy drop:

For X modified cycle,

Wex = my, x (hy — I}) )

For Y modified cycle,

Wiex = myy, % (hs — hg) ®
VV/;: m X (h() — hg) (9)
W = Wpya + Wex — W, (10)

Exergy analysis can be applied to determine the potential work lost
due to irreversibility at a specific dead state [19]. Assuming the envi-
ronmental pressure and temperature are P,,T,. The exergy destruction in
each component of KCS 34 and modified cycles are calculated.

The exergy loss in the Kalina evaporator (Ixg):

Qin
Tonean

Ixg =T, X {m X (Sl —S10) —

} 1)

The exergy loss in the Kalina separator (Ixs):

Ixs =T, X {mrm X (52 751) + My X (53 - Sl)} 12)

Energy Conversion and Management: X 12 (2021) 100121

For X modification,
The exergy loss in both regenerators:

Legenz = To X {myy X (s6 — 83°) +m X (s10 — 59°) } 13)

Logen1 = Ty X {m X (877 —57) +m X (s9" — 89) } (14
The exergy loss in the turbine:

Trura = Ty X My X (54 — 52) 15)
The exergy loss in the multi-phase expander (Igx):

Iex =T, X m,,,,><(s; — .93) (16)
The exergy loss in the absorber (Izsorber):

Lipsorver = Ty X {Mpy X (57— $4) + My X (57 — 86) } a7

For Y modification,
The exergy loss in both regenerators:

Ir‘pgcn,Z =T, x {mlm X (55 - 53) +m X (510 - 59’)} (18)

Legen1 = To X {m X (577 — 57) +m X (59" — 59)} 19)
The exergy loss in the turbine, A (Iyr4):

Iirn = Ty X My X (4 — 52) (20)
The exergy loss in the multi-phase expander (Igx):

Iex = T, X My, X (56 — 55) (21)
The exergy loss in the absorber (Izsorber):

Lpsorver = To X {Mym X (57 — $4) + My X (87 — 56) } (22)
The exergy loss in the condenser (I;onq):

Loa = m x {(hy, —hg)+T, x (57, — 83) } (23)
The exergy loss in the pump (I,):

I, =T,xm x (s — s5) (24)
The total amount of exergy lost:

I = Ixg +Ixs + Lregent + Lregen + Irura + Iex + Leona + 1y + Lubsorver (25)

The second law of efficiency is defined by the ratio of exergy yield to
exergy input. The degree of irreversibility limits the exergy yield of the
cycle [51].

The exergy efficiency (,,):

_w 26

”ex Eiu ( )
E;, and E,,, are the exergy values at the heat source’s inlet and outlet,

respectively.

Ty

T,

Ey =my x ey x[Tyy =T, — T, —In(—=-) 27)

T
Epu = my x ¢, x[Tiy — T, — T, — In(>

) (28)

The LMTD of three distinct categories of heat exchangers is calcu-
lated. For example, the LMTD functions for the Y-modified cycle can be
expressed as

Ty —Ty)— (T — T,
ATKaIina evaporator [( 2 10) ( S ! ) ] (29)
1 (le*Tm)

=T

(T = Ta) = (Ts — T13) ]

T, T,
In( &=l
Ty—Ti3

ATcona = (30)




M. Masrur Hossain et al.

Table 2
Model Validation with literature.
Component Parameter KCS-34 KGCS-34 (simulated using  Deviation
(Husavic EBSILON®Professional) (%)
Power
Plant)
Pump Py 35.3 bar 35.3 bar 0%
To 8°C 8.214°C 2.6 %
Power 96.1 kW 96.623 kW 0.5 %
consumption
Regenerator 1 Py 33.3 bar 33.3 bar 0%
T1o 63 °C 63.118 °C 0.2 %
Regenerator 2 Py’ 34.3 bar 34.3 bar 0%
Ty’ 41°C 40.456 °C 1.3%
Evaporator P 32.3 bar 32.3 bar 0%
T 116 °C 116 °C 0%
T 80 °C 80 °C 0 %
T12 122°C 122°C 0%
Turbine Ty 116 °C 116 °C 0%
T4 43 °C 42.734 °C 0.6 %
P, 6.6 bar 6.6 bar 0%
Condenser T7a 30°C 29.821 °C 0.6 %
(Cooling Tg 8°C 7.537 °C 6 %
water)
Generator Gross electric  2194.8 kW 2208.339 kW 0.6%
power
—_— VVlurbine,A of KCS34
Wex of X- modification
1250

