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Abstract: A cogeneration cycle for electric power and refrigeration, using an ammonia-water
solution as a working fluid and the geothermal hot water as a heat source, is proposed and
investigated. The system is a combination of a modified Kalina cycle (KC) which produces power and
an absorption refrigeration cycle (ARC) that generates cooling. Geothermal water is supplied to both
the KC boiler and the ARC generator. The system is analyzed from thermodynamic and economic
viewpoints, utilizing Engineering Equation Solver (EES) software. In addition, a parametric study
is carried out to evaluate the effects of decision parameters on the cycle performance. Furthermore,
the system performance is optimized for either maximizing the exergy efficiency (EOD case) or
minimizing the total product unit cost (COD case). In the EOD case the exergy efficiency and total
product unit cost, respectively, are calculated as 34.7% and 15.8$/GJ. In the COD case the exergy
efficiency and total product unit cost are calculated as 29.8% and 15.0$/GJ. In this case, the cooling

are achieved as 3.9 and 11.1$/G]J. These values
are 20.4% and 13.2% less than those obtained when the two products are produced separately by

unit cost, €, ling, and power unit cost, €, 00,

the ARC and KC, respectively. The thermoeconomic analysis identifies the more important
components, such as the turbine and absorbers, for modification to improve the cost-effectiveness
of the system.

Keywords: ammonia—water binary working fluid; absorption refrigeration; Kalina; power and
cooling cogeneration; thermoeconomic; optimization

1. Introduction

In recent decades, rising concerns over fossil fuels shortages and environmental impact have
motivated investigators to seek energy conversion methods with high efficiency and low
environmental impact. Cogeneration systems have received much attention because of their
promising features such as high thermodynamic and environmental performance as well as low
production cost [1]. Also, renewable energies including geothermal, solar, wind and biomass are
being increasingly exploited because of their sustainability and abundance [2]. Among the types of
renewable energy, geothermal waters, due to their large quantities and high stability, are increasingly
prevalent and are likely to play an important role in future energy systems [3,4].
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Binary mixtures such as ammonia-water solutions are used in many energy conversion systems
because of their variable boiling point (approximately —60 °C to —10 °C), allowing the solution to reach
an acceptable temperature balance between the solution and components, resulting in lower exergy
destructions in components such as heat exchangers, absorbers and boilers [5]. In parallel, many
studies have been carried out on cogeneration, tri-generation and multi-generation systems
employing binary mixtures such as the ammonia-water solutions [6,7]. To utilize low-temperature
heat sources, the organic Rankine cycle (ORC) and the Kalina cycle (KC) have both been
demonstrated to be reliable and applied extensively in electricity generation [8-14]. To produce
cooling, absorption chillers are widely utilized. They are driven by a heat source, which can be
industrial waste heat or solar thermal energy [15].

Much work has been done on cogeneration systems. A distinct cogeneration cycle, capable of
generating cooling and electrical power simultaneously, was suggested by Goswami [16]. The
proposed cycle operated with an ammonia-water working fluid and one heat source. Said et al. [17]
experientially investigated a solar driven cogeneration system using an ammonia-water solution as
a working fluid and achieved a COP of about 0.7 and 10 kW refrigeration capacity. Cao et al. [18]
comprehensively evaluated a combination of the KC and an ARC by applying a genetic algorithm to
achieve the maximum exergy efficiency. Seckin [19] investigated a power/cooling cogeneration cycle
which combined KC and ejector refrigeration cycles. In that study, the effects were examined on the
produced power and cooling as well as first and second law efficiencies of the cogeneration cycle of
varying several parameters, including basic ammonia-water concentration, turbine inlet pressure,
condenser temperature and refrigerant pressure in the heat exchangers. Also, the effects of several
refrigerants on the performance of the cogeneration cycle are investigated. In order to produce
electrical power and cooling simultaneously via heat recovery from the exhaust gases of a gas engine,
Chen et al. [20] proposed and examined a cogeneration cycle. In that study, the exergy efficiency and
produced net power were found to be 33.7% and 92.9 kW respectively.

Despite the fact that most discussed combined cooling and power (CCP) cycles exhibit
satisfactory outcomes, in terms of the energy and exergy efficiencies, these factors do not guarantee
whether or not the system is cost-efficient. A different and superior approach known as the
exergoeconomic (or thermoeconomic) analysis has been used in many novel studies [21,22]. From
this point of view, exergy and cost analyses are combined, reflecting both thermodynamic as well as
economic perspectives simultaneously.

Rashidi and Yoo [23] compared the Kalina power/cooling cogeneration cycle (KPCC) and the
Kalina LiBr —H,0 absorption chiller (KLACC) cogeneration cycle from thermodynamic and
exergoeconomic viewpoints. The exergoeconomic results demonstrated that the unit cost of
production for the KPCC is 20.5% less than the corresponding value for the KLACC cogeneration
cycle. Akbari and Mahmoudi [24] conducted a thermoeconomic analyses of a combined power and
refrigeration cycle comprising organic Rankine and absorption refrigeration cycles. They optimized
the cycle and concluded that the production unit cost is 20.4% less in the optimized case than the
original case. Ahmadzade et al. [25] conducted thermodynamic and thermoeconomic analyses and
optimization of a solar-driven combined Rankine and ejector refrigeration cycles, using an ammonia-
water working fluid. The total production unit cost was seen to be 7.8% less for the optimized case.
Shokati et al. [26,27] investigated with exergoeconomics absorption power and cooling cogeneration
cycles based on the KC and including an ammonia-water double effect KC/ARC and two
configurations of the KC and ARC. They concluded that the boiler and low-pressure absorber make
the highest contribution to the exergy destruction and capital investment cost rates, implying that
these components are the least cost-efficient components in the proposed system.

Thermodynamic and thermoeconomic analyses are conducted in order to determine the energy
and exergy efficiencies and unit exergy cost for each stream. Additionally, the effect of varying
decision parameters is examined on the cycle performance including the exergy efficiency as well as
total product unit cost. To determine the optimum working condition for the cycle, optimization is
carried out by modifying all parameters to attain either the maximum exergy efficiency (EOD case)
or the minimum product unit cost (COD case). Lastly, exergoeconomic parameters such as exergy
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destruction rate, exergy destruction cost rate, and the exergoeconomic factor are assessed separately
for each component to determine the most important components for modification in order to
improve the cost-efficiency of the system.

