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ABSTRACT

Three power and fresh water cogeneration systems that combine a GT (gas turbine) power plant and a RO
(reverse osmosis) desalination system were compared based on the exergy viewpoint. In the first system,
the GT and RO systems were coupled mechanically to form a base system. In the second and third
systems, a VCR (vapor-compression refrigeration) cycle and a single-effect ACwater—rigr (Water/lithium
bromide absorption chiller) were used, respectively, to cool the compressor inlet air and preheat the RO
intake seawater via waste heat recovery in the VCR condenser and ACwater—rigr absorber. A parametric
analysis-based exergy was conducted to evaluate the effects of the key thermodynamic parameters
including the compressor inlet air temperature and the fuel-mass flow rate on the system exergy effi-
ciency. Parameter optimization was achieved using a GA (genetic algorithm) to reach the maximum
exergy efficiency, where the thermodynamic improvement potentials of the systems were identified. The
optimum values of performance for the three cogeneration systems were compared under the same
conditions. The results showed that the cogeneration system with the AC is the best system among the
three systems, since it can increase exergy and energy efficiencies as well as net power generation by

3.79%, 4.21%, and 38%, respectively, compared to the base system.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Power and fresh water are two important requirements that are
simultaneously needed in many regions, climates, and industries.
Wiater is available in large quantities on earth, but only a small
amount is low enough in salinity for drinking and irrigation.
Desalination of sea and brackish water is the main source of fresh
water in regions suffering from scarcities of natural fresh water
supplies [1,2]. The two most widely used desalination techniques
are RO (reverse osmosis) membrane separation and thermal
desalination systems, such as MED (multi-effect distillation) and
MSF (multi-stage flash) [3,4]. The energy consumption of the RO
desalination systems is less than thermal desalination systems
which is only in the form of shaft work (electric power). GT (Gas
turbine) and steam turbine power plants are widely utilized
throughout the world for electricity generation. Design and con-
struction of the GT power plants are simpler than those of the
steam turbine and more useful in regions facing water scarcity.
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Therefore, coupling the GT power plants and the RO systems is
known to be the simplest way to generate the power and fresh
water, simultaneously [5,6].

In hot climates, the efficiency and power output of GTs can be
enhanced by reducing the compressor inlet air temperature [7].
Different methods are used to cool the intake air of the GT
compressor. These include evaporative coolers, spray inlet coolers or
fogging systems, and mechanical vapor compression or ACs (ab-
sorption chillers) [8]. Evaporative coolers require a dematerialized
water supply while compression and ACs use shaft work and heat as
the energy input, respectively [7]. Therefore, compression chillers
can be mechanically coupled to the GT by shaft and ACs can be
thermally coupled to the GT power plant via waste heat recovery
from the GT exhaust gases using a HRSG (heat recovery steam
generator).

Recently, several studies [7—16] have been performed on uti-
lizing evaporative cooling, mechanical vapor compression, and ACs
to cool the compressor inlet air in the GT power plants. Popli et al.
[7] investigated using the single-effect ACwater—Lipr (Water/lithium
bromide AC) for cooling the inlet air of the GT compressor, with
particular applicability to Middle East countries. Khaliq and Dincer
[12] applied exergy method to analyze the GT cycle cogeneration
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with inlet air cooling and evaporative aftercooling of compressor
discharge. They reported that the inlet air cooling along with
evaporative aftercooling has an obvious increase in the energy and
exergy efficiency.

In compression and ACs, to continue the refrigeration cycle, the
heat should be transferred to the environment, which can be
recovered for many purposes. In the RO desalination systems, for
constant fresh water production, the power consumption de-
creases with increase in feed water temperature. Because, increase
in feed water temperature decreases both the osmotic pressure
differential across the membrane and water viscosity [17]. There-
fore, the waste heat of the refrigeration chillers can be recovered to
preheat the RO feed water which lead to improve the RO
performance.

A few studies [5,8] has recently been performed on preheating
the RO feed water via waste heat recovery from other processes.
Ataei et al. [5] investigated the effect of the preheating the seawater
through the waste heat recovery from the VCR (vapor-compression
refrigeration) cycle on the RO power consumption. Janghorban
Esfahani et al. [8] proposed a new combined GT and RO desalination
systems which uses a VCR system to cool the compressor inlet air
and to preheat the RO feed water by waste heat recovery from the
refrigeration system condenser.

According to the literature review, only the use of compression
refrigeration chillers has been investigated in combined GT power
plant and RO desalination systems. However, the use of ACs in
combined GT and RO systems is scare.

Since GT power plants, refrigeration cycles, and RO desalination
systems are energy-intensive industries, energy analysis is used to
assess and improve their performance. In addition, exergy analysis
needs to be used because energy analysis gives no information on
how, where, and how much the system performance is degraded
[18]. Exergy analysis usually aims to determine the maximum
performance of the system and identify the equipment in which
exergy loss occurs, and indicate the possibilities for thermody-
namic improvement of the system [19].

Several studies have conducted exergy analysis for GTs, refrig-
eration, and RO desalination systems [18—37]. Dai et al. [22] per-
formed an exergy analysis to guide thermodynamic improvement
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for a new combined power and refrigeration cycle. Gebreslassie
et al. [23] performed an exergy analysis for single-, double-, triple-,
and half-effect Water/Lithium bromide absorption cycles. They also
determined the exergy efficiencies and exergy destruction rates for
each system. As were investigated in the literature, recent research
efforts have been focused on an exergy analysis of cogeneration
systems but few studies on the exergy analysis of the combined
power and fresh water systems integrated with refrigeration sys-
tems are scarce.

This study contributes to propose a new combined GT and RO
desalination system which couples the GT and RO systems me-
chanically via the shaft of the GT and thermally via the AC. In the
proposed structure the waste heat of the GT exhaust gases is
recovered to generate steam as an energy source for the single-
effect H,O/LiBr absorption chiller (ACy,o—ijgr) System. The inlet
air of the GT compressor is cooled using the evaporator, and the
waste heat of the absorber is utilized to preheat the feed water of
the RO system to decrease the power consumption of the combined
system as a contribution of research. Also it is compared to two
other combined GT and RO systems from the viewpoint of exergy to
evaluate the capability value of the suggested system to increase
the exergy efficiency than those of the two other systems.

This paper consists of three major parts. First, a thermodynamic
model is developed to simulate and specify the thermodynamic
properties of the systems. Second, exergy analysis is conducted to
determine the exergy destruction in the components and exergy
efficiencies of the systems. Also the effects of the two key parame-
ters of the compressor inlet air temperature and the fuel-mass flow
rate on the exergy efficiencies are investigated. Third, the optimal
operating values of the parameters for maximizing exergy efficiency
are obtained by using a GA (genetic algorithm), which can identify
the thermodynamic improvement potentials of the systems.

2. Materials and methods
2.1. System configurations

The three systems under consideration are shown in Figs. 1-3.
The base system (GT—RO system, Fig. 1) comprises two subsystems:

——————————

Fig. 1. Schematic of GT—RO system (first system) [6].
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Fig. 3. Schematic of a new GT-ARC—RO cogeneration system (third system).
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a GT power plant and a RO desalination system, which are coupled
together mechanically. In the GT subsystem, the air at ambient
temperature is compressed using an air compressor and then sent
to a CC (combustion chamber) where the fuel is injected. The hot
gas is expanded through the GT and shaft work is generated to
operate the generator and the pump of the RO system. Expanded
gas is discharged to the atmosphere through a stack. In the RO
subsystem, the seawater is pumped into the membranes, which are
inserted in cylindrical pressure vessels. The water molecules pass
through the membrane which increases the concentration of the
rejected water and produce fresh water on the other side.