1000 _/?,*'——-:5”’4

m.ul'fine.:l (k m
~]
<]
(=]

I 60bar | 400
500 1
250 ]
0 L |“;’>L""Q*—»t—~,a.. - + ]
055 065 075 0.85 0.95

NH; Concentration in Working Fluid (X;)

Wirbine.s of X-modification
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(T, -T9) = (T’ = To)]

ATregen.l = (31)
n(5%)
ATregen. 2[(T3 — TIO) — (T5 — T9 )] (32)

T3-Tyo
In (TH‘g')

Boundary condition

The EBSILON®Professional software package was used to determine
the thermal properties of the working fluid and the thermodynamic
performance of all the cycles. Initial conditions for the base model are
presented in Table 1.

Optimization

Genetic algorithm (GA) provided by the EBSILON®Professional software
package was used to optimize the Kalina cycles under investigation. Opti-
mization was done following the stated steps:

I. Operating condition of the Kalina cycles such as ammonia mass
fraction, pressure and temperature at the separator inlet, the
pressure at the turbine and multi-phase expander outlet, the ef-
ficiencies of the generator, pump, turbine, the inlet and outlet
temperature of the cooling water, the minimum pinch point
temperature difference(PPTD) values of the condensers,

—m— Wurbine s of Y-modification

--@- Wixof Y- modification

Wex (kW)

1250 900
SO | i - I L)
2 I / 1 600
= 750 | ] g
3 L =
T 70bar | 0 =
s 500 1 5
oy i 4 300
250 . -
0 . I H‘.‘"“—»—t-,A - $ 1 0
055 065 075 085 095

NH; Concentration in Working Fluid (X,)

1250 900
L .—__.___- 1
1000 | = 1 70
N L
= / 1 600
* 750 | ] 5
_g“ - 80 bar 1 450 %
T 500 | 7 Ny
N I 1 300
250 r 1 150
0 — — 0
055 065 075 085 095

NH; Concentration in Working Fluid (X,)

Fig. 4. The Power yield of turbine A and multi-phase expander with varying X; at various turbine inlet pressure.
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Fig. 5. The Power yield of turbine A and multi-phase expander with varying P, at various ammonia concentrations,

regenerators were given as the boundary parameters to the GA.
Additionally, the GA was constrained by specifying the upper and
lower limits of the boundary parameters.
II. Based on the initial population provided with the input param-
eters, GA does the optimization procedure covering the entire
search region and with each iteration, it gradually moves towards
the optimum solution.
The optimization process is segmented into two stages: During
the first stage, the global maxima are located within the lower
and upper limits. This stage makes sure that global maxima is
achieved instead of local maxima.
If an error occurs during the calculation of the thermodynamic
properties or if an energy or mass balance could not be achieved
with a residual equal to or less than 0.001 %, the solution is
discarded.
V. In Diagram 1, a detailed optimization algorithm for the KCS-34 is
presented as an example. Based on this, algorithms for the pro-
posed Kalina cycles were developed.

III.

Iv.

Results and discussion
Model validation
At a steady-state operating condition, the simulation results have

been validated against the real-world data of the KCS 34 cycle-based
Husavic geothermal power plant in Iceland [50]. As it can be seen in

Table 2, the results indicate a high degree of agreement between the
simulation results and the data obtained from the Husavic power plant.

Sensitivity analysis on turbine performance

Apart from the pressure losses in pipes, heat regenerators, and
absorber, there remain two critical pressure parameters in all the cases
of KCS-34; the working fluid’s pressure entering the turbine (P3) and
leaving the turbine (P4). But P4 is a dependent parameter as the cooling
water’s condition constrains it. Therefore, under a specific cooling
condition and ammonia mass fraction in the working fluid, P4 can’t
influence the performance of KCS-34. The ammonia concentration in the
working fluid at the evaporator (X;), the temperature of the working
fluid leaving the Kalina separator (T;), and entering the turbine (T3) also
influence the performance of the KCS-34 to a great extent. However, Ty
is approximately indistinguishable from T, as pressure and thermal
losses were disregarded during the investigation of all modified KCS-34.
Subsequently, X; and P; are the independent parameters in all the in-
stances of KCS-34, and these parameters are considered to be the critical
parameters.

