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1. Introduction

Abstract. This research deals with the performance and cost assessment of a Kalina
cycle integrated with Parabolic-Trough Solar Collectors (PTSC) using advanced exergy and
exergoeconomic based methods to identify the improvement potential and the interaction
among system components. The exergy destruction rate and the total operating cost within
the components are divided into endogenous/exogenous and unavoidable/avoidable parts.
Results indicate that the avoidable exergy destruction cost rate (Cé‘/) of the entire system
is only 29%, of which 32% is related to the components and 68% is due to the interaction
between them. Also, the endogenous part of the exergy destruction cost for the entire
system is notably high (87%) and the contribution of C’f)v in the entire system is 32%,
of which 68% is related to the endogenous part. Furthermore, 84% of the investment cost
rate is associated with endogenous cost rate (ZEN) and 84% of the avoidable investment
cost rate (ZSV) is endogenous. It is revealed that the auxiliary heater and PTSC have the
highest modified improvement potential with values of 66.9% and 59.5%, respectively.

(© 2016 Sharif University of Technology. All rights reserved.

cycle operates by using an ammonia-water mixture
as the working fluid and because of its low boiling-

In recent decades, the energy demands all over the
world have been increasing dramatically and because
of the harmful effects of global warming, the en-
vironmental issues have gained importance. Thus,
investigating more efficient energy conversion systems,
use of renewable energy, and enhancement of the
performance and efficiency of existing energy systems
have become the priorities. To reach these aims, one
of the best strategies is renewable energy conversion by
using new eflicient cycles, such as Kalina cycle. Kalina
cycle was first presented by Kalina [1] in 1982. This
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point temperature, it can be used as a procreate cycle
for using low-temperature heat sources and renewable
energy, such as solar energy.

Lately, some research has been allocated to Kalina
cycle, employing the low-grade heat source [2] and
the geothermal energy [3-8], applied as bottoming
power cycles [9-11] and solar energy by integrated flat
plate solar collectors [12-15], PTSCs [16-18], compound
parabolic collector [19], and central receiver [20].

Although exergy analysis is a powerful tool for de-
velopment, evaluation, and improvement of an energy-
conversion system, it is not much prevalent among
energy practitioners, because of the lack of a formal
method in using the outcomes obtained by an exergy
analysis, so that a formal method cannot be pro-
gressed as long as the interactions among elements
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of the system are not taken perfectly into account.
A conventional exergetic or exergoeconomic analysis
cannot appraise the mutual interdependencies among
the system elements. It is achievable in an advanced
exergetic analysis. The exergy destruction in each
element is divided into endogenous and exogenous parts
in advanced exergetic analysis. Additional dividing of
the exergy destruction in each element to the avoidable
and unavoidable parts enables a realistic appraisal of
the potential for improvement. Also, the combination
of these two splitting approaches lets the designer of
an energy system with unambiguous and important
detailed data about options to improve the overall
efficiency.

In the literature, there are not many papers about
advanced exergy and exergoeconomic analyses of power
generating systems.

Some research has been allocated to advanced
exergetic analysis of gas turbine system [21-23], co-
generation system that combines vaporizing liquefied
natural gas with the generation of electricity [24,25],
combined cycle power plant [26-28], coal-fired power
plant [29,30], trigeneration system with a diesel-gas en-
gine operating in a refrigerator plant building [31], ejec-
tor refrigeration system [32], multi-effect evaporation-
absorption heat pump desalination [33], geothermal
power plant [34], and a ground-source heat pump
dryer [35]. Also, some researchers have applied the
advanced exergoeconomic analyses to assess the co-
generation system [36,37], externally fired combined
cycle power plant [38], geothermal power plant [39],
combined cycle power plant [40], geothermal district
heating system [41], electricity-generating facility with
natural gas [42], multi-effect evaporation-absorption
heat pump desalination [33], refrigerant natural gas
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liquefaction processes [43,44], building heating sys-
tem [45], and Gas Engine Heat Pump (GEHP) for food
drying processes [46].

In this paper, a Kalina power cycle integrated
with PTSC is proposed, modeled comprehensively
based on Ref. [47], and analyzed for the first time
using an advanced exergoeconomic analysis method.
The improvement potential of the system is deter-
mined using the relationships between investment cost
rates and exergy destruction cost rate; then, possible
approaches are identified to determine the reasons of
exergy destruction and develop economic parameters
of the system.

2. System description

A schematic diagram of the system is shown in Fig-
ure 1. The system is divided into three subsystems:
Kalina cycle, temperature stabilized, and solar collec-
tor.

2.1. Kalina cycle subsystem

Kalina cycle includes a separator, a turbine, an evap-
orator, a mixer, a pump, a Low-Temperature (LT)
recuperator, a High-Temperature (HT) recuperator,
and a condenser. The ammonia-water mixture, which
has varying boiling and condensing temperatures, is
used as the working fluid of this cycle. The ammonia-
water mixture is heated in the evaporator by absorbing
heat from solar collector subsystem (points 1-2). Then,
it enters the separator (point 2). The relatively
rich solution of ammonia-water is separated from the
liquid phase in a separator and it leaves the separator
as saturated vapor (point 3). Afterwards, it passes
through the turbine (point 5) and generates power.