2. System Description

Figure 1 illustrates the proposed integrated power and refrigeration system, consisting of a
modified Kalina cycle and absorption refrigeration subsystems. The two subsystems are connected in
such a way that they have a common condenser where the outlet flow (state 12) is divided into two
separate streams. One flow goes through the KC to produce power (state 12b), while the other one
runs through the ARC to generate cooling (state 12a).

Initially, the temperature and pressure of the saturated ammonia-water liquid coming from the
Kalina absorber (state 1) are increased in pump1, reheating exchangers (RHE) 1 and 2, respectively
before entering to the boiler (states 1 to 4). Meanwhile, the geothermal hot water is supplied to the
Kalina boiler (state 32b) to provide heat for the ammonia-water solution passing through it.

The exiting vapor-liquid solution from the boiler (state 5) is divided into two segments in
separator 1 (Sep 1). The separated weak solution with a lower ammonia concentration (saturated
liquid) is cooled in the RHE2 (state 5b) and after an isenthalpic process in throttle valvel (state 8), the
solution passes to mixer 1 (state 8). Another solution from separator 1 (saturated vapor-state 5a)
produces power in the turbine before being mixed in mixer 1 (state 6) with the other solution coming
from valve 1 (state 9).

After being cooled in RHE2 (state 10), the mixed stream is combined with the ARC generator
strong exiting solution (state 20) in mixer 2. Next, the divided ammonia-water vapor in separator 2
(state 11b) passes through the absorber 2 and its vapor is absorbed, while the saturated ammonia-
water liquid (state 11a) is condensed and rejects its heat to the cooling water passing through the
condenser (state 12).

Regarding the ARC, the separated part of the solution coming from the KC condenser is
vaporized in the ARC evaporator (state 15) after being cooled in the absorption heat exchanger (AHE)
and throttled in valve 2 (states 13 and 14).

The vaporized solution then enters the ARC absorber (state 16) and is mixed with the weak
solution coming from the generator via the solution heat exchanger (SHE) and valve 2 (states 21 and
22). The outlet stream of the absorberl (state 17) goes through the SHE before entering the generator
(state 19).

Due to the rectifying process in the rectification column of the generator, the outlet solution has
a 0.99 ammonia concentration (state 20), which is mixed with the solution coming from the turbine
in the KC. Finally, after transferring heat to the generator (state 32a) and the boiler (state 32b), the
geothermal water is injected to the Earth again (state 35).
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Figure 1. Schematic of the proposed integrated power and refrigeration cycle.

3. Modeling and Analyses

3.1. Thermodynamic Analysis

Each component in the cogeneration cycle in Figure 1 is regarded as a control volume. Initially,

mass conservation relations, as well as the first and second laws of thermodynamics, are applied for

each component. All modeling processes are carried out by applying the EES software developed by

Ibrahim and Klein [28]. Furthermore, the following simplifying assumptions are invoked during
modeling:

The system operates at steady state;

Pressure drops are negligible in all heat exchangers and pipes;

The fluid flows exiting the absorbers and entering the pumps and generator (state 19) are
saturated ammonia-water liquid;

The fluids exiting the generator (state 20) and entering the absorbers are saturated ammonia-
water vapor;

Isentropic efficiencies of the pumps and turbine are constant in value;

Exiting fluid flows from the separators are saturated liquids and vapors;

The working fluid undergoes isenthalpic processes in the throttle valves;

Changes in potential and kinetic energies are negligible.
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The mathematical model of each component, accounting for the above assumptions, are now
written [29].
The mass rate balance equation for a general component can be written as:

D i = Y g (1)
D 0100 = D 01 e @

where X denotes ammonia concentration in the ammonia-water solution.
Energy and exergy conservation equations for the entire system are given respectively as:

Z Minhin + ch _Z Moyt Rour — Vch =0 3)

Z Ein - Z Eout + Z Eheat + Z W - Edestruction =0 (4)

In Equation (4), each exergy term comprises the sum of chemical and physical exergies. The
variations of other kinds of exergies in this study are negligible. Hence, we can write:

E = ECh + Eph (5)

Chemical and physical exergy rates can be expressed by the following equations in the absence
of electrical work, and the variations of kinetic and potential energies [29]:

Ek = m[(h — hy) — To(s — So)] (6)
D S 1-T, ,
Ep = m[(m)em@ - To(m)eyzo] (7)

where subscript ’ denotes the restricted dead state, which has the same temperature and pressure
as the standard environment (T, = 25 °C and P, = 1bar). Therefore, 4, and s, are the specific

enthalpy and specific entropy of the dead state, respectively. Also, ¢, denotes the standard

chemical exergy of a substance [29].

To assess the system performance in this study, the thermal efficiency, defined as the energy
utilization factor (EUF) in the cogeneration cycles, and the exergy efficiency are calculated. The EUF
factor can be described as the produced energy in the cogeneration cycle, including both power and
refrigeration, divided by the input energy to the cycle from the heat source [28-30]:

Wnet + Qcooling

100 8
Qin 8 ( )

EUF = Nthermat =

where Wnet denotes the net mechanical power produced in the KC and Q is the refrigeration

cooling

produced in the ARC evaporator. Utilizing to Figure 1, these parameters can be calculated as follows:

Wnet = Wturbine - -pumpl - Wpumpz 9
Qcooling = My (hoe — hy7) (10)
Qcooling = My (hae — hy7) (1)

The exergy efficiency of the overall cycle can be written as follows [30]:

_ Ecooling + Whet

Nexergy = E x 100 (12)
in

where
Ein = E32 - Ess (13)
Ecooling = E27 - E26 (14)
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With the above equations, energy and exergy relations for each component are written (see Table
1). Stream numbers correspond to those in Figure 1.

Table 1. Energy and exergy relations for the proposed cycle.

