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Abstract: Integrated biomass gasification combined cycles can be advantageous for providing multiple
products simultaneously. A new electricity and freshwater generation system is proposed based
on the integrated gasification and gas turbine cycle as the main system, and a steam Rankine cycle
and multi-effect desalination system as the waste heat recovery units. To evaluate the performance
of the system, energy, exergy, and economic analyses were performed. Also, a parametric analysis
was performed to assess the effects of various parameters on the system’s performance criteria.
The economic feasibility of the plant was analyzed in terms of net present value. For the base
case, the performance metrics are evaluated as

.
Wnet = 8.347 MW, ε = 46.22%, SUCP = 14.07 $/GJ,

and
.

m f w = 11.7 kg/s. Among all components of the system, the combustion chamber is the greatest
contributor to the exergy destruction rate, at 3250 kW. It is shown with the parametric analysis that
raising the combustion temperature leads to higher electricity and freshwater production capacity.
For a fuel cost of 2 $/GJ and an electricity price of 0.07 $/kWh, the total net present value at the end
of plant’s lifespan is 6.547× 106 $, and the payback period is 6.75 years. Thus, the plant is feasible
from an economic perspective.

Keywords: cogeneration; integrated gasification combined cycle; multi-effect desalination;
techno-economic analysis; net present value

1. Introduction

Renewable energy resources such as biofuels are receiving significant attention worldwide.
Being available extensively and replenishable, biomass and wastes from various resources such
as residues of agricultural, forestry, dairy, and domestic activities can be regarded as sustainable
resources [1]. Moreover, biomass and various wastes can be employed to drive several systems for
such products as electricity, heat, cooling, potable water, ethanol, and renewable biodiesel, via various
conversion pathways [2].

Among the conversion pathways, gasification is an efficient method for syngas production.
Gasification of biomass and wastes includes partial oxidation in a closed chamber to yield gaseous
products [3]. Among the different types of gasification, the fixed-bed downdraft gasifier is recognized
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by many as advantageous since it has a relatively high conversion efficiency compared to other
gasification methods [4].

The final syngas produced is usually used in subsequent conversion processes, including
combustion in a gas turbine. The concept of integration of the gasification process with a gas turbine
cycle for electricity generation was introduced by Weil [5] in 1950. The integrated gasification combined
cycle (IGCC) combines a solid fuel gasification unit with an integrated gas turbine-steam power plant
to enhance performance and achieve higher efficiency [6]. To enhance the power generation capacity,
the off-gases of the gas turbine are used as an energy source to drive a steam cycle through a heat
recovery steam generator (HRSG) [7]. For instance, Soltani et al. [8] analyzed an integrated biomass
gasification and gas turbine combined cycle from energy and exergy perspectives. They indicated that,
for a particular gas turbine inlet temperature and cold-end temperature difference of the heat exchanger,
the thermal efficiency of the system could be maximized by adjusting pressure ratio. Gholamian et al. [9]
proposed a novel multi-generation system based on an IGCC, which includes a biomass gasification
system, a gas turbine cycle, a supercritical CO2 cycle, and a domestic water heater. For the case of
wood as the biomass input, the highest exergy efficiency was calculated to be 40.1%. Ahmadi et al. [10]
applied a steam Rankine cycle (SRC) to recover the waste energy of a micro gas turbine and analyzed
the system from thermodynamic, environmental, and exergoeconomic viewpoints. They also carried
out optimization and employed evolutionary algorithms to determine the optimum design parameters.
Köse et al. [11] investigated the utilization of the steam Rankine cycle and organic Rankine cycle (ORC)
as the bottoming cycle of the gas turbine. They performed a parametric optimization to analyze the
effects of the various working fluids in the ORC subsystem. The optimum performance criteria are
obtained for the overall system, including the SRC–ORC bottoming cycle with R141b as the working
fluid. Optimal values of the first-law efficiency, the second-law efficiency, and the net output power
were evaluated as 22.6%, 64.8%, and 780 kW, respectively.

Waste energy recovery in cement processing has been studied by Wang et al. [12], in terms of
four bottoming systems: single-flash and dual-pressure steam systems, a Kalina cycle (KC) and an
ORC. The highest efficiency was obtained for the Kalina cycle. A Kalina cycle was combined with a
Brayton Rankine cycle by Singh and Kaushik [13] to enhance the first- and second-law efficiencies and
to decrease CO2 emissions. Considering a constant fuel use, the energy and exergy efficiencies for this
novel hybrid system are increased by about 0.54% and 0.51%, respectively, relative to the base system.
Cao et al. [14] provided a parametric study and optimization for a biomass-driven Kalina cycle in the
presence and absence of a regenerative heater. They found that the efficiency of the cycle is enhanced
by using the regenerative heater.

