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ABSTRACT

Water and power cogeneration systems have been received more attention in recent years. In the
present research, in addition to techno-economic investigation of the integration of multiple effect
desalination/thermal vapor compression (MED/TVC) system and reverse osmosis (RO) system into
the gas turbine (GT) power cycle, the GT/MED-TVC/RO configuration is also proposed. At first,
the models used for GT, MED-TVC and RO systems are validated with the experimental data in the
literature and good correspondence is found. In this study, the effect of air temperature on the GT
stack outlet gases and the effect of seawater temperature on the MED-TVC GOR are investigated.
Moreover, using the RO energy analysis, the most suitable RO membrane is selected by considering
the permeate quality and membrane price. Then, the LCOE and LCOW for three scenarios of GT/
MED-TVC with 5000 m*/d, GT/RO with 5000 m*/d, and GT/MED-TVC/RO with MED-TVC and RO
water production rates of 2000 m*/d and 3000 m?®/d, respectively are determined. The results of the
economic analysis in three scenarios showed that the least electricity cost and the least freshwater
production cost belong to GT/MED-TVC and GT/RO configurations, respectively. Furthermore, the
effect of number of stages of the MED-TVC system on the energy and economy of the GT/MED-TVC/
RO configuration is explored. It was observed that increasing the number of effects from 4 to 7 has
no tangible effect on the LCOE. In addition, the output temperature and concentration of GT/MED-
TVC/RO plant at different number of MED-TVC effects is determined. Finally, the effect of fuel cost
and desalination system scale on the LCOW and LCOE at three configurations are investigated.
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1. Introduction

Approximately 97.5% of the water on our planet is
located in the oceans and therefore is classified as seawater
[1]. Of the 2.5% of the planet’s freshwater, approximately
70% is in the form of polar ice and snow and 30% is ground-

*Corresponding author.

water, river and lake water, and air moisture [1]. So even
though the volume of the earth’s water is vast, less than 35
million km? of the 1386 million km?® of water on the planet
is of low salinity and is suitable for use after applying con-
ventional water treatment only [1]. According to these inter-
pretations, it seems that the freshwater crisis is one of the
greatest problems facing contemporary humans. According
to the conducted studies by the International Water Man-
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agement Institute, in 1950, twelve countries with a popula-
tion of about 20 million people were faced with a shortage
of water [2]. In 1990, it reached 26 countries with a pop-
ulation of about 300 million and around ten years later, it
is expected that 65 countries with a population of about 7
billion will encounter scarcity of water [2]. The energy crisis
besides water crisis is also one of the upcoming challenges
in the last century that requires high-efficiency systems.
Hence, the investigation of water and power generation sys-
tems has received considerable attentions in recent years. In
these systems, the exhaust heat from GTs or other power
cycles is used as the thermal source for thermal desalina-
tion systems. This causes recovery enhancement and fuel
consumption reduction for cogeneration system. Also, it is
possible to combine thermal and membrane desalination
systems to produce more drinkable water.

In 2011, Gomar et al. [3] have done widespread research
on techno-economic analysis of various types of desalina-
tion systems in Asalouyeh.

Many types of research have been done on the simula-
tion of combined power and water production systems. In
2013, the combination of Concentrating Solar Power plants
(CSP) with MED & RO desalination systems were investi-
gated by laquaniello et al. [4]. They examined economic
analysis including some criteria such as power availability,
water production rates and environmental benefits. They
concluded that if the combined system applied, the water
production cost decreases by about 8.8%. The combination
of MED-RO desalination units with fossil fuel based utility
steam network was investigated by Khoshgoftar-Manesh et
al. [5]. The total site analysis and an exergo-economic opti-
mization were applied to find the optimal coupling of site
utility and MED-RO desalination system. Loutatidou et al.
presented an elementary techno-economic analysis of RO
and MED using low enthalpy geothermal energy [6]. They
conducted the geothermal MED desalination, driven by
direct utilization of geothermal heat, and geothermal RO
powered by a geothermal binary power plant. They con-
cluded that the geothermal RO could potentially be a very
cost-effective option for seawater geothermal desalination in
the Gulf Cooperation Council (GCC) countries. Mahbub et
al. presented the combined water and power plant (CWPP)
concept to use the power plant at the rated conditions for the
most of the time [7]. They analyzed a combined cycle power
plant with MSE, MED, RO, MSE-RO hybrid or MED-RO
hybrid configurations. They found that the production cost
and specific energy consumption of the MED/RO were
lower than the MSF/RO. The conceptual design of two new
fuel cell-desalination systems (FC/RO and FC/MED) were
evaluated by Al-Hallaj et al. [8]. They found that the energy
requirement for desalination system is reduced by 8% if the
RO input water would be preheated by using the output gas
from FC. According to the results of that study, by adding the
FC to the desalination systems, the FC waste heat could be
used in thermal desalination system and its electricity might
be used in RO system to produce fresh water. Ansari et al.
[9] utilized three optimization scenarios to optimize dual
nuclear power and desalination system. Thermodynamic
modeling was performed based on the energy and exergy
analysis, while the total revenue requirement (TRR) method
was used for economic analysis and the genetic algorithm
(GA) was applied for thermo-economic optimization.

Multi-objective optimization of MED/TVC-RO hybrid
desalination systems based on the irreversibility concept
were performed by Sadri et al. [10]. Following the math-
ematical modeling via applying energy and concentration
conservation laws, the exergy destruction (chemical and
physical exergy), exergetic efficiency and system perfor-
mance were assessed. The final goal of the optimization was
the determination of the best trade off between the exergetic
efficiencies of MED and RO. The optimum design led to the
selection of a MED-RO hybrid system with the highest exer-
getic efficiency.

In a study by Filippini et al. [11] performance analysis
of different configurations of hybrid MED/TVC and RO
desalination systems were carried out. In the first configu-
ration, the seawater feed is split between the two systems,
which operates un-connectedly. In the second configura-
tion, the membrane process is partially or fully fed with
the rejected brine of the thermal process, while in the third
configuration the thermal process is partially or fully fed
with the rejected brine of the membrane process. These
configurations were compared based on the performance
indicators including energy consumption, the fresh water
productivity, fresh water purity, and recovery ratio. Results
showed that placing the RO membrane process upstream
in the hybrid system generates the overall best configura-
tion in terms of the quantity and quality of produced fresh
water. In a recent study by Al-Obaidi et al. [12], an eco-
nomic assessment and optimization of the best mentioned
configuration [11] of the hybrid desalination systems were
explored. Using the economic model, the variation of the
overall fresh water cost with operating conditions, namely
steam temperature and steam flow rate for the MED/TVC
system and inlet pressure and flow rate of the RO system
were investigated.

