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in this equation, n denotes the molar coefficient of the reactants and
products.

As previously stated, the combustion chamber is assumed to operate
under adiabatic conditions. Applying the principles of energy conser-
vation to the contemplated combustion process, the following equation
can be derived [29]:

0 =
X [hﬁ + Ah]
7

generated gas products

-0 — —0 —
3l 8], =3 ]
J J

C))

3.2. Exergy balance

In a steady-state condition, the exergy balance is expressed as [30]:
ExQ —W= Z EXpu — Z Ex;, + Exp (5)

Here, Ej, represents the exergy destruction rate. Also, E, is the exergy
rate related to heat transfer, which can be calculated as follows [31]:

E'xQ:ZQ'<lf%) 6)

here, T denotes the temperature and subscript 0 stands for the standard
condition. The exergy flow consists of the physical and chemical exergy
that is defined as follows [31]:

Exi = Exph.i + Ex[h.i (7)

The chemical and physical exergy rates are estimated from the
following equations [31]:

Exch.i :ﬁi [Zymé,ff‘" +RTO Zym ln(ym)] (8)

Exph.i =m [(hi - ]’lo,i) —T (Si - So.i)} (€C)]

here, n; and y,, are the molar flow rate and molar fraction, and s dem-
onstrates the specific entropy. It’s worth noting that chemical exergy
analysis is applied specifically to the combustion chamber due to its
chemical reactions.

Since energy and exergy analyses involve multiple equations, their
application to different components is summarized in Table 2 for
reference.

3.3. Exergoeconomic analysis

This study assesses economic indices using an exergoeconomic
analysis method known as Specific Exergy Costing (SPECO). This
approach incorporates exergy rates into the economic evaluation, and
the cost balance of components is expressed as follows: [31]:

Cox + Z Cing +Zi = Cyp + Z Cour (10)

where;

. Cq,k represents the cost rate associated with the heat transfer within
component k.

S Cinx represents the sum of cost rates associated with the inflow of
exergy to component k.

e 7 represents the cost rate associated with the investment or capital
cost of component k.

ka represents the cost rate associated with the work transfer within
component k.

> Cout,k represents the sum of cost rates associated with the outflow
of exergy from component k.

Moreover;
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Table 2
Mass, energy, and exergy balance equations for different components of the
proposed system.

Component Mass and energy rates Exergy destruction
rate (E'x;,)
Combustion my + m; = mg (Exm + Exq) —
Chamber myhy + myh; = mgh ;
11 717 8llg (EXH)
Inter Cooler Qic = m3lha —hs] = Mz [z —h12] M3 = (Exyy + Exs) —
My , Mi2 = M3 (E‘x13 + Exy)
Air Preheater Qup = 115 hg —hs] = nig[hg —hyo] 115 = Mg (Exs + Exo) —

, Mg = My (E'x(7 + Ex10)
(Ex10 + Exss) —
(Exll + Exzg)
(Exz, + Exqs) —
(Exyg + Exas)
(Exyy + Exzg) —
(Ex23 + Exay)
(Exgy + Exa1) —
(Exgs + Bxaz)
(Exzy + Exaz) —
(Ex40 + Exsq)

Heat exchanger My = My , Mog = M3e

1 Qua = Maolhio — hin] = rigglhag — hag)
Heat exchanger My = My , Mog = M3e

2 Quxz = itz [h3s — haz] = Mas[has — hae)
Condenser 1 Mgy = Ma3 , Mo = Mgy
Qeont = Maalhzz — has] = rag[h2y — he)
M4 = M35 , Ma1 = Mgz
Qcongz = M3alhas — h3a] = rig1[haz — ha1]
M3 = Mg , M4z = Mag
Qcongs = Maolhao — h3o] = ritgzlhas — has]

Condenser 2

Condenser 3

Turbine 1 me = 1ty (Exg — Ex7) —
Wi = ritg[hs — ), s = % Wit

Turbine 2 mg = Mg (E"x8 — Exg) —
Wrury = mglhs — Rol, M5 s = % Wiz

s — ho s

Turbine 3 ms = Mg (x5 — Bxig) —
Wiws = muslhis — hie), M qurs = Wrurs
s — hie.
his — higjis

Turbine 4 Moo = Moo (Exzo — Exyy) —
Wrura = fitoo [h20 — ha2], My rurs = Wrura
hZO - h22
hao — haa s

Turbine 5 Ty = My (Eng — Exao) —
Wrus = mas[hos — haol, Nis s = Wrurs
s —hao
hag — hog is