Note that the power generation and efficiency of the system in
the GT subsystem increases by decrease in compressor inlet air
temperature, and the power consumption of the RO pump in the RO
subsystem decreases by increasing the feed water temperature,
since it reduce (the osmotic pressure differential across the mem-
brane and water viscosity). A refrigeration system is used in Figs. 2
and 3 for dual purposes: first, decreasing the compressor inlet air
temperature of the GT subsystem using the evaporator of the
refrigeration system, and second, increasing the feed water tem-
perature of the RO subsystem by waste heat recovery from the
condenser of the refrigeration system. Therefore, using a refriger-
ation system between compressor inlet air and RO feed water
streams in both systems presented in Figs. 2 and 3 improves the
performance of the combined system by cooling the compressor
inlet air and heating the RO feed water, simultaneously.

In the system presented in Fig. 2 as the second system (GT—
VCR—RO system), a VCR system is used as the refrigeration system.
In the GT-VCR—RO system, the air is cooled by the evaporator of
the VCR system and then compressed by the air compressor. The
compressed air with injected fuel is sent to the CC. The hot gas is
expanded in the GT where the shaft work is generated. The
generated shaft work is applied to operate the generator, the RO
pump, and the VCR system’s compressor. The waste heat from the
condenser of the VCR system is recovered to increase the RO feed
water temperature. Preheated feed water is then passed through
the RO membranes at a high pressure provided by the RO pump,
and the brine stream at a high pressure is rejected back to the sea.

In the system presented in Fig. 3 as the third system
(GT — ACy,0_1ipr — RO system), a single-effect (ACy,o_yp;) is used
as the refrigeration system. The compressor inlet air temperature is
decreased by the evaporator of the ACy,o_1ip; System and then
compressed by the compressor of the GT. The compressed air with
injected fuel is sent to the CC. The hot gas is expanded in the GT, and
the shaft work is generated to operate the generator, the RO pump,
and the ACy, oy System’s pump. The heat of the GT outlet gasses is
recovered using a HRSG to generate saturated steam as a heat source
for the desorber of the ACy,o_rip; system. The waste heat from the
absorber of the ACy,o_ip; System is recovered to increase the RO
feed water temperature. Preheated feed water is pumped by a high
pressure pump and passed through the RO membranes. The brine is
rejected back to the sea at a high pressure and the fresh water is
produced in the other side of the membranes.

2.2. Thermodynamic model of the combined GT and RO systems

In order to conduct energy and exergy analysis of the three
cogeneration systems, the thermodynamic properties of the sys-
tems must be specified. This is usually done through thermody-
namic modeling. This section includes the equations of the
thermodynamic model of the cogeneration systems. The major
portion of this model consists of the mass, salinity, and energy
balance equations. The models developed by Janghorban Esfahani
et al. [8], Ahmadi and Dincer [20], Marcovecchio et al. [38], Vince
et al. [39], and Hosseini et al. [40] have been used in this study.

Several simplifying assumptions in the development of thermo-
dynamic model are listed below:

e The cogeneration systems are operated under steady state
conditions.

e Heat losses and pressure drops in piping and the components
are negligible.

e The water/lithium bromide concentrations are zero in steam
phase.

e The water/lithium bromide solution in the desorber and
absorber outlet is saturated.

e The refrigerant in the evaporator and condenser outlet of VCR
cycle is saturated.

Each system has been modeled as three subsystems, as
described below.

2.2.1. GT power plant subsystem

Fig. 4 shows the temperature—entropy (T—s) diagram of the real
open GT cycle. Three irreversible processes including non-
isentropic compression (line 1—2), non-isobaric heat addition
(line 2—3), and non-isentropic expansion (line 3—4) processes
which are deviated from the ideal process due to the irreversibil-
ities, are modeled by Egs. (1)—(10).

2.2.1.1. AC (air compressor). As shown in Fig. 4, the actual outlet
temperature of the air compressor (T) is more than the ideal outlet
temperature of the air compressor (Ty;) due to irreversibility during
the compression process. The outlet air temperature of the air
compressor with isentropic efficiency of o, , is given by Eq. (1) [12].

1 Ya-1
e (1 (1) 0
Necom.cr

where Ty, T2, Ncom ., aNd Tcom.; are the inlet air temperature, outlet
air temperature, isentropic efficiency, the pressure ratio of the air
compressor, respectively, and v, is the heat capacity ratio of air. The
power consumption of the air compressor is given by Eq. (2) [41].

Weomer = Mg (Cpa(Tz)TZ - Cpa(Tl)T1> (2)

where WcomGr is the power consumption of the air compressor, i1,
is air mass flow rate. C,y(1,) and Cpy(r,) are the specific heat of air at
T and T, which can be calculated by Eq. (3) [42].

TLC)

s (kJ/kg K)

Fig. 4. Temperature—entropy (T—s) diagram of the GT cycle.
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Cpa(r) = 1.04841 — (3-8371T> (9.45371 ) - (5.490317 )

104 107 1010
7.9298T14
]014

(3)
where Cpy(1) is the specific heat of air at temperature of T.

2.2.1.2. CC. The energy balance equation of the CC is given by Eq.
(4) [43].

MyeMecLHV = mg'cpg(Tg)TB - mﬂcpa(Tz)TZ (4)
where gy, g, and mg are fuel, gas and air mass flow rates, 7 is

the CC heat efficiency, LHV is the low heat value of fuel, Cyg (1) is the
specific heat of gas at T3 which can be calculated by Eq. (5) [42].

6.99703T 2.7129T12
Cog(ry = 0.991615 + ( ) ( )

10° 107
_ (1 .22442T3)

1010 (5)
where Cpgm) is the specific heat of gas at temperature of T.
The mass balance equation of the CC is presented as Eq. (6) [8].

mg = g + mfuel (6)

As shown in Fig. 4, since, there is a pressure drop in the CC
(AP¢), the inlet pressure of the GT (P3) is given by Eq. (7) [8].

Ps

p = (1-APg) (7)

2.2.1.3. GT. Asshown in Fig. 4, the actual outlet temperature of the
GT (T4) is more than the ideal outlet temperature (T4;) due to irre-
versibility during the expansion process. The outlet temperature of
the GT is calculated by Eq. (8) [12].

T1-vg
Ty = T3<1—77GT<1—rGY1%>> (8)

where T3, T4, 11, and rgr are the inlet temperature, outlet tem-
perature, isentropic efficiency, and the pressure ratio of the GT,
respectively, and vy, is the heat capacity ratio of gas. The power
generation of the GT is given by Eq. (9) [8].

Wer = titg (Cogr) T3 = Cpgir Ta ) (9)

where W¢r is the GT power generation, Cpg(1;) and Gy, are the
specific heat of gas at T3 and T4 which are calculated by Eq. (5).

2.2.14. HRSG. The energy balance equation of the HRSG is pre-
sented as Eq. (10) [8].

1my7-(hig — hy7) = 1ig <Cpg(T4)T4 - Cpg(Tls)T18> (10)

where Cyg(r,) and Cygr,) are the specific heat of gas at T4 and Tyg
which are calculated by Eq. (5).