In Iran, RO is the major desalination unit. The only GT/
MED-TVC power plant of Iran is located in Qeshm Island
which is capable of delivering 18000 m® of fresh water per
day [13]. In some combined water and power plants (CWP)
in the world like Gheshm CWP, despite reducing the pro-
duced fresh water temperature by the condenser after the
last effect, as well as directing the fresh water to the stor-
age tank, the temperature of the delivered fresh water to
the users is not suitable for drinking which may be due
to the high ambient temperature of the plant location. On
the other hand, the RO permeate has high concentration,
whereas the produced fresh water by MED/TVC is nearly
salt free and according to the international standards of
the World Health Organization (WHO), salinity of good
quality drinking water should be below 300 ppm [14]. The
combination of RO and MED/TVC unit is one of the alter-
natives that is suitable to decrease the temperature of pro-
duced fresh water that is delivered to the users because of
the low output temperature of permeate that is extracted
from the RO unit (nearly 25). Moreover, the combination of
RO and MED/TVC units is suitable to decrease the TDS of
the RO permeate by mixing up with fresh water produced
by MED/TVC. Hence, in this study, the hybrid GT/MED-
TVC/RO configuration is proposed to produce simultane-
ously power and drinkable water with suitable quality and
at reasonable cost. In fact, in GT/MED-TVC/RO configu-
ration by mixing the desalinated water (with higher con-
centration and lower temperature) produced by GT/RO
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configuration with the one (with lower concentration and
higher temperature) by GT/MED-TVC configuration, in
addition to have suitable combined temperature, the usage
of additives to the permeate is eliminated or minimized in
post treatment process of MED/TVC. The cost of additives
is a considerable cost in the MED-TVC system. This makes
a drinkable water with suitable temperature and TDS at
reasonable cost to the users. The net outcome of the above
literature review showed that a comprehensive techno-eco-
nomic analysis of the hybrid GT/MED-TVC/RO system
and its comparison with two CWP configurations, namely
GT/MED and GT/RO to determine the water production
costs and levelized cost of electricity for these three config-
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Fig. 1. Schematic of GT/MED-TVC configuration.
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Fig. 2. Schematic of GT/RO configuration.
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urations has not yet been fully investigated, an issue which
is studied in the present work.

2. Methodology

In this study, three different CWP configurations (GT/
MED-TVC, GT/RO and GT/MED-TVC/RO) with the net
electricity generation and total water production rates
of 12 MW and 5000 m?®/d, respectively are investigated.
The process flow diagrams of these configurations are
schematically depicted in Figs. 1-3. In the GT/MED-TVC
shown in Fig. 1, the exhaust flue gases from the gas tur-
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Fig. 3. Schematic of GT/MED-TVC/RO configuration.

bine cycle flow through the heat recovery steam generator
(HRSG) shell and provide vapor which is directed to the
first effect of the MED-TVC desalination unit. Seawater
sprays on the MED-TVC tube bundles of each effect and
evaporates. The steam generated in the first effect flows
to the next effect and the same phenomenon taken place
at subsequent effects. Desalinated water produced in each
effect, is collected as distillate. For the GT/RO plant as
shown in Fig. 2, the net generated electricity from GT cycle
provides the required energy for the RO pump such that
the feed water could be passed through the membranes of
the RO unit and made fresh water. In the GT/MED-TVC/
RO configuration shown in Fig. 3, the waste heat of the
GT stack and the net generated electricity from GT cycle
are utilized to run the MED-TVC and RO desalination sys-
tems. It should be noted that at three mentioned configura-
tions, the GT cycle should produce the required electricity
of desalination systems in addition to the net electricity
generation rate of 12 MW which should be delivered to the
user. Moreover, as it is seen in Fig. 3, the produced fresh
water by the MED-TVC and RO desalination systems are
blended together to make a drinkable water with suitable
TDS and temperature.

To achieve the techno-economic analysis of the hybrid
GT/MED-TVC/RO system and its comparison with two
CWP configurations, namely GT/MED-TVC and GT/RO,
after thermodynamic modeling of the GT cycle including the
air compressor, the combustion chamber and the gas turbine
at section 2.1.1, the HRSG modeling is provided at section
2.1.2. Sections 2.1.3 and 2.1.4 are devoted to the modeling

vapor

Drinkable water with suitable
TDSand temperature

brine

of MED-TVC and RO desalination systems, respectively.
Finally, the levelized cost of electricity and water, payback
period as well as the desired techno-economic comparison
are made by the aid of materials presented at section 2.3. To
achieve the objective mentioned above, MATLAB and EES
codes based on the solution strategy presented in section 2.4
are developed.

2.1. Modeling
2.1.1. Gas turbine cycle

To find outlet temperature and gas flow rate of the gas
turbine, a simulation program was developed in EES soft-
ware. In this section, modeling of different parts of the gas
turbine cycle is carried out.

2.1.1.1. Air compressor

Air is entering the compressor at the ambient pressure
(1 bar) and temperature (T,) The compressor outlet tem-
perature (T)) is a function of compressor pressure ratio (r, ),
compressor isentropic efficiency (7,-) and specific heat
ratio (k) as follows:

1 k,—1
T,=Tx|1+—/r " -1 1)
TMac

The compressor power and specific heat at constant
pressure can be expressed as [15]:
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W, =1i1,C

a~pa

(T,-T,) )

3.83T 9.45T?
C,(T)=1.048- + -
(1)=1018- (20T (240

5.49T° 7.92T*
10" + 10™

2.1.1.2. Combustion chamber

®)

Energy balance equation for combustion chamber
which is a function of air mass flow rate, fuel lower heating
value (LHV) and combustion efficiency (7. ) is as follows:

tit, by, + 1, LHV = i1 b, + (17, )it LHV )

Because of pressure drop across the combustion cham-
ber, the combustion chamber outlet pressure is described by:

b
7 =(1-2ak,) (5)

2

where AP, is the pressure loss across the combustion cham-
ber. The combustion equation of the natural gas fuel with 90%
of CO, and its species coefficients can be expressed as follows:

CH,+2xY(0,+3.76N,) — pCO, +(1-p)CO +

2H,0+2xYx3.76 N, +|2Y —p— - -1|0,
Neo, =P (7)
neo=1-p ®)
Mo =2 )
ny, =2XxYx3.76 (10)
o, =2Y—p—(1_ij—1 a1
AF =2Y x4.76 X M, (12)
CH,
i, = AF X i1, (13)
vy percent of theoretical air (14)
100
_ percent of CO, (15)
100

where AF is the molar air to fuel ratio, Mf and M, are molar
mass of the fuel and air, respectively.

2.1.1.3. Gas turbine

The gas turbine outlet temperature (T,), which is a func-
tion of gas turbine isentropic efficiency (7, ), the gas tur-

bine inlet temperature (T,) and gas turbine pressure ratio
(?3) is presented as follows:
4

1-k,

AL
T,=T,| 1=715; 1_(F2J

(16)

The GT output power (W), GT mass flow rate (11, )
and the net output power (W, , ) are determined as follows:

Wer =, C, (T, - T,) (17)
tit, =it + it (18)
aner = WGT - WAC (19)

where Cpg is presented as follows [15]:

6.997T | (2.712T% | (1.2244T°
Cpg(T)=O.991+( 0 j+[ 7 ]—( 0" ] (20)

2.1.2. Heat recovery steam generator

The Heat Recovery Steam Generator (HRSG) includes
an economizer and an evaporator which produces the
required motive steam for MED/TVC system.