Kalina cycle subsystem
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Figure 1. Flow diagram of the Kalina cycle operated by solar energy.
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Saturated liquid of weak solution leaves the separator
(point 4) and heats another flow by passing through
recuperator (points 4-6). The steam flow (point 5) and
liquid flow (point 6) are merged together in mixer to
form the ammonia-water basic solution (point 7). After
being cooled down in LT recuperator (point 8), the
mixture is condensed to liquid phase of ammonia-water
(point 9) in the condenser by cooling water (points 19-
20). Then, it is pumped (point 10) into evaporator after
preheating through the LT recuperator (points 10-11)
and HT recuperator (points 11-1).

2.2. Temperature stabilized subsystem

Temperature stabilized subsystem includes a thermal
storage tank, an auxiliary heater, and a pump. Ther-
minol VP — 1 oil is used as the working fluid of this
cycle because of its stability in high temperature and
good heat transfer properties. Therminol V P —1 heats
the ammonia-water mixture by passing through the

evaporator (points 13-14) and then it is pumped to the
thermal storage tank (point 15). The thermal storage
tank is operated to stabilize temperature of the fluid
when solar radiation is not sufficient; in addition, an
auxiliary heater is installed as the backup energy source
to increase the temperature of the working fluid when
it, at the outlet of the thermal storage tank (point 12),
drops below the allowable temperature to supply the
required temperature of fluid in the inlet of evaporator
(point 13).

2.3. Solar collector subsystem

Solar energy collector subsystem includes a pump and
the PTSC filed. Therminol VP — 1, as the working
fluid, is pumped to collectors (point 18) and it absorbs
the solar energy (point 16) to supply the required
energy of temperature stabilized subsystem. Table 1
indicates the specifications and design parameters of
solar Kalina power plant.

Table 1. The specifications and design parameters of solar Kalina power plane.

Kalina cycle subsystem

Isentropic efficiency of Pump 1 98%
Pressure losses in each heat exchanger in Kalina cycle 1 bar
Minimum temperature differences in the evaporator 6 K
Minimum temperature differences in the HTR 5 K
Minimum temperature differences in the condenser 3K
Turbine isentropic efficiency 87%
Temperature of the oil at inlet of evaporator 393 K
Temperature of the oil at outlet of evaporator 353 K
Mass rate of ammonia-water mixture to evaporator 16.8 kg s~ !

Turbine outlet pressure 6.6 bar
Cooling water inlet temperature 278 K
Ammonia content 82%
Turbine inlet pressure 32 bar
Temperature stabilized subsystem

Heat transfer efficiency of auxiliary heater 80%
Volume of thermal storage tank 100 m®
Area of thermal storage tank 100 m?

Overall heat transfer coefficient, U

Solar collector subsystem [55]
Collector type

Concentration ratio

Peak collector efficiency

Annual thermal efficiency

Optical efficiency

Aperture area per SCA

Total aperture area

Monthly average insolation, H

0.001 kW m™2K™!

S13
82

68%

53%

0.8%

545 m

20710 m?

26.39 MJ m~?2 day~!

2
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3. Thermodynamic analyses

3.1. Conventional exergy and exergoeconomaic
analyses

The first step in the advanced exergy and exergoeco-
nomic analyses is exergy and exergoeconomic analyses.
In order to assess the performance of a system from the
viewpoint of the second law, it is essential to identify
‘Fuel-Product-Loss’ (F-P-L) for each component of the
system. The product represents the desired output
produced by the component or the overall system.
The fuel indicates the resource consumed to create
the product and is not necessarily restricted to be
an actual fuel such as coal, oil, or natural gas. The
losses show the exergy loss from the system. Exergy
destruction rate, E.ch,k7 and exergy efficiency, ¢, for
each component of the system can be calculated as
follows [48]:

Expy = Expy, — Expy — By, (1)
E = —— :EPJC =1- 4ZED,I§7 + ‘TL,/»7 (2)
Exp Exp

where E'xl.jk and E.acp’;C are the fuel and product exergy
rates, respectively, and Ex L,k is the rate of exergy loss
for the kth component. Ex refers to the sum of the
physical and chemical exergy rates. The irreversibility
ratio, yp i, and improvement potential, I P, of the kth
component are defined as [49]:

El’D k

Yok = =, (3)
EfED,tot

IPk = (1 — 5k>ExD,k~ (4)

Exergy balance for the overall system is:

EQ?F,tot = E.xPﬂfot + Z EiUD,k + EIL,tot~ (5)
&

Exergoeconomic analysis combines exergy analysis and
economic principles to provide the system designer
or operator with information not available through
conventional energy analysis and economic evaluations
[48]; the conventional exergoeconomic equation can be
defined as follows. The cost balance at steady state
condition is formulated as follows [50]:

S =Y Gt 4 (6)

out in

Here, C is the cost rate according to inlet and outlet
streams, and Z is the capital investment and operating
and maintenance cost rate for the kth component.
In exergy costing, inlet and outlet exergy streams of
matter (E.xin?out), power (W), and heat transfer (Exq)
can be written as follows:

C.(in,out = Cin,outExin,outa (7)
Cw =cuW, (8)
¢ = e B, (9)

Here, Cinout,w,q indicates average costs per unit of
exergy in $ kJ~! for inlet (in), outlet (out), power (w),
and energy (q), respectively:

Cpyx = crpEBap, (10)
Cri =criEar, (11)
ry, = 2k 0k (12)
CFk
Z
fr= (13)

Zy + CD,k + OL,k.

In Eq. (13), rg is relative cost difference, which ex-
presses the relative increase in the average cost per ex-
ergy unit between fuel and product of the component.
This difference is due to the cost rate associated with
the investment cost (Z;) and the cost rate of exergy de-
struction (Cp ) [48]. The exergoeconomic factor, fi,
is a parameter which expresses the relative importance
of a component cost to the cost of exergy destruction
and the loss associated with that component.

3.2. Advanced exergetic analysis
Irreversibility (entropy generation) limits the efficiency
of energy conversion systems. The conventional exergy
analysis methods are used to determine irreversibility,
but these methods have some shortcomings; for ex-
ample, in these methods, the reasons of irreversibility
cannot be defined. Similarly, exergoeconomic methods
combine the exergetic and economic parameters with
each other to define the fuel, product, and destruction
costs of the system. However, they do not enable
us to show the relations between the economic pa-
rameters; therefore, advanced exergy based analyses
should be applied to eliminate these deficiencies with
high-certainty information that cannot be obtained by
other approaches. In an advanced exergy analysis,
the exergy destruction rate is divided into four parts:
endogenous, exogenous, avoidable, and unavoidable
exergy destruction rates. The exergy destruction of
the kth component depends on the exergy destructions
associated with the irreversibility of the same compo-
nent and also on the irreversibility of other compo-
nents. The endogenous (ExzP’}) exergy destruction
rate occurs within the kth component when it operates
with its current efficiency and the remaining system
components operate in an ideal way.

The exogenous exergy destruction rate (E:ULE)),{)
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within the kth component is defined as the irreversibil-
ity that occurs in other components and is obtained as
the difference between real and endogenous exergy de-
struction of the kth component. This splitting enables
engineers to decide to consider whether the component
or other system components in order to attain effective
improvement in the overall performance:

In more detail, the exergy destruction rate can be
divided to the avoidable and unavoidable parts related
to the system improvement potential. The exergy
destruction that cannot be decreased due to today’s
technological constraints, such as availability and cost
of materials, is the unavoidable (Ez%]\,i) part of the

exergy destruction. The avoidable (E:vé‘i) part of
the exergy destruction represents the improvement
potential concept and is calculated as the difference
between real and unavoidable exergy destruction of the
kth component:

E":pg‘,/,; =Expy — Ex%]\,i (15)

The unavoidable endogenous exergy destruction rate
(Exg]\,iEN) is a part of the exergy destruction that
cannot be decreased because of technical constraints for
the kth component. Also, the unavoidable exogenous
exergy destruction rate (Em%z\,iEX) is a part of the
exergy destruction that cannot be decreased because
of technical constraints in the remaining components
of the overall system for the given structure. The
unavoidable and avoidable exergy destruction is defined
as the following equations [51]:

Baly N = Baf) | 220 ) (16)
) ) ExP,Ic
BN EX = Ealgh — BaEY. (17)

The avoidable endogenous exergy destruction rate

(E'xg‘;;EN) and the avoidable exogenous exergy de-

. 5 AV,EX
struction rate (Ez )’}

equations [51]:

) are presented as the following

5 AV,EN _ g2 EN _ g1, UN,EN
Expp77 = Expy, — Exp 07, (18)

E":vg‘;;EX = Ea?’gvk - E'x‘g‘;’EN. (19)
The value of EnggEN can be decreased by elevation
of the efficiency of the kth component and the value
of E:v‘ﬁD“iEX can be reduced using a structural im-
provemént in the remaining components and the kth
component.

3.3. Advanced exergoeconomic analysis
In addition to the exergy destruction rate, the concepts
of endogenous, exogenous, avoidable, and unavoidable
parts can be applied to the investment cost and the
exergy destruction cost rate. The endogenous and
exogenous concepts are influenced by the internal
operating specifications and the interactions between
components, respectively.