Component Energy Relation Exergy Relation
KC
Pump 1 Wpumpl = m](hz _hl) El _EZ +Wpump1 _Edastmction =0
RHE 2 moyhy +mg, hg, =myh, +moh, E3 _E4+Esb _E7_Edestmcti0n =0
RHE 1 m2h2+”’igh9 :Wi3h3 +m10h|0 EQ_E10+E9_E3_Edagtmction :0
Boiler moghy 4 mgy, by =mshs+mogshy, E4 _E33 +E32b _ES _Edesmlction :O
nghs =mnighs, +mghg, . : . .
Separator 1 My =mg, i, E5 _E5a _Esb _Edestmction =0
Turbine mSahSa = m6h6 +Wturbine E5a _E6 +Wtwbine _Edemucﬁon =0
. mhg+mgyhg =mgyh, . . . .
Mixer 1 m iy = i E6+E8 _E9_E lestruction =0
. niohyg + myahy = nmighy - , - ,
Mixer 2 ni o+ i, = ni E\+Ey—E\ —E toicion =0
moyhy, ok = mig : , . .
Separator 2 i, i, =ni, E\=E\ —E —Emcion =0
Condenser ”’inahna +m'28h28 = m29h29 +my,hy, Ella _E12 +E28 _E29 _Edestmction :O
Absorber 2 mlzhhlzh +mllhhllb +m30h30 :m31h31+m1h| Ellb +E125 +E30 _E1 _E31 _Edeslmction :O
Spread moy, b,y + o0,y =050, E _E _E _E =0
point moy,, +m,, =n, 12 12a 12b destruction —
ARC
AHE ny, by, +mshyy = shg + onighy ElZa _E13 +E15 _E16_Edgvtmtion :O
Evaporator mzéhz(, +m|4h|4 = mz7h27 +m|5h15 E14 _E15 +E26 _E27 _Edestrm‘tion :O
Absorber 1 niohig+mop by, +niyshyy = nig kg +onish E16 +E23 +E24 _E17 _E25 _Edestmction =0
SHE moghyg +niy hy =mgho+m,,h,, E]g +E21 _E22 _E]9 _Edestmction =0
Pump 2 Wpump2 = m17(h18 _h17) E17 _E18 +Wpump2 _Edestmction = O
Generator m19h19+m32ah32a :m2|h21 +m34h34+m20h20 E19 +E32a _E21 _E34 _E20 _Edestmction :0
Geothermal
Point X moghyy = nig, hyy, 4y by, E32 _E32a _E32b _Edemuaion :O
Point Y nigyhyy +m gy hyy = nigshys E33 +E34 _E35 _Edactmction =0

3.2. Thermoeconomic Analysis

Thermoeconomics is a relatively new branch of engineering which combines exergy and
economic analyses in order to examine systems better and to design more energy and cost-efficient
systems. This approach provides worthwhile information about cost formation process and unit
exergy cost for each stream. To accomplish this, the cost balance equation along with auxiliary
equations need to be written [28,29]:

Z Ce,k + CW,k = Z Ci,k + Cq,k + Zk (15)
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where

G =Gk (16)
In the above equations, C and . represent cost rate of exergy (%r ) and cost per unit exergy

(%J) respectively. Meanwhile, ¢~ and Cq refer respectively to the costs associated with work

and heat transfer rates in each component. From Equation (15), it can be seen that the sum of costs
due to outlet exergy flow rates and producing power in a component, is equal to the sum of all

investment costs plus entering exergy flow rates to the component. The investment cost (Zk) for a
component can be defined as the sum of capital investment (Z kC] ) and operating and maintenance
cost rates (Z kOM ):

Zy = Zg + 2™ 17)

The levelized capital investment cost rate can be written by the following equation [28]:
. CRF ¥ . R
Zy = (T)Zk + (?R)Zk + wiEpy + Tk (18)

In this study, Zz , is calculated from functions in the appendix.
In Equation (18), r denotes annual operation hours for a plant,and 5, and @, are fixed and
variable operating costs respectively. Also, R, refers to other costs which are separate from

operation and maintenance costs. The first term in Equation (18) is much larger than the two last
terms, which can therefore be neglected. Finally, CRF is the capital recovery factor which can be
written as follows [28,29]:

crp = @)

T A+i)r-1 (19)

where ; Rt the annual interest rate and n is the plant useful operation life.
The overall production cost rate and the total product unit cost for the entire system can be

expressed respectively as follows [24]:

C Cp,cooling + Cp,power

Jtotal = = : (20)
pota Wnet + Ecooling

Cp,total = Cp,cooling T Cppower (21)

For each component in Figure 1 the cost balance, as well as auxiliary cost equations, are listed in
Table 2.

Table 2. Cost rate balance and auxiliary equations for each component of the system.

Component Cost Rate Balance Auxiliary Relations
KC
Pumpl C’1 +Zpump1 +Cw ,pump 1 :C2
RHE 2 Co+C,+Z e, =C,+C €y =0y
RHE1 Ci+Z e +C, =C, +C, Csp =C5
Boiler C4 +Zboiler +C32b :C5 +C33 C3p =Cs3
Separator 1 C5 =C5a +C5b Csa = Csp
Turbine CS + Zturbine = C6 +Cw J{turbine Csq =Cg CW Jfurbine :CW pump2
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Valve 1 C7 =C8
Mixer 1 C'6 +C8 =C9
Mixer 2 Clo +Czo ZC’H
Separator 2 Cl ZCHa +C11b Ciia =€
Condenser Clla +Zcondesw, +C28 =C12 +C29 Ciig =Cpp7 €3 =0
Absorber 2 C12b +Zabs0,ber2 +Cllb +C30 ZCl +C31 % =%, €y =0
126 11 1
Spread point C]Z =C12a +C12b Ciag = Crap
ARC
AHE Cp, +Z s +C,s =Coo +C.s € =1y
Valve 2 C13 =C14
Evaporator Cl4+Zevap0,wOr +Czs 2615 +Cz7 Cly =Ci57 Crg=0
Absorber 1 C16 +Zahcomer1 +C23 +Cz4 :C” +C25 % = % ;) €y =0
16 23 17
SHE Cpg+Zgy +Cy =Cpy+C,,y Ciy =y
Pump 2 C” +Zpump2 +Cw,pump2 =C18 demnp1 =CW7pmp2
Valve 3 Cn ZCB

: c,-C, C,-C
Generator C,+Z 20 "9 _ T 19

+C32a :CZI +C34 +C20 ==

7 €34 =Cyyy

generator .
Ezo _E19 E21 _E19
Geothermal
Point X C32 =C32a +C32b Cyp4 =C3qy7 C3, = known
Point Y C, +C,, =C;,

Next, the exergoeconomic factor (f, ), which plays a key role in evaluating the economic
performance of the system and components, is introduced. This factor can be defined as the ratio of
the costs associated with the operating and maintenance plus capital investment cost rates (

Z = Z fl +Z kOM ), namely non-exergy related costs, to the costs associated with exergy destruction
plus non-exergy related cost rates. That is,
 Zie+ cri(Epe + Epi)

fe (22)

A high value of this factor, which lies between zero and one, implies for a component that if
investment cost declines, the component would be more cost-efficient. Conversely, a low value of the
factor indicates that cost savings could be achieved by decreasing the exergy destruction cost of the
component.