Because the dry steam is used as the motive steam in the
MED/TVC, the super heater section is not needed for the
boiler. The HRSG design in the actual technology is based
on the concepts of pinch point and approach point, which
define the steam and gas temperature profiles. The pinch
point temperature difference is the difference between the
hot gas temperature at the evaporator exit and drum satu-
ration temperature (T,,,,..), and the approach temperature
is the difference between drum inlet water temperature and
the saturated temperature. The pinch point and approach
point are calculated using Eq. (21), (22) [16]:

Tpin = Tg - Tsat@Drumpressure (21)
Tapp = T;at@Drumpressure ) (22)

The energy and mass balance equations for the econo-
mizer and evaporator are demonstrated as follows:

Evaporator:

Mmhfg = mgcpg (Tg in Tg) (23)
Economizer:

Mmcpl (TZ - Tl) = mgcpg (Tg - Tg,oul) (24)

For designing the HRSG system, it is essential to calcu-
late the heat transfer areas which can be obtained by [17]:

__ 0
UATLMTD
where, Q and AT

 Alvro
temperature difference.

(25)

are heat flow rate and logarithmic



A. Javadpour et al. / Desalination and Water Treatment 159 (2019) 232-249 237

Logarithmic mean temperature difference and overall
heat transfer coefficient can be determined as follows:
AT — AT

AT — F X max min
LMTD T ATmaX (26)
In| —max
A’Tmin
d
d,In| =
1 1 A . A1 A 4 (27)
—= +f+——f+ +
U noho Awi Awi hi Aw 2Km

where, F_ is a coefficient representing the angle of incidence
between gas flow and pipes [18].

In this research, “U” was assumed to be in the range of
20-50 (W/m?*K) for economizer and in the range of 70-110
(W/m*K) for evaporator. Therefore, U was considered as
the average value of this ranges that is 35 (W/m?K) for
economizer and 90 (W /m?K) for evaporator [18].

2.1.3. MED/TVC desalination system

The parallel-cross feed MED/TVC plant includes con-
denser, flashing boxes, thermal vapor compression and
evaporators.

¢ To perform the thermodynamic modeling of the MED/

¢ The plant is operated at steady-state condition.

¢ Temperature difference in each effect is assumed to

be the same.

The distillate is salt free.

The flow rate of all effects is the same.

e Heat losses from all the components of the MED/
TVC are negligible.

¢ The salinity of first effect brine is 70000 ppm.

In the present study, the actual data of the Tripoli plant,
located in Italy were used [17] to validate the accuracy of
the results. In order to determine the thermal performance
ratio, heat transfer area and flow rate of produced water,
three groups of equations were solved; a) the mass, energy
and salinity balance equations [Egs. (31)—(35), Table 1], b)
the required heat transfer area for each effect and condenser
[Egs. (36)—(39), Table 1].

The ratio of motive steam to entrained vapor (M /M, ) is
the most essential part in modeling the MED/TVC desali-
nation system. This ratio is a function of motive steam pres-
sure (P ), compressed vapors pressure (P ) and the pressure
of entrained vapor (P ), as follows: ‘

The semi-empirical method developed by reference [20] is
applied to calculate entrainment ratio that is given as follows:

119

TVC system, the following assumptions are considered: ~ R, =0.235% Ps —r X Er®® (30)
Table 1
MED/TVC equations [19,20]
Equations Descriptions
D, = ( M+ Mw) A-F-C, (T] _ Tf) Energy balance of effect 1 (31)
, , Energy balances of effect 2 to n (32)
Di ';“i = (DH '/11'71 +di—l '/11'71 +dz>1 ' ﬁ’i—l)_E ' Cp (Tz _Tf)+ 8
Bi—l 'Cp : (TH - Tx)
) Mass fl te of flashed off f the bri 33
.- B XCP X(TH _’Tz) ass flow rate of vapor flashed off from the brine (33)
1 l,
T _T” Mass flow rate of vapor formed in the flash box (34)
di,z D, ch X#
COR = D, Gain output ratio (35)
M,
A M -2 Heat transfer area of effect 1 (36)
"u(T-T)
(D +d 1) D d A Heat transfer area of effect 2 ton (37)
14X — 11— 11— 11— 11— 1—
u,-(T,, -T,)
n Total heat transfer area of effects (38)
Atot = Ar
i=1
M A Heat transfer area of condenser (39)
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2.1.4. RO desalination system

The RO system was designed for full load operation
(24 h/d) and 40% recovery. The feed water is preheated
physically and chemically and then it is pumped to the
RO membranes configured in standard pressure vessels
(6 membranes per pressure vessel) [21]. Also, the most
designed system with 40-45% recovery ratio has the
same configuration. The total number of membranes
needed was calculated by changing feed water flow rate
to reach the adequate recovery ratio of 40-45% and the
permeate water with acceptable quality of 300-600 ppm).
The design assumptions of the RO system are summa-
rized in Table 2.

The high pressure pumps consume almost 74% of total
energy consumption in RO system. The rest is divided
according to the energy cost breakdown for a Sea Water
Reverse Osmosis (SWRO) desalination plant, as given in
[22]. ROSA software, which is developed by DOW chemical
company [22], was used to calculate the energy consump-
tion of the high pressure pumps by applying the Persian
Gulf's seawater salinity and temperature for the specific
recovery ratios. Assuming high pressure pump efficiency
is 90%, the specific energy consumption of the plants was
assumed to be 4.2 kWh/m?®.

2.2. Economic analysis

Two desalination plants (MED and RO) were assumed
to be powered by a gas turbine with 24 h full load operation
and 12 MWh capacity. Both desalination plants are assumed
to be located at seashore (approximately 1 km of the shore)
and the intake water to these systems is a composition of
Persian Gulf seawater (30 and 46000 ppm). The economic
analysis of the dual purpose system (electricity/water)
includes all the costs over its lifetime such as the capital
direct costs (DC) and indirect costs (IC), the operation and
maintenance cost (O&M), and the fuel costs. The levelized
cost of energy (LCOE), and levelized cost of water (LCOW)
definitions were used to determine the unit costs of elec-

Table 2
Input data and assumptions used in the design of the RO plant

Parameter Value
Operation time per day 24 h
Number of passes 1

Water recovery per pass 40%
Efficiency of RO

Pump efficiency 0.9
Flow factor 0.85

RO membrane features

Membrane type SW30XHR-400i
Active surface 3716 m?
Element diameter 7.87 in
Maximum operation pressure 83 bar
Minimum salt rejection 99.6 %

Number of elements per pressure vessel 6

tricity and water. The LCOE and LCOW are the unit prices
of the electricity and water over the lifetime of the project,
respectively. The capital recovery factor (CRF) was used to
convert the direct and indirect cost to annualized form over
the life time (1) of a project:

.. 1+ AN
CRF(i,n) = M (31)
(1+4)" -1
where “i” is the annual real interest rate and the life time of

the project were considered as 2.56% and 25 years, respec-
tively [23]. The annualized costs were achieved by multi-
plying the CRF by capital costs of the system as follows:
Ceapex = CXCRF(i,n) (32)
Applying the direct and indirect costs, the CRF, the
operation and maintenance costs and the amount of fresh
water production and electricity generation over a year, the

LCOE ($/kWh) and LCOW ($/m?) of the system were cal-
culated using the following equation [11]:

LCOE = CCAPEX (D) + CCAPEX (ID) + Csp + Clns + CL + Cf (33)
AEG
CCAPEX (D) + CCAPEX (ID) + CSP + Clns 34
L cow = 6+ Cummor + Caeny + Carro G4
AWP
where C_ .. (D), C_,,.(ID) are total direct and indirect

capital expenditure of the desalination plant, respectively
(USD $/y), AWP: annual fresh water production (m?/y),
AEG: annual energy generation (kWh/y), C, : cost of insur-
ance (USD $/y), C_: cost of spare part’s replacement (USD
$/y), C,: cost of labor (USD $/y), C, .\ z0): cOSt of membrane
replacement (USD $/y), C: cost of fuel (8/y), C,,.z0r Curo)
are electricity costs of ME]S and RO, respectively. The elec-
tricity consumption of MED and RO units were considered
to be 1.55 kWh/m?® and 4.2 kWh/m?, respectively [24]. The
specific cost of labor for MED is the double of RO according
to [25]. The direct RO costs were considered to be 900 ($/
m?/d) that was used for RO plants in Persian Gulf [24]. The
instrument includes air compressor, combustion chamber,
gas turbine, heat recovery and steam generator, pump,
MED/TVC and RO system. The direct cost of the CHP and
HRSG systems are shown in Table 3 and the direct cost of
the MED/TVC system is presented in Table 4. Also, the
assumptions applied in the indirect and operation costs of
the systems are summarized in Table 5

SPB (simple payback time) was chosen as the main objec-
tive function for the techno-economic analysis. SPB is stated
as the period of time needed to achieve the break-even point:

L * L oerai

SPB = total operation (35)
Rel +R “fresh

Ztotul (DC + INDC) = Zmrb + denerator + Zcombustion (36)

V4 + ZHRSG + ZMED—TVC + ZRO

‘compressor

where, R, and R, , are the revenue of the plant deriving
from the electricity production and the revenue related to
the sale of desalinated water, respectively.
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Table 3
Capital cost of the gas turbine cycle and HRSG systems
Instrument Capital cost of instrument Reference
Gas turbine Z,us = W,,,(1318.5-98.3281In (W, )| [23]
HRSG (23]

Zirsc = 8500+ 409( A, 56

)085

Air compressor 3950 (P, P, [26]
Zye =—"—| = |In| ==
0.9- Nac ljsuc Psuc
Combustion chamber [23]
Z, = &8’"1; [1+exp(0.018T, ~26.4)]
0.995-—=
P7
Generator 0.95 [23]
generator = 60([/\/turhine - chompr@ssur)
Table 4 1. The GT cycle is simulated by the aid of Egs. (1)-(20)

Direct costs of MED/TVC desalination unit with capacity of
5000 m*/day [10]

Main investment ($/m?*/day) 1700
Post-treatment plant ($/m?/day) 120
Open sea water intakes ($/m?/day) 313
Drinking water storage and pumping ($/m?®/day) 100
Water storage tank ($/m?/day) 100

Table 5

Indirect and operation costs of the system [10]
Indirect cost (IC)
Freight & insurance rate during 5.00% DC
construction
Owner’s cost rate 10.00% of direct

material and labor cost

Contingency rate 10.00% of DC
Construction overhead 12.24% of DC
(interest during construction)
Operation costs (OC)
Spare parts replacement 1.5% of total DC
Insurance 0.05% of total DC
Natural Gas auxiliary boiler costs  0.02
($/m?)
Labor cost of product water 0.1
($/m?)
Electricity cost Depend on LCOE

2.3. Solution algorithm

In this study Matlab & EES codes were developed to
solve the set of equations. The solution strategy could be
briefly described as follows:

in EES and the temperature of gases at the stack out-
put is calculated.

2. MED/TVC GOR is calculated with the aid of Table 1
in Matlab.

3. The permeate concentration, flow rate and recovery
ratio of RO plant is calculated by ROSA software.

4. The levelized cost of electricity and water as well as
payback period are calculated using Eqs. (42)—(44)
with the aid of Tables 3-5 in Matlab.

3. Validation

In this section, the models developed for GT, MED-TVC
and RO systems are individually validated against those of
several previous studies found in the literature.

3.1. Gas turbine

A computer program was developed in EES software
for solving the mathematical model of the Gas turbine cycle
that is composed of a compressor, a combustion chamber
and a turbine. The results were compared with the actual
data from a typical GT located at Riyadh [27]. The valida-
tion of GT is described in Table 6.

3.2. MED/TVC

For solving the mathematical model of the MED/TVC
system, a computer program was developed in MATLAB.
The results were compared with the actual data from the
Tripoli [19] and Umm Al-Nar [28] desalination plants. Trip-
oli plant consists of two units of 5000 m?/d low tempera-
ture horizontal tube multi-effect distillation with thermal
vapor compressor, each effect includes a condenser and
four effects. The Umm Al-Nar (UAN) plant consists of
seven multi stage flash (MSF) desalination units and two
MED units. The unit capacity of MED plant is 3.5 MIGD
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(million imperial gallons per day), and the thermal energy
requirement is 85 ton of low-pressure steam per hour [28].
The validation of MED-TVC is described in Table 7.

Table 6
Comparison of the present GT simulation results with the
experimental data of GT located at Riyadh

Designed model  Actual data from GT
located at Riyadh
T, (°C) 254 254
P, (kPa) 96.4 96.4
T,(°C) 1105 1105
T 10.83 10.83
ti1, (kg / s) 180 180
Nyc(%) 84 84
Ner (%) 4 4
W_..(MW) 59.61 58.1
W, (MW) 121.48 120.64
Table 7
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3.3. RO

The RO experimental data were collected from an indus-
trial plant with a capacity of 380 m®/day located in Santo-
rini Island [29]. The plant includes 6 pressure vessels, each
one containing six membrane modules. The SW30HR-380
membranes were considered in the present work.

The validation of designed model with the experimen-
tal data from an industrial plant were expressed in Table 8
for feed pressures of 62 bar and 57 bar, respectively.

4. Results
4.1. Effect of air temperature on the GT stack outlet gases

The power output ratio of the plants was assumed to be
12 MWh. The temperature of inlet seawater to the condenser
of MED plant during the cold seasons (October to March)
and warm seasons (April to September) of the year is one
of the important design parameters. The average seawater
temperature of the Persian Gulf was assumed to be 32°C in
the warm seasons and 27°C in the cold seasons. By changing
the air temperature during the year, the outlet gas flow rate
of the GT stack also changes. Hence, assuming the constant
inlet and outlet temperature and mass flow rate of water in

Mathematical model comparison of MED/TVC against three commercial plants with same number of effects

Designed model ~Actual data of ~ Designed model Actual data of
Tripoli [17] Umm plant [25]
Number of effects n 4 4 6 6
Motive pressure P, (kPa) 2300 2300 2500 2500
Top brine temperature T, (°C) 60.1 60.1 61.8 61.8
Minimum brine temperature T (°C) 454 454 42.8 42.8
Feed seawater temperature T, (°C) 41.5 41.5 40 40
Cooling seawater temperature T, (°C) 315 315 30 30
Motive steam flow rate D, (kg/s) 8.8 8.8 21.2 21.2
Temperature drop per effect, AT (°C) 49 49 3.8 3.8
Entrainment ratio (Ra) 141 141 1.36 1.36
Expansion ratio (ER) 2409 2409 29994 299.94
Compression ratio (CR) 2.66 2.66 312 312
Distillate production D (kg/s) 58.2624 57.8 186.379 184.4
Gain output ratio (GOR) 6.6207 6.51 8.7915 8.6
Table 8
Comparison of the designed model and the experimental data for 62 and 57 bar feed pressure
Designed model Experimental data [27]  Designed model Experimental data [27]
(62 bar) (62 bar) (57 bar) (57 bar)
Q,(m*/h) 43.58 43.58 43.58 43.58
X (mg/1) 42000 42000 42000 42000
T.(°C) 25 25 25 25
N, 6 6 6 6
embrane 36 36 36 36
X, (mg/1) 329.75 380 360.76 395
Q, (m3/h) 15.06 15.71 13.03 13.62
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the HRSG system, the variation of the air temperature causes
changing the outlet gas temperature in the HRSG. In this
section, the effect of compressor inlet air temperature on the
HRSG outlet gas temperature was investigated for GT/MED
and GT/MED-TVC/RO configurations by employing Egs.
(16)—(20). As shown in Fig. 4, by increasing the compressor
inlet air temperature, the HRSG outlet gas temperature is
increased. Increasing the compressor inlet air temperature
causes the outlet gas temperature enhancement for both GT/
MED-TVC and GT/MED-TVC/RO systems.