2.2.2. SWRO desalination subsystem

The SWRO subsystem is modeled by Eqs. (11)—(27), presented in
Table 1. The water flux through the membrane is given by Eq. (11),
where J,, is the water flux trough the membrane, A is the pure water
permeability constant, Py is brine stream pressure, P, is permeate
stream pressure, R is the ideal gas constant, Tg,, is seawater tem-
perature, Gy, is the wall mass salt concentration, C, is permeate
concentration, and M; is the molecular weight of the solute. The salt
flux through the membrane is given by Eq. (12), where J; is the salt

Table 1
Governing equations in the RO (reverse osmosis) system.
Equation
( : [43]
_ RTswpp (Cm — Cp
Jw = 3600A<Pb—Pp—4106MS]01325 > (am
( ) [43]
3600B( Cn — Cr ) pp
S T a2
) [43]
_Js10
G = Vb, (13)
[43]
Vi = Uw +Js) (14)
Pp
[39]
Q = ViAm (15)
[39]
QG =0Q+Q (16)
[39]
QG = QCy + QG a7)
o e [21]
m—C Vw
G-¢ P (36001@) (18)
o [43]
Sh = 0.664k4.Re®>Sc%33 <2%'l”) (19)
(3]
_ pdntt
Re = m (20)
(3]
sc = K (21)
[3]
)
u= Whepe (22)
- [3]
_ pu*LlCy
ap - P (23)
. [3]
Ca = par (24)
(8]
A = A (AT)-FF-TCF (25)
[8]
1 1 o
TCF = exp [2640m ST T; >25°C  (26)
(8]

TCF = exp [3020L T, <25°C  (27)

1
298 273+ 1y
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flux through the membrane, G, is the wall mass salt concentration,
Cris feed water concentration, and pj is density of the brine stream.
The permeate concentration used in Eq. (11) is calculated by Eq.
(13), where V,, is the permeate velocity that is given by Eq. (14). The
permeate flow rate is given by Eq. (15), where Q, is the permeate
flow rate, and A, is the membrane area. The mass and salt balance
equations are Eqs. (16) and (17), respectively. The concentration
polarization is an important phenomenon that reduces the fresh
water flow rate and must be considered in the model. The film
theory is used in this study to describe the concentration polari-
zation [21]. According to the film theory, the concentration polar-
ization can be modeled by Eq. (18). K is the mass transfer
coefficient, which is calculated using the relationship between the
Sherwood, Reynolds, and Schmidt numbers given by Eqs. (19)—
(21). The Sherwood number is given by Eq. (19), and the Rey-
nolds number is given by Eq. (20), where p is density, dj, is the
hydraulic diameter of the feed spacer channel, u is the water vis-
cosity, and u is the average velocity in the feed channel containing
the baffle, which is calculated by Eq. (22). Pressure gradient across
the membrane is given by Eq. (23), where Ap is the pressure
gradient across the membrane, u is the average velocity in the feed
channel containing the baffle, L is the length of the fiber bundle, dj
is the hydraulic diameter of the feed spacer channel, and Cgq is the
total drag force, which is calculated by Eq. (24). The membrane pure
water permeability A (in Eq. (1)) is approximated as a function of
feed water temperature, trans-membrane osmotic pressure, and FF
(fouling factor) by Eq. (25), where A is the membrane pure water
permeability, Aref( A7) is the reference permeability at Ty = 298 K, FF
is the fouling factor, and TCF is the temperature correction factor at
feed water temperature which is given by Eqgs. (26) and (27). The
influence of membrane fouling on the membrane permeability is
expressed by the FF. Since, the membranes are assumed as new
membranes, the FF is considered to equal 1. The membrane module
constructed by Filmtech with trade name SW30HR-380 is used in
the current study. The characteristics of the membrane module are
presented in Table 2.

2.2.3. Refrigeration subsystems

2.2.3.1. Single-effect H,O/LiBr absorption chiller  subsystem.
Fig. 5 shows T—s diagram of the single-effect water/LiBr absorption
cycle [44] in the GT — ACy,o_rir — RO system. As shown in Figs. 3
and 5, the vapor refrigerant (stream 33) coming from the evapo-
rator is absorbed by the strong solution (stream 29) and then leaves
the absorber with a week LiBr concentration (stream 24). The
released heat of the solution in the absorber is recovered to preheat
the RO feed water (stream 16). The week solution is pumped to the
desorber at a higher pressure through the SHX (solution heat

Table 2

Characterization of the membrane element.
Membrane specific parameter Unit Value
Active area, Ay, m? 35
Length of the element, L m 1.016
Diffusion coefficient, D m?/s 1x107°
Maximum operation pressure bar 69
Pure water permeability constant, Aref kg/m? s Pa 2.7 x 107°
Salt permeability constant, B kg/m? s 2.3 x 107°
Hydraulic diameter of the feed m 8.126 x 1074

spacer channel, dj

Length of the filament in the space mesh, m 277 x 1073
Height of the feed spacer channel, hsp m 593 x 1074
Void fraction of the spacer, ¢ — 0.9
Baffle parameter, A’ - 7.38
Baffle parameter, n — 0.34
Baffle parameter, kqc — 1.05

TDSS

T(°C)

Teon

Eva.

s (kJ/kg K)

Fig. 5. Temperature—entropy (T—s) diagram of the ACy,o—yip cycle [44].

exchanger). The week solution (stream 25) is preheated by heat
recovery from the strong solution (stream 27) coming from the
desorber. In the desorber, the refrigerant is boiled off by adding
heat provided by HRSG. The vapor (stream 30) is condensed
through the condenser using cooling water and then flows to the
evaporator through the refrigerant expansion valve to cool the
compressor inlet air (stream 1). The strong liquid solution (stream
27) returns to the absorber through the SHX and expansion valve.
The model equations for components of the ACy,_yip; Subsystem,
including desorber, condenser, absorber, evaporator, expansion
valves, pump, and SHX, are Eqs. (28)—(43) [45,46]. Enthalpy and
entropy for water/LiBr have been calculated by the correlations
from Ref. [47].

Des. (desorber)

Mass, concentration, and energy balance equations are pre-
sented in Egs. (28)—(30) [46].

Iye = Tzg + Miyy (28)
IfyeXoe = MM30X30 + Mlx7X27 (29)
Qqes. = M3oh3g + fip7hy7 — Mixshys (30)

v_vhere m is the mass flow rate, x is the solution concentration, and
Qges. is the heat requirement of the desorber.

Eva.ac (evaporator)

Mass, and energy balance equations are shown in Egs. (31) and
(32), respectively [48].

M3y = M3y (31)

Qevanc = M3zhsy — iz hs, (32)

where Qe\,a_AC is the cooling load of the evaporator, and h is the
enthalpy.

Cond.ac (condenser)

Mass, and energy balance equations are presented in Egs. (33)
and (34), respectively [48].
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n'130 = r'n31 (33)

Qcone = Ti13ohsg — rzyhsy (34)
where Qcon.,\c is the waste heat of the condenser.
Abs. (absorber)

Mass, concentration, and energy balance equations are pre-
sented in Eqs. (35)—(37), respectively [46].

Mg = M3y + Mipg (35)
M4Xp4 = M32X3p + MgXag (36)
Qabs.,c = M3ph3y + Miipghyg — 1ip4hp4 (37)

where QabhC is the released heat in the evaporator.
SHX

The energy balance equation is shown in Eq. (38) [48].

