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ABSTRACT

A comprehensive thermo-economic study based on the exergy accounting method is
conducted to evaluate the performance of a combined gas/steam power generation system
integrated with a hybrid multistage flash (MSF)/sea water reverse osmosis (SWRO) desali-
nation plants. The plant consists of five combined power generation cycles. Each cycle
incorporates, two gas turbines (GT), two heat recovery steam generators, and one steam tur-
bine. The total power generated is 2,645.5 MW. The combined power generation cycles are
integrated with a hybrid MSF/SWRO desalination plant with a total water production of
1,000,000 m3/d, of which 70% is produced by MSF and 30% by SWRO. The exergy
accounting study revealed that the heat rate of the combined gas/steam power cycle is
6,388.94 kJ/kWh, corresponding to an overall thermal efficiency of 56.34%. On the other
hand, the water specific fuel energy consumption of the hybrid SWRO/MSF plant is
33.74 kWh/m3. The suggested exergy cost accounting method shows the water unit
production cost varying from $0.8258/m3 to $2.259/m3 and the per unit electricity
generation cost varying from $0.02266/kWh to $0.0966/kWh, as the oil price is increased
from $6/bbl to $72/bbl, respectively.
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1. Introduction

Most of the dual purpose plants currently engaged
in the simultaneous production of water and electric-
ity employ back pressure or a condensing extraction
turbine integrated either with multistage flash (MSF)
or MED desalination plants. Combined gas/steam
power generation systems integrated with hybrid
MSF/sea water reverse osmosis (SWRO) desalination
plants can be considered as an attractive alternative
for optimizing the specific energy consumption and

maintaining the reliability of the desalination system
[1–3]. Hybrid (membrane/thermal/power) configura-
tions are characterized by flexibility in operation, less
specific energy consumption, low construction cost,
high plant availability, and better power and water
matching [4–14].

Thermoeconomic analysis of dual purpose plants
has been a controversial issue. A number of methods
have been recommended for predicting how the fuel
input is allocated between power and water [15–26].
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The methods normally employed to allocate boiler fuel
energy between water and electricity include: the ref-
erence cycle method, the power loss method, and the
exergy method. The reference cycle method is based
on a comparison between the heat consumption and
efficiency of a dual-purpose power/desalination plant
with the thermal efficiency of an appropriate reference
cycle of similar power output [15–17]. The reference
cycle should be a practical, single purpose generating
plant cycle for the type of fuel available, operating
under the same ambient conditions as the dual pur-
pose plant. However, selection of reference cycle effi-
ciency is to a great extent arbitrary. It should be set at
anywhere from 32 to 46%, depending on the configu-
ration and power output of the cycle. This method is
simple and convenient for power and water purchase
agreements. In the loss kilowatt method [18,23], the
boiler fuel energy is split between electricity and
water, with the assumption that the steam passed to
the desalination unit could alternatively be utilized to
generate a certain amount of electrical energy, if
allowed to expand through a hypothetical condensing
turbine. The fuel consumption corresponding to this
amount of the hypothetical lost electrical power is to
be charged to water. The loss kilowatt method is
applicable for both back pressure and extraction
condensing systems.

The exergy method is a rigorous allocation
approach and based on second low thermodynamic
[19–21]. For the exergy allocation method, each
power/water cogeneration cycle was first divided into
a number of separate subsystems which included the
boiler, the turbine/generator, the condenser (if any),
the desalter, and the other minor systems such as
deaerator, feed water heaters, and pumps were
lumped into one subsystem. The exergy content of
each stream was then determined. An exergy balance
was then carried out for each subsystem, to determine
the exergy dissipation within the subsystem.