4.2. Effect of seawater temperature on the MED-TVC GOR

One of the parameters that was considered in the cur-
rent study is the input seawater temperature. Considering
the changes in seawater temperature during different sea-
sons of the year, the effect of increasing seawater tempera-
ture on the GOR of the system was investigated using the
equations shown in Table 1. Fig. 5 shows monthly variation
of the input seawater temperature [30,31] and its effect on
the GOR of the system. The input data of Tripoli plant [17]
that are given in Table 7 are used for calculating GOR, but
with 6 effects. As it is shown in this figure, the highest per-
formance ratio belongs to August, and the lowest belongs
to February. In fact, the higher seawater temperature entails
the higher feed water temperature that is sprayed into
the effects, which consequently causes to have the greater
GORs in warm months [Eq. (35)].

4.3. RO energy analysis

In order to simulate the reverse osmosis system, the
quality of fresh water and the prices of membranes should
be considered. For this purpose, the permeate concentration
(X)), the permeate flow rate (Q ), the recovery ratio and the
price of the membranes were calculated for 13 different types
of membranes in order to choose the most appropriate one.

165 s
160 | GT/MED a4
B - i = GT/MED/RO ’

155 L2 4352
150 e
< 145 4348
e -
: 346 §
. 140 4346 E‘
135 i
130 F i
125 e
. 1 1 L L 33
1205 20 25 30 35 40°°

“Tair (°C)

Fig. 4. Effect of the compressor inlet air temperature on the
HRSG outlet gas temperature, at GT/MED and GT/MED/RO
configurations.

As mentioned formerly, this analysis was done with
ROSA software which contains six tabs:

1. Project information: Flow, pressure and temperature
units are defined in this table. Also, the balance anal-
ysis can be done with different kinds of salts, NaCl is
chosen in the present analysis.

2. Feed water data: In this tab the feed water character-
istics such as temperature, flow rate, water type and
total dissolved (TDS) solids soluble in feed water are
defined. The TDS was set as 46000 mg/L based on
the Persian Gulf seawater salinity.

3. Scaling information: This tab is only activated when
in the feed water data tab, the individual solutes
specified by user.

4. System configuration: In this tab the main param-
eters for designing the RO system is specified, this
parameters are shown in Table 9. Also, the specific
energy consumption of the plant was assumed to
be 4.2 kWh/m?based on the Persian Gulf seawater
salinity [24].

5. Report: After specification of the input parameters,
the ROSA report presents the final information such
as the system recovery and the flow rate, pressure
and TDS of the permeate and brine water.

6. Cost analysis: In this tab the input parameters such
as project life, interest rate and element cost should
be imported and then ROSA gives the capital and
operating costs of the system.

The input requirements for the software are shown in
Table 9. Also, the simulation results of the RO system are
presented in Table 10.

According to the results of Table 10, the selected mem-
brane was SW30XHR-400i by considering the permeate
quality and membrane price.

34 10.5

Tsw (°C)

20 | - I ] !
= 2 4 6 8 10 128
Month of the year from Jan to Dec

Fig. 5. Monthly variation of the inlet seawater temperature and
its effect on the GOR of the system.
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4.4. GT/MED-TVC, GT/RO and GT/MED-TVC/RO
configurations

The combination of thermal and membrane water dis-
tillation technologies is usually considered in the GT or
Rankine cycle (RC) power plants. In the RC power plants,
the MED unit is replaced by condenser of the cycle, or part
of the high pressure steam of the steam turbine is used
as the motive steam of the MED/TVC unit. This causes
decreasing the RC electrical efficiency. However, in the
GT power plant, the waste thermal energy in the stack is
used to produce the fresh water in the MED/TVC unit.
This technique helps to reduce the water production cost
by eliminating the thermal energy cost that is required in
desalination process. In this part of the study, three dif-
ferent CWP configurations (GT/MED-TVC, GT/RO and
GT/MED-TVC/RO) were investigated. For three configu-
rations of the study, the net electricity generation and total
water production rates were assumed to be 12 MW and
5000 m?/d, respectively. In order to evaluate the unit cost
of the fresh water produced by MED-TVC and RO units,
three scenarios are considered:

Table 9

Input requirements for the ROSA software
Parameter Unit Value
Q M*/h 43
X; ppm 46000
T, °C 415
P, kPa 6200
Number of stages 1
Number of pressure vessels 6
Number of elements per pressure 6
vessels

Table 10

Simulation results of the RO system for different types of the
membranes

Membrane type Q, X, Rec  Price
(m3/h) (ppm) (%) ($/element) [29]

SW30HR-380 13.28 84298 30.87 988.5
SW30XHR-440i 13.53  554.81 3147 890
SW30XHR-400i 1311 51559 3049 850
SW30HRLE-440i 14.24 73532 3311 73895
SW30HRLE-400i 13.87 68092 3225 758
SW30HRLE-370/34i 13.27 61534 30.87 780
SW30XLE-440i 1476 85214 34.33 850
SW30XLE-400i 14.39 78875 3346 820

SW30ULE-440i 15.7
SW30ULE-400i 15.34
SW30HRLE-4040 5.3
SW30-4040 6.58
SW30-2540 117

1460.83 36.52 890
1352.23 35.68 850
316.82 12.32 459
459.07 153 399
144552 2.72 225

—_

GT/MED-TVC with 5000 m®/d (Fig. 1).

GT/RO with 5000 m®/d (Fig. 2).

3. GT/MED-TVC/RO with MED-TVC and RO water
production rates of 2000 m*/d and 3000 m®/d,
respectively (Fig. 3).

N

4.4.1. The LCOE and LCOW of the plants

The LCOE of all plants were calculated according to Eq.
(42) where the capital, direct, indirect and operating costs of
the system were calculated based on the cost information
shown in Tables 3-5. The gross generated electricity in the
GT power plants was assumed to be used for two purposes;
one for the users and the other part is assigned to be used
in the MED-TVC or RO desalination plants. According to the
specific electricity consumptions of RO and MED-TVC units
(4.2 kWh/m® and 1.55 kWh/m?, respectively), the electricity
needed for the desalination plants to produce 5000 m*/d of
freshwater were calculated as 322 kWh for GT/MED-TVC,
875 kWh for GT/RO and 654 kWh for GT/MED-TVC/
RO system. It is worth mentioning that, the gross electricity
is sum of the total net electricity (12000 kWh) and the elec-
tricity consumption that is consumed by the desalination
units. In the present work, two different LCOEs were calcu-
lated based on the gross and net electricity generation rates
((LCOE,,,,,LCOE,,)-LCOE,,, )was used in the calculations
to obtain the LCOW and LESOWM applied to determine the
unit electricity cost that is delivered to users. Fig. 6 shows the
for GT/MED-TVC, GT/RO and GT/MED-TVC/RO systems.
As shown in Fig. 6, because the electricity consumption of the
MED-TVC system (1.55 kWh/m?) is lower than that of the RO
system (4.2 kWh/m?®) the LCOW __ of GT/MED-TVC system
is lower than that of GT/RO system. Also, the LCOW,  GT/
MED-TVC/RO is higher than the GT/MED-TVC, because of
the high electricity consumption of the RO unit.