The endogenous and exogenous cost rates of
exergy destruction (ngx and Cg),f) that are associated
with the kth component are expressed as:

Cgf}\[ = Cf,kEIg%, (20)
Chix = cruBapl, (21)

where ¢y, expresses the fuel cost per exergy unit of
the kth component. Also, depending on whether the
exergy destruction costs can be avoided or not, it is
split into avoidable and unavoidable parts that can be
presented as follows:

Cgf}\] = CfJCEI%%, (22)
CS}Z = Cf,/cEI}%ZV (23)

The avoidable and unavoidable cost rates of exergy
destruction are split into endogenous and exogenous
parts, which are calculated by the following equations:

CpWEY = cp B PN (24)
ConPN = cppEap PV, (25)
CpEY = cppBal PX, (26)
ConBY = cppBap . (27)

The unavoidable investment cost flow rates (ZUN) for
turbine and pumps are assumed 90% and 60% of their
capital investment costs, respectively, and for other
components are calculated as follows [52]:

: PECYY .
ZUN = (rad> x 2, (28)
PEC™ |

where PEC,[C]N is the purchased equipment cost of
the kth component, associated with the unavoidable
conditions that are explained in Table 5 [52]. In
addition, the values of ZUN for turbine and pumps are
assumed 90% and 60% of their capital investment costs,
respectively, and for other components are calculated
as follows:

. PECYN .
z"N = (rad> x Z;e. (29)
PEC .
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Theavoidable investment cost flow rate Z ,fw is deter-
mined by subtracting the unavoidable investment cost
flow from the real investment cost flow rate [31]:

Z8V =7, - ZUN. (30)

Similarly, the exogenous investment cost flow rate is
the difference between the real investment cost and the
endogenous exergy cost flow rate [53]:

2N _ BN () | 1)
3 EP
k
ZEX = 7, — ZEN, (32)

In addition, the exogenous parts of the investment
cost and exergy destruction cost can be divided into
the avoidable/unavoidable and endogenous/exogenous
parts; these parameters are presented in the follow-
ing [52]:

Z* UN
ZUNEN — BN 2 , 33
D,k P,k EXp . (33)
EXp ), Exgel |
Z’]ICJN,EX _ Z‘gN _ Z’}ICJN7EN7 (35)
20N = N = TN, (36)
Z.]fV’EX — ZkEx _ Z.]S]N7EX. (37)

Also, the modified exergoeconomic factor ( ,CA ViENY
is defined as the major cost source associated with
the component of the system, and is determined as
follows [41]:

Z‘ZIV,EN Z‘Z&V,EN

= — : . (38)
C}.CA\AEN i Z;W,EN

AV,EN _
k = SAV,EN
e

Another parameter that determines the percentage of
the avoidable endogenous part the current technologi-
cal and economic environment is the total cost-savings
potential (py), which is defined as follows [41]:

“AV,EN YAV,EN S AV,EN
e NN+
]C — =

(39)

Otot,k CD,k + 2

4. Validation

The Kalina cycle of the present work is taken from the
investigation of Ogrisecks [54] for validation purposes.
The relative differences among the eight properties
of the present work and reference investigation are

184
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Figure 2. Validation of the present work by investigation

result of Ogriseck [54].

calculated for each point of the cycle. These prop-
erties are temperature, pressure, quality, ammonia
concentration, enthalpy, entropy, volume, and mass
rates. The maximum average relative difference be-
tween all properties is determined by about 6.78%.
In addition, the variation of cycle thermal efficiency
with the turbine inlet temperature is compared with
the available data of the reference work. As shown
in Figure 2, there is a good agreement between the
results. Also, for this graph, the normalized root
mean squared error is calculated 16% that indicates the
reasonable agreement. The thermodynamic properties
in Reference work [54] are taken from the software EB-
SILON Professional, Version 7.01 Beta-Release, from
Evonik Energy Services GmbH while the properties of
the present work are calculated using the EES software.

5. Results and discussion

In this section, the conventional exergoeconomic anal-
ysis of a Kalina cycle integrated with PTSCs is car-
ried out to obtain the exergoeconomic parameters for
each component. It is assumed that the system is
located in Semnan City (35.917 N, 53.917 E), Iran.
System modeling is conducted based on maximum
daily insolation incident on horizontal surface, which
occurs on June 29 at 12:00. According to conventional
exergoeconomic analysis, the exergoeconomic factor in-
dicates the relationship between the energy efficiencies
and the capital investment costs of the equipment.
A low exergoeconomic factor indicates that efficiency
improvement of the component should be considered by
increasing the capital investment and its performance
can be signally improved by capital investment into
highly efficient design.