A comprehensive literature survey to critically
assess and evaluate the different methods used for
cost assignment in power/water cogeneration plants
has been duly reported [21]. The two main approaches
used for the thermoeconomic analysis of dual purpose
plants are the micro-thermoeconomic analysis method,
in which the cost of each stream is determined, and
the direct cost allocation method, which is based on
certain rules of thumb. Steam exergy costing involves
the division of the cogeneration plant into an arbitrary
number of components that may or may not coincide
with the plant’s physical structure. Cost evaluation of
each stream is normally carried out sequentially in
two steps. In the first step, a detailed energy/exergy
analysis is followed by an economic analysis

conducted at each component level. From this, the cost
of each stream is calculated using an appropriate
energy/exergy costing method such as the algebraic
cost accounting method [27–29] or the structural the-
ory of thermoeconomics [30–35].

In the direct cost allocation approach, capital and
fuel costs are distributed between power and water on
certain rules of thumb or criterion. Cost allocation can
either be based on the exergy consumption of compo-
nent aggregates responsible for water production or
power generation [19,20]. Allocation of cost compo-
nents between water and electricity based on func-
tional considerations has been reported [18]. The costs
of both commodities can be calculated on the basis of
the lost electric power resulting from steam quantity
passed to the desalination plant, instead of being
expanded in the turbine to generate more power
[27,36,37]. Distribution of expenditures to water and
electricity according to the deviation from an ideal
point has been reported [38,39]. The ideal point marks
the point at which equivalent power is generated with
steam demand to the desalination plant in an identical
single purpose power or desalination plant. At this
point, all expenditures are shared solely to the product
they serve.

Few research studies have been reported to assess
the thermal and economic performance of combined
gas/steam power generation systems integrated with
thermal or hybrid thermal/SWRO desalination plants.
A comprehensive study on fuel allocation between
power and water in a combined steam-injected gas
turbine power generation and low temperature multi-
effect thermal compression, has been reported [2]. A
wide range of fuel allocations methods has been ana-
lyzed and compared and a fuel allocation analysis
procedure was recommended. An economic study has
been reported on an integrated power/water dual
purpose scheme combining a gas turbine, heat recov-
ery steam generator, and hybrid MSF/SWRO desalina-
tion plant [3]. The economic study was based on the
present value of expenses over the economic life of
capital and leveled cost of water. It has been con-
cluded that RO can successfully coexist with MSF
rather than a process that should replace it.

The reference cycle method is used for fuel alloca-
tion for a combined gas/steam power cycle with elec-
trical output of 586.8 MW integrated with an MSF
plant of 50 MIGD net capacity [17]. Darwish and
Amer [40] reported the results of a simulation study
to evaluate the techno economic performance of a
combined gas/steam power cycle integrated with an
MSF plant. Both the work loss and exergy methods
are used for fuel allocation between water and
electricity. Both methods give very close results.
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A sensitivity analysis has been carried out to
investigate the impact of variation of some operating
parameters on desalination specific energy consump-
tion and cost.

Darwish et al. [41] reported a comprehensive study
comparing fuel consumption and cost for 14 combina-
tions of power and desalination plants. The study
revealed that the unit fuel cost of combined gas/steam
power cycle (either coupled to hybrid SWRO/MED
desalination plant or to hybrid SWRO/MSF) is compa-
rable to fuel cost of the combined gas/steam power
cycle driving SWRO plant.

Application of principles of thermoeconomics to
optimize the design of a number of desalination and
power configurations including gas turbine/MSF
cogeneration system was reported [42]. The methodol-
ogy applied begins with simple thermodynamic com-
putations of a given system configuration on a
trajectory leading to an optimal design via computa-
tions involving the disciplines of design, thermody-
namics, and economics.

Literature review reveals that there is scarcity of
information on thermoeconomic performance of com-
bined power cycles when integrated with hybrid
desalination plants. The objective of this paper is to
conduct a comprehensive thermoeconomic analysis to
assess thermal performance and quantify the thermal
benefits of a combined gas/steam power generation
cycle integrated with a hybrid MSF/SWRO desalina-
tion plant and predict the electricity and water unit
production costs. The availability of sufficient design
based thermodynamic and transport information of
the whole power/water cycle provides a good
opportunity to use the exergy concept.