For three configurations, the LCOW was calculated from
Eq. (43). LCOW of the plants were determined by using the

MED/RO
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Fig. 6. LCOE of GT/MED-TVC, GT/RO and GT/MED-TVC/RO
systems.
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LCOngss of each plant as well as the capital, direct, indi-
rect and operating costs of RO and MED-TVC units shown
in Tables 3-5. Fig. 7 shows the LCOW of GT/MED-TVC,
GT/RO and GT/MED-TVC/RO systems. As it can be seen
from Fig. 7, the LCOW of RO is lower than two other plants.
Based on the LCOW,_  of each plant (Fig. 6), the portion
of electricity cost in LCOW were obtained as 15%, 4% and
10% for RO, MED-TVC and MED-TVC/RO plants, respec-
tively. The most important cost parameter that affects the
LCOW of each plant is the main investment desalination
units. Because the main investment cost of RO is lower than
that of MED, the unit cost of fresh water produced by GT/
RO and GT/MED-TVC/RO are lower than that of by GT/
MED-TVC configuration.

It is interesting to mention that, the input heat of the
MED-TVC system is supplied from the excess heat of a gas
turbine that doesn't have any cost for the system. There-
fore, if the MED-TVC main investment decreases from
$1700/m?3/d to $1066/m?3/d, the LCOW value for both GT/
MED-TVC and GT/RO systems are equal. The results may
change for the case when the MED-TVC heat source would
be costly (fuel boiler, solar thermal, etc).

4.4.2. The effect of number of MED-TVC stages on the GT/
MED-TVC/RO configuration

In this section, the effect of number of effects (stages) of
the MED-TVC system on the energy and economy of the
GT/MED-TVC/RO configuration is explored (Fig. 8). In the
combined GT/MED-TVC/RO configuration with capacity
5000 m*/d, the production rates of MED-TVC and RO sys-
tems vary according to the number of MED-TVC effects.
At effect number of 4, the MED and RO production rates
are 2000 m*/d and 3000 m®/d, respectively. It is understood
that the more the number of MED/TVC effects, the more
the produced fresh water. Hence, at constant production
rate of 5000 m?/d, these production rates are changed to
3488 m®/d and 1512 m®/d for the MED and RO, respec-
tively at effect number of 7. It is found that increasing the

MED/RO
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Fig. 7. LCOW for GT/MED-TVC, GT/RO and GT/MED-TVC/RO
systems.

number of effects from 4 to 7 has no tangible effect on the
LCOE. This is due to that at effect number 4, the electricity
consumption of desalination systems is 0.65 kWh and by
increasing the number of effects from 4 to 7, the electric-
ity consumption decreases from 0.65 kWh to 0.49 kWh and
in fact these consumptions are ignorable in comparison to
12 MWh electrical energy generation should be delivered to
the users. However, the calculations showed that the rate of
change of annul electricity to be generated (AEG) in Eq. (42)
and the costs [numerator of Eq. (42)] is such that the LCOE
stays unchanged. Also, Fig. 8 shows the effect of number
of stages of MED-TVC on the LCOW of GT/MED-TVC/
RO configuration. At all effect numbers, the annual water
production of both MED-TVC and RO desalination systems
is 5000 m®/d, but increasing the number of effects from
4 to 7 leads to the increase of the MED-TVC contribution
to 5000 m®/d. Owing to by increasing the production rate
of MED-TVC system, increasing rate of the related direct,
indirect and other costs of MED-TVC system dominates the
decreasing rates of the costs of Ro system in Eq. (25), the
numerator of Eq. (43) increases by the number of effects and
consequently LCOW increases.

4.4.3. The output temperature and concentration of GT/
MED-TVC/RO plant

The output temperature of permeate that is extracted
from the GT/MED-TVC/RO unit with MED-TVC and RO
water production rates of 2000 m*/d and 3000 m®/d, respec-
tively, was calculated from Eq. (46):

(37)

MMEDhMED + MROhRO =M Ihtotal

total
where M and & are output ratio and enthalpy of permeate.
The results show that the fresh water produced by GT/
MED-TVC/RO can be delivered to the users at 31.94°C that
is 13.46°C lower than the fresh water temperature that is
produced by GT/MED-TVC unit. Also the temperature of
fresh water produced by the same GT/MED-TVC/RO with
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Fig. 8. The effect of number of stages of MED-TVC on the LCOW
of GT/MED-TVC/RO system.
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7 MED-TVC effects is 37.12°C that is 5.18°C lower than the
same GT/MED-TVC/RO with 4 MED/TVC effects.

The output concentration of permeate that is extracted
from the GT/MED-TVC/RO unit with MED-TVC and RO
water production rates of 2000 m?/d and 3000 m*/d, respec-
tively, was calculated from Eq. (47):

Miep X piep + MroXro = Mg X (38)

where X, is equal to zero because as mentioned before
GT/MED/TVC is salt free. The concentration of freshwa-
ter produced by this GT/MED-TVC/RO with 4 MED/
TVC effects is 392.6 ppm and with 7 MED/TVC effects is
196.3 ppm.

As can be seen from Fig. 7, the LCOW of GT/MED-
TVC/RO is 12.7% higher than that of GT/RO. However,
the combined GT/MED-TVC/RO system is more desirable

because of the following advantages:

1. The produced fresh water by GT/ME-TVCD/RO
configuration has a lower concentration than that by
GT/RO for drinking usage.

2. The cost of produced fresh water in GT/ME-TVCD/
RO system is lower than the GT/MED-TVC system.
Also, the temperature of the fresh water produced
by the GT/MED-TVC/RO system is 31.94°C and
fresh water produced by the GT/MED system is
45.4°C at MED-TVC effect number 4.

4.4.4. Simple payback time (SPB)

For calculating the simple payback time (SPB) of three
dual purpose water/electricity configurations, four scenar-
ios were considered. In scenario A, it was assumed that the
revenue of the plant deriving from the electricity produc-
tion was 0.025 $/kWh and the revenue related to the sale of
desalinated water was 0.6 $/m?. The selling unit cost of elec-
tricity and water for different scenarios are shown in Table 11.

The effect of applying four defined scenarios (Table 11)
on the SPB of three configurations of GT/MED-TVC, GT/
RO and GT/MED-TVC/RO are shown in Fig. 9. As shown
in Fig. 9, the increase in both revenue of the plant deriving
from the electricity production and the revenue related to
the sale of desalinated water causes the reduction in the SPB
value. According to Eq. (44), because the main investment
cost of the GT/RO system is lower than that of two other

Table 11
Unit cost of electricity and water for selling and calculating the
plant revenue

Configuration  Electricity and water selling unit costs
Electricity ($/kwh) Water ($/m?)