Effect of ammonia mass fraction

At a fixed evaporation pressure and cooling condition, the Kalina
cycle’s working fluid containing high ammonia mass fraction tends to
evaporate at a greater extent due to ammonia’s low boiling point than
water. As a result, in all cases of KCS 34, as the ammonia mass fraction of
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Fig. 6. Pump power consumption with varying X; at various turbine inlet pressure.

the working fluid increases, Turbine A’s work output increases due to
the increased mass flow of the rich ammonia-water mixture. This results
in a decrease in the mass flow of the lean ammonia-water mixture
through the multi-phase expander, resulting in decreased power output
from the multi-phase expander.

Fig. 4 visually represents turbine A and multi-phase expander’s
power yield with the changing ammonia concentration on the working
fluid for different turbine inlet pressures. As the heat source remained
constant for all cases, therefore the work output of the multi-phase
expander and the work output of the turbine both are expressed in the
same group of graphs. Though both of the modifications were designed
to extract energy from the lean ammonia water loop, their performance
shows a particular distinction. In terms of turbine A’s work output, KCS-
34 performs better than the X-modification when the ammonia con-
centration is on the lower end; however, at a higher ammonia mass
fraction, the type X modification surpasses the KCS-34. For example, at
80 bar and 0.7 ammonia concentration, the work output of KCS-34's X
modification is 38.4 percent less than that of KCS-34, but at 0.86

ammonia fraction, the work output of X modification exceeds that of
KCS-34, and at 0.95 ammonia concentration, it exhibits a 4 percent
higher work yield than KCS-34. However, in all cases, type Y modifi-
cation shows a slightly higher turbine A output than the KCS-34, but
with the decreasing P, this slight increment gets considerably slenderer.

Turbine B of the X-modified cycle provides the most impressive
performance at high pressure and low concentration. As the concen-
tration increases, the power yield from the multi-phase expander de-
creases; however, as the pressure increases, the power output from both
of the proposed cycle’s multi-phase expanders increases. However, the
most significant rise is observed in the case of X-modification, and at a
certain operating condition, multi-phase expander’s work yield sur-
passes Turbine A. In contrast, for Y-modification, the multi-phase ex-
pander’s performance is significantly less in comparison with Turbine A.

Effect of turbine inlet pressure
The boiling point of the ammonia-water mixture rises with the
increasing pressure under a constant heat input condition, resulting in
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Fig. 7. Pump power consumption with varying P, at various ammonia concentrations.

an increment of the liquid phase in a two-phase flow condition. This
boosts the mass flow in the lean ammonia-water loop, thereby
enhancing the power output of the multi-phase expander. As the mass
flow in the lean ammonia-water mixture loop rises, the mass flow in the
rich ammonia-water mixture loop declines. However, for a constant
cooling condition, the power output of the turbine increases propor-
tionately to the increase in turbine inlet pressure. As a result of these
simultaneous effects, turbine A’s power output increases up to a certain
value with the rising turbine inlet pressure and after that certain pres-
sure value, Turbine A’s power yield decreases significantly due to a
significant decrease in the mass flow rate of the working fluid.

Fig. 5 illustrates the work output of turbine A and the multi-phase
expander as the turbine inlet pressure changes for a given ammonia
mass fraction in the working fluid. With increasing turbine inlet pres-
sure, a nearly linear increase in power output is observed for the Y
modification and KCS-34. In comparison, the type X modification tur-
bine A exhibits a peak. A higher turbine inlet pressure is required to
achieve this peak power output condition as the ammonia mass fraction
increases. The work yield of the multi-phase expander increases with
increasing turbine inlet pressure in all modifications of the KCS-34.
However, type X modification is highly susceptible to the turbine’s
inlet condition; in comparison, type Y modification exhibits only a slight
variation.