Table 2 indicates the major exergy and exergoe-
conomic parameters for each component of the solar
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Table 2. Exergetic and exergoeconomic parameters of the system.
Component Exp Exzp Exp ¢ ypx IP cs Cp Co Z b r
(kW) (kW) (kW) (%) (%) (kW) ($MI™") ($MI™") $h™') $h™Y) (%) (%)
Auxiliary heater 6161 2021 4140 0.3 22.8 3741.7 1.5 19 22 105.4 82.73 1186
PTSC 14431 4891 9540 0.3 52.6 9540.0 0 471 0 829.1 100 infinity
Condenser 622.4 481.8 140.6 0.8 0.8 140.6 112.4 234.7 56.9 155.1 73.15 108.7
HT' recuperator 397.1 264.8 1323 0.7 0.7 132.3 111.9 177.6 53.3 9.4 14.99 58.75
LT recuperator 459.1 148 311.1 0.3 1.7 311.1 112.4 381.1 125.9 172 12.03 239
Mixer 3708 3689 19 1 0.1 19.0 111.9 1124 7.6 0 0 0.51
Pump 1 89.8 751 147 04 0.1 53.8 165 272.2 8.7 20.3 70 65.01
Pump 2 91.4 376 53.8 0.8 03 251 165 552.8 32 20.5  39.08 235
Pump 3 45 199 251 04 0.1 14.7 165 567.7 14.9 13.9 482 244.1
Separator 6609 6609 0 1 0 0.0 111.9 111.9 0 0 0 0
Thermal storage tank 20611 20184 424.3 1 2.3 4243 49.4 50.6 75.5 14.3 159 251
Turbine 2504 2207 296.2 0.9 1.6 296.2 111.9 165 119.3 302.9 T71.75 47.49
Evaporator 6542 3513 3029 0.5 16.7 3029.0 46.6 91.7 508 62.8 11.01 96.88

Kalina cycle. The largest value of exergoeconomic
factor f belongs to PTSC (100%), in which the IP
is maximum value among all components (9540 kW),
indicating that the cost saving in the entire system
cannot be achieved by improving the PTSC efficiency.
Also, the PTSC has the highest value of exergy de-
struction rate (9540 kW), because solar energy with
high quality heats a fluid with low temperature and the
heat transfer at large temperature differences increases
the irreversibility in it. Hence, attempt should be made
to reduce this exergy destruction rate. However, there
are many material constraints that play an important
role in construction and operation condition.

The second most important component in the
exergoeconomic analysis of the solar Kalina cycle is
evaporator because of its high value of cost rate (C‘ DE+
Z;C); also, the value of exergoeconomic factor f for
the evaporator is very low, about 11.01%, which is
due to the high cost rate of exergy destruction in
the evaporator. Therefore, efficiency improvement of
this component should be considered by increasing the
capital investment, and its performance can be signally
improved by capital investment into highly efficient
design. In addition, the relative cost difference has an
influential role in optimization and evaluation of the
system component and depicts the relative growth in
the exergy product cost of a component according to
its fuel exergy cost. The PTSC has infinite relative
cost difference r and the separator and mixer have the
minimum ones (0 and 0.0051, respectively). The prices
for the exergy rate in a component are described with
the product and fuel exergy cost values. Pump 2 has
the maximum product cost rate (552.8 $ MJ 1), and
the auxiliary heater has the minimum product cost rate
(19 $ MJ~1). Pumps have the maximum fuel cost rate

(165 $ MJ™!) and the PTSC has zero value of fuel
cost rate. Table 2 shows the detailed results of the
conventional exergy and exergoeconomic study. The
results of the advanced exergetic and exergoeconomic
analyses of the system may be listed as follows.

5.1. Advanced exergy analysis

The advanced exergy analysis is carried out based on
the assumptions listed in Table 3. Table 4 shows the
results of the advanced exergetic analysis for the Kalina
cycle. For the better analysis of the system, we should
focus on the avoidable exergy destruction instead of
total exergy destruction; because we cannot reduce the
unavoidable exergy destruction. Since the operation
of any component is dependent on the other ones, it is
important to know how improvement of one component
will affect the other component. Therefore, the values
of endogenous and exogenous exergy destruction should
be compared for each component.

However, for the auxiliary heater, the value
of the exogenous exergy destruction is maximum
(4079.95 kW), indicating that the exergy destruction
of this component is related to design and operation
condition of other components. Also, the exogenous
exergy destruction of condenser and thermal storage
tank is negative, that conflicts with entropy generation
theory. Thus, increasing the efficiencies of the remain-
ing components will not decrease exogenous exergy
destruction, but actually increases it. The PTSC is
the component that should be improved first, because
the endogenous exergy destruction of the PTSC is
higher than its exogenous exergy destruction; also, the
value of its endogenous avoidable exergy destruction
(947.75 kW) is the highest among all components; in
order to reduce the PTSC exergy destruction rate,
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Table 3. Assumptions used as the theoretical and unavoidable conditions [26,29].