Scenario A 0.025 0.6

Scenario B 0.035 0.8

Scenario C 0.045 1

Scenario D 0.08 11

systems, the Simple Payback Time of the GT/RO has the
lowest value for all four Scenarios. As it can be seen from Fig.
9, the difference in the value of SPB in Scenario A for three
systems is more than the Scenario D and it can be shown that
increasing in electricity and water selling unit costs causes
the value of SPB of three defined systems is close to each
other. Because the main investment of the GT/MED-TVC/
RO system is lower than that of GT/MED-TVC and more
than that of GT/RO systems, the SPB of the GT/MED-TVC/
RO is in the middle of GT/MED-TVC and GT/RO systems.

4.4.5. Sensitivity analysis-fuel cost

Fuel price is one of the parameters that affects unit of cost
of the water and electricity. In this part, the LCOE and LCOW
were determined under three different fuel price scenar-
ios. Fig.10 shows the LCOE of GT/MED, GT/RO and GT/
MED/RO systems for three different fuel prices when the net
electricity is generated in the CWP plant and Fig. 11 shows
the LCOE of GT/MED, GT/RO and GT/MED/RO systems

8
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Fig. 9. The effect of four defined scenarios on the SPB in GT/
MED-TVC, GT/RO and GT/MED-TVC/RO.
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for three different fuel prices when the gross electricity is
generated in the CWP plant. According to Eq. (42) the LCOE
value is related to the fuel cost so as can be seen in Figs. 10
and 11, by increasing the fuel cost, the LCOE is increased. The
LCOE of GT/RO is more than that of two other systems for
three fuel prices in Fig. 10. In Fig. 10 for net electricity pro-
duction according to Eq. (42), The denominator of the equa-
tion is the same for three systems but as already mentioned
the electricity consumption of GT/RO is more than that of
two other systems so the annual direct costs for GT/RO is
more than that of two other systems. As can be seen in Fig.
11 the LCOE of GT/RO is less than that of two other systems
for three fuel prices. According to Eq. (42), AEG for GT/RO
is more than that of two other systems because of more gross
electricity generation in the GT/RO so the rate of increase in
the denominator of the fraction is greater than the numerator.

Fig. 12 shows the LCOW for GT/MED, GT/RO and GT/
MED/RO systems for three different fuel prices. According to
Eq. (43) the denominator of the fraction is constant for three
systems because the fresh water production is constant, As
mentioned before, the main investment cost of the GT/MED
is more than that of GT/RO system, so the annual direct and
indirect cost of the GT/MED is more than that of GT /RO and
GT/MED/RO systems, but the electricity consumption of
GT/ROis much more than that of GT/MED system that cause
the impact of operation costs is more than the other costs such
as direct and indirect costs. So, the LCOW of GT /RO is more
than that of GT/MED and GT/MED/RO systems.
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4.4.6. Sensitivity analysis-MED capital cost

One of the important parameters that affects the LCOW in
GT/MED and GT/MED/RO systems is the main investment
of MED desalination system. If the main investment of MED
system is reduced from 1700 to 1300 ($/m?/d), in each of the
fuel scenarios, the levelized cost of water decreases because
according to Eq. (43) all the parameters is constant for each
of fuel scenarios, but C_, pEx(D) 18 greater for MED system with
main investment 1700 $/m*/d. As can be seen from Figs.
13-15 the LCOW of GT/MED/RO is more than that of GT/
MED for each MED investment cost because as discussed in
section 8.2.2 the electricity consumption of GT/MED/RO is
more than that of GT/MED system that cause the impact of
operation costs is more than the other costs such as direct and
indirect costs. The comparison between two different main
investment for each of the fuel scenarios in GT/MED and
GT/MED/RO systems have been shown in Figs. 13-15.
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4.5. Effects of plant scale

The results of the previous sections are concerned with
a 12 MWh electricity production and 5000 m?*/d water pro-
duction. The larger scales of the CWP plant might decrease
the LCOE and LCOW of the system to the lower values.
To consider the effect of the scale economy, the LCOE and
LCOW of the three different configurations that is discussed
earlier delivering the larger capacities using the following
well known relationship [12].

Capital cost; ., | Capacity, ., ’
Capital cost - Capacity .,

S_scale

where exponent ‘n’ was considered to be 0.82. Fig.
16 shows the effect of increasing the scale size of the
described configurations on their levelized cost of elec-
tricity and Fig. 17 shows the effect of increasing the scale
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Fig. 16. Effect of increasing of the desalination system scale on
the LCOE.

size of the described configurations on their levelized
cost of water. As it is obvious from Figs. 16 and 17, for
all the three configurations, the increasing of the system
scale would considerably decrease the LCOE and LCOW
of the systems. As can be seen in Fig. 16 the LCOE of GT/
MED system has the lowest value compared with GT/
RO and GT/MED/RO systems because the electricity
consumption of the MED system (1.5 kWh/m?) is lower
than that of the RO system (3.5-4.5 kWh/m?). This fig-
ure shows that for larger scales of CHP plant the LCOE
of three configurations are close to each other compared
with the lower scales for example the difference between
LCOE of three configurations for the CHP plant with 120
MWh is about 0.0001 $/kWh. As discussed in section 8.2,
because the main investment of the RO is lower than that
of by MED system, the unit cost of fresh water by RO
is lower than that of by other two configuration so the
LCOW of the GT/RO system has the lowest value. As
can be seen in Fig. 17, The LCOW of three configurations
from scaled ratio 6-10 are almost constant so it is not eco-
nomical from the aspect of fresh water costs in the three
systems.

4.6. The portion of fuel cost, direct and indirect costs in LCOW

In this section, it is determined that in each configura-
tion, the fuel cost, the direct and indirect cost of the CWP
plant respectively account for the share of the electricity
production cost. Also, it is determined that in each config-
uration, the electricity cost for producing water, the direct
and indirect costs of MED and RO and MED/RO plants
and the membranes costs respectively account for the share
of the freshwater production cost. For 12 MWh plant and
5000 m®/d freshwater production, Figs. 18 and 19 shows
the percentage of the discussed costs in each configuration
for electricity production and water production costs. As
can be seen in Fig. 18, most share of the electricity produc-
tion cost is dedicated to the fuel cost so the fuel price has a
significant impact on the reduction of the levelized cost of
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Fig. 17. Effect of increasing of the desalination system scale on
the LCOW.
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Fig. 18. Percentage of the fuel cost, the direct and indirect cost of
CWP plant on LCOE.
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Fig. 19. Percentage of the electricity cost, the direct and indirect
cost of MED,RO and MED/RO plant and membrane cost on
LCOW.

electricity also the unit fuel price for three configurations is
assumed to be 0.02 (is ). Fig. 18 shows that between three

configurations, the pigrcent of the GT/RO system is lower
than the two other configurations due to that the LCOE of
the GT/RO system is higher than the GT/MED system.

As Fig. 19 shows, most share of the freshwater pro-
duction cost is dedicated to the direct cost. The percent
of the direct cost for the GT/RO system is lower than the
two other systems because the main investment cost for
the GT/RO system (900 $/m?/d) is lower than the main
investment cost for the GT/MED system (1700 $/m?/d).
The share of electricity cost for freshwater production
in GT/RO system is higher than the GT/MED system
because the LCOE of the GT/RO is higher than the GT/
MED and also the electricity consumption of the MED
system (1.5 kWh/m?®) is lower than that of the RO system
(3.5-4.5kWh/m?).