Sensitivity analysis on pump performance

Effect of ammonia mass fraction

As the concentration of ammonia in the working fluid increases, the
specific volume of the working fluid decreases, resulting in reduced
power demand to raise the working fluid’s pressure by a specified
amount. The correlation between pump power consumption and
ammonia mass fraction in the working fluid is illustrated in Fig. 6. The
pump power consumption for all KCS-34 modifications decreases as the
ammonia concentration increases at constant pressure and mass flow
rate. Moreover, with the decreasing Py, the power consumption of the
pump decreases. At similar operating conditions, both proposed cycles
consume less energy than the conventional KCS-34 cycle. However, a
marginal reduction in pump power consumption is observed when the Y-
modification is implemented, whereas a more significant reduction in
pump power consumption can be achieved with the X-modification. For
example, in the case of KCS-34, pumps power consumption is 125.53 kW
at 70 bar (P3) and 0.75 ammonia mass fraction (X;), compared with
125.17 kW in the Y-modified cycle and 85.02 kW in the X-modified
cycle.

Effect of turbine inlet pressure

At a fixed ammonia concentration on the working fluid and
condensation pressure, the pump’s power requirement gradually in-
creases with the increasing turbine inlet pressure as the pump requires
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Fig. 8. Exergy destruction and Exergy efficiency with varying P,

additional power to raise the working fluid’s pressure from the
condensation pressure to higher turbine inlet pressure.

The correlation between turbine inlet pressure (P2) and pump power
consumption is illustrated in Fig. 7. It can be seen from the figures that,
in all the modifications of KCS-34, pump power consumption increases
with the increase of P, at constant X;. Thus, it is reasonable to conclude
that the relationship between pressure P2 and pump power consumption
is proportional.

Exergy destruction at various turbine inlet pressures

The exergy efficiency and exergy destruction curves for each of the
three cases of the Kalina cycle have been represented in Fig. 8. At a fixed
ammonia concentration with the increasing P,, the exergy destruction
rises up to a certain value; after reaching this peak point, exergy
destruction decreases with increasing pressure. On the other hand,
exergy efficiency is inversely proportional to exergy destruction, indi-
cating that an increase in exergy efficiency decreases exergy destruction.
However, not every component designed to operate in the cycle destroys
the same amount of exergy. As an example, in Fig. 9, the exergy
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destruction for each component is represented at a working state of 60
bar and 0.85X; and it can be observed that maximum exergy destruction
can be observed at the condenser, whereas insignificant exergy
destruction is seen in the separator.

Exergy destruction at various ammonia mass fraction

Fig. 10 represents the exergy destruction and exergy efficiency for all
three cycles when the ammonia mass fraction varies at a constant P,.
The variation in exergy destruction with the changing ammonia con-
centration is minimal compared to the exergy destruction due to the
varying P, indicating exergy’s concise affectability to fluctuating
ammonia concentration.

Energy recovered from the regenerators

Fig. 11 depicts the changes in energy recovery from the regenerator
for all three cycles when the ammonia concentration in working fluid
(X1) has differed at a fixed P,. At a fixed Po KCS-34 has the highest heat
recovery capacity than the proposed modifications. Moreover, with
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Fig. 11. Energy recovery from the regenerator with varying ammonia X;

increasing ammonia concentration in working fluid (X;), the energy
recovery from Regen. 1 and 2 get lower for the KCS-34 and X-modified
cycle, whereas a negligible increase can be observed for the Y-modified
cycle.

The variations in the amount of energy recovered from the regen-
erator for all three Kalina cycles under investigation are depicted in
Fig. 12 when pressure Py is varied while maintaining a constant
ammonia concentration in the working fluid (X;). According to the
different scenarios depicted in Fig. 12, with changing P2 at fixed
ammonia concentration, energy recovery from Regen. 1 decrease with
increasing P2 for all cases of KCS-34, whereas energy recovery from
Regen. 2 increases with increasing P2. However, when compared to the
case of fixed turbine inlet pressure, a similar trend of higher heat re-
covery for KCS-34 can be observed. Furthermore, the amount of heat
recovered differs insignificantly between the three cycles.

