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ABSTRACT

This study proposes a systematic approach to analyzing and optimizing combined gas tur-
bine (GT) and reverse osmosis (RO) systems. Two systems combining RO to produce fresh-
water and a GT power plant to generate the required power for the RO system were
modeled. In the first system, the coupling between the RO and the power plant was only
mechanical; while in the second system, the coupling was both mechanical and thermal,
using a refrigeration cycle. The effects of seawater temperature and intake air temperature
on the freshwater production of the systems were investigated and their optimal values were
calculated. Economic modeling was applied in order to calculate the unit product cost of
freshwater. The second system, with two RO units under optimal operation conditions,
can increase freshwater production by 26% and save 21% in the production cost of 1m3of
freshwater as compared to the first system as a base system.

Keywords: Reverse osmosis; Gas turbine; Mathematical modeling; Economic costs; Optimization

1. Introduction

Water is available in large quantities on earth
but only a small amount is suitably low enough in
salinity to be fit for drinking and irrigation. Desali-
nation of sea and brackish water is the main source
of supplying freshwater in regions suffering from
scarcity of natural freshwater supplies [9,10]. The
two most widely used desalination techniques are
reverse osmosis (RO) membrane separation and
thermal desalination systems such as multi-effect
distillation (MED) and multi-stage flash (MSF) [11].
Thermal desalination units are operated by moder-
ate pressure steam as an energy source, usually
extracted from a steam turbine or generated by a

boiler. RO systems have minimal energy consump-
tion compared to other desalination methods and
their energy consumption is only in the form of
electric power. Therefore, a gas turbine (GT) power
plant can be utilized to operate RO systems [2,6].

The energy consumption of RO pumps required to
drive the membrane module accounts for a major por-
tion of the total cost of water desalination. In RO sys-
tems, as the feed water temperature increases, the
membrane permeability also increases [4,5] and
thereby the pump power consumption is decreased.
Recently, several studies have been performed on
methods of reducing power consumption in RO sys-
tems. Bouzayani et al. [10], Li [5], Kaghazchi et al.
[11], Bilton et al. [4], and Ataei et al. [2] have devel-
oped mathematical models to investigate the decrease
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in power consumption and the effects of temperature
on RO performance.

GT air inlet cooling is one of many available com-
mercial methods to improve efficiency and power
generation. When the intake air temperature to the GT
compressor is decreased, both the efficiency and
power output of the GT are increased. Different meth-
ods are used to cool the intake air of the GT compres-
sor. These include evaporative coolers, spray inlet
coolers or fogging systems, and mechanical vapor
compression or absorption chillers [3,6]. Recently, sev-
eral studies have been carried out on the effect of
ambient temperature on the power generation and
efficiency of GT power plants. Darwish et al. [6], Far-
zaneh-Gord and Deymi-Dashtebayaz [3], and Al-Ibra-
him and Varnham [1] have investigated air cooling
methods in GT power plants using mathematical
models. Based on the literature, it is concluded that
ambient temperature has the most significant effect on
GT power plant performance.

This paper contributes to a new structure of cou-
pling between an RO and a GT power plant based on
the Brayton cycle. The intake air temperature of the
GT compressor is decreased using the evaporator of
the refrigeration cycle and the waste heat of the refrig-
eration condenser is recovered to increase the RO
intake seawater temperature. A parametric optimiza-
tion was performed to obtain the optimal preheated
RO intake seawater temperature and precooled intake
air temperature in order to maximize freshwater pro-
duction. The objectives of this paper are summarized
in two sections. The first section is a parametric analy-
sis using a mathematical model to investigate the effect
of the intake air temperature and intake seawater tem-
perature on the freshwater production and obtain the

best operation condition with maximum freshwater
production. The third calculates the unit product cost
(UPC) of freshwater using an economic model.

2. Material and methods

2.1. Systems configuration

The two systems under consideration are shown in
Figs. 1 and 2. The system presented in Fig. 1 com-
prises an RO system coupled to a GT power plant,
which is introduced as the base system. The coupling
between the RO and power plant is only mechanical.
The air at ambient temperature is compressed using a
compressor and then sent to a combustion chamber
where the fuel is injected. The hot gas is expanded
through the GT and generates shaft work to operate
the RO system.