5. Conclusions

In this research, a comprehensive energy and economic
analysis were done for three CWP configurations of GT/
MED-TVC, GT/RO and GT/MED-TVC/RO. After mathe-
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matical modeling of the individual systems GT, MED-TVC
and RO, all these models were validated with the experimen-
tal data found in the literature. In was found that increas-
ing the compressor inlet air temperature causes the outlet
gas temperature enhancement for both GT/MED-TVC and
GT/MED-TVC/RO systems. Also, it was seen that the more
the input seawater temperature, the higher the GOR of the
MED-TVC system. In the RO energy analysis, the selected
membrane was SW30XHR-400i by considering the permeate
quality and membrane price. Due to that the electricity con-
sumption of the MED-TVC system is lower than that of the
RO system, the of GT/MED-TVC system is the lowest and
that of the GT/RO is the highest. Moreover, it was observed
that because the main investment cost of RO is lower than
that of MED-TVC, the unit cost of fresh water produced by
GT/RO and GT/MED-TVC/RO are lower than that of by
GT/MED-TVC configuration. Also, if the MED-TVC main
investment decreases from 1700 $/m®/d to 1066 $/m?/d, the
LCOW value for both GT/MED-TVC and GT/RO systems
are equal. Moreover, investigating the effect of the MED-TVC
stages on the energy and economy of the GT/Med-TVC/RO
system revealed that increasing the number of effects from
4 to 7 has no tangible effect on the LCOE. This is due to that
the electricity consumption of desalination systems is ignor-
able in comparison to 12 MWh electrical energy generation
should be delivered to the users. Also, it was seen that at
constant production rate of 5000 m®/d, the more the number
of MED-TVC effects, the higher the LCOW. Also, mixing the
water produced by MED-TVC and RO desalination systems
in the GT/MED-TVC/RO configuration led to a drinkable
water with desirable concentration and temperature at rea-
sonable cost according to the standards of WHO.

Symbols
A __  Heat transfer area, m?
A __ Fin surface area, m?
Af —  Tube inner surface area, m?
A —  Obstruction area, m?
Aj __ Gas side heat transfer surface, m?
A __ Fluid side heat transfer surface, m?
AEG —  Annual electricity generation, (kWh/y)
AF —  Molar air to fuel ratio
AWP — Annual water production, (m?/y)
B — Rejected mass flow rate, (kg/s)
BPE — Boiling point elevation, (°C)
CopixD) — Capital annualized direct costs, $
Ceonpex(ID) — Capital annualized indirect costs, $
Cel(MED) —  MED electricity costs, $
Cel(Ro) — RO electricity costs, $
C __  Fuel costs, $
C{ __ Insurance costs, $
C:S — Labor costs, $
C —  Specific heat capacity, (k] /kg°C)
lol — Spare parts replacement costs, $
CR —  Compression ratio
CRF — Capital recovery factor

— Distillated mass flow rate, (kg/s)
CWP — Combined water and power
ER — Expansion ratio

Friction coefficient, corrosion coefficient

\'ﬁ
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F —  Feed mass flow rate of each effect, (kg/s)

GOR —  Gain output ratio

h —  Specific enthalpy, (k] /kg)

i — Annual real interest rate

k —  Specific heat ratio

r _  Heat transfer coefficient of tube wall, (kW /
" kg°C)

LCOE —  Levelized cost of electricity, ($/kWh)

LCOW  — Levelized cost of water, ($/m?)

LHV — Low heating value, (J/mol)

m — Mass flow rate, (kg/s)

M —  Mass flow rate, (kg/s)

M — Molar mass of the air, (kg/mol)

M — Molar mass of the fuel, (kg/mol)

n —  Number of effects, project life time (y),

number of mole

NEA — Non equilibrium allowance

N, —  Number of membranes

p"" __ Pressure, kpa

P, — Discharge pressure, kpa

P. ‘ — Suction pressure, kpa

Q- __  Heatrate, kW

o —  Compressor pressure ratio

R —  Entrainment ratio

R[jz — Revenue related to the sale of electricity,
‘ ($/kWh)

R —  Revenue related to the sale of desalinated
fresh water, ($/m?)

SPB — Simple payback time, y

T —  Temperature, (°C)

T — Approach point temperature, (°C)

o — Pinch point temperature, (°C)

S

Overall heat transfer coefficient, (W/m?*°k)

Wc —  Compressor work rate, kW
Wgr __ Gas turbine work rate, kW
Wit __  Net work rate, kKW
X — Salinity, (ppm)
Y __ Percent of theorical air
7z — Cost, $
Greek
Tac —  Compressor isentropic efficiency
Tler — Gas turbine isentropic efficiency
A — Latent heat, (kj/kg)
AP — Combustion chamber pressure drop, kpa
ATZ\ATD _ Logarithmic temperature differences (°C)
‘ __ Minimum terminal differences (°C)
Z;V: __ Maximum terminal differences (°C)
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Appendix

Seawater thermodynamic properties

A.1. Specific volume
V is the specific volume of seawater calculated from Eq.
(A1)

Vi =—— (A1)

P = P + W, (ul +a,T+a,T*+a,T° + aSwSTZ) (A2)
0, =9.999 x10% +2.034 x 10T —6.162x 10°T* +

(A3)
2.261x10°T° - 4.657 x10°°T*

a, =8.020 x10%,a, = -2.001,a, =1.677 x 1072, (A4)
a, =-3.060x107, a, = -1.613x 107
A.2. Specific entropy

The entropy of seawater that is valid for 10 < T < 120°C,
0 <W <0.12 kg/kg calculated by (A.6):

S, =0.1543+15.383x T —2.996 x 107 x
T?+8.193x10° xT? -1.370x 107 x T*

(A5)
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[32] S.A. Avlonitis, M. Pappas, K. Moutesidis, A unified model
for the detailed investigation of membrane modules and RO
plants performance, Desalination, 203 (2007) 218-228.

5. =5 —w o +cw+cw” +c,w’ + ¢, T +c¢,T? (A6)
+6,T% + cqwT + c,w’T + c,ywT?
¢, = —4231x10%, ¢, = 1.463x10*, ¢, = —9.88 x 10°
_ 5 _ 1 _ a1
¢, =3.095x10°, c; =2.562%x10", ¢, = -1.443x10 (A7)

¢, =5.879%x10™*, ¢, =—6.111x 10", ¢, = 8.041 x 10"
¢, =3.035x107"

A.3. Specific enthalpy

The enthalpy of seawater that is valid for 10 <T < 120°C,
0<W <0.12 kg/kg calculated by (A.6):

h, =141.355+4202.070x T - 0.535x T*
+0.004 x T?

(A8)

b, T? + bywT + b,w’T + b, ,wT>
b, =-2.348x10*,b, = 3.152x 10°, b, = 2.803 x 10°
b, =-1.446x107,b, =7.826 x10°,b, = —4.417 x 10’
b, =2.139x107",b, = -1.991x10*,b, = 2.778 x 10*
b, =9.728x10'

2 3 2
W =h - w[b] +b,w+bw” +b,w’ +b.T+bT +] (A9)

(A10)