Freshwater shortages are significant concerns for many nations, especially in the Middle East [15].
Water desalination processes are options for addressing such problems [16]. The main technologies
of water desalination are thermal and membrane methods. Thermal desalination processes include
multi-effect thermal vapor compression (ME-TVC), multi-effect distillation (MED), and multi-stage
flash (MSF), while membrane processes mainly include reverse osmosis (RO) and electrodialysis
(ED) [17]. Thermal desalination processes, especially those combined with power generation cycles,
constitute a considerable share of the global desalination market; in the Persian Gulf region, for example,
thermal processes account for 70% of the desalination industry [18]. Among the different types of
thermal desalination systems, MED units have several advantages: 1. exploitation of low-grade
energy sources such as solar energy, geothermal energy, and waste energy [19], and 2. straightforward
integration of MED units into energy systems [20]. Hence, a promising application for heat recovery is
with thermal desalination systems, especially MED units. Baccioli et al. [21] employed a MED system
for waste heat recovery in an ORC plant and showed that the augmentation of the MED unit to ORC
decreases the payback period and lowers the initial cost. An integrated plant comprising GT, MED,
and RO systems for electrical power and water production was developed by Mokhtari et al. [22].
They concluded that the total cost could be decreased from 2.80 to 2.30 $/m3 by supplying excess
power to the RO system. Dastgerdi et al. [23] developed a new configuration of the MED unit for
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waste heat recovery in the range of 65 ◦C to 90 ◦C and found that the devised system can increase the
freshwater production rate by 45%.

Since cogeneration systems yield to higher power generation capacity and offer desirable
efficiencies and are due to abundant sources of biomass sources, integrated biomass gasification
combined cycles can be considered as potentially beneficial technologies that provide multiple products
simultaneously. Here, based on the benefits of integrated gasification combined cycles (IGCCs),
a cogeneration plant for providing electricity and freshwater is proposed.

The main novelties of the devised system lie in the integration of biomass gasification and a
regenerative gas turbine with intercooling and a syngas combustor, where the syngas produced in the
gasifier is burnt in the combustion chamber and directly fed to a gas turbine. In most of the previously
published papers, the combusted syngas is used indirectly through the heat recovery systems for
different commodity production aims. Also, the energy discharged from the gas turbine is utilized
through a HRSG for further power generation. Another motivation of the proposed system is the
combination of a SRC and a MED desalination unit, in which the latter device acts as the condenser in
the SRC plant. Such an arrangement results in higher thermal and exergy efficiencies than either plant
would have individually.

The proposed system for electricity and freshwater production was analyzed from energy, exergy,
and exergoeconomic perspectives. Also, the net present value (NPV) and payback period (PP), as two
important economic criteria, were evaluated to investigate the feasibility of the system. A parametric
analysis was carried out to determine the impact of the main design parameters on the performance
metrics of the system.

2. System Description

A schematic of the proposed integrated gasification combined cycle for electricity and freshwater
production is provided in Figure 1. The new hybrid system is based on a downdraft gasification
system, a gas turbine cycle, steam Rankine cycle, and a multi-effect desalination system.

The main system operation is as follows. Air is pressurized in a two-stage compressor with an
intercooler between the stages. First, air enters compressor 1 at 1.013 bar and 298.15 K (the environmental
condition, state 5) and is pressurized (state 6). In the compression process, the air temperature increases
considerably so, to raise the net power output and potential for regeneration, the air is cooled in an
intercooler (process 6–7) which uses cooling water flow (process 19–20) prior to entering compressor 2.
The pressurized and cooled air (state 7) is compressed in the second-stage compressor to the final
pressure (process 7–8). The high-pressure air leaving compressor 2 is heated in the air preheater
(regenerator) using high-temperature flue gases of the second turbine (process 8–9). The high-pressure
and high-temperature air (state 9) expands through the turbine (Turbine 1); the first-stage power
generation process occurs in the gas turbine system. The hot turbine exhaust (state 10) enters
the combustor.