Another important parameter is the cost of exergy destruction rate. This parameter does not
appear in the cost balance equation (Equation (15)). It can be referred as a hidden cost which is
associated with the exergy destruction rate and can be calculated for each component as follows [25]:

Cox = Crue X Epy (23)
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where Cp . is the average unit cost of fuel for each system component.

4. Results

First, the two subsystems introduced in the proposed cogeneration cycle in Figure 1 (KC and
ARC) are validated individually referring to references [31] and [32] respectively. For the proposed
modified KC in this study, as there is no data reported in literature, the data for a similar
configuration [31] i.e., for the KC-11, are used to validate the results obtained in the present work for
this cycle. The comparison is shown in Figure 2.

Also, Table 3 compares pressure, temperature, ammonia concentration, and ammonia mass flow
rate obtained for the ARC in the present study with those reported in reference [32].

It can be seen that both of our results are in good agreements with those reported in literature,
with a maximum relative difference of 0.5 percent.

o™,
o ]
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__8} M » ]
=]
£ ; o o P1=2MPa
= Tf | ' 0. 1
o]
= & o
Lit) \ 8+
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&, P1=1.5MPa
o
4t Present work Q. ]
& Madhawa et al. [32] M,
G 4

045 05 055 06 065 07 075 08 085 09

Ammonia fraction (%)

Figure 2. Comparison of the results obtained in the present work with those reported for the KC in
reference [31].

Table 3. Comparison of the results obtained in the present work with those reported for the ARC in
reference [32].

Ammonia Mass Flow Rate
Pressure (bar) Temperature (K) Concentration (%) (Ibm/min)
State Present Present Present Present
Ref [33] Study Ref [33] Study Ref [33] Study Ref [33] Study
1 2.06 2.06 299.3 301.2 0.408 0.411 1.98 2.05
2 13.7 13.7 299.4 301.3 0.408 0.411 1.98 2.05
3 13.7 13.7 366.4 366.5 0.408 0.411 1.98 2.05
4 13.7 13.7 388.7 388.6 0.298 0.304 1.67 1.752
5 13.7 13.7 309.2 311.3 0.298 0.304 1.67 1.75
6 2.06 2.06 309.3 3114 0.298 0.304 1.67 1.75
7 13.7 13.7 3275 327.6 0.996 0.997 0.312 0.309
8 13.7 13.7 309.2 308.9 0.996 0.997 0.312 0.309
9 13.7 13.7 303.1 303.2 0.996 0.997 0.312 0.309
10 2.06 2.06 255.3 255.1 0.996 0.997 0.312 0.309
11 2.06 2.06 279.6 277.3 0.996 0.997 0.312 0.309
12 2.06 2.06 287 287.1 0.996 0.997 0.312 0.309
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The values of the initial input data for the proposed cogeneration system are listed in Table 4. It
is assumed that the system operates 8000 h a year producing power and cooling [24].

Table 4. Input parameters for the proposed cogeneration cycle.

Parameter Symbol Value
Environment temperature T, 25°C
Environment pressure P, 1 bar
Geothermal inlet temperature T, 130°C
Geothermal inlet mass flow rate ms;, 100 k%
Geothermal reinjection temperature Ty 90°C
Pinch point temperature difference AT w 8°C
Pumps isentropic efficiency M ump 0.8
Turbine isentropic efficiency M urbine 0.85
Evaporator pressure P evaporator 1.6 bar
Condenser pressure P, pniesner 12 bar
Boiler pressure Pyyiter 24 bar
Cooling water temperature r,, 25°C
Exiting water temperature r,, 35°C
Generator inlet temperature Ty 94°C
Generator outlet temperature Ty 51°C
Generator outlet temperature Ty 116°C
Heat exchanger temperature drop Ok 10°C
. hr,
Annual operation hours T 8000 year
Interest rate i, 15%
Plant operation life n 20 year
Temperature of evaporator inlet water Ty 15°C
Temperature of evaporator outlet water Ty 10°C

5. Performance Results

By applying the equations provided in the previous sections as well as the values in Table 4,
values are determined for pressure, temperature, ammonia mass flow rate, ammonia concentration,
exergy rate, unit exergy cost rate, and exergy cost rate. The results are presented in Table 5. It can be
seen that the unit exergy cost for absorber and evaporator are the highest among the others,
respectively. This is mainly because of the loss of heat in absorber and evaporator.

Table 5. Thermodynamic analysis results for the cogeneration cycle in Figure 1.

) T Mass Exergy Unit Exergy Exergy Ammonia
State WFOII‘I('I(;Ig Pl(‘zssu)re em([izr;tul‘e Flow Rate . C§St CostRate (. oo tion
ul ar .k .

n ow o (Yo G )

p  /AAmmonia 12 306.5 14.7 272.04 472 4630 0.92
-water

,  Ammonia 24 3069 147 272.07 472 4629 0.92
-water

3  Ammonia 24 317.7 14.7 272.10 473 4633 0.92

-water
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250.82

18.67

232.15

18.650

18.620

18.620

18.240

47.422

47.432

47.640

18.670

29.360

29.072

29.061

0.0
29.660
0.0100
0.0100

0.0

65.74

0.21
6.37
2.89
3.47
0.54
243
2.60

4.73

4.71

471

4.88

4.86

4.87

4.92

0.0
14.0
0.0
2445
0.0
3.92

5952
1.37
1.37
1.37
1.37
1.37
1.57

4636

4653

4201

452.6

4180

451.8

4632

4631

4958

4270

687.6

4269

317.9

3951

317.5

317.5

317.5

320.1

833.9

833.8

837.5

326.8

515.2

514.9

514.9

0.0
1.49
0.0
2.65
0.0
3.92

4651
31.48
14.31
17.17
2.69
12.02
14.72
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Table 6 summarizes the values obtained for the cogeneration cycle performance parameters,
including the thermal and exergy efficiencies as well as unit costs of the power, cooling and total
production. It is observed that the power unit cost is considerably higher than the cooling unit cost.

This is attributed to the values of C Dk +Z, for the components involved in power generation

especially for the turbine compared to the components serving for cooling production, as indicated
in Table 6.

Table 6. Performance results for the cogeneration cycle.

Parameter Value

Exergy efficiency Nexergy 26.4%

Thermal efficiency EUF = Nhermai 7.10%
Power unit cost Cpower 13.7 % J
Cooling unit cost Ccooling 4.70 % ]
Total product unit cost Coverall 18.4 % ]

6. Parametric Study

In order to determine an optimum working condition, the variation of various parameters such
as the condenser mass flow split ratio (r3,), turbine inlet pressure (TIP), and evaporator and condenser
pressures, are investigated to evaluate their effects on the cycle performance, in terms of such
parameters as the exergy efficiency and total product unit cost. In the following subsections, only the
specified parameter is considered as variable and others are kept constant.