In the system presented in Fig. 2, the RO system is
coupled to the GT power plant mechanically by the
shaft and thermally using a refrigeration system
which is introduced as the new system. In this system,
the ambient air is cooled by the evaporator of the
refrigeration system and compressed by the compres-
sor of the GT. The compressed air with injected fuel is
sent to the combustion chamber. The hot gas is
expanded in the GT and the generated shaft work is
applied to operate the RO pump and refrigeration sys-
tem’s compressor. The waste heat in the condenser of
the refrigeration system is recovered to increase the
RO intake seawater temperature. Preheated seawater
is then driven through the RO membrane as unit 1 by
a high pressure provided by pump 1. The power gen-
erated in the GT can exceed the demand in pump 1.
Therefore, the additional power generated in GT can

Fig. 1. Schematic of basic coupling of an RO system and a GT power plant (base system).
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be used in RO unit 2. The high-pressure brine streams
of RO units pass through a turbine to recover their
energy and then are rejected back to the sea.

2.2. Theoretical modeling of the systems

The systems have been modeled mathematically
and economically. The models developed by Vince
et al. [8], Lu et al. [9], Helal et al. [7], Bilton et al. [4],
and Kaghazchi et al. [11] have been applied in the
current study.

Several simplifying assumptions listed below
[10,11] were used in the development of the mathe-
matical models in this study:

� The plant is operated at steady-state condition.
� There is no chemical reaction.
� Membrane is non-porous and the transport mecha-

nism of the solute and solvent is solution-diffusion.
� Seawater temperature increasing by pumps is negli-

gible.

The operating parameters and thermodynamic parame-
ters’ initial circumstances are presented in Table 1. The
Persian Gulf seawater properties were considered as
the feed water properties which are presented in
Table 1. Membrane element is modeled by Eqs. (1)–(12)
presented in Table 2. The influence of temperature on
membrane permeability is expressed by the tempera-
ture correction factor TFC given by Eq. (13), where e is
estimated for membrane at 25,000 when T6 298K and
at 22,000 when T> 298K. The influence of membrane
fouling on membrane permeability is expressed by the
fouling factor (FF) which varies between 100% for new
membrane and 80% for 4-year-old membranes [8].
Since the membrane is assumed to be new, the FF is
considered to be equal 1. Membrane module con-
structed by Filmtec with trade name SW30HR-380 is
used in the current study. The characteristics of mem-
brane module are presented in Table 3. GT power plant
and refrigeration system are modeled by energy and
mass balance equations presented in Table 4. To satisfy
the economic aspect of heat exchangers, the minimum

Table 1
Operating and thermodynamic parameters as the initial circumstances

Parameter Value Parameter Value

Tseawater 25�C P8 1,500 kpa

Tambient 35�C Xf 36,000 ppm

T4 900�C _mfuel 0.1 kg/s

Refrigerant type R-22 grotatory equipment 0.85

Fig. 2. Coupling of an RO system and a GT power plant to a refrigeration system (new system).
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different temperature between streams is considered at
least 10�C.

The economic model equations used to calculate
the TAC and UPC of freshwater are shown in Table 5
[8,7,4]. TAC is calculated by Eq. (54), where AOC is
annual operating cost and ACC is annual capital cost.
The amortization factor is given by Eq. (47), in which
the interest rate (i) and plant life cycle (n) have been
assumed to be equal to 15% and 20 years, respectively.
The cost of energy is assigned based on the price of
fuel being 0.11 ($/kg). The plant load factor (f) is con-
sidered to be 0.9.