Air is provided for the gasification process by the companion of the air compressor (AC) between
states 2 and 3, and the biomass fuel enters the gasifier at state 1. After the reactions occur in the gasifier,
solid wastes and other pollutants are removed in the gas cleaner unit. The produced synthesis gas
(syngas) is delivered to the combustion chamber (state 4). The syngas is fired with air as the oxidant in
the combustion chamber. The flue gas produced by the combustion process enters the second turbine
(Turbine 2) and expands to produce electricity (process 11–12). The outlet flue gas of the second-stage
turbine at state 12 is delivered to the air preheater (regenerator), where it is cooled by transferring its
energy to the air flow (process 12–13). The exhaust gas temperature in the air preheater is still high
and has a significant thermodynamic utility that can be harnessed economically. Thus, the integrated
gasification unit and gas turbine cycle are combined with a steam Rankine cycle. The gas and steam
power cycles are combined by an interconnecting HRSG that acts as the boiler for the Rankine power
system. Finally, the flue gas is discharged to the environment at 150 ◦C. The corresponding T–S
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diagram of the cycle is shown in Figure 2, which indicates that significant exergy destructions occur in
the turbines and compressors.
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In the steam Rankine cycle, water enters the pump at state 18 as a saturated liquid and is pressurized
to the boiler pressure with a slight increase in the water temperature (state 15). The compressed
water enters the HRSG and, upon being heated by the combustion gases, leaves the HRSG as a
superheated vapor at state 16. This superheated vapor enters the steam turbine (ST), where it
expands and generates electricity (process 16–17). During the expansion process in the steam turbine,
the temperature and pressure of the steam decrease. The exhaust steam discharges to the condenser at
state 17. There, steam is condensed at constant pressure by rejecting heat to a cooling media, and the
saturated liquid at state 18 returns to the pump, completing the steam cycle. Among the various
cooling mediums, multi-effect desalination (MED) is a good candidate for utilization instead of the
condenser. Compared to widely used thermal processes such as multi-stage flash, MED desalination
has advantages such as lower primary energy consumption, lower heat transfer area, lower capital
cost, longer life, less corrosion, lower scaling rate, and less need for pre-filtering [24]. A parallel-cross
heat exchanger arrangement, because it performs better in terms of energy consumption and gain
output ratio (GOR) [25], was used in this study. Figure 1 shows a magnified schematic of a MED unit
with six effects.

The MED driving steam with a mass flow rate of
.

m17 at a somewhat high pressure (P17) is
directed towards the first effect of the MED unit. The latent heat is used to increase the temperature of
the falling seawater of the first effect to the boiling point and evaporates a section of the feedwater.
The condensate returns to the pump to complete the steam Rankine cycle. The unevaporated portion
of seawater is collected as brine or wastewater at the bottom of the chamber and passes to the second
effect. The vapor produced in the first effect as a heat source moves to the second stage and delivers its
latent heat to the falling feedwater and condenses as freshwater. As a result, part of the spray water
turns to steam, and this steam passes to the next effect, and this process repeats until the last effect.
For optimal use of the saline water energy, the output brine from the first effect enters the second
effect to increase the feedwater temperature. The steam formed in the last effect loses its latent heat
to the inlet seawater (state 21) and condenses in the condenser of the MED unit. In the condenser,
the temperature of the seawater increases. Part of the seawater, with a mass flow rate of

.
m24, is used as

feedwater, and the remainder with a flow rate of
.

m23 is considered as rejected water. The motive steam
that has lost its latent heat in the first effect and is converted to a saturated liquid is sent to the Rankine
pump. Through this desalination process, water is purified in each effect and stored in a water tank at
state 49, while the brine is collected in each state and rejected at state 47.

3. Modeling and Assumptions

3.1. Thermodynamic Assumptions

Several thermodynamic assumptions are invoked to simplify the study. These are as follows [26–28]:

• The operation of each process in the cycle is considered to be at steady state.
• Changes in the potential and kinetic energy rates are ignored; thus, only physical and chemical

exergies are considered.
• Pressure drops in the steam Rankine cycle are neglected, and pressure loss of the combustion

chamber is taken to be 5%.
• The input air composition is 79% N2 and 21% O2.
• Also, the reference environment properties T0 and P0 are taken to be 298.15 K and

1.013 bra, respectively.
• The temperature differences for the flows in all effects of the MED are equal.
• The spray of seawater in all effects of the MED occurs in an equal flow rate.

Other primary input parameters and prerequisites for simulation of the proposed electricity and
water generation plant are presented in Table 1.
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Table 1. Some input parameters and considerations for the modeling of the proposed system [26,27].