6.1. Variation of Turbine Inlet Pressure (TIP)

The variation of the total product unit cost (€, ;s ) with TIP for the cogeneration cycle is
depicted in Figure 3 for three values of evaporator pressure. It can be seen that as TIP rises to a certain

value, €, reaches a minimum at each evaporator pressure and then rises as TIP rises further.

Furthermore, it is evident that, as evaporator pressure increases, €, ;,,; declines, which means that
the proposed system is more cost efficient at a higher evaporator pressure. The trend shown in Figure

3 can be explained by the results in Figure 4, considering that €, is the sumof €, .. and

€, oiing s indicated by Equation (21).

\ —o—Pe\=1.7 bar
LY —o—Pg\5=1.6 bar
195+ W —o—Pgy5=1.5 bar
=
Q1]
i
s
2
a
© 185
18}
L L N 4
20 25 30 35 40

TIP (bar)
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Figure 3. Effect of varying turbine inlet pressure on total product unit cost for several evaporator
pressures.

Figure 4 shows that there are two separate optimal points for C,, ;e and C,, ... . The former
reaches its minimum value at a TIP of 25 bar and the latter at 32 bar. Additionally, it is seen that the

value of C p.power 1S considerably higher than Cp cooling *

16+ —o—power unit cost 15.3
—o—cooling unit cost
15.2
= 15} 15.1 :
g 3
@ 5 &
g 2
ci,_ 14} las 3
OQ -48 oc:.
13 {a7
14.6
: . , . 4
15 20 25 30 35 40

TIP (bar)

Figure 4. Effect of varying turbine inlet pressure on power and cooling unit costs.

Figures 5 and 6 illustrate the effect of TIP on €, ,,; as well as 7], for various condenser

pressures. While there is a minimum value for C,,,, at each condenser pressure, 7], is

maximized at a specific value of TIP. This TIP value is higher at higher values condenser pressure. It
is noted in Figures 5 and 6 that the cycle is more exergy and cost-efficient at lower condenser

pressures, which means that as condenser pressure declines, C,,,, decreases, whereas 7],

increases.

205F 0\\ —o—P¢ong=11.5bar 1
\\ —o—P¢ong=12 bar
20} \\ —o—Pong=12.5 bar |
=
@ 195} ]
é
g 19} ]
a
o
185
18}

20 25 30 35 40
TIP (bar)

Figure 5. Effect of varying turbine inlet pressure on total product unit cost for several condenser
pressures.
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x 102

32f
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28+

26

TNexergy (%)

24

—o—P¢ong=12.5 bar

/ ——P¢ong=11.5 bar
—o—Pong=12 bar

22}
20k A . , 4

20 25 30 35 40
TIP (bar)

Figure 6. Effect of varying turbine inlet pressure on exergy efficiency for several condenser pressures.

It is noted in Figure 5 that C,,,, increases with increasing condenser pressure, while it

decreases with increasing evaporator pressure, as illustrated in Figure 3.
Variations in the thermal and exergy efficiencies as turbine inlet pressure varies are illustrated

in Figure 7. While the value of thermal efficiency rises consistently with increasing TIP, 77y,
reaches a peak amount at a TIP of 34 bar and then decreases. Also, it can be seen that the value of

Tlxergy is considerably higher than the thermal efficiency in the considered interval for TIP.

x 102 x 102
30+ 111
110
28+t
g P e
5 2 I8 E
[ @
x Y =
3 S
s 7 =
24t
—o—Thermal efficiency {6
—o—Exergy efficiency
22+ 15
20 25 30 35

TIP (bar)

Figure 7. Effect of varying turbine inlet pressure on thermal and exergy efficiencies.

The justification for the variation of 7}, inFigure7 canbe explained by referring to Equation

(12). For a constant value of input exergy rate (E in ), the variation of p =~ and E as

cooling 7

indicated in Figure 8, justifies the trend for 7]y, .
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1100 | 5
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Figure 8. Effect of varying turbine inlet pressure on produced net power and cooling exergy rate.

6.2. Variation of Evaporator Pressure (Py,q)
In this section, the effect is studied of varying evaporator pressure on such performance criteria

as Cp 1ol s Whoma » and Tlxergy - Figure 9 shows the variation of €, ,,; while evaporator pressure
changes. For each value for TIP, €, ,,; takes on a minimum value at a certain value of evaporator

pressure. In addition, C,,,, decreases with increasing TIP, as shown in Figure 9. Apparently, the

pfol
optimum cost of production is for an evaporator pressure between 5 and 6 bar. Also, the variations

of Cp oiing and €, ., with evaporator pressure are depicted in Figure 10.

195} —o—TIP=22 bar
—o—TIP=24 bar
19r —o—TIP=26 bar
‘\o\\
S 185 A Y
o \N\ 2
e e ®
s 18}
e
a
9 475
\o\\
17 b \\0 o
\_0__\0_//
165 4
1 2 3 4 5 6 7
Peva (bar)

Figure 9. Effect of varying evaporator pressure on total product unit cost for several turbine pressures.
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136} —o—cooling unit cost -
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~ 135¢ —~
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a 133 8
Oa : &
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132t
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131+
. : : - : A4 1
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Figure 10. Effect of varying evaporator pressure on power and cooling unit costs.

The variation of €, ,,; with evaporator pressure is shown in Figure 11 for several condenser
pressures. It can be seen that a lower condenser pressure is more cost efficient. Furthermore, there is

a minimum value for C, ,,,; between evaporator pressures of 5 and 6 bar.

18.8T —— - ; : ; ]
—<>—Pcong=12.5 bar

N —o—Pong=12 bar
1841 Ny —o—Peong=11.5 bar

1761

Cprotal ($/GJ)

17.2¢

16.8¢ 1

16.4 . . . . ) 4

Peva (bar)
Figure 11. Effect of varying evaporator pressure on total product unit cost in several condenser

pressures.

Figures 9 and 11 are now compared. It is evident that C,,,; increases with increasing
condenser pressure (Figure 11). This is opposed to Figure 9, where there is a reverse correlation

between C,,,; and TIP. In Figure 12, the variation of thermal and exergy efficiencies are depicted

for the original case. It is evident that the value of 7], is higher than that of Mo -
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x 102 .
g 6.
f
2646 + —o— Exergy efficiency /
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26.42
R 67 =
£ %4 5
: E
| 6os =
26.36
6.6
26341
2632+
_ ) , . g 55
1 2 3 4 ° °

Peva (bar)

Figure 12. Effect of varying evaporator pressure on thermal and exergy efficiencies.