Net power yield and efficiency analysis

Due to ammonia’s lower specific heat capacity than water, the vapor
generation rate at the Kalina evaporator goes up as the ammonia mass
fraction in the working fluid increases. As a result, the rich ammonia-
water mixture’s mass flow rate increases across Turbine A, while the
lean ammonia-water mixture’s mass flow rate decreases across the
multi-phase expander, leading to a rise in Turbine A’s power output and
decreased multi-phase expander power yield.
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This initially results in a higher net power output. However, when the
ammonia mass fraction of the working fluid increases, the ammonia
fraction in the turbine inlet increases, resulting in a decrease in the
enthalpy variation across the turbine. The increase in rich ammonia-
water mass flow across Turbine A is insufficient to compensate for the
decline in enthalpy variation, resulting in a decrease in net power output
following the peak point.

The relationship between turbine inlet pressure, thermal efficiency,
and net power output of the Kalina cycles under consideration is illus-
trated in Fig. 13. At a lower turbine inlet pressure, it is observed that the
KCS-34 produces more power and has a higher thermal efficiency than
the other cycles. However, as the turbine inlet pressure increases, the Y-
modified cycle outperforms different Kalina cycles investigated in this
research in terms of net power output and thermal efficiency. For
example, at 0.80 X;, X-modified cycles’ power output is higher when the
turbine inlet pressure ranges between 30 bar and 70 bar; if the turbine
inlet pressure surpasses 70 bar, higher power and efficiency can be
derived from the Y-modified cycle. Thermal efficiency and power output
do not increase with increasing power all the time in all the modifica-
tions; a pick can be observed. This pick demonstrates the maximum
power output at a particular Po.

When the turbine inlet pressure is increased, a significant decrease in
enthalpy across the turbine is observed. The evaporation temperature
rises, and the heat transfer rate reduces due to the constant difference in
the pinch point temperature. However, in the evaporator, the ammonia-
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Fig. 12. Energy recovery from the regenerator with varying ammonia P,

water basic solution’s heat absorption capacity per unit mass flow rate
declines more significantly, resulting in a rise in the working fluid’s mass
flow rate. With the rising pressure in the separator, the rich ammonia-
water mixture’s flow rate decreases. The combined effect of the mass
flow rate-rich ammonia-water mixture and the enthalpy drop results in
an increase in net power output up to a certain point, after which it
declines.

Fig. 14 describes the relationship between thermal efficiency and net
power output with the varying ammonia concentration in the working
substance. With the increasing ammonia mass fraction, the thermal ef-
ficiency and net power yield increase for the KCS-34 and Y-modified
cycles. However, a peak can be noticed for the X-modified cycle, which
indicates the optimum ammonia concentration in working fluid at a
fixed Py. For example, at 60 bar, the thermal efficiency and peak power
yield can be observed at 0.86 X; for the X-modified cycle. The thermal
efficiency and net power yield increase by 19.13% and 18.67%,
respectively, for the Y-modified cycle, when the ammonia concentration
is increased from 0.65 to 0.95.

In contrast, a 31.01% increase in power output and a 30.99% in-
crease in thermal efficiency can be observed for KCS 34 when X;
increased from 0.65 to 0.95. The thermal efficiency exhibits a
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comparative pattern similar to exergy efficiency; however, exergy effi-
ciency is significantly higher compared to the thermal efficiency of the
cycles. For instance, the Y-modified cycle’s maximum exergy efficiency
is 45% at 62 bar and 0.85 ammonia mass fraction; at similar operating
conditions, the thermal efficiency is 17%.

In summary, from a thermodynamic perspective, the system’s exergy
and energy analysis indicate that the X-modified cycle is more desirable
than the Y-modified cycle. It is concluded that it is more convenient to
keep the ammonia concentration in the working fluid below its typical
range for the proposed cycles. The variable temperature characteristics
of the ammonia-water mixture can be used to illustrate this viewpoint.
As presented in Fig. 15, the ammonia-water mixture’s thermal drift
varies with the ammonia’s mass fraction. For mediocre ammonia con-
centration, the contrast within the bubble and dew point temperature
resembles to be the optimum operating conditions for certain ammonia
content.