3. Result and discussion

The objective of this investigation was to paramet-
rically optimize, analyze, and compare the fresh water
production of two consideration systems. Two operat-
ing parameters were varied during this study in order
to evaluate their effect on the freshwater production
of the two systems under consideration. They are the
intake air temperature of the GT compressor (T2) and

intake seawater temperature of the RO system (T11).
Since the ambient air temperature is considered to be
35�C, the studied range of T2 is from 15 to 35�C. Due
to the membrane can be used to desalinate seawater
with a maximum temperature of 45�C, the studied
range of T11 is from 25 to 45�C.

3.1. The base system

In this system, there is no thermal coupling
between the GT power plant and the RO system.
Therefore, RO system desalinates seawater without
preheating. Fig. 3 shows the effects of seawater tem-
perature (T11) and intake air temperature (T2) on
freshwater production. It is obvious that freshwater
production increases as T2 decreases and T11

increases. The maximum value of freshwater produc-
tion can be achieved as T2 has the minimum value
and T11 has maximum value in their investigated
ranges. Fig. 3 clearly shows that the freshwater

Fig. 3. Effects of T11 and T2 on the freshwater production
for the base system.

Table 2
Governing equations in the reverse osmosis system

Equation Describe

_mp ¼ ðJw þ JsÞ � S Membrane permeate mass flow

rate

(1)

_mf ¼ _mp þ _mc
Water mass balance across the

membrane

(2)

_mfXf ¼ _mpXp þ _mcXc
Salts mass balance across the

membrane

(3)

r ¼ _mp= _mf
Water recovery rate (4)

Rs ¼ 1� ðXp=XfÞ Membrane salt rejection rate (5)

Jw ¼ A � ðDP� DpÞ Permeate mass flux through the

membrane

(6)

Js ¼ B � ðXw � XpÞ Salt mass flux through the mem-

brane

(7)

Xw � Xp ¼ Xf þ Xc

2
� Xp

� �
� ek�r

Concentration polarization fac-

tor

(8)

DP ¼ Pf � Pp �
DPdrop

2

Transmembrane pressure (9)

DPdrop ¼ 9:5� 108 � _mf þ _mc

2 � q
� �1:7 Pressure drop along the mem-

brane channel

(10)

Dp ¼ 2 � Ru � T � q
0:0585

� ðXw � XpÞ
Transmembrane osmosis pres-

sure

(11)

A ¼ Aref � FF � TFC
Membrane water permeability (12)

TCF ¼ e
e
Ruð 1

298�1
TÞ

Temperature correction factor (13)

Ppump ¼ 27:78
Pf �Qf

gpump
Power consumption of reverse

osmosis pump

(14)

PERT ¼ 27:78 � P �c Qc � gERT Power recovered by energy

recovery turbine

(15)

Table 3
Characteristics of SW30HR-380 reverse osmosis membrane
element

Membrane specific parameters Unit Value

Active surface area m2 35.3

Reference pure water permeability kg/m2 s pa 2.7� 10�9

Salt permeability constant kg/m2 s 2.3� 10�5

Maximum operating pressure Bar 82

Maximum feed flux m3/h 16.2

Minimum consternate flux m3/h 2.27

Maximum recovery rate % 30

Stabilized salt rejection % 99.7
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production increases sharply as T11 increases, conse-
quently it can be said that the effect of T11 is more sig-
nificant than T2. It can be obvious from Fig. 3 that the
maximum freshwater production is 101 kg/s as the
system operates based on conditions specified in
Table 1. Using economic model presented in Table 4,
UPC of freshwater is calculated by 1.67 $/m3.

3.2. The new system

In this system, there is a thermal coupling between
the GT power plant and the RO system indirectly,
using refrigeration system. During the cooling process
of intake air of GT compressor, the seawater tempera-
ture increases. With variations of T2 and T11 in their
studied ranges, value of preheated seawater ( _m11) and
net power generation of power plant ( _Wnet) are chan-
ged. The power consumption of RO system to desali-
nate the preheated seawater is not always equal to
the net power generation. Fig. 4 shows variations of
preheated seawater and required preheated seawater
to use net power generation with variations of T2 and