2. System configuration

Fig. 1 shows the schematic diagram of the com-
bined power cycle integrated with the hybrid MSF/
SWRO desalination plant. The plant consists of five
combined power generation cycles. Each cycle incor-
porates two gas turbines (GT), two heat recovery
steam generators (HRSG), and one steam turbine. Each
of the 10 gas turbines generates 199.7 MW and each of
the five steam turbine generates 129.7 MW. The total
power generated is 2,645.5 MW and the net power
supplied to the grid amounts to 2,400 MW. The com-
bined power generation cycles are integrated with a
hybrid MSF/SWRO desalination plant with a total
water production of 1,000,000 m3/d, 70% of which is
produced by MSF and 30% by SWRO. The MSF island
consists of 8 MSF units of the brine recirculation, cross
tube, and single deck design, each with a capacity of
20 MIGD, making them the world’s largest single MSF

units. The RO plant is subdivided in two independent
modules, each with a modular set up.

3. Fuel allocation

A rigorous thermodynamic procedure based on the
available energy accounting method is used to dis-
tribute the fuel energy supplied to the gas turbine sys-
tem equitably between the two end products,
electricity, and water. The cogeneration cycle was
firstly subdivided into the major subsystems which
included the gas turbines, HRSG, steam turbines,
desalination plant, deaerator, and other auxiliaries as
shown in Fig. 2. Table 1 shows the thermodynamic
properties of each steam entering and leaving a sub-
system. It also shows the corresponding specific
exergy content of each stream as determined from a
proprietary thermodynamic calculator [43]. An exergy
balance was then carried out for each subsystem to
determine the exergy dissipation within the
subsystem.

A summary of the breakdown of fuel available
energy supplied to the gas turbine (5,665.24 MW)
among the major subsystems is shown in Fig. 3. The
percentage of net electrical output that represents the
net overall efficiency disregarding the fuel exergy uti-
lized by the desalination plant is 42.36%. The gas tur-
bine island represents the highest irreversible
subsystem whereby 27.26% of the fuel available
energy is dissipated followed by desalination plant
and HRSG subsystems, consuming respectively, 13.93
and 13.1% of the available energy.

To distribute the fuel exergy input equitably
between the two end products electricity and water,
the total fuel input of the power/water cycle which is
supplied to the gas turbine (5,665.244) is firstly
divided into two parts, as shown in Fig. 4. The first
part represents the sum of power generated in the gas
turbine system (1,997 MW) and exergy losses in the
gas turbine system (1,544.1 MW) and they are both
completely allocated to power generation fuel con-
sumption. The second part represents the fuel avail-
able energy of combustion gases exiting the gas
turbine system (2,124.12 MW), that will be utilized by
the remaining thermal units of the cogeneration cycle,
which include HRSG, steam turbine, desalination
plant, deaerator, and other auxiliaries.

The fuel available energy supplied to the remain-
ing thermal units of the cogeneration cycle is then
divided into three categories:

(1) The steam turbine grid net power output
(403 MW) is allocated entirely to power genera-
tion fuel consumption.
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(2) The desalination plant available energy con-
sumption (788.94 MW) is allocated entirely to
water production.

(3) Fuel energy allocated to common equipment
which is the summation of the exergy losses in
the boiler, HRSG, steam turbine, deaerator, and
pumping power for common equipment
(932.18 MW) is distributed between water and
electricity in proportion to the exergy con-
sumption and utilization in the desalination
plant and the steam turbine net power output.
Accordingly, out of the 932.18 MW total exergy
consumption of the common equipment,
315.17 MW was allocated to power generation
and 617.01 MW for water production. A sum-
mary of fuel available energy allocation

between water and electricity is shown in
Fig. 4. Out of the 5,665.24 MW gas turbine fuel
energy content, 4,259.29 MW (75.183%) was
allocated to power generation and 1,405.95 MW
(24.817%) to water production.