Mys(hos — hog) = titp7(hag — ha7) (38)

Exp. (expansion valves)

Mass, and energy balance equations for refrigerant expansion
valve are given by Eqgs. (39) and (40), respectively [46].

m3] = mgz (39)

m31hsy = m3phs (40)

Mass, and energy balance equations for solution expansion
valve are given by Egs. (41) and (42), respectively [46].

IMyg = Tipg (41)

tyghyg = tiyghag (42)

Solution pump

The power consumption of the solution pump is given by Eq.
(43) [48].

Wpump = 1it4(has — haa) (43)

2.2.3.2. VCR subsystem. The T—s diagram of the VCR cycle in the
GT—VCR—RO system is presented in Fig. 6. As shown in Fig. 6, the
saturated vapor refrigerant is compressed by an irreversible
compression process (line 13—14). The compressed vapor is
condensed through the condenser (line 14—15) and the released
heat is recovered to preheat the RO feed water. The refrigerant
leaves condenser as the saturated liquid vapor at lower pressure
than that of the compressor outlet due to unavoidable pressure
drop in the condenser. The saturated liquid refrigerant enters the
evaporator through the expansion valve to cool the inlet air of the
GT compressor. The cycle is completed as the refrigerant exits from

T(°C)

s (kJ/kg K)

Fig. 6. Temperature—entropy (T—s) diagram of the VCR cycle.

the evaporator as saturated vapor at lower pressure than that of the
expansion valve outlet due to the pressure drop in the evaporator
[49]. The mathematical equations for components of the VCR
subsystem, including compressor, evaporator, condenser, and
expansion valve are Eqs. (44)—(47).

Eva.ycr (evaporator)

The energy balance equation is presented in Eq. (44) [8].

Qeva.VCR = mrefA(h13 - h12) (44)

where Qevam is the cooling load of the evaporator, ms is the
refrigerant mass flow rate, and h is the enthalpy.

Com.ycr (compressor)

The power consumption of the compressor is given by Eq. (45)
[5].
Weomye = fier.(h14 — h13) (45)
where Wcom.ch is power consumption of the compressor.

Expansion valve

Energy balance equation for the expansion valve is given by Eq.

(46) [8].

mref.h15 = mref,h]z (46)

Con.ycr (condenser)

The energy balance equation for the VCR condenser is given by
Eq. (47) [5].

QconWR = mrefA(hM - h15) (47)

where anm is the waste heat from the condenser.

The initial circumstances for the operating and thermodynamic
parameters for the GT power plant, VCR, and ACy,o_ 5, Subsystems
are presented in Table 3.
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Table 3
Operating parameters and thermodynamic parameters’ initial circumstances for GT
power plant, VCR, and ACy,o_yjp; Subsystems.

Parameter Value Unit
GT subsystem

Tair 35 °C
RH 30 %
Mair 0.3 kg/s
Meyel 0.007 kg/s
Tac 6 —
Ncom 91 %
et 91 %
Tee 90 %
LHV 51,400 KkJ/kg
VCR subsystem

ATmin,Eva 10 °C
Refrigerant R-134a -
Tcom 3.5 _
Tlcom 91 %
Xi3 1 -
Xi5 0 -
GT—ACy,0-1igr—RO subsystem

ATmin,Eva 10 °C
ATmin‘con 10 °C
ATmin,abs 10 °C
ATmin,des 10 °C
Tpump 91 %
Xi3 1 -
X] 5 0 -
Phigh 7.44 kPa
Piow 0.67 kPa

2.3. Exergy analysis of cogeneration systems

Exergy is a measure of the maximum capacity of a system to
perform useful work as it proceeds to a specified final state in
equilibrium with its surrounding. Exergy can be divided into four
distinct components. The two important ones are the physical
exergy and chemical exergy; the two other components of kinetic
exergy and potential exergy are assumed to be negligible in this
study [20,50]. The physical exergy is defined as the theoretical
maximum of useful work obtained as a system interacts in an
equilibrium state. The chemical exergy is associated with the de-
parture of the chemical composition of a system from its chemical
equilibrium. The chemical exergy is an important part of exergy in
combustion processes [41].

2.3.1. Exergy balance equations in the GT power plant and
refrigeration chillers

Based on the first and second laws of thermodynamics, the
following exergy balance equation is obtained [20]:

Exq + > Ex; = > Exe + Exw + Exp (48)
7 e

where subscripts e and i represent inlet and outlet specific
exergy of the control volume, respectively, and Exp is the exergy
destruction. Other terms in this equation are as follows [23,24]:

Exq = (1 *E)Qi (49)
T;

Exy = W (50)

Ex = mex (51)

Ex = Expp + Exc (52)

Expn = (h—hg) — To(s — so) (53)

where ExQ and Ex,, are the corresponding exergies of the heat
transfer and work that cross the boundaries of the control volume, T
is temperature (K), and (0) refers to the ambient conditions. The
mixture’s chemical exergy is defined as follows [40]:

n n
ex® = | Y Xiex™ + RTy > XiLnX; (54)
i=1 i=1
For the evaluation of the fuel exergy, the following exergy ratio
is used [20]:

ex
5 _ fuel

= (55)
LHVfuel

For most of the commonly used gaseous fuels, the ratio of
chemical exergy to lower heating value is usually close to 1. Since in
this study the fuel used in the GT power plant is methane, therefore
¢ is calculated as 1.06 [20,40].

2.3.2. Exergy balance equation of the SWRO desalination system

The specific entropy and enthalpy of a component per unit mole
in an ideal solution at a specified temperature T and pressure P are
as follows [40]:

h = mfshs + mfywhy (56)

s = mfs + mfwsw (57)

where subscripts s and w represent salt and water, and my is mass
fraction. The assumed conditions of the environment are as follows.
The seawater inlet for desalination is at temperature of 298 K, air
pressure of 1 atm, and salinity of 0.042%. The specific heat, the
enthalpy, and the entropy of the salt at Tp = 298 K are
cps = 0.8368 kJ/kg K, hs, = 20.92 k]J/kg, and S5, = 0.0732978,
respectively. Therefore, the enthalpy and entropy of the salt at
temperature T can be determined by Eqgs. (58) and (59) [40]

hs = h, + cps(T — To) = 20.92 + 0.8368(T — 298) (58)

Ss = Ss, -+ CpIn(T/Ty) = 0.0732978 + 0.8368In(T/298)  (59)

Mixing is an irreversible process, and thus the entropy of a
mixture at a specified temperature and pressure must be greater
than the sum of the entropies of the individual components (before
mixing) at the same temperature and pressure. The entropy of the
component per unit mole in an ideal solution at a specified tem-
perature T and pressure P is given by Eq. (60) [21].

§i = gL,];)Llre(Tv P) - Rulnxi (60)

The entropy of a saline solution, which is the sum of the en-
tropies of the salt and water in the saline solution, is given by Eq.
(61) [26].

S = X3§§ + XWEW
= Xs [Ss,pure(Typ) - Rulnxs] + Xs [Sw,pure(T,P) - Rulnxw}
= XsSs,pure (T, P) + XwSw,pure (T, P) — Ry (Xslnxs + xywInxs) (61)

The entropy of saline water per unit mass is determined by Eq.
(62) [21].
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Ssw = mfsss,pure(n P) + mfwsw,pure(T, P) — Ry(xsInxs + xwlnxy)
(62)

The exergy of a flow stream is given by Eq. (63) [23].

ex = h—ho—To(S—So) (63)

Then, the rate of exergy flow associated with a flow stream is
determined by Eq. (64) [23].