T11. The continued lines represent the preheated sea-
water values by waste heat recovery of condenser,
and interrupted lines indicate the required preheated
seawater values to use net power generation of GT
power plant. Therefore, wherever there is not contact
between continued and interrupted lines, the values
of preheated seawater and required preheated seawa-
ter are not equal, and where the continued and inter-
rupted lines have contact, the values of preheated
seawater and required preheated seawater are equal.
Based on preheated seawater values by waste heat
recovery and required preheated seawater values to
use net power generation, the new system is studied
in three regions: region I, preheated seawater values
are less than the required preheated seawater values
(there is not any contact between continued and inter-
rupted lines); region II, preheated seawater values are
equal to the required preheated seawater values (the
continued and interrupted lines have contact
together); region III, preheated seawater values are
greater than the required preheated seawater values

Table 4
Mathematical equations of the GT power plant and refrigeration cycle

Equation Describe

T3i

T2

¼ ðP3

P1

Þðc�1Þ=c Compression process in compressor of GT power plant (16)

_Wcom:GT ¼ _mair � Cp � ðT3i � T2Þ=gcom:GT
GT compressor power consumption (17)

T5i

T4

¼ ðP5

P4

Þðc�1Þ=c Expansion process in GT (18)

_WGT ¼ _m4 � Cp � ðT4 � T5iÞ � gGT
Gas turbine power generation (19)

_mfuel � LHVþ _mfuelhfuel ¼ Cpð _m4T4 � _mairT3Þ Combustion chamber energy balance (20)

_mair þ _mfuel ¼ _m4
Combustion chamber mass balance (21)

_Wcom:refrigeration ¼ _mRef:ðh8i � h7Þ=gcom:refrigeration
Power consumption of refrigeration compressor (22)

_WE:T: ¼ _mref � ðh9 � h6Þ � gE:T: Power generation of refrigeration expander turbine (23)

_Wnet ¼ _WGT � _Wcom:GT � _Wcom:refrigeration
Net power generation of GT power plant (24)

_mseawaterðh11 � h10Þ ¼ _mRef:ðh8 � h9Þ Energy balance in condenser (25)

_mair � Cp � ðT1 � T2Þ ¼ _mRef:ðh7 � h6Þ Energy balance in evaporator (26)
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(there is not any contact between continued and inter-
rupted lines).

3.3. Region I

This region includes the whole of preheated seawa-
ter temperature curves of 25.18�C<T116 45�C and part
of preheated temperature curves of 25�C6T116 25.18�
C. As shown in Fig. 4 in this region, the preheated sea-
water values are less than the required preheated sea-
water values to use the net power generation of GT
power plant. It means that the net power generation is
greater than the required power of RO system to desali-
nate the preheated seawater. Additional power genera-
tion is used to operate the RO system unit 2. Therefore,
two RO units are used to produce freshwater. Since the
total waste heat of condenser is recovered to preheat
the intake seawater of RO system unit 1, the feed water
in RO unit 2 is not preheated. It is apparent from Fig. 4
that the intake air compressor can be cooled until 15�C
when the seawater preheated temperature range is
25.18�C6T116 45�C. Fig. 5 shows variations of fresh
water production with variations of T2 and T11 when
the system operates in region I. It can be obvious that
the maximum freshwater production is 136.2 kg/s as
the seawater is preheated until 25.19�C and the intake
air temperature is cooled until 15�C. Using economic
equations presented in Table 4, UPC of freshwater was
calculated by 1.32 $/m3 when the system operates with
maximum freshwater production.

3.4. Region II

As shown in Fig. 4, this region includes the inter-
section points of preheated seawater temperature
curves (continued lines) and required preheated

seawater temperature curves (interrupted curves) in
the temperature range of 25�C6T116 25.18�C. In
intersection points, preheated seawater values are
equal to the required preheated seawater values. It
means that when the system operates in region (II),
the net power generation is equal to the required
power of RO system to desalinate the preheated sea-
water. Therefore, one RO unit is used to desalinate
the preheated seawater and applied net power gener-
ation of GT power plant. Fig. 6 shows variation of
freshwater production with variation of T11 when the
system operates in region II. It can be obvious that
the maximum freshwater production is 106 kg/s as
the seawater temperature increases to 25.18�C and the
intake air temperature decreases to 15�C. Using eco-
nomic equations presented in Table 4, UPC of fresh-
water was calculated by 1.61 $/m3 with maximum
freshwater production.