Optimization results

The objective function for optimization was chosen to be exergy ef-
ficiency in this research. Due to the consistency of the heat source, inlet
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Fig. 13. Thermal efficiency and net power yield with varying turbine inlet pressure.

exergy remains constant for each optimization case; therefore, exergy
efficiency is only dependent on net power output. In other words, by
optimizing the exergy efficiency, the net power gets optimized. Three
different ammonia concentration levels in the working fluid were opti-
mized and all three cycles (including the two proposed cycles and base
KCS-34 cycle) were considered. For the optimization purpose, the ge-
netic algorithm, well known for its efficiency in finding the global op-
timum, was chosen. It can be observed that the optimum efficiencies of
X-modification are generally higher than the other cases of the Kalina
cycle under investigation. By analyzing the configuration of these cycles,
the reason for this high value can be interpreted. For the Y-modified
cycle, the multi-phase expander is positioned downstream of regen.2,
conversely, for X-modification, it is positioned downstream of the
separator. This results in a comparatively low energy flow at the inlet of
Y-modification’s multi-phase expander; therefore, power output de-
clines and the efficiencies decrease subsequently. Thus, it can be
concluded from the results that the X-modified cycle has superior per-
formance in terms of efficiencies and power yield than other cases of
KCS-34. For example, at 0.75 ammonia fraction, the power yield of X-
modification is 4.57% and 1% higher than that of KCS 34 and Y-modi-
fication, respectively, which increases to 7.23% and 5.16% when
ammonia mass fraction is 0.85.

The results are shown in Table 3, indicating different optimum points
for different simulation cases.

Table 3 also points that as the ammonia concentration on working
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fluid increases, the optimum P; also increases, resulting in inconsistent
evaporation temperature.Fig. 16

Conclusion

To maximize the thermodynamic performance of the low-enthalpy
heat source driven KCS-34, the throttle valve is replaced with a multi-
phase expander that extracts energy from the lean ammonia working
fluid loop. Two different modifications have been analyzed when the
heat source’s temperature is 124 °C. Following that, the thermodynamic
performance of all three cycles was optimized using a Genetic Algo-
rithm, taking into account both the ammonia concentration in the
working fluid and the turbine inlet pressure. From the derived results,
the following conclusions can be drawn.

= Under a specific operating condition, X-modification’s ther-
modynamic performance is better than the KCS-34 and Y-
modification. For example, X-modification had a maximum
5.44% higher net power output than KCS-34 when 70 bar tur-
bine inlet pressure (P3) was specified; conversely, a maximum
7.83% higher net power output can be observed when
compared with KCS-34 at an ammonia mass fraction of 0.85.

= When the thermodynamic performance of the proposed Kalina
cycles was compared to that of the KCS-34 based Husavic
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Table 3

Under similar operating condition optimization of cycles under investigation.

Power Plant [50] X-modified cycle generated 5.57% more
power compared to KCS-34 based Husavic Power Plant.

The only difference among the proposed cycle’s layout is the
multi-phase expander location relative to regen.2 and thermo-
dynamic analysis reveals the dependency of the multi-phase
expander’s power output upon the regen.2.

No significant thermodynamic advantage was observed for the
Y-modified cycle when compared to the KCS-34. Additionally,
when the Y-modifications are implemented on KCS-34, the
ammonia concentration range becomes more constrained,
which arduous the possibility for an off-design utilization of Y-
modified cycle.

The maximum exergy destruction was observed in the
condenser, making the condenser a crucial component of the
Kalina cycle system and optimization procedure.

However, the Kalina cycles proposed in this research can be further

X Power output (kW) Py n Destruction (kJ) Exergy efficiency
KCS34  X-cycle Y-cycle KCS34  X-cycle Y-cycle KCS34  X-cycle Y-cycle KCS34  X-cycle Y-cycle KCS34  X-cycle  Y-cycle
0.75 921 965 956 57 55 62 0.16 0.16 0.16 10,410 10,288 10,396 0.4 0.41 0.41
0.8 955 1015 983 60 58 66 0.17 0.17 0.17 10,416 10,273 10,420  0.42 0.43 0.42
0.85 983 1060 1005 63 62 71 0.17 0.18 0.17 10,429 10,262 10,449  0.43 0.45 0.43
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investigated to determine their suitability for other applications, such as
in the waste heat recovery system or as a bottoming cycle. The mathe-
matical model presented in this study is capable of being used success-
fully for these purposes.
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