Ex = mfh — hg — To(s — so)] (64)

2.3.3. Definition of exergy and energy efficiencies and net power
generation of cogeneration systems

The first-law efficiency of each system is expressed in Eq. (65)
as the work or energy delivered, divided by the work or energy
input [8].

Nenergetic =

Edglivered (65)
Einput
The net power generation of each system is calculated as the GT

power generation minus power consumption of the total system in
Eq. (66) [5].

Wnet = WGT - Wconsumption (66)

The second-law efficiency of each component is the ratio of
the minimum exergy input required (which is equivalent
to the minimum work) to the total actual exergy input in
Eq. (67) [8].

_ Wmin B Exout — EXin 67
Nexergetic = = — (67)
Exin,total Exin,total

Therefore, the overall exergy efficiencies of the three considered
systems are determined by Eqs. (68)—(70).

o Wnetﬁrsl system EXS + Ex9 - EXG

Nexergetic - F g (68)
g first,system EXf —+ EX]
. _ Whetmen + EX3 + Exg — EXg (69)
nexergencsecond.system - EXf -+ EXl‘l
Wnetthnrd.system + EXS + EXQ — EXG 70
T’exergEticthird.system = ( )

EXf + EX”

2.4. Parametric analysis and optimization of cogeneration systems

To evaluate the effect of each major parameter on the cogene-
ration system performance, parametric analysis is conducted.
Parametric analysis of a cogeneration system shows its potential to
be optimized. For practical operation, the cogeneration systems
have many parameters that vary together, presenting a multi-
dimensional surface on which an optimal set of values can be
found [19,22]. In the present study, the overall exergy efficiency,
was selected as an objective function of the parameter optimization
in each cogeneration system (Egs. (68)—(70)), because it can eval-
uate the performance of the cogeneration systems. Parameter

optimization was achieved using a GA of MATLAB 7.11 to reach the
maximum exergy efficiency.

In thermal system optimization, it is useful to identify two
types of independent variables which are decision variables and
parameters. The decision variables are those that must be decided
in the optimization process. The parameters are the variables that
remain fixed in a given system. All other variables are dependent
variables which are calculated from independent variables with
thermodynamic relationships [51]. In this study, the decision
variables for the three systems are the compressor inlet air tem-
perature (T1) and the fuel-mass flow rate (mgye;). The operation
ranges of each variable are selected based on the working ranges
of the various parameters in the cogeneration systems. The con-
straints of the parameters are summarized in Table 4. Since the
systems are optimized under the same constraints for variables,
the theoretical conditions are just considered for rages of the
constraints but not the practical conditions. To satisfy the eco-
nomic aspect of the heat exchangers, the heat transfer tempera-
ture difference between the cold and hot streams was chosen to
be equal or greater than 10 °C.

24.1. GA

A GA is a parallel, iterative, and population-based search used
to find the optimal solution in a large solution domain by car-
rying out stochastic transformations inspired by natural evolution
[52—54]. The GA considers parameters as genes that form chro-
mosomes which represent solutions. Each gene controls one or
more features of its chromosome. A collection of chromosomes
creates a population. With a randomly generated population, the
algorithm begins using three genetic operators: selection, cross-
over, and mutation. Based on values of the individuals, the
chromosomes are selected for transition from the current popu-
lation by a selection process that is called the selection operator.
The crossover operator combines two chromosomes, called par-
ents, to generate two similar children. The crossover operator
continues this process until it completes the generation [55—58].
Because the selection and crossover may become overzealous, the
mutation operator performs random changes in the genes of
existing chromosomes [59]. Together, these processes (selection,
crossover, and mutation) are referred to as one generation. The
generational cycle stops when a desired termination criterion is
achieved [4].

Table 4

Optimization constraints of cogeneration systems.
Parameter Constraints Reason
GT—VCR—RO system
T1 14.84 < mygye < 35 °C Dew point
Meyel 0.007 < myye < 0.02 kg/s Availability
Ty >140 °C To avoid formation of sulfuric

acid in exhaust gases
Ts <1280 °C Material temperature limit
ATgya =10°C Commercial justification
ATcon >10°C Commercial justification
GT—AB—RO system
T; 14.84 < mgye < 35 °C Dew point
Meyel 0.007 < myye < 0.02 kg/s Availability
Tis >140 °C To avoid formation of sulfuric
acid in exhaust gases

T3 <1280 °C Material temperature limit
ATpes. =10°C Commercial justification
ATgya. =10°C Commercial justification
ATcon =10°C Commercial justification
ATaps. =10°C Commercial justification
ATygrsg >10°C Commercial justification
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3. Results and discussion
3.1. Parametric analysis and optimization results

Parametric analysis was performed to evaluate the effects of two
key parameters—the compressor inlet air temperature (T;) and the
mass flow rate of fuel (mse)—on the exergy efficiency of cogene-
ration systems. In the parametric analysis, one parameter was
varied, while the other was kept constant.

Fig. 7 shows the effect of the compressor inlet air temperature
on the exergy efficiency of the GT—-VCR—RO system (the second
system). At a fixed fuel-mass flow rate, the system exergy efficiency
increases with the decrease of compressor inlet air temperature to
around 26 °C and then decreases with the decrease of compressor
inlet air temperature. Because, based on the exergy efficiency
equation of the second system presented in Eq. (69), the exergy
efficiency of the system has a direct relationship with the net power
generation of the system. Since the net power generation of the
system increases and decreases with the decrease of compressor
inlet air temperature, therefore the system exergy efficiency in-
creases and decreases with the decrease of compressor inlet air
temperature. Fig. 8 shows the effect of compressor inlet air tem-
perature on the net power generation of the GT—VCR—RO system.
As shown in Fig. 8, at a fixed value of fuel-mass flow rate, the
system net power generation increases with the increase of
compressor inlet air temperature until the exergy efficiency of the
system reaches its maximum value and then it decreases. Increase
and decrease in system net power generation lead to increase and
decrease in system exergy efficiency, as shown in Fig. 7. Because the
net power generation is depended on the GT net power generation,
the RO power consumption, and the VCR power consumption, the
net power generation is estimated by investigating these three
power variations with respect to the compressor inlet air temper-
ature. As shown in Fig. 8, the power consumption of the RO is lin-
early decreased with the decrease of compressor inlet air
temperature and the power consumption of the refrigeration
compressor is nonlinearly increased, while the net power genera-
tion of the GT increases. It represents that the system net power
generation has a nonlinear (increase-then-decrease) relationship
with the compressor inlet air temperature.

Increase of the VCR’s compressor power consumption with the
decrease of compressor inlet air temperature is due to the increase
of the cooling load of the evaporator. Decrease of the power con-
sumption in the RO system is due to increase in feed water tem-
perature. This is because a decrease of compressor inlet air
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Fig. 7. Effect of compressor inlet air temperature on system exergy efficiency at fixed
fuel-mass flow rates for GT—VCR—RO system (second system).
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Fig. 8. Effect of compressor inlet temperature on system net power generation, RO
power consumption, VCR power consumption, and GT net power generation at fixed
fuel-mass flow rate for GT—VCR—RO system (second system).

temperature results in an increase of the evaporator cooling load,
which results in an increase of waste heat from the condenser.
Since the waste heat from the condenser was recovered to preheat
the feed water of the RO system, therefore decrease of compressor
inlet air temperature results in decrease of RO power consumption,
indirectly. Increase of GT net power generation with decrease of
compressor inlet air temperature is due to increase of air density.
Because the GT machines are constant-volume machines, increase
of air density results in increases in air mass flow rate, thereby
increasing GT power generation.