Fig. 4. Effects of T11 and T2 on preheated seawater values
for the new system.

Fig. 5. Effects of T11 and T2 on freshwater production for
the new system (region I).

Fig. 6. Effects of T11 and T2 on freshwater production for
the new system (region II).
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Table 5
Equations for economic modeling of the RO

Equation Describe

CCswip ¼ 996 �Q0:8
f

Seawater intake and pretreatment capital
cost

(27)

CCpu ¼ Qf

24 � 450ð393000þ 10710 � Pf � 1:01325Þ
Pump cost (28)

CCERT ¼ Qc

24 � 450ð393000þ 10710 � Pc � 1:01325Þ
ERT cost (29)

Cmem: ¼ 1000 Membrane cost (30)

Ceq ¼ CCswip þ CCpu þ CCERT þ Cmem:
Total equipment cost (31)

CCinstallation ¼ 0:2 � Ceq
Installation cost (32)

CCsite ¼ 0:25 �DCC Site development cost (33)

CCland ¼ 0 Land cost (34)

DCC ¼ Ceq þ CCinstallation þ CCsite þ Cland
Direct capital cost (35)

Cfr ¼ 0:05 �DCC Overhead freight cost (36)

Ccon ¼ 0:15 �DCC Construction cost (37)

Cow ¼ 0:1 �DCC Owner cost (38)

Cco ¼ 0:1 �DCC Contingency cost (39)

ICC ¼ Cfr þ Cco þ Cow þ Ccon
Indirect capital cost (40)

TCC ¼ ICCþDCC Total capital cost (41)

ACC ¼ TCC � Z Annual capital cost (42)

Z ¼ iðiþ 1Þn
ðiþ 1Þn � 1

Amortization factor (43)

CEnergy ¼ _mfuel � Cfuel � 24 � f � 365 Energy cost (44)

Crpm ¼ 0:2 � Cmem
Membrane replacement cost (45)

Crpp ¼ 0:1 � CCp
Pump replacement cost (46)

Crpe ¼ 0:1 � CCERT
ERT replacement cost (47)

(Continued)
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3.5. Region III

As shown in Fig. 4, this region includes the parts
of preheated temperature curves of 25�C6T116 25.18�
C placed in the right side of required preheated tem-
perature curves. In this region, the preheated seawater
values are greater than the required preheated seawa-
ter values. It means that the net power generation is
less than the required power of RO system unit 1 to
desalinate the preheated seawater. Therefore, addi-
tional preheated seawater is rejected back to the sea. It
is apparent from Fig. 4 that the intake air compressor
can be cooled until 15�C in this region. Fig. 7 shows
variations of freshwater production with variations of
T2 and T11 when the system operates in region III. It
can be obvious that the freshwater production can be
increased to 103.3 kg/s as the seawater temperature
increases from 25 to 25.17�C and the intake air tem-
perature decreases from 35 to 15 �C. Using economic
equations presented in Table 4, UPC of freshwater is
calculated by 1.64 $/m3 when the system operates
with maximum performance.

3.6. Comparison of systems

The results of systems optimization in order to
select the best system with maximum freshwater pro-
duction are summarized in Table 6. According to

Table 6, the maximum freshwater production by the
system presented in Fig. 1 is 101 kg/s with UPC of
freshwater 1.67 $/m3. Also, the maximum freshwater
production by the system presented in Fig. 2 when
operated in regions I, II, and III is 136.2, 106, and
103.3 kg/s with UPC of freshwater 1.32, 1.61, and 1.64
$/m3, respectively. From Table 6, it can be concluded
that the system operated in regions I, II, and III can
increase the freshwater production by 26, 4.7, and
2.2% and decrease the UPC of freshwater by 21, 3.6,

Fig. 7. Effects of T11 and T2 on freshwater production for
the new system (region III).