Turbine 6 M3y = M33 (Exgo — Exs3) —
Wrys = mso[hso — hss], s rus = Wrurs
hso = hss.
hso — hss s

Compressor 1 my = s Weompn — (Ex; —
Weompt = malhs — hal, s compt = Exy)
h3is — hy
hs —hy

Compressor 2 my = s Weomps — (Exg —
WCompz =tialhs — hy], Nis,comp2 = Exy)
hsis — hy
hs — hy

Pump 1 M3 = Moy Whump1 — (Ex24 -
Whumpt = tit3[haq — has), Mg pump = Exa3)
haqis — haz
haq — has

Pump 2 Mz = Mys Woumpz — (Expy —
Whumpa = titas 12 — s, M pumpz. = Exos)
hi2 — hos

Pump 3 M3s = Mg Woumpz — (Expy —
WPump3 = nis|hse — hss], Nis pump3 = Exos)
hs — hss

Separator 1

Separator 2

Separator 3

Separation
Vessel

s + My = ns
mushis + mizhi; = Mishia
Mz + Mo1 = Mig
maohao + NMarha = Mighie
M3 + M1 = Mg
mgohso + M31hs = Maghag
My3 + NMys = Mgy
Myzhaz + Myshas = Mazha

Exiq — (Exls +
EX17)
Bxig — (Exyg +
Ele)
Exz — (Ex30 +
Exsl)
Exgy — (Exyy +
EX45)

(continued on next page)
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Table 2 (continued)

Component Mass and energy rates Exergy destruction
rate (Ex;)
Mixer 1 Moy + Mogq = Ngs (Exy + Exz4)
Ma1ha1 4+ Maghas = mash ;
21h21 2424 25M25 (Exys)
Mixer 2 Mg + My = Mo (Exm + Exye) —
myghig + Mighie = mioh ;
18f18 16h16 19h19 (Exyo)
Mixer 3 Mg + M3z = Mzq (Exsz + Exg) —
m3zh3z + Mazhsz = magh ;
32M132 33M33 34M34 (Exs,)
Mixer 4 Mag + Mao = M4y (Exyg + EX40) _
Maghsg + Maohso = M4 h ;
3gh3s 40h40 41ha (Ex,y)
Valve 1 M3 = Mg Exi3 — Exy4
mizhis = mishia
Valve 2 ny; = g Exi7 — Exig
nuzhi; = nughis
Valve 3 m3; = M3 Exs1 — Exsy
msi1hs = maz2hsy
C=cE;, =c(mey,) (11)

where C and c are the cost rate and cost per unit of exergy. Term Z is
calculated as [31]:

_CRF x ¢

TN x 3600 12

where Z; is the purchase fixed cost of component i, N depicts the annual
operation time, ¢ and CRF refer to the maintenance factor and capital
recovery factor, respectively. The term CRF is estimated considering the
system’s lifetime (n) and interest rate (K) as [31]:
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K(1+K)"

CRF=———"—
(1+K)" -1

13)

The components’ purchase costs are reported for the reference years,
and they need to be updated to the recent year by the following [31]:

cost index of the target year

Cost of target year = Z; x (14)

cost index of the reference year

in this regard, the components’ purchase fixed costs and cost indexes are
listed in Table 3.

The estimation of total capital investment costs (TCI) encompasses
both fixed-capital investment costs (FCI) and other outlay costs. These
additional expenses comprise working capital, research and develop-
ment costs, construction allowances for funds, start-up expenses, and
licensing fees. Since the value of other outlays in cost evaluation is
negligible compared to other values, it can be neglected. Consequently,
there are two categories of costs: direct and indirect. The TCI term is
calculated using the following equation [31]:

TCI = FCI + other outlays = DC + IC (15)

The direct costs and indirect costs of the designed system are pre-
sented in Table 4.