Component Theoretical conditions Unavoidable conditions

Auxiliary heater n = 100% n=99.5%

PTSC n = 100% n="13%

Condenser Ap =0, ATmin =0 Ap =0, ATwm =1

HT recuperator Ap =0, ATwmin =0 Ap =0, ATmin =3

LT recuperator Ap =0, ATmin =0 Ap =0, ATwmin =3

Pump 1 nis = 100% nis = 95%

Pump 2 nis = 100% Nis = 95%

Pump 3 nis = 100% nis = 95%

Thermal storage tank U =0 U=0

Turbine nis = 100% nis = 97%

Evaporator Ap =0, ATmin =0 Ap =0, ATmin =1

Table 4. Advanced exergy destruction rates of the system.
Component Beos BeBY BeBh BaQl Baby Baly®™ BalNEX BaplEN HaalEx
(W) (kW) (kW) (kW) (kW) (kW) (kW) (kW) (kW)

Auxiliary heater 4140 60.05 4079.95 2077.37 2062.63 43.26 2034.12 16.79 2045.83
PTSC 9540  7496.86 2043.14 7482.50 2057.50  6549.12 933.38 947.75 1109.76
Condenser 141.3 185.22 -43.92 180.56  -39.26 166.94 13.62 18.28 -57.54
HT recuperator 132.3 11549  16.81 116.39 1591 103.26 13.13 12.24 3.67
LT recuperator 313.4 159.58  153.82 47.12 266.28 42.18 4.95 117.40 148.87
Pump 1 14.65 13.28 1.37 3.05 11.60 2.99 0.07 10.29 1.31
Pump 2 53.81 43.89 9.92 44.95 8.86 43.89 1.06 0.01 8.85
Pump 3 25.13 25.03 0.10 20.73 4.40 20.49 0.24 4.54 -0.14
Thermal storage tank  424.3  650.86 -226.56 398.84  25.46 432.82 -33.98 218.04 -192.57
Turbine 296.2  289.83 6.37 60.10  236.10 60.64 -0.54 229.19 6.91
Evaporator 3029  2504.57 524.43 2424.97 604.03 2374.91 50.07 129.67 474.36

improving the PTSC itself has more importance than
improving other components.

Based on value of endogenous avoidable exergy
destruction, the turbine is the next component that
has the highest value. It should be noticed that in the
thermal storage tank, the value of E.xgvkjEX related
to the remaining components is negativé that shows
by improving the remaining components, the overall
contribution will increase the exergy destruction of
thermal storage tank by 192.57 kW. The evaporator
is the next component to be improved. Although

~ AV,EX . I s AV,EN
Ex, in the evaporator is higher than Exka ,

the amount of Egi’EN is also high (129.6 kW). There-
fore, the total exergy destruction rate of the evaporator
can be decreased through improvement in both the
evaporator itself and other components. The condenser
and auxiliary heater are the fifth and sixth components
that should be focused for improvement, which have
18.3 kW and 16.8 kW endogenous avoidable exergy
destruction values, respectively; also, as indicated, the
highest exogenous avoidable exergy destruction is due

to the auxiliary heater (4079.95 kW). Thus, its total
exergy destruction can be reduced significantly through
improvement in the remaining components.

5.2. Advanced exergoeconomic analysis
Through an advanced exergoeconomic analysis, we
can provide additional information for the conven-
tional exergoeconomic analysis to improve design and
operation of the system. The results of advanced
exergoeconomic analysis are summarized in Table 5.
It shows that, except for the auxiliary heater, the
endogenous exergy destruction cost rates are greater
than the exogenous exergy destruction cost rates of the
components. This result indicates that the interactions
among components do not affect the cost of exergy
destruction significantly. In addition, the auxiliary
heater is more affected by the other components; there-
fore, by decreasing the exergy destruction of the other
components, we can reduce the exergy destruction costs
of these components.

It can be seen in Table 5 that the exergy de-
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Table 5. Advanced exergy destruction cost rates of the system.

- ~EN ~EX
CD,k CD,k CD,k

= = ~UN,EN AUN,EX ~AV,EN ~NAV,EX
Cpx Cobi Cpp " Cpu™” Cpi™" Cpy

D,k D,k
Component ($h™") Bh ') ($Sh~") ($h ) (Sh') ($h~') ($h') (Sh') (ShY)
Auxiliary heater 22.01 0.32 21.69 11.05 10.97 0.23 10.82 0.09 10.88
PTSC 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Condenser 53.16 69.68  -16.52  67.92  -14.77 62.80 5.12 6.88 -21.65
HT recuperator 49.53 43.24 6.29 43.58 5.96 38.66 4.92 4.58 1.38
LT recuperator 117.90  60.03 57.87 17.73  100.17  15.87 1.86 44.17 56.01
Pump 1 8.23 7.46 0.77 6.51 1.68 0.04 5.78 0.73
Pump 2 30.22 24.65 5.57 25.24 4.98 24.65 0.60 0.00 4.97
Pump 3 14.11 14.06 0.06 11.64 247 11.51 0.14 2.55 -0.08
Thermal storage tank 71.62  109.87 -38.24  67.33 4.30 73.06 -5.74 36.81  -32. 51
Turbine 110.90 108.51 2.38 22.50 88.40 22.70 -0.20 85.81 2.59
Evaporator 467.69 386.72  80.97 374.43  93.26  366.70 7.73 20.02 73.24