Similar to the explanation provided above for justifying the variation in 7], (Figure?7), the

justification for the variation of 7], , which is depicted in Figure 13, can be done by considering

Equation (12).
995
124
994 + j2.2
12 =
g 993 %
=3 118 =
p £
= o
=) 116 5
114
99| —o—produced net power
—e—cooling exergy rate 14
990 L . . . . A4
1 2 3 4 5 6

P eva (bar)

Figure 13. Effect of varying evaporator pressure on produced net power and cooling exergy rate.

6.3. Variation of Condenser Mass Flow Split Ratio (¥, )

The condenser mass flow split ratio is defined as the ratio of mass flow rate entering the ARC (

m,,,) to the condenser exiting mass flow rate (/7,, ):

Mizq
=12 24
T = (24)

The effect of varying 7, on C paoa 18 llustrated for three evaporator pressures in Figure 14.
For each evaporator pressure, C,, ,; exhibits a minimum. Additionally, increasing the evaporator

pressure results in a decrease in €,y -
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—o—Peva=1.5 bar
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condenser mass flow split ratio (rm)

0.1 0.15

0.05

Figure 14. Effect of varying condenser mass flow split ratio on total product unit cost for several

evaporator pressures.

Similarly, the effect of varying 7, on C,,,; is shown for several condenser pressures in

Figure 15. It is evident that, as the condenser pressure rises, the value of C,,,; increases

considerably, contrary to Figure 14 where C, ;,; decreases with increasing evaporator pressure.

cp,total ($/GJ)

175

—o—P¢ong=11.5 bar
—o—P¢ong=12 bar
—<—Pcong=12.5 bar

0.1 0.2
Condenser mass flow split ratio (rm)

0.3

Figure 15. Effect of varying condenser mass flow split ratio on total product unit cost for several

condenser pressures.

Figure 16 illustrates the effect of varying 7, on 7], for three condenser pressures. Note

that there is a peak value for 7], ateach condenser pressure. Also, it is evident that 7}, is

higher for a lower value of condenser pressure. The maximization of 7], in Figure 16 can be

explained by referring to Equation (12), considering that the input exergy rate is kept constant, while

the W, and E

cooling

change as shown in Figure 17.
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<7J 0 ' ' g
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Figure 16. Effect of varying condenser mass flow split ratio on exergy efficiency for several condenser

pressures.

1200 . . T T 5
1100 + {4
s z
E 1000} P2
& 2
<
‘2 goof 2.8
800 ——nproduced net power 11
——cooling exergy rate
700 L . 1 . Ay
0 0.05 0.1 0.15 02 0.25

condenser mass flow split ratio (rm)
Figure 17. Effect of varying condenser mass flow split ratio on produced net power and cooling exergy
rate.
The trend seen in Figure 17, with w. exhibiting a peak, can be justified considering Figure 18,

comparing the produced turbine power and its mass flow rate. As the 7, increases, the amount of

produced turbine power as well as the turbine mass flow rate follow opposite trends, explaining how

WM varies in Figure 17.
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1100

——produced turbine power | 12

1000 | ——turbine mass flow rate
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condesner mass flow split ratio (rm)

Figure 18. Effect of varying condenser mass flow split ratio on produced turbine power and turbine
mass flow rate.

In the parametric study section, the effects of three important parameters are investigated on the

system performance. It can be concluded Figures 3-18 that the C, ,; reaches a minimum amount
while these three parameters are varied separately. The lowest value forC,, 4, 17.3 $ Gl is achieved
with an optimum value of evaporator pressure which is 5.5 bar. Increasing the amounts of evaporator

and turbine inlet pressures results in a decrease of C,,,,; , whereas the increase of condenser
pressure results in a higher C, ;,; value.

For a condenser mass flow split ratio of 7,, =0.15 the exergy efficiency is maximized at a value

of 31%. The exergy efficiency is also maximized 7]y, =29% at a turbine inlet pressure of 31 bar.

7. Optimization

In the parametric study section, the effects of several parameters on the cycle performance are
studied. However, only one parameter is considered in the study each time. In this section, all of the
parameters are taken as variables to determine the optimum working condition for the system using
the Variable Metric Optimization Method in the EES. This method is well known and commonly used
in connection with unconstrained optimization, since it demonstrates good theoretical and practical
convergence properties [33]. The basic idea is to fit the objective function to a quadratic function of
all independent variables.

Two objectives are considered: the exergy efficiency and the total product unit cost. Hence, two
separate cases are examined. In the first case, known as the exergy efficiency optimal design (EOD),
the exergy efficiency is maximized and in the second case, known as the cost-optimal design (COD),
the total product unit cost is minimized. The range of variations for the parameters influencing
system performance are as follows:

18 bar< P <30 bar

turbine

1.5bar<P <4 bar

evaporator
0.05<r, <0.35

8 bar < P <13 bar

condesner
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5°C<AT, <15°C

100°C<T <135°C

generator

The optimization results (local optimums) are summarized in Table 7, which compares
performance parameters for the original, EOD, and COD cases.

Table 7. Optimization results.

igi Optimization
Variable Orcli:al zoD coD
Condenser mass flow split ratio r, 0.07 0.21 0.15
Turbine pressure ratio (TPR) TPR = P5"/P6 2 2.8 2.5
Generator temperature ("C) Tz] 116 130 135
Condenser pressure (bar) condesner 12 12.6 11.8
Evaporator pressure (bar) evaporator 1.6 3.5 4
Pinch Point temperature (°C) AT mw 8 5 7
Heat exchanger temperature drop (°C) AT, HE 10 11 9
Net produced power (KW ) W, 992 1154 1120
Cooling capacity rate (kW) Q‘wo,ing 68 230 114
Thermal efficiency (%) EUF 6.8 14.7 9.2
Exergy efficiency (%) Ly — 26.4 34.7 29.8
Produced power unit cost (%J) C . power 13.7 11.8 11.1
Cooling unit cost (%J) €, cooling 4.7 4.0 3.9
Total product unit cost ($/, ) Cp ot 18.4 15.8 15.0

Referring to Table 7, the produced net power in the EOD case is 1154 kW which is 16.33% and
3.1% higher than the values obtained for the original and COD cases, i.e.,, 992 kW and 1120 kW,
respectively. Likewise, the cooling capacity in the EOD case is 230 kW being 238.2% and 101.7%
higher than the corresponding values obtained for the original and EOD cases, i.e., 68 and 114 kW,
respectively. It is also apparent from Table 7 that the EOD case has the highest exergy efficiency
(34.7%), which is 31% and 16% higher than the corresponding value for the original and COD cases,
respectively. With respect to the thermal efficiency, again the EOD case exhibits about a 60% higher

energy efficiency than the COD case. Regarding €,y , the COD case exhibits the lowest value

among all cases; that value is 18.5% and 5.11% lower than the corresponding value for the original
and EOD cases respectively. Also, it is apparent that, in the COD case, both power and cooling unit
costs are lower than for the other cases.