As previously mentioned, Net Present Value (NPV) and Payback
Period (PP) serve as essential economic performance indicators. These
metrics provide insights into the system’s economic returns and aid in
shaping the economic strategy for the designed system. The NPV index
quantifies the net profit accumulated at the conclusion of the system’s
operational lifespan and is calculated as follows [31]:

Table 3
The components’ purchase costs and cost indexes.
Component Purchase fixed cost Reference year Cost index
Combustion Chamber 46.08 x it 1994 368
Zec = : P’ [1 + exp (0.018 x Tg — 26.4)]
0.995 — (178)
7
Inter Cooler Arc 2000 394.1
Zic = 8000(100)
Air Preheater _ 06 1994 368
Zpp = 4112(7'""(’19 hl‘)))
Uap ATimap
Heat exchanger 1 Zina = 2681 (AHx1)059 1994 368
Heat exchanger 2 Zia = 2681 (Apyz)"™° 1994 368
Condenser 1 Zeonar = 2143 (Agona1 )™M 2003 402
Condenser 2 Zcondz = 2143 (Agona2)*™ 2003 402
Condenser 3 Zeonas = 2143 (AConds)O'SH 2003 402
Turbine 1 1
urbine Znum — 479.34 x 1n(F8) % (1 + exp(0.036 x Ts — 54.4)) 994 368
0.93 = f1rp1 93 '7Tmb1 7
Turbine 2 1994 368
urbine Znus — 479.34 x in(P8) % (1 + exp(0.036 x Ty — 54.4))
0.93 = frp 93 - ’7Turb2 9
Turbine 3 P 1994 368
urbine Zruss = 479.34 x ( >ln(ﬁ) x (1 + exp(0.036 x Tys — 54.4))
0.93 — 17m.,,3 16
Turbine 4 P 1994 368
urbine Zruns = 479.34 x (0 5y >ln(ﬂ) x (1 + exp(0.036 x Tzo — 54.4))
Turb4 22
Turbine 5 P 1994 368
urbine Zruss = 479.34 x (0 %y >ln(ﬁ> x (1 + exp(0.036 x Tag — 54.4))
Turbs 29
Turbine 6 P 1994 368
urbine Zruns = 479.34 x ( >ln( 3°> x (1 + exp(0.036 x Tzo — 54.4))
0.93 = N1urve 33
Compressor 1 71.1 x my 3 P3 1994 368
ZCompl = 097
Mis Comp 123
Compressor 2 71 1x m4 1994 368
Zcomp2 = =
is Comp
Pump 1 0.2 5 2000 394.1
P Zoump1 = 2100 (WPump1> ( - ﬂsPump)
is Pump
Pump 2 0.26 0.5 2000 394.1
P Zpump2 = 2100(W"“"’P2> ( . ”“"“"'P)
is Pump
Pump 3 Wounpa\ ®2 (1 = Nis pump 5 2000 394.1
s () )
is Pump
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Table 4
The direct and indirect costs.

Table 6
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The components cost balance equations and corresponded auxiliary equations.

Term

Equation

Component

Cost balance

Auxiliary equations

Direct costs

Onsite costs

Purchased-equipment cost (PEC)
Purchased-equipment installation (PEI)
Piping

Electrical equipment and materials
Offsite costs

Land

Civil, structural, and architectural work
Service facilities

Indirect costs

Engineering and supervision
Construction costs, including contractor’s profit
Contingencies

Onsite costs + Offsite costs

> Zi

0.33 x PEC
0.35 x PEC
0.13 x PEC

0.05 x PEC
0.21 x PEC
0.35 x PEC

0.08 x DC
0.15 x DC
0.15x (1.23 x DC)

N
NPV, = —TCI+Y Y(1+K)™"

n=0

(16)

Here, 'Y’ represents the net cash flow at the conclusion of each year,

Combustion Chamber

Inter Cooler

Air Preheater
Heat exchanger 1
Heat exchanger 2
Condenser 1
Condenser 2
Condenser 3
Turbine 1
Turbine 2
Turbine 3
Turbine 4
Turbine 5
Turbine 6
Compressor 1
Compressor 2

C1+Cr+ Zec =Cs

Cra+ Cs+Zic =Ci3+ Cy
Cs+ Co+ Zap = Co+ C1o
Cro+ Cs6 + Zia = Ci1 + Cag
Cy7+ Cas + Zxa = Cas + Cag
Caz + Cos + Zeonar = Ca3 + Ca7
Csa+ Ca1 + Zoonaz = Cas + Caz
Cs9+ Cas + Zoonas = Cao + Caa
Co+ Zrur1 = Cr+Cwrunt

Cs + Zruwz = Co+Cw 1wz

Cis + Zrws = Ci6+Crwurs
Cao+ Zrura = Coa+Cwurs

Cas + Zrus = Cao+Cwrurs
Cs0+ Zrus = Cas+Cw e
Ca+ Cw.compt + Zeompt = C3
C4 + CW.CDmp2 + ZCDmp2 = Cs