struction cost of PTSC is zero, which owes to the
zero amount of exergy fuel cost. Also, the highest
endogenous exergy destruction cost is due to the
evaporator (386.72 $ h™!), followed by the thermal
storage tank (109.87 $ h™!), turbine (108.51 $ h™1),
condenser (69.68 $ h™!), and LT recuperator (60.03
$ h~1), respectively, which indicates that the exergy
destruction cost rates of these components can be
reduced by increasing the exergy efficiency of the
components. The next conclusion is confirmed by the
negative amount of C5X in the condenser (-16.52 $
h~!) and thermal storage tank (-38.24 $ h—!) that indi-
cates the reversible relation between exergy destruction
cost rate of these components and efficiency of other
components. It is clearly observed that the values of
C’év in the LT recuperator, evaporator, and turbine
are more than those in other components that signifies
the improvement potentials of these components, while
the unavoidable part of exergy destruction cost rates of
evaporator, thermal storage tank, and condenser are in
high level.

The economic improvement potential of elements
is determined by evaluation of their avoidable endoge-
nous exergy destruction cost rates. In this study, the
highest value of O;‘,VvEN is of the turbine (85.81 §
h~1), followed by LT recuperator (44.17 $ h™!), and
thermal storage tank (36.81 $ h™!). This fact implies
that by improving these components, the system exergy
destruction cost rate can be reduced significantly and
the components must be considered themselves, instead
of other components. It should be noticed that
the values of CEX in thermal storage tank (-38.24
$ h™') and condenser (-16.52 $ h™') are negative,
demonstrating that if the performance of remaining
components rises, the exergy destruction cost rate of
these components will increase. The evaporator has
the highest value of Ca"*Y (73.24 $ h™!) and we
can reduce the sizable portion of its exergy destruc-

tion cost by improyiné exergy efficiency of the other
component. Also, C?, EX iy LT recuperator is huge
(56.01 $ h—!) in comparison with other components,
associated with the exergy destruction cost rate of
other components. About the auxiliary heater, the
results show that the amount of CEV is around zero
because the exergy destruction cost rate of auxiliary
heater is dependent on other components and only half
of CEX can be avoided by using new technologies in
other components.

Another parameter in advanced exergoeconomic
analyses is the capital investment cost rate. Table 6
displays the breakdown of capital investment cost rate
for each element. For the auxiliary heater, ZZY is lower
than the exogenous omne, indicating that the capital
investment cost of the auxiliary heater is strongly
associated with those of other components; thus, for
reduction of investment cost rate of this component, it
must be focused on other components. For other com-
ponents, the endogenous capital investment cost rate
has the greatest partition in capital investment cost
rate; this fact indicates that in the capital investment
cost analysis, the components are more important than
the interaction between the components.

The PTSC has the highest value of endogenous
capital investment cost rate (649.9 $ h—!) followed by
turbine (298.75 $ h™!) and condenser (154.95 $ h™1).
The result also shows that the values of unavoidable
capital investment cost rate for most components are
higher than their avoidable capital investment cost
rates because of the technology cost limitation.

The PTSC, turbine, and condenser have the
greatest contribution to ZUN with the values of 682.91,
272.61, and 72.04 $ h™!, respectively; also, the highest
amounts of avoidable capital investment cost rate are
associated with the PTSC (146.2 $ h™!) and condenser
(82.8 $ h!), indicating the improvement potential
concept of these components. It is clearly observed that
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Table 6. Advanced investment cost rates of the system.
Component Z ZEN Z’EJX Z’[“JN Z.’?V Z'Ilch’EN Z'Ile]N’EX Z.l:lv’EN Z}fV’EX
$h™™) $h™) Bh™) Bh™) $h™Y) $h™') ($h™Y) ($h7Y) ($h7YH
Auxiliary heater 22.83 0.34 22.50 13.22 9.62 0.20 13.02 0.14 9.48
PTSC 829.08  649.91  179.17 68291  146.17 535.33 147.58 114.58 31.59
Condenser 154.87  154.95 -0.08 72.04 82.83 72.08 -0.04 82.87 -0.04
HT recuperator 9.40 7.62 1.78 8.82 0.58 7.14 1.67 0.47 0.11
LT recuperator 17.38 11.10 6.28 12.59 4.79 8.04 4.55 3.06 1.73
Pump 1 20.30 15.94 4.36 12.18 8.12 9.56 2.62 6.38 1.74
Pump 2 20.51 16.73 3.78 12.30 8.20 10.04 2.27 6.69 1.51
Pump 3 13.89 11.38 2.51 8.33 5.56 6.83 1.50 4.55 1.00
Thermal storage tank  14.34 13.23 1.11 11.81 2.53 10.90 0.92 2.33 0.20
Turbine 302.90  298.75 4.16 272.61 30.29 268.87 3.714 29.87 0.42
Evaporator 62.82 53.24 9.58 58.94 3.88 49.95 8.98 3.29 0.59

M Exgn
M FPrex

Figure 3. Endogenous and exogenous exergy destruction
rates of the system.

the first component that should be considered is PTSC,
because it is the highest among other components
(114.6 $ h1), although its ZUV is huge. Therefore,
it has important role to reduce the capital investment
cost of the system. The second important component
in advanced capital investment cost analyses is the
condenser of which the most capital investment cost
rate is associated with the endogenous one. The next
component that has appropriate ZAV,EN g turbine,
the value of which is equal to 29.9 $ h—!. Also,
ZAV:EX of the PTSC and auxiliary heater has the
highest level among other components, indicating that
by improving the performance of other components,
the capital investment cost of these components can
decrease significantly.