Fig. 9 shows the effect of the fuel-mass flow rate on the system
exergy efficiency at the fixed compressor inlet air temperature.
Increase of fuel-mass flow rate results in increase of exergy effi-
ciency until a given fuel-mass flow rate is reached, and then further
increase in fuel-mass flow rate results in decreasing exergy effi-
ciency. On the other hand, at a fixed fuel-mass flow rate, exergy
efficiency increases and decreases with increase in fuel-mass flow
rate, as already discussed by Fig. 7.

Fig. 10 shows the effect of the compressor inlet air temperature
on the system exergy efficiency for theGT — ACy,o_ipr — RO sys-
tem (third system). At a fixed fuel-mass flow rate, the system
exergy efficiency increases with the decrease of compressor inlet
air temperature. This can be explained through investigation of
variations of the net power generation with respect to compressor
inlet air temperature, as shown in Fig. 11: the net power genera-
tion of the GT subsystem increases with the decrease of
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Fig. 9. Effect of fuel-mass flow rate on system exergy efficiency at fixed compressor
inlet air temperatures for GT-VCR—RO system (second system).
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compressor inlet air temperature. Also, the power consumption of
the system, which is the sum of the RO pump and AC pump power
consumptions, decreases with the decrease of the compressor inlet
air temperature. The system power consumption decreases
because when the compressor inlet air temperature decreases, the
evaporator cooling load increases, and so the waste heat of the
absorber increases. Since the absorber waste heat is recovered to
preheat the RO feed water, the power consumption of the RO
decreases. On the other hand, the power consumption of the AC
pump increases with the increase of evaporator cooling load. Since
the decrease in RO pump power consumption is greater than that
of the AC pump, the net power consumption of the system de-
creases. The net power generation of the system increases, since
the net power generation of the GT subsystem increases and the
power consumption of the system decreases with decrease in the
compressor inlet air temperature. As shown in Fig. 10, increase of
the system net power generation leads to increase of the system
exergy efficiency.

Fig. 12 shows the effect of the fuel-mass flow rate on the system
exergy efficiency for the GT — ACy,o_1ipr — RO system. At a fixed
compressor inlet air temperature, as the fuel-mass flow rate in-
creases, the system exergy efficiency increases until maximum
exergy efficiency is reached and then it decreases. It represents that
the system exergy efficiency increases as the compressor inlet air
temperature decreases, which was discussed by Fig. 10.
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Fig. 12. Effect of fuel-mass flow rate on the system exergy efficiency at fixed
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Parametric analysis results of the systems indicate that, com-
pressor inlet air temperature and fuel-mass flow rate have great
influences on the system exergy efficiency. Therefore, parameter
optimization using a GA was conducted to obtain the optimal
operation conditions of the systems for maximum system exergy
efficiency. Table 5 lists the optimization results of the decision
variables of the compressor inlet air temperature (T7) and the fuel-
mass flow rate (msyel). As presented in Table 5, the compressor inlet
air temperature of the GT—VCR—RO system (second system) and
GT — ACy,0_1ijpr — RO system (third system) is decreased until
26.43 °C and 14.84 °C and the fuel-mass flow rate is increased until
0.0093 and 0.0098 kg/s. Table 6 compares the exergy efficiency,
energy efficiency, and net power generation of the optimized
cogeneration systems. The results show that the GT—VCR—RO
system (second system) and the GT — ACy,o_pipr — RO (third sys-
tem) are capable to increase the exergy efficiency by 2.89% and
3.79%, respectively, compared to the GT—RO system (first system).
Also, the GT-VCR—RO and GT — ACy,o_yipr — RO systems are able
to increase the energy efficiency by 3.22% and 4.21% and net power
generation by 32% and 38% respectively, compared to the GT—RO
system. The increase of the net power generation of the second and
third systems is not only due to the variations of the compressor
inlet air temperature, but also due to the variations of the fuel-mass
flow rate, because as presented in Table 5, the optimal values of the
fuel consumption in the second and third systems were obtained
0.0093 and 0.0098 kg/s respectively which are more than that of
the first system and the optimal values of the compressor inlet air

Table 5
Optimal operation parameters values of cogeneration
systems.

Parameter Constraints

GT—VCR—RO system (second system)

T1 2643 °C
Miyel 0.0093 kg/s
Ty 785.7 °C

T3 1279 °C
ATeon 11.17 °C
ACy,o—1ipr System (third system)

Th 14.84°C
Mpyel 0.0098 kg/s
Tis 561 °C

T3 1275 °C
ATygrsg 91 °C
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Comparison of exergy, energy efficiencies and net power generation of cogeneration systems.

351

Cogeneration system

Exergy efficiency (%)

Energy efficiency (%)

Net power generation (kW)

Exergy Compared to Energy Compared to Net power Compared to
efficiency first system efficiency first system (%) generation first system (%)
(capability) (%)
GT—RO (first system) 26.31 27.69 99.7
GT—VCR—RO (second system) 29.2 2.89 30.91 3.22 147.7 32
GT — ACy,0-1ir — RO (third system) 30.1 3.79 319 4.21 161.6 38
Table 7
Results of thermodynamic simulation for GT—RO system (first system).
Sub system Component State Pressure Temperature Mass flow Specific enthalpy Energy Exergy
point (kPa) (°C) rate (kg/s) (kJ/kg) (kw) (Kw)
GT Com. 1 101 35 0.3426 308.52 105.7 0
2 606 258.4 0.3426 553.61 183.5 82.09
CcC 2 606 258.4 0.3426 553.61 183.5 82.09
5 700 35 0.007 51,428 360 381.6
3 606 1100 0.3496 1482.55 518.3 358.7
GT 3 606 1100 0.3496 1482.55 518.3 358.7
4 103 657.2 0.3496 967.1 338.1 1343
RO Pump 6 101 25 0.3333 101.32 33.77 0
7 5835 25.01 0.3333 106.39 35.46 1.844
Mem 7 5835 25.01 0.3333 106.39 35.46 1.844
8 171 25.01 0.1 104.8 10.48 1.679
9 4335 25.01 0.2333 103.514 24.15 -0.9724

temperature in the second and third systems were obtained
26.43 °C and 14.84 °C which are less than that of the first system.
Since the GT — ACy,o_1ipr — RO system can increase exergy and
energy efficiencies as well as net power generation more than those
of the GT-VCR—RO and the GT—RO systems, the GT — ACy,o_pipr —
RO system is the best system among systems from the viewpoint of
thermodynamics.

3.2. Exergy analysis of cogeneration systems

The thermodynamic model presented in Section 2.2 was used to
calculate the thermodynamic properties of the three cogeneration
systems, and exergy analysis was performed to evaluate their
exergy destructions of the components.

Table 7 presents the simulation results of the GT—RO system
(first system) and Table 8 lists the exergy inputs and outputs as well
as exergy destructions. It was found that 73.69% of the total system
input exergy was destructed: 73.16% in the GT power plant sub-
system and 0.53% in the RO subsystem. In the GT power plant
subsystem, 1.084%, 42.66%, and 1.586% of the total system exergy
input were destructed in the air compressor, the CC, and the GT
because of the irreversibility of the compression, combustion, and

Table 8
Results of exergy analysis for GT—RO system (first system).
Component Amount Percentage
(kW) (%)
Exergy input 381.6 100
Exergy output 100.4 26.31
Exergy GT Air compressor 4136  279.19 1.084 73.16
destruction Combustion 162.8 42.66
chamber
Gas turbine 6.054 1.586
Exhaust 106.2 27.83
RO RO pump 0.2597 2.01 0.068 0.53
Membrane 1.137 0.3
Discharge 0.61 0.16

expansion processes, where 27.83% of the input exergy was dis-
charged to the environment through the exhaust. It was also found
that, 0.068%, and 0.3% of the total system exergy input in the RO
subsystem was destructed in the RO pump and the membrane due
to the irreversibility of the pumping process and the pressure drop
in the separation process. Note that 0.61% of the total exergy input
was discharged to the environment, by discharging permeate and
the high pressure brine streams.