C12 =13
€9 = C10
€10 = €11
C45 = C46
C22 = C23
C34 = C35
C43 = Caq
Ce =C7

cg =Co

€15 = C16
€20 = €22
€28 = €29
€30 = €33

Cw.Compl = CW,Tur3

Cw.Comp2 = CW,Turl

and its calculation is defined as follows [31]:

Y=AI - (C®*" + Cy) a7

where Al, C%*M, and Cy are the annual income, operation and mainte-
nance costs, and input fuel cost, which are obtained as [31]:

AI:CE!CL‘ X tyfar X Wrwt + wa X t_w',ar X mfw (18)
Co*M =0.06 x PEC 19
¢ =C, (20

The evaluation of the PP is conducted using the following equation
[31]:

PP =min {n : NPV (n) >0} @1n

Another significant economic performance index is the Sum Unit
Cost of Products (SUCP), and its calculation is as follows:

CH' nei C
SUCP = ﬁ

- (22)
Woer + Exay

The economic analysis necessitates specific input data, which are
detailed in Table 5. Additionally, the components’ cost balance and
corresponding auxiliary equations are provided in Table 6.

4. Results and discussions

This section pertains to the obtained results, which encompass
various aspects, including the verification of the simulation procedure,
presentation of the primary findings, exergy analysis, sensitivity anal-
ysis, and an economic assessment. Within the economic analysis, both
the PP and NPV are evaluated under different economic strategies.

Table 5

The economic analysis input data.
Parameter Value
Plant expected life, n (years) 20
Annual number of hours, tye,r (hours) 7446
Interest rate, i, (%) 15
Fuel price, cr ($/GJ) 4.57
Electricity price, cee ($/ kWh) 0.10
Freshwater price, cgy ($/ m®) 1.8
CEPCI for 2020 668

Maintenance factor, ¢, 1.06

Pump 1 Cas + Cwpumpt + Zoumpr = Caa CW Pumpl = CW.Tur4
Pump 2 Cos + CW_sz + ZPumpZ =Ca Cw.pump2 = CW,Tur4
Pump 3 Cs5 + Cw.pumps + Zpumps = C3s CWpump3 = CW,Turs

Separator 1 Cra+ Zszp = Ci5+ C17 C15 = C17
Cio+ ZSep = C‘zo +Cn C20 = C21
Cao + Zsgp = Ca0+ Ca1 €30 = €31
C42 + st = C43 + C45

Mixer 1 Ca1 + Co4 + Zytixer = Cos -

Separator 2
Separator 3

Separation Vessel C43 = C45

Mixer 2 Ci6 + Cig + Zutixer = C19 -
Mixer 3 Cs2+ Cs3 + Zntixer = Caa -
Mixer 4 Css + Cao + Zytixer = Ca -
Valves
Valve 1 Cra+ Zgy = Cua -
Valve 2 Ci7+ Zgy = Cug -
Valve 3 Cs1 4 Zgy = Cap -
Table 7

The Kalina cycle’s simulation verification.

Parameter unit Reference value Simulated value Error (%)
Wiet kW 285.6 274.3 3.95
Ove kW 3906 3936 0.76
N % 7.17 6.95 3.06
Xgr % 99.97 99.97 0.00
Table 8
The simulation procedure input data.
Parameter Value Unit
Standard condition pressure, Py 1.013 bar
Standard condition temperature, Ty 298.15 K
Gas turbines’ isentropic efficiency, n; gr 86 %
Steam turbine’s isentropic efficiency, n; ¢p 88 %
OFC turbine’s isentropic efficiency, n; opc rur 80 %
Compressor’s isentropic efficiency, N comp 80 %
Pumps’ isentropic efficiency of, 1 pymp 86 %
Pressure ratio of Compressor 1, rp; 14 [—]
Pressure ratio of Compressor 2, rpy 5 [=]
Combustion temperature, Tg 1500 K
Combustion chamber pressure drop, APcc 5 %
Gasification temperature, T, 1073.15 K
Gasification pressure, Py 4 bar
Intercooler’s cold end temperature difference CETD;c 20 K]
Air preheater effectiveness, exp 0.85 [—]
[

Hot end temperature difference of heat exchanger 1 HETDyx; 100
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4.1. Simulation verification

The simulation of the designed system is executed using an ESS code,
applying mass, energy, exergy, and exergoeconomic analyses to various