Parameter Value Unit

Reference pressure, P0 1 bar
Reference temperature, T0 298.15 K

Isentropic efficiency of gas turbines, ηis,GT 86 %
Isentropic efficiency of steam turbine, ηis,ST 88 %
Isentropic efficiency of compressors, ηis,Com 86 %

Isentropic efficiency of pump, ηis,Pump 86 %
Pressure ratio of compressors, rP 4 [−]

Combustion product temperature, T11 1500 K
Combustion chamber pressure drop, ∆PCC 5 %

Gasification temperature, Tg 1073.15 K
Gasification pressure, Pg 4 bar

Mass flow rate of biomass,
.

mf 1.25 kg/s
Moisture content in biomass 20 %

Temperature of water entering intercooler, T19 303.15 K
Temperature of water exiting intercooler, T20 311.15 k

Pinch point temperature difference of Intercooler, PPTDintercooler 17 K
Effectiveness of air preheater, ηAP 75 %

Stack temperature, T14 423.15 K
PPTD of HRSG, PPTDHRSG 10 K
APTD of HRSG, APTDHRSG 10 K

Steam turbine inlet pressure, P16 20 bar
Steam turbine outlet pressure, P17 0.25 bar
MED feedwater temperature, T24 318.15 K

Seawater temperature, T21 303.15 K
Salinity of seawater 42 g kg−1

Salinity of brine 70 g kg−1

Number of MED stages, Nsta 6 [−]
Temperature difference between effects, ∆Teff 2.8 K

MED final-stage temperature 321.15 K

3.2. Thermodynamic Modeling

In this subsection, mass, energy, and exergy balances, which are applied in the assessment of
the proposed cycle, are considered. Mass and energy rate balances, respectively, can be written as
follows [29]: ∑

in

.
m−

∑
out

.
m = 0 (1)

.
Q−

.
W =

∑ .
mouthout −

∑ .
minhin (2)

Here,
.

m is the mass flow rate; h denotes the specific enthalpy;
.

Q and
.

W are the heat transfer rate
and mechanical power.

Also, the exergy rate balance can be written as [29]:

k∑
i=1

.
Exin,i −

k∑
i=1

.
Exout,i +

k∑
i=1

(
1−

T0

Ti

)
.

Qi −
.

WC.V. =
.
ExD,k (3)

The exergy of a material flow has four main parts: physical, chemical, potential, and kinetic.
Variations of the velocities and heights in the elements are negligible. So, the total exergy rate for the
kth stream can be expressed as [29]:

.
Exk =

.
ExPh,k +

.
ExCh,k (4)
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Note that
.
ExPh is the physical exergy rate for all streams and can be computed by [29]:

.
ExPh =

∑
i

.
mi[[hi − h0] − T0[si − s0]] (5)

Based on the materials used in the proposed cycle, the following relations can be used for the
chemical exergy rate [30]:

.
ExCh,biomass = Ψ∗

[ .
mbiomass∗LHV

]
(6)

.
ExCh,k =

.
m

 n∑
i=0

Yiexch,i + RunivT0

n∑
i=0

Yi ln(Yi)

 (7)

where Ψ denotes the coefficient of the fuel chemical exergy [30].
Detailed mass, energy, and exergy rate balance relations for each component in the system are

given in Table 2.

Table 2. Mass, energy, and exergy rate balances for components of the proposed system.

Component Mass and Energy Rate Balances Exergy Destruction Rate (
.
Exi

D)

Air compressor
.

m2 =
.

m3.
WAC =

.
m2[h3 − h2], ηis,AC =

h3,is−h2
h3−h2

(
.
Ex2 +

.
WAC) − (

.
Ex3)

Compressor 1 (Com1)
.

m5 =
.

m6.
WCom1 =

.
m5[h6 − h5], ηis,Com1 =

h6,is−h5
h6−h5

(
.
Ex5 +

.
WCom1) − (

.
Ex6)

Compressor 2 (Com2)
.

m7 =
.

m8.
WCom2 =

.
m7[h8 − h7], ηis,Com2 =

h8,is−h7
h8−h7

(
.
Ex7 +

.
WCom2) − (

.
Ex8)

Intercooler
.

m6 =
.

m7,
.

m19 =
.

m20.
Qintercooler =

.
m6[h6 − h7] =

.
m19[h20 − h19]

(
.
Ex19 +

.
Ex6) − (

.
Ex20 +

.
Ex7)

Air preheater
.

m8 =
.

m9,
.

m12 =
.

m13.
QAP =

.
m8[h9 − h8] =

.
m12[h12 − h13]

(
.
Ex8 +

.
Ex12) − (

.
Ex9 +

.
Ex13)

Gas turbine 1 (GT1)
.

m9 =
.

m10.
WGT1 =

.
m9[h9 − h10], ηis,GT = h9−h10

h9−h10,is

(
.
Ex9) −

( .
WGT1 +

.
Ex10

)
Gas turbine 2 (GT2)

.
m11 =

.
m12.