For the GT—VCR—RO system (second system), Tables 9 and 10
list the simulation and exergy analysis results, respectively. It can
be seen in Table 10 that 70.8% of the total input exergy is des-
tructed: 70.48% in the GT power plant, 0.266% in the RO system and
0.059% in the VCR system. In the GT power plant, 39.52%, 1.23%, and
0.84% of the total system exergy input were destructed in the CC,
the GT, and the air compressor, respectively, due to irreversibility of
the processes, and 28.89% of that was discharged to the environ-
ment by discharging the hot gases from the exhaust. In the RO
subsystem, 0.21% and 0.035% of the total system exergy input were
destructed in the membrane and the pump due to the irrevers-
ibility, and 0.021% was discharged to the environment because of
discharging the exergy by the permeate and brine streams to the
environment. By comparing the destructed exergy in the RO sub-
system of the GT—RO system (first system) and the GT—VCR—RO
system (second system), it can be found that the exergy destruction
in the RO subsystem of the GT—VCR—RO system is 33.83% less than
that of the GT—RO system. Because the temperature of the RO feed
water was increased by recovery of the condenser waste heat,
which decreases the energy consumption of the RO pump, conse-
quently increases the total exergy efficiency.

In the VCR subsystem, 0.059% of the total system exergy input was
destructed: 0.029%, 0.019%, 0.005%, and 0.006% were destructed in
the evaporator, the compressor, the condenser, and the expansion
valve, respectively, due to irreversibility of the processes. The irre-
versibility in the condenser and the evaporator is due to the heat
transfer temperature difference between the hot and cold streams.

Tables 11 and 12 list the simulation and exergy analysis results
for the GT — ACy,o_rigr — RO system (third system). In Table 12, it
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Table 9
Results of energy thermodynamic simulation for GT—VCR—RO system (second system).
Sub system Component State Pressure Temperature Mass flow Specific Energy Exergy
point (kPa) (°C) rate (kg/s) enthalpy (kw) (Kw)
(KJ/kg)
GT Com. 1 101 26.43 0.3524 299.94 105.7 0.043
2 606 244 0.3524 520.71 183.5 73.59
CcC 2 606 244 0.3524 520.51 183.5 73.59
5 700 35 0.0093 51,428 477.73 506.392
3 606 1279 0.3614 1698.19 613.7 364
GT 3 606 1279 0.3614 1698.19 613.7 364
4 103 1279 0.3614 1113.44 402.4 146.3
VCR Eva. 11 101 35 0.3524 308.74 108.8 0
1 101 26.43 0.3524 299.94 105.7 0.043
12 511.5 16.43 0.0198 106.06 2.1 0
13 511.5 16.43 0.0198 259.59 5.14 0.0002
Com. 13 511.5 16.43 0.0198 259.59 5.14 0.0002
14 976.8 42.02 0.0198 274.24 5.43 0.267
Con. 14 976.8 42.02 0.0198 274.24 5.43 0.267
15 976.8 38.5 0.0198 106.06 2.1 0.03
16 101 25 0.3333 6.21 2.07 0
6 101 27.39 0.3333 114.85 38.28 -0.1339
Exp. 15 976.8 38.5 0.0198 106.06 2.1 0.03
12 511.5 16.43 0.0198 106.06 2.1 0
RO Pump 6 101 27.39 0.3333 114.85 38.28 -0.1339
7 4266 274 0.3333 115.81 38.6 1.218
Mem, 7 4266 274 0.3333 115.81 38.6 1.218
8 160 274 0.1 114.8 11.48 1.125
9 3642 274 0.2333 113.28 26.43 -0.96

can be seen that 69.9% of the total system input exergy was des-
tructed: 69.31% was destructed in the GT power plant subsystem,
0.34% was destructed in the ACy,_1jp; Subsystem, and 0.25% was
destructed in the RO subsystem. In the GT power plant, from the
total system exergy input 0.83%, 39.74%, 1.21%, and 0.82% were
destructed in the air compressor, the CC, the GT, and the HRSG,
respectively, where 26.71% of the input exergy was discharged to
the environment by the exhausted hot gasses, which is less than
that of the first system. Because some parts of energy in the exhaust
gasses were recovered in the HRSG which produces steam as a heat
source of the desorber of the ACy,o_jip, subsystem.

0.033% and 0.19% of the total system exergy input in the RO
subsystem were destructed in the pump and the membrane
because of the irreversibility of the pumping process in the pump
and the pressure drop through the membrane. Also 0.03% of the
total system exergy input was discharged to the environments by
permeate and the brine streams. The destructed exergy of the RO

Table 10
Results of exergy analysis for GT-VCR—RO system (second system).
Component Amount Percentage
(Kw) (%)
Exergy input 506.392 100
Exergy output 147.87 29.2
Exergy GT  Air compressor 4.252 356.9 0.84 70.48
destruction Combustion 200.1 39.52
chamber
Gas turbine 6.233 1.23
Exhaust 146.3 28.89
VCR Evaporator 0.142 0.296 0.029 0.059
Compressor 0.097 0.019
Condenser 0.027 0.005
Expansion 0.03 0.006
value
RO RO pump 0.176 1.33 0.035 0.266
Membrane 1.05 0.21
Discharge 0.104 0.021

subsystem of the GT-VCR—RO and the GT — ACy,o_1jgr — RO sys-
tems represents the exergy destruction of the RO part in the
GT — ACy,0_1igr — RO system is less than that of the GT-VCR—RO
system. Because the RO feed water temperature of the
GT — ACy,o_1ipr — RO system is higher than that of in the GT-VCR—
RO system, the pump energy consumption of the third system is
more decreased and the exergy destruction is more decreased than
the second system.

0.34% of the total system exergy input in the GT — ACy,o_ripr —
RO system was destructed in the ACy,q_rjp; Subsystem: 0.08%,
0.15%, 0.01%, and 0.06% in the desorber, the absorber, the evapo-
rator, and the condenser, respectively, were destructed due to the
irreversibility of the heat transfer in the finite temperature differ-
ence and 0.03% was destructed in the expansion valve due to the
irreversibility of the expansion process. On the other hand, the
exergy destructions of the pump and the SHX were considered
negligible.