Output power
1675.6 kW

2379
[
@ Mix -
1250

454
Mix 1

I
EV2

@ Tur 3

1556
3, 1223 @

17
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system components. To ensure the accuracy of the simulation procedure,
a verification step is essential. In this context, a simulation of the Kalina
cycle is conducted, utilizing the assumptions outlined by Wang et al.
[29], and the results obtained are compared with their findings. Table 7

Sep Z 206

) |
nV1
2778 I

®

Exergy destruction
876.916 kKW

Pu2

Section (A)

(@)

Exergy destruction
1884.19 kW

Legend
Unit:kW

== NH3H20

Cond 2

Fresh water

Fig. 3. The designed system

= Exergy destruction
= Water
™ Fresh water

Section (B)

(b)

exergy flow as a Sankey diagram.
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Section (A)
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Section (B)

Total exergy

©

Fig. 3. (continued).

presents this comparative analysis, where different performance indices
are juxtaposed. The data presented in this table serve as a validation of
the concepts employed in simulating the designed system and reaffirm
the accuracy of the obtained results.

4.2. Main results

The simulation of the designed system was performed, taking into
account the input data provided in Table 8. The system’s products,
namely, the net power and freshwater production rates, were deter-
mined to be approximately 22.06 MW and 2.87 kg/s, respectively. These
product values correspond to an exergetic efficiency of 42.60 % and a
SUCP of 22.67 $/GJ. As a result, the system’s payback period is esti-
mated to be approximately 4.86 years, leading to a net profit of 38.53
million dollars over its operational lifetime.

4.3. Exergy analysis

Exergy is a vital parameter for evaluating energy systems as it
quantifies the quality of processes within system components. To visu-
ally represent the exergy flow within the designed system, a Sankey
diagram, depicted in Fig. 3, has been constructed. The Sankey diagram
consists of three sections: Section A corresponds to the Double-Flash

26769.29 kW

Legend
Unit:zkW

Exergy destruction |
= power

= Fucl

= Water

(= Fresh water

Total outout power
22062 kW

Organic Flash Cycle (DF-OFC) subsystem, Section B represents the
Modified Single-Flash Desalination Unit (SSF) subsystem’s exergy flow,
and the overall system.

Fig. 3a presents the exergy flow within the DF-OFC subsystem. The
inlet stream of Separator 1 carries an exergy rate of 2778 kW, with 1556
kW of it entering Turbine 3, resulting in Turbine 3 generating 274 kW of
power. The primary power generation in the DF-OFC subsystem,
approximately 1402 kW, is provided by Turbine 4 due to its higher inlet
mass flow rate. Additionally, the total exergy destruction within this
subsystem is calculated at approximately 876.92 kW.

Fig. 3billustrates the exergy flow within the SSF subsystem. Notably,
the main preheating process of the input seawater occurs in Condenser
2, while Heat Exchanger 2 contributes a smaller portion. The total
exergy destruction within the SSF subsystem is estimated to be
approximately 1884.19 kW.

Fig. 3c depicts the exergy flow for the entire system. Compressor 1
consumes 11931 kW for air compression, and Compressor 2 requires
15571 kW to reach the desired pressure. Consequently, the inlet stream
of Turbine 1 carries 34030 kW of exergy, generating 17889 kW of
power. The input fuel possesses an exergy rate of 51682 kW, and after
the combustion process, the input exergy rate of Turbine 2 reaches
50651 kW, resulting in 25801 kW of power generation. Additionally, the
combustion flue gas transfers 8084 kW of exergy to the Kalina cycle,

1600
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g 2 3
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Fig. 4. The components’ exergy destruction values.
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Fig. 5. The distribution of the exergy destruction in the components.

with 1563 kW of exergy being transferred to the ambient. The total
exergy destruction rate for the entire system is calculated to be
approximately 26769.29 kW.

The value of exergy destruction within various components is spec-
ified in Fig. 4, and their distributions are further detailed in Fig. 5.
Notably, the combustion chamber, owing to the chemical reactions and
higher exergy flows in its input streams, accounts for the highest exergy

destruction at approximately 15749 kW, comprising 58 % of the total
exergy destruction. Following the combustion chamber, the turbines
contribute significantly to exergy destruction, with the second highest
being approximately 1423 kW. Turbines collectively account for about
13.9 % of the total exergy destruction. Among the heat exchanger-based
components, Heat Exchanger 1 has the highest exergy destruction at
about 1455 kW. Furthermore, among the condensers, Condenser 2
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22000
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Fig. 6. The intercooler cold end temperature’s effect on the performance indexes.
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