Based on the amount of fuel charged to power out-
put, it has been determined that the heat rate of the
combined gas/steam power cycle is 6,388.935 kJ/kWh,
corresponding to an overall thermal efficiency of
56.34%. The heat rate of conventional, dual purpose
incorporating backpressure or condensing extraction
steam turbines coupled with thermal desalination
plants is about 30 to 70% higher than the heat rate of the
combined cycle integrated with an MSF/SWRO hybrid
plant. This indicates a better fuel usage for the latter.

Fig. 1. Schematic diagram of the combined power cycle integrated with the hybrid MSF/SWRO desalination plant.
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Based on the amount of fuel charged to water, the
product water specific fuel energy consumption of the
hybrid SWRO/MSF plant is 33.7 kWh/m3. Fig. 5
shows a comparison of the boiler specific fuel energy
consumption needed to produce desalinated water
using various desalination configurations. The specific
fuel energy consumption of the hybrid MSF/SWRO
desalination plant operating within the context of
combined gas/steam power cycle is 32.6% less than
that of an MSF desalination plant integrated with a
steam power cycle and more than double that of a
standalone SWRO desalination plant.

The thermodynamic advantages of combining
power and water production in a dual-purpose cycle
can also be quantified by comparing between the total
fuel supplied to standalone power and standalone
water plants with the total fuel supplied to the dual
purpose plant integrating synergistically the power
and water plants and to produce the same power and
water loads of the standalone plants. The exergy anal-
ysis reveals that the total fuel requirements of the
whole integrated combined power cycle/hybrid MSF/
SWRO desalination plant is around 27.3% less than
that required by three standalone plants including
combined power generation cycle, MSF, and SWRO

desalination plants producing the same power and
water loads of the integrated power/water plant.

4. Cost allocation

The cost accounting procedure selected for this
study to determine the unit water and electricity pro-
duction cost is based on rational thermodynamic con-
siderations. The exergy destruction within the different
components of the dual purpose power/water plant is
used as a basis for cost allocation. The allocation of all
the capital and operating expenses incurred to operate
the whole dual purpose plant between electricity and
water is based on the followings:

(1) The total capital depreciation and O & M
expenditure of the MSF and SWRO plants are
allocated entirely to water production cost.
While the capital depreciation and O & M
expenditure of the gas turbine system are allo-
cated to electricity generation cost.

(2) The total cost of fuel supplied to the plant is
divided between water and electricity based on
the available energy accounting which is
described in the fuel allocation section.

38.044 MW

22.956

Deaerator 
6.332 
MW 

HRSG Island 
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Desalination Island 
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Gas Turbine  
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Fig. 2. Exergy flow diagram of the power/water cogeneration plant.
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(3) The total capital depreciation cost of the steam
turbine systems is divided between water and
electricity in proportion to the amount of elec-
tricity consumed by the MSF and SWRO desali-
nation plants and the net electricity generated

by the steam turbine. The heat recovery and
associated equipment capital cost are divided
between electricity and water in proportion to
the amount of exergy utilized in the steam tur-
bine and desalination plant respectively.

Table 1
Thermodynamic parameters of the streams entering and leaving each subsystem as indicated in Fig. 2

Stream
no. Stream description

Mass flow rate
(kg/s)

Temperature
(˚C)

Pressure
(bar)

Specific
exergy
(kJ/kg)

Exergy content
(MW)