Lastly, it can be seen that the turbine pressure ratio as well as condenser mass flow split ratio
take on higher values for the EOD case compared to other cases.

Table 8 compares the amount of cooling and power unit costs for the cogeneration system, ARC,
and KC under the original case, and the EOD as well as the COD cases. It is obvious that combining
the KC and ARC results in reduced values for power and cooling unit costs in all cases.
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Comparing the results obtained for individual cycles and the proposed cycle, it is observed that
the power unit cost obtained with the cogeneration system is lower by of 12.4%, 11.9%, and 13.2%
under original, EOD, and COD cases, respectively. The corresponding values for cooling unit cost are
26.5%, 23.0%, and 20.4%, respectively.

Table 8. Comparison of power and cooling unit costs.

Cycle Original Case EOD COD
Cogeneration €pomer =134 $GJ €power =118 $GJ € power =11.1 $GJ
oo =47 365 Coonng =40 36 Comning =39 545
KC Cpomer =153 $04 Cpoer =134 S, Cpoer =128 57
ARC Conns =64 S Conomns =52 34, Conn =49 %

8. Exergoeconomic Factor

In this section, the original, COD and EOD cases are investigated and compared from the
viewpoint of thermoeconomics. This analysis identifies the most important components, i.e., those

which have the highest exergy destruction rate and highest exergoeconomic factor ( f r)-In Table 9,

various parameters including exergy destruction rate (E p .k ) cost rate of exergy destruction (C Dk

), and exergoeconomic factor are calculated for components individually and compared for the
different cases. It is observed that £ Do Das the highest value in the original case and is 10.2%
and 10.5% higher than the corresponding values for the EOD and COD cases respectively. Also, it is
notable that the COD case exhibits the lowest value of C D sora » Whereas the original case exhibits

the highest. For all cases, the Kalina boiler and two absorbers contribute the highest exergy
destruction rates respectively, while the evaporator, mixers and pumps contribute the least.

Additionally, the two absorbers and the boiler exhibit the highest values of C Dk -

In Table 9, all components are arranged in descending order based on the value of the sum
Coi +Z, . . . .
’ . The results indicate that the Kalina turbine, absorber 2, and absorber 1 take on the first
three places, which implies that more consideration in terms of optimization and modification should

be paid to those components to improve their cost efficiencies. Regarding values for f % in Table 9

and Equation (22), the large values of the exergoeconomic factor are observed for the turbine, pumps,
and RHE 2. This indicates that the capital investment and operating and maintenance costs dominate
and they should be reduced in order to improve the cost effectiveness of the component. On the other
hand, the relatively lower values of the factor for the absorbers and the boiler suggests a decrease in
the exergy destruction value for those components would help to achieve to a more cost effective
system.
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Table 9. Exergeoeconomic analysis results for the original, EOD and COD cases.

Exergy Destruction Rate Exergy Delzt::;ctlon Cost Investment Cost Rate ¢ Dk *Zk (%r,) Exergoeconomic Factor
Component Ep  (MW) CDk(%r.) Z'k(%r,) Origi /(%)
—— —— — mginal  pon  cob gan
Original EOD COD Original EOD COD Original EOD COD Case Original EOD COD
Case Case Case Case
Turbine 0.167 0.194 0.189 2.84 2.68 2.65 30.7 325 321 33.5 352 347 91.5 924 923
Absorber 2 0.298 0.343  0.265 10.1 9.32 7.47 16.7 976  14.1 26.8 19.1 216 62.2 51 65.4
Absorber 1 0.342 0.371  0.36 10.1 10.3 10.3 12.89 464 3.6 22.9 15 13.9 56 308 258
Boiler 1.09 0.399  0.78 5.42 1.97 3.9 3.02 3.65 274 8.45 563  6.64 35.7 649 413
AHE 0.219 0.286  0.233 3.73 3.94 3.14 2.22 22 213 5.83 6.14 527 35.9 358 404
SHE 0.082 0.163  0.111 1.44 2.29 1.61 3.391 289 238 4.83 518 397 70.1 55.7  59.9
Condenser 0.043 0.088  0.044 0.733 1.22 0.62 2.09 445 282 3.64 567  3.44 79.8 783 819
Generator 0.067 0.08  0.094 1.19 1.12 1.34 2.15 29 256 3.34 403 39 64.3 72 65.6
RHE 2 0.033 0.031 0.025 0.574 0.43 0.36 2.73 265 24 3.31 3.08 276 82.6 86 85.6
Evaporator 0.005 0.041 0.0056 0.096 0.571 0.08 2.65 234 196 2.74 291 204 96.5 80.3 96.1
RHE1 0.024 0.156  0.038 0.405 2.15 0.53 2.09 335 341 2.62 551 3.94 84.4 60.8 864
Pump 1 0.003 0.006  0.006 0.067 0.092 0.08 0.78 1.05 091 0.85 1.14 1.03 92.1 919 914
Pump 2 0.002 0.003  0.002 0.04 0.041 0.28 0.43 049 042 0.82 1.09 094 95 958 96.9
Mixer 1 0.0001  0.0003 0.0003 0.06 0.022 0.02 0 0 0 0.06 0.02  0.02 0 0 0
Mixer 2 0.0003  0.0002 0.0002 0.04 0.091 0.06 0 0 0 0.04 0.05 0.06 0 0 0

Total 2.38 2.16 2.15 36.6 36.2 32.1 82.7 73 71.6 119.8 109.8 104.3 946 894 929
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9. Conclusions

In the current study, the proposed cycle generating cooling and power simultaneously is studied
from thermodynamic and economic viewpoints. Energy, exergy, and exergy cost rates are calculated
for all cycle streams. Under the base case conditions, the thermal and exergy efficiencies are achieved

as 7.10% and 26.4%, respectively and the total product unit cost is calculated as 18.4 $ GI-

The effects are investigated of three significant parameters, turbine inlet pressure (TIP),
evaporator pressure and condenser mass flow split ratio, on the exergy efficiency and total product

unit cost of the system. It is observed that as these three parameters are varied separately, C, ;4
achieves a minimum. It is concluded that an increase in the evaporator pressure and also in the

turbine inlet pressure results in a decrease of €, , while an increase in the condenser pressure

raises the €, and decreases the exergy efficiency.
Comparing the influences of turbine inlet pressure, condenser pressure, and condenser mass

flow split ratio the lowest €, ,,; value is achieved with the optimum value of evaporator pressure

which is about 17.3 % G for an evaporator pressure of 5.5 bar and a turbine inlet pressure of 24 bar.