Figures 3-5 reveal the results of advanced exer-
getic analyses for the entire system. As shown in
Figure 3, the highest rate of exergy destruction is of
endogenous exergy destruction (64%), which demon-
strates that the interactions of the system components
have not trenchant influence on the exergy destruction
of the entire system. Also, as Figure 4 displays,
the improvement potential of the system, i.e. C4 of
the entire system, is only 29% because of economic
and technological limitations. According to Figure 5,
32% of this improvement potential is related to the

M Exzyn
M Erav

Figure 4. Avoidable and unavoidable exergy destruction
rates of the system.

M Ezav.en
M Erav.Ex

Figure 5. Endogenous avoidable and unavoidable exergy
destruction rates of the system.

components and 68% is due to the interaction among
the components.

Figures 6-8 present the result of advanced ex-
ergoeconomic study of the entire system. Based on
Figure 6, only 13% of the exergy destruction cost rates
owe to the interactions of the components and 87% of
exergy destruction cost rate belongs to the endogenous
part of the exergy destruction cost rates.

Also, as shown in Figure 7, the contribution of
CAV to the entire exergy destruction cost rates of
the system is 32%, of which 68% is related to the
avoidable endogenous part of the component and 32%
is associated with the interactions of the components
with the exergy destruction cost rate.
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M CDpy
M CDpx

Figure 6. Endogenous and exogenous exergy destruction
cost rates of the system.

[~ QDUN
M CDav

Figure 7. Avoidable and unavoidable exergy destruction
cost rates of the system.

M CDav.en
M CDav ex

Figure 8. Endogenous avoidable and unavoidable exergy
destruction cost rates of the system.

ZEN

i .
M Zpx

Figure 9. Endogenous and exogenous investment cost
rates of the system.

As demonstrated in Figure 9, the component
interactions have small contribution to the investment
cost rates, so that 84% of the investment cost rates are
associated with endogenous cost. Also, according to
Figures 10 and 11, Z4 is only 21%, of which 84%
is endogenous; Figure 11 indicates that endogenous
avoidable investment cost rates of the system are higher
than its exogenous part.

M Zyy
M Zav

Figure 10. Avoidable and unavoidable investment cost
rates of the system.

MZivENn
MZav. eEx

Figure 11. Endogenous avoidable and unavoidable
investment cost rates of the system.

6. Conclusions

This study conducted the advanced exergoeconomic
study for a Kalina system integrated with PTSC. The
major conclusions drawn from the examined system
indicate that the avoidable endogenous part of the
entire system, regarding energy saving, is only 32%,
which means that component interactions are relatively
high. Thus, the plant should be primarily improved by
modifying the interaction operation of components. In
addition, the avoidable endogenous of the system for
the exergetic cost rate is more than its improvement
potential for the investment cost rate. The major
components for reduction of exergy destruction rate
are PTSC, thermal storage tank, and turbine, respec-
tively, while turbine, LP recuperator, and evaporator,
respectively, with high levels of C"SV’EN should be con-
sidered from the cost saving viewpoint. Furthermore,
the improvement potential of PTSC, condenser, and
turbine, respectively, must be considered to decrease
capital investment cost rates. This means that if the
cost and energy saving is important at the start of the
project, PTSC should be considered, while during the
operation of the plant, the turbine should be considered
from the cost saving viewpoint.

Nomenclature
C Cost rate, $ h™!
c Cost per exergy unit, $ MJ~!

Ex Exergy rate, kW
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ex Specific exergy, kJ kg—!

f Exergoeconomic factor, %

H Monthly average insolation, J
m~2day!

h Enthalpy, kJ kg~!

1P Improvement Potential

m Mass flow rate, kg s~*

P Pressure, bar

P total cost-savings potential %

PEC Purchased Equipment Cost, $

PTSC Parabolic-Trough Solar Collectors

q Quality

Q Heat transfer rate, kJ s—1

T Relative cost difference, %

s Specific entropy, kJ kg~ ! K—!

SCA Solar Collector Assemblies

T Temperature, K

U Overall heat transfer coefficient, kW
m2K!

W Power, kW

T Ammonia basic concentration

Z Investment cost rate of components,
$ht

Subscripts

AV Avoidable

D Destruction

EN Endogens

EX Exogenous

F Fuel

in Input

L Loss

net Net

out Output

P Product

q Heat

real Real condition

tot Total

UN Unavoidable

w Work

Y Irreversibility ratio

Greek letters

£

Exergy efficiency
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