1 Fuel input (natural gas) 122.08 60 _ 46,406 5,665.244
2 Combustion gases leaving gas turbine 5,363.97 613.2 1.045 396 2,124.132
3 Gas turbine power output – – – – 1,997
4 Steam leaving HRSG 950.89 539.1 77.98 1,535 1,459.6
5 Condensate return from MSF to HRSG for

preheating
352.08 115.6 25 65.2 22.956

6 Condensate return from HRSG plant to
deaerator

352.08 189.3 24.44 169.2 59.572

7 Condensate return from deaerator to HRSG 950.89 151.9 120.08 120.1 114.2
8 Steam entering steam turbine 925.6 538.4 76.5 1,533 1,418.94
9 Steam leaving steam turbine to MSF plant 924.3 157.2 2.98 741.9 685.74
10 Steam turbine power output – – – – 648.5
11 Steam supply from HRSG to MSF ejectors 17.76 230 18 1,000 17.76
12 Total condensate return from MSF plant to

deaerator and HRSG
920 118.5 66.3 61

13 Power input to MSF & SWRO desalination
plant

– 0 0 0 164.5

14 Condensate return from MSF plant to
deaerator

587.8 115.6 24.99 65.2 38.32

15 Steam from HRSG to deaerator 14.8 230 18 1,000 14.8
16 Power input to auxiliaries – – – – 81

Fig. 3. Breakdown of fuel exergy among the major subsystem.

O.A. Hamed / Desalination and Water Treatment 57 (2016) 26552–26561 26557



The results of the economic study are shown in
Figs. 6 and 7. They reveal that both the water and
electricity unit production costs are highly influenced
by the fuel energy cost. The cost of fuel energy is rep-
resented in terms of barrel oil equivalent (bbl), assum-
ing that one barrel of oil produces 5.7 GJ heat. As
shown in Fig. 6, the water unit production cost varies
from $0.777/m3 to $2.18/m3, as the fuel energy cost is
increased from a low energy value of $6/bbl to a high
energy cost of $72/bbl. At the present oil cost of $30/
bbl, the water unit production cost is $1.29/m3 of
which the fuel unit cost accounts for 49.63%, capital
depreciation 40.44%, and O & M 9.93%.

Fig. 7 shows that the electricity unit generation cost
varies from $0.024/kWh to $0.098/kWh, as the oil
price is increased from of $6/bbl to $72/bbl. At the

Fig. 4. Fuel available energy allocated between power and water.

Fig. 5. The water specific fuel energy consumption of vari-
ous desalination arrangements.

Fig. 6. Impact of variation of fuel unit cost ($/bbl) on
water production unit cost.

Fig. 7. Impact of variation of fuel unit cost ($/GJ) on elec-
tricity unit cost.
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present oil cost of $30/bbl, the electricity unit produc-
tion cost is $0.051/kWh, of which the fuel unit cost
accounts for 66.1%, capital depreciation 20.16%, and
O & M 13.74%.

5. Comparison between exergy and loss kilowatt cost
accounting methods

The “lost kilowatt” is conventionally applied to
determine the quantity of available energy that can be
obtained, if steam passed to MSF distillers is hypothet-
ically expanded through a condensing turbine. In the
loss kilowatt method, boiler fuel energy is split
between electricity and water according to the reason-
ing that steam passed to a desalination unit has the
potential to generate a certain amount of electrical
energy, if allowed to expand through a hypothetical
low pressure condensing turbine. Fuel consumption
corresponding to this amount of hypothetical lost elec-
trical power is allocated to water [18].

Fuel energy is allocated to electricity mf (elec) and
water mf (water) according to the following equations
[18]:

mf ðelecÞ ¼ mf
Pnet þ Ppower

Pnet þ Ppower þ Pdesal þ Pcst
(1)

mf ðwaterÞ ¼ mf
Pdesal þ Pcst

Pnet þ Ppower þ Pdesal þ Pcst
(2)

where mf is the total amount of fuel supplied to the
dual purpose plant (MW), Pnet is the net electricity
produced (MW), Ppower is the power consumption of
the power generation cycle (MW), Pdes is the power
consumption of desalination plant (MW), and Pcst is
the amount of additional power which could have
been generated by hypothetical condensing turbine
(MW).