Furthermore, the exergy efficiency reaches its peak value (31% and 29%) at the optimum values of

0.15 and 31 bar for 7;, and TIP, respectively.

Following the parametric study, all of the previously mentioned variables plus others like
generator temperature, condenser pressure and pinch point temperature difference are considered
as variables to optimize the system to achieve the highest exergy efficiency (EOD case) or the lowest
total product unit cost (COD case). The results show that the EOD case exhibits 60% and 16.4% higher
energy and exergy efficiencies respectively than the COD case. However, the total product unit cost
is 5.11% lower for the COD case than the EOD, at the expense of a 16.4% reduction in the exergy
efficiency. Additionally, the EOD case produces a higher value of net power and cooling capacity
than the COD case.

By comparing the proposed cogeneration system with its subsystems, it is seen that combining
the two subsystems leads in reductions of 12.4%, 11.9%, and 13.2% in the power unit cost in the
original, EOD, and COD cases, respectively compared to when power is produced from the Kalina
Cycle individually. Furthermore, the unit cost of cooling has reduced by 26.5%, 23.0%, and 20.4% in
the mentioned case studies in comparison with when ARC generates cooling separately.

With respect to the thermoeconomic analysis, the original case has the highest total values of
exergy destruction rate as well as total exergy destruction cost rate. It can be seen that the highest
exergy destruction and exergy destruction cost rates among the components is attributable to the
boiler and absorbers respectively, whereas the evaporator, mixers, and pumps contribute to the

lowest exergy destruction rates Also, the sum CD Pt Z i is higher for the turbine and two

absorbers, which implies that they merit more attention for reduction and optimized than other
components, because these components have the highest rates of exergy destruction plus investment
costs.

A relatively higher values of f » for turbine, pumps, and RHE2 suggests that a reduction in the
cost of operating and maintenance and capital investment costs could be of benefit for the system to

be more cost-efficient. On the other hand, reducing exergy destruction rates in components with a

lower f x such as absorbers and boiler would improve the cost-efficiency of the system.
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Nomenclature

¢ Cost rate ($/hr.) Eva evaporator

c Unit exergy cost ($/GJ) Gen generator
CI Capital investment cost (§) oM operating & maintenance
CRF Capital recovery factor RHE  reheating heat exchanger

E Exergy rate (kW) SHE solution heat exchanger

Ep Exergy destruction rate (kW) sep separator

e Specific exergy (kJ/kg) Sp spread point

Specific enthalpy (kJ/kg)

i Interest rate subscripts
M Molar mass 0 Ambient condition

m Mass flow rate (kg/s) ch Chemical
n Number of operating years e output
P Pressure (bar) i input

T Condenser mass flow split ratio k component
s Specific entropy (kJ/kg.K) ph Physical
T Temperature (K)

U Heat transfer coefficient (anm Greek symbols

w Work rate (power) (kW)

W,e: Network rate (power) (kW) Vi Fixed operation cost coefficient
X Ammonia mass concentration ATyr  Heat exchanger temperature drop (°C)
Z Investment cost ($) Neurbine Turbine isentropic efficiency

Z Investment cost rate ($/hr.) Npump Pump isentropic efficiency
Abbreviations

Nex Exergy efficiency
Abs absorber Ry Other operation costs ($)
ARC absorption refrigeration cycle T Annual operation hours
AHE  absorption heat exchanger W Variable operation cost ($/M1J)

cond condenser

Appendix A. Calculating Equipment Cost Rate (Z;)

In order to assess the purchased equipment cost for the turbine, heat exchangers and pumps that
are utilized in the cycle, the following equations are used in this study [34]:

thbine = CP Jurbine (F M turbine XF;J,twbine ) (Al)
Zpump :CP,me (B 1,pump +B 2, pump xF M ,pump XF;”WW?) (A2)
heat exchanger CP,heat exchanger (B 1,HE +B 2,HE xF,, HE XF;’J—IE ) (A3)

where C | denotes the bare module cost for each component which can be calculated as follows

P
[35]:
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logC,, =K, +K, logl +K; (logY %) (A4)

The value ¥ in Equation (A4) implies the area of the heat exchanger or the capacity of the

turbine and pump. Also I<1, K 2, and K 3 are the coefficients of equipment cost. Their values
can be found in Table Al. The material factor (F u ) and constants Bl, le and B3 are listed in

Table A1 too. The relation for the pressure factors in the above equations (F})) can be determined as
follows [34]:

logF,, =C,, +C,, log(10P -1)+C;_, (log(10P —1))? (25)

where pressure factors (Cl, CZ, and C3) can be found in Table Al. Costs obtained from Equations
(A1)-(A3) are in the reference year and need to be converted to the present year (2019). This is done

by applying the Marshall and Swift equipment cost equation [34]:

2019
=Z « s (26)

reference year original cost C [ reference year
MS

Table Al. Equipment cost parameters.

X Y K, K, Ky B B ¢ (G G F,

Turbine W W) 271 144 -0m8 0 1 0 0 0 340

Pump Womy ®W) 339 00540 0154 190 135 -0390 040 -0002 1.60
Heat

2
exchanger A exchanger (M) 433 0300 0164 163 166 00390 -011 0081 140

In the current study, all heat exchangers including the evaporator, condenser, absorbers, SHE,
and AHE are regarded as shell-tube types and their areas can be calculated by the LMTD method
and applying the following equation [35]:

Qk =AU, AT, klm (27)

where U & denotes the overall heat transfer coefficient for each heat exchanger, values for which
can be found in Table A2.

Table A2. Values of total heat transfer coefficient (U i ) for several heat exchangers.

W
Component U, ( K )
Generator 1.6
Absorber 1.1
Evaporator 0.9
Condenser 1.1
Boiler 0.9
Heat exchangers (AHE,SHE, RHE) 1
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