The exergy analysis results of the three cogeneration systems
showed that the system performance can be improved in
following four ways: First, the exergy discharged to the envi-
ronment by the GT exhaust can be recovered as an energy source
for other process of the system using an HRSG; therefore, the
third cogeneration system (GT — ACy,o_jpr — RO) was suggested
to improve the system performance. However, the exergy of the
exhaust gas in the third system was not completely recovered in
the HRSG since the ACy,o_jp; subsystem was utilized only for
cooling the compressor inlet air temperature. Second, the exergy
of the discharged streams to the environment in the RO desali-
nation subsystem can be decreased with an ERD (energy recovery
device), which uses the brine stream exergy to generate some of
the power consumed by the RO pump, which leads to an increase
in the exergy efficiency of the system. Third, the components
with higher isentropic efficiencies can be used to reduce the
exergy destructions in the turbines, compressors, and pumps.
Fourth, the reduction of the heat transfer temperature difference
between hot and cold streams can reduce the exergy destructions
of heat exchangers, e.g., the evaporator, condenser, absorber,
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Table 11
Results of thermodynamic simulation for GT—ACy,—1g-—RO system (third system).
Sub system Component State point Pressure (kPa) Temperature Mass flow Specific enthalpy Energy Exergy
o) rate (kg/s) (kJ/kg) (kW) (Kw)
GT Com. 1 101 14.84 0.3666 288.32 105.7 0.2545
2 606 224.4 0.3666 500.54 183.5 73.65
cc 2 606 224.4 0.3666 500.54 1835 73.65
5 700 35 0.0098 51,428 506.53 536.92
3 606 1276 0.3761 1695.29 637.6 377.8
GT 3 606 1276 0.3761 1695.29 637.6 377.8
4 103 784.1 0.3761 11114 418 151.7
HRSG 4 103 764.4 0.3761 11114 418 151.7
18 102 653 0.3761 1088.8 409.5 145.4
19 1100 110 0.004 2562.5 10.25 2.047
17 1100 110 0.004 440 1.76 0.1635
ABC Des 20 1100 110 0.004 2562.5 10.25 1.997
21 1100 110 0.004 439.25 1.757 0335
26 7.445 53.61 0.008 116.25 0.93 0.1693
27 7.445 100 0.005 262.4 1.312 0.8326
30 7.445 50.84 0.003 2704.66 8.114 0.5443
Con. 30 7.445 50.84 0.003 2704.66 8.114 0.5443
31 7.445 40.16 0.003 175.33 0.526 0.0367
34 150 25 035 105.28 36.85 19.52
35 150 30.16 0.35 129.97 44.44 19.33
EXp. 31 7.445 40.16 0.003 175.33 0.526 0.367
32 3.169 25 0.003 175.33 0.526 0.1668
Eva. 32 3.169 25 0.003 175.33 0.526 0.1668
33 3.169 25 0.003 2655 7.965 ~0.082
11 101 35 0.3666 308.51 113.1 0
1 101 14.84 0.3666 288.32 105.7 0.2545
Abs. 33 3.169 25 0.003 2655 7.965 ~0.082
24 150 35 0.008 70.875 0.567 0
29 3.169 79.29 0.005 189 0.945 0.6138
16 101 25 03333 104.86 34.95 0
6 101 30.98 03333 129.88 43.29 -0.2871
EXp. 28 7.445 58.4 0.005 189 0.945 0.7594
29 3.169 79.29 0.005 189.06 0.9453 0.6138
Pump 24 3.169 35 0.008 71.125 0.569 0
25 7.445 35 0.008 75 0.6 0.0004
SHX 25 7.445 35 0.008 75 0.6 0.0004
26 7.445 53.61 0.008 116.25 0.93 0.1693
27 7.445 100 0.005 262.4 1.312 0.8326
28 7.445 58.4 0.005 189 0.945 0.7594
RO Pump 6 101 30.98 0.3333 9.87 329 -0.2871
7 4225 30.99 0.3333 130.39 43.46 1.045
Mem 7 4225 30.99 0.3333 130.39 43.46 1.045
8 151 30.99 0.1 129.8 12.98 1.157
9 3917 30.99 0.2333 127.73 29.8 -1.152
desorber, SHX, and HRSG. However, it is noted that it requires a
higher cost of heat exchangers.
Table 12
Results of exergy analysis for GT—ACy,o—1jg—RO system (third system).
4. Conclusions
Component Amount Percentage
(Kw) (%) . . .

- In this study, three cogeneration systems that combined GT
gigg g:ﬁ‘;;t ?g?gf ]gg . power plants and RO desalination systems were optimized based
Exergy GT  Aircompressor 4421 37214 083 6931 on exergy analysis. The main conclusions drawn from the present

destruction Combustion 2134 39.74 study are listed as follows:
chamber
Gas turbine 6.486 1.21 1. The influences of the compressor inlet air temperature and the
HRSG 4.433 0.82 . .
Exhaust 143.4 2671 fuel-mass ﬂpw rate Whl(.Zh affe;ct the sys.tt.em exergy efficiency
ABC Desorber 0.445 181 0.08 0.33 were examined and their optimal conditions were found for
Condenser 032 0.06 the maximum system exergy efficiency of each cogeneration
Expansion 0.17 0.03 system using a GA.
‘éi‘a"egrawr 006 001 2. Among the three cogeneration systems, the system with AC
Abszrber 081 015 (GT — ACy,0_1ipr — RO) was determined as the best system
Pump 0.0001 0 with the exergy and the energy efficiencies as well as the net
Solution HX 0.001 0 power generation of 30.1%, 31.9%, and 161.6 kW, respectively,
RO RO pump 018 136 0033 025 which are improved 3.79%, 4.21%, and 38%, compared to the
Membrane 104 0.19 base GT—RO system. Also the cogeneration system with
Discharge 0.137 0.03 ystem. & y

compression refrigeration cycle could increase exergy and
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energy efficiencies as well as net power generation by 2.28%,
3.22%, and 32%, respectively.

The exergy analysis results showed that the total system exergy
input of the GT power plant, the RO system, and the refriger-
ation system are destructed over 70%, 0.2%, and 0.06%,
respectively, where the largest exergy destruction occurs in the
combustion process of three cogeneration systems over 39%.
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Nomenclatures

A: pure water permeability, kg/m? s atm
A’: baffle parameter

Am: membrane area, m?

AC: absorption chiller

Abs.: absorber

B: salt permeability, m/s

C: concentration, ppm

CC: combustion chamber

Com.: compressor

Cond.: condenser

Cyq: total drag force

D: salt diffusivity, m?/s

Desor.: desorber

dp: hydraulic diameter of the feed spacer channel, m
Eva.: evaporator

ET: Expander turbine

Ex: exergy of stream, kW

ex: specific exergy, kJ/kg

FF: fouling factor

G: generator

GT: gas turbine

h: enthalpy

HRSG: heat recovery steam generator
hsp: height of the feed spacer channel, m
J: flux, kg/m? h

Kkgc: baffle parameter

Ks: mass transfer coefficient

I: length of filament in the spacer mesh, m
L: length of membrane element, m

LHV: Low heat value, kJ/kg

M;: molecular weight of solute
mem.: membrane

n: baffle parameter

p: pressure, bar

P: pump

AP: trans-membrane pressure, pa
Q: flow rate, m*/h

Q: heat rate, kW

r: pressure ratio

Re: Reynolds number

Ref.: refrigeration

RO: reverse osmosis

Ru: universal gasses constant, J/mol K
s: entropy, kJ/kg K

Sc: Schmidt number

Sh: Sherwood number

T: temperature, °C

TCF: Temperature correction factor
TMP: trans-membrane pressure

u: velocity, m/s

Vw: permeation velocity

VCR: vapor-compression refrigeration
W: shaft work

Subscripts

a: air

b: brine

f: feed water
g: flow gas

i: inner

m: membrane
o: outer

p: permeate
ref: refrigerant
s: salt

w: water

Greek

v: heat capacity ratio

n: efficiency

e: void fraction of the spacer
w: viscosity, kg/m s

7r: osmotic pressure, bar

p: density, kg/m>

w: width of the membrane, m
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