In this study it has been assumed that both steam
discharged from the steam turbine and passed to the
MSF brine heaters and steam passed to the ejector sys-
tem are hypothetically expanded in a low pressure
turbine at 8 kPa that shall generate 565.32 MW of elec-
trical energy. The desalination plant power consump-
tion is 164.5 MW. The net power output is 2,400 MW
and the power consumption of the power generation
cycle is 80.4 MW. Using Eq. (1), it has been found that
4,379.24 MW, which represents 77.3% of the total fuel
energy input, is allocated to power generation and the
remaining 22.7% (1,286 MW) to water production.
Meanwhile, and as shown in the preceding section
using the exergy method, 75.18% of the total fuel has
been allocated to power generation and 24.82% to

water production. Fuel allocation predictions of the
lost kilowatt and exergy methods are to some extent
comparable. Despite that the loss kilowatt method is
much simpler and required thermodynamic and trans-
port properties are limited, the exergy method is more
precise, since exergy losses are quantified on the basis
of the actual operating conditions of the desalination
plant as well as of the power cycle.

Water and electricity unit cost are then calculated
based on the amount of fuel allocated to water and
electricity using the loss kilowatt method. Deprecia-
tion cost of the desalination plant is assigned to water
production and depreciation cost of gas turbine is allo-
cated to electricity. The steam turbine depreciation
cost is split between water and electricity according to
the amount of electricity consumed by the desalination
plant and net electricity generated by the steam tur-
bine, respectively. Depreciation of capital cost of the
heat recovery steam generator and associated equip-
ment are divided between electricity and water in pro-
portion to the steam turbine and desalination plant
capital cost, respectively [18].

Fig. 8. Comparison between water production cost based
on exergy and loss kilowatt approaches.

Fig. 9. Comparison between electricity production cost
based on exergy and loss kilowatt approaches.
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Fig. 8 shows that the exergy approach is consis-
tently yielding a slightly higher water production cost.
The difference between the two approaches increases
from 1.4 to 6% as fuel cost increases from $6/bbl to
$72/bbl. Meanwhile, Fig. 9 shows that the exergy
approach yields around 2.9% lower electricity cost
compared to the loss kilowatt approach. The differ-
ence in the predictions of the two approaches is pri-
marily due to the fact that the exergy approach
allocates more fuel to water production. The exergy
approach allocates 24.82% of the total fuel supplied to
the combined cycle to water compared to 22.7% using
the loss kilowatt approach.

6. Conclusions

A rigorous thermodynamic study based on the
exergy method is employed to quantify the thermal
benefits and energy efficiency of a gas/steam com-
bined power cycle integrated with a hybrid MSF/
SWRO desalination plant. The study revealed that the
heat rate of the combined gas/steam power cycle is
6,388.935 kJ/kWh, corresponding to an overall thermal
efficiency of 56.34%, while the water specific fuel
energy consumption of the hybrid SWRO/MSF plant
is 33.7 kWh/m3, which is more than twofold that of a
standalone SWRO plant and only about 67.4% of the
water specific fuel consumption of a plant utilizing a
conventional backpressure or extraction condensing
turbine integrated with MSF unit. A rational cost pro-
cedure whereby the fuel and capital costs as well as O
& M expenditures of the whole combined power cycle
and hybrid desalination plant are equitably distributed
between water and electricity is recommended in
order to estimate the unit water and electricity unit
production cost and examine the impact of the fuel
energy cost.

A comparison between Exergy and conventional
loss lilowatt cost accounting methods has also been
made. Using the exergy approach, the fuel energy
allocated to water is 8.5% higher than that determined
by the loss kilowatt approach. Meanwhile, the fuel
energy allocated to electricity is 2.85 lower. As a
result, the exergy cost allocation approach yields
around 1.4–6% higher water production cost than the
conventional loss kilowatt approach. In spite of the
fact that the loss kilowatt method is much simpler and
the required thermodynamic and transport properties
are limited, the exergy method is more precise, since
exergy losses are quantified on the basis of the actual
operating conditions of the desalination plant as well
as of the power cycle.
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