Table 5 (Continued)

Equation Describe

TRC ¼ Crpm þ Crpp þ Crpe
Total replacement cost (48)

Cchemical ¼ Qf � 365 � f � 0:018 Chemical cost (49)

Cmaintenance ¼ 0:02 �ACC Maintenance and spare parts (50)

Cinsurance ¼ 0:005 �ACC Insurance cost (51)

Clabor ¼ 365 � c � f �Qp
Labor cost (52)

AOC ¼ CEnergy þ TRCþ Cchemical þ Cmaintenance þ Cinsurance þ Clabor
Annual operating cost (53)

TAC ¼ AOCþACC Total annual cost (54)

UPC ¼ TAC

Qannual�freshwater

Unit product cost (55)
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and 1.8%, respectively, as compared to the base sys-
tem presented in Fig. 1. Among the investigated sys-
tems, the system presented in Fig. 2 which operates in
region (I) is suggested to be the best system to couple
the RO and GT power plant in order to maximize
freshwater production (see Table 6).

4. Conclusion

In this study, two systems which couple an RO
system and a GT power plant in order to produce
freshwater have been analyzed and optimized. The
following conclusions can be drawn:

(1) In this study, a new structure coupling an RO sys-
tem and a GT power plant was modeled and opti-
mized in order to maximize freshwater production.

(2) For the system with a refrigeration cycle, three
structures based on preheated seawater values and
net power generation were investigated: (i) a sys-
tem with two RO units, (ii) a system with one RO
unit, and (iii) a system with one RO unit and the
rejection of additional preheated seawater back
into the sea.

(3) The system with two RO units was suggested as
the best system to couple an RO and a GT power
plant and can save 21% in the production cost of
1m3of freshwater and increase freshwater pro-
duction by 26% as compared to the base system.
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Nomenclature

A — membrane pure water permeability,
kg/m2 s pa

ACC — annual capital cost, $/yr

AOC — annual operation cost, $/yr

B — membrane salts permeability, kg/m2 s

CC — capital cost, $

C.C. — combustion chamber

Com. — compressor of GT

Cp — specific heat capacity, kJ/kg �C
C — cost

DCC — direct capital cost, $

E.T. — expander turbine

E.R.T. — expander recovery turbine

FF — fouling factor

F — plant load factor

GT — gas turbine

h — enthalpy, kj/kg

ICC — indirect capital cost, $

i — interest

J — mass flux through the membrane

LHV — low heat value

_m — mass flow rate, kg/s

mem. — membrane

n — life cycle of plant, yr

P — pressure, kpa

Pu — pump

Q — flow rate, m3/d

Ref. — refrigeration

RO — reverse osmosis

Rs — membrane salt rejection, %

Ru — universal gases constant, J/k/mol

R — water recovery rate, %

S — area, m2

T — temperature, �C
TAC — total annual cost, $

TCC — total capital cost, $

TCF — temperature correction factor

TRC — total replacement cost, $

U — average velocity, m/s

UPC — unit product cost, $/m3

_W — power, kw

X — salt concentration, ppm

Z — amortization factor

Subscripts

B — bulk

C — concentrate

Co — contingency

Con — construction

eq. — equipment

F — feed water

(Continued)

Table 6
Comparison of freshwater production and UPC with the
base system and the new system

Fresh water
production

UPC of
freshwater

(kg/s) ($/m3)

The base system 101 1.67

The new system (region I) 136.2 1.32

The new system (region II) 106 1.61

The new system (region III) 103.3 1.63
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Fr — overhead freight

Ow — owner

P — permeate

ref. — refrigerant

Rpe — ERT replacement

Rpm — membrane replacement

Rpp — pump replacement

S — salt

swip — seawater intake and pretreatment

W — wall

Annual-
freshwater

— freshwater production per year, m3/
yr

Greek

c — heat capacity ratio

g — efficiency, %

p — osmotic pressure, kpa

q — density, kg/m3

DP — transmembrane pressure, kpa

Dp — transmembrane osmosis pressure,
kpa
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