WGT2 =
.

m11[h11 − h12], ηis,GT = h11−h12
h11−h12,is

(
.
Ex11) −

( .
WGT2 +

.
Ex12

)
Combustion chamber

.
m11 =

.
m4 +

.
m10 (

.
Ex10 +

.
Ex4) − (

.
Ex11)

Gasifier
.

m4 =
.

m1 +
.

m3 (
.
Ex1 +

.
Ex3) − (

.
Ex4)

Steam turbine (ST)
.

m16 =
.

m17.
WST =

.
m16(h16 − h17), ηis,ST = h16−h17

h16−h17,is

(
.
Ex16) −

( .
WST +

.
Ex17

)
Pump

.
m18 =

.
m15.

WPump=
.

m18(h15 − h18), ηis,Pump =
h15,is−h18
h15−h18

(
.
Ex18 +

.
WPump) − (

.
Ex15)

HRSG
.

m13 =
.

m14,
.

m15 =
.

m16.
QHRSG =

.
m13[h13 − h14] =

.
m15[h16 − h15]

(
.
Ex13 +

.
Ex15) − (

.
Ex14 +

.
Ex16)

First stage
.

m30 =
.

m24/Nsta.
m30h30 +

.
m17h17 =

.
m18h18 +

.
m31h31 +

.
m32h32

(
.
Ex17 +

.
Ex30) −

(
.
Ex18 +

.
Ex31 +

.
Ex32)

Second stage
.

m29 =
.

m30,
.

m31 =
.

m33.
m29h29 +

.
m31h31 +

.
m32h32 =

.
m33h33 +

.
m34h34 +

.
m35h35

(
.
Ex29 +

.
Ex31 +

.
Ex32) −

(
.
Ex33 +

.
Ex34 +

.
Ex35)

Third stage
.

m28 =
.

m30,
.

m34 =
.

m36.
m28h28 +

.
m34h34 +

.
m35h35 =

.
m36h36 +

.
m37h37 +

.
m38h38

(
.
Ex28 +

.
Ex34 +

.
Ex35) −

(
.
Ex36 +

.
Ex37 +

.
Ex38)

Fourth stage
.

m27 =
.

m30,
.

m37 =
.

m39.
m27h27 +

.
m37h37+

.
m38h38 =

.
m39h39 +

.
m40h40 +

.
m41h41

(
.
Ex27 +

.
Ex37 +

.
Ex38) −

(
.
Ex39 +

.
Ex40 +

.
Ex41)

Fifth stage
.

m26 =
.

m30,
.

m40 =
.

m42.
m26h26 +

.
m40h40 +

.
m41h41 =

.
m42h42 +

.
m43h43 +

.
m44h44

(
.
Ex26 +

.
Ex40 +

.
Ex41) −

(
.
Ex42 +

.
Ex43 +

.
Ex44)

Sixth stage
.

m25 =
.

m30,
.

m43 =
.

m45.
m25h25 +

.
m43h43 +

.
m44h44 =

.
m45h45 +

.
m46h46 +

.
m47h47

(
.
Ex25 +

.
Ex43 +

.
Ex44) −

(
.
Ex45 +

.
Ex46 +

.
Ex47)

MED condenser
.

m46 =
.

m48,
.

m21 =
.

m22.
QMED,Cond =

.
m46[h46 − h48] =

.
m21[h22 − h21]

(
.
Ex46 +

.
Ex21) − (

.
Ex22 +

.
Ex48)
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3.2.1. Gasifier

For the modeling of gasifier, the equilibrium conditions are considered for each reaction.
The equilibrium condition is attained by minimization of Gibbs free energy. This method needs
only as input, the elemental composition of the feedstock. Therefore, this method is mostly appropriate
for biomasses, for which the chemical formula is not evident but can be obtained from ultimate
analysis. Relevant reactions in the gasification process follow, where air is considered as a gasification
agent [31,32]:

Boudouard : C + CO2 ↔ 2CO; ∆H = +172 MJ/kmole (8)

Water–gas heterogeneous : C + H2O↔ CO + H2; ∆H = +131 MJ/kmole (9)

Methane formation : C + 2H2 ↔ CH4; ∆H = −75 MJ/kmole (10)

Water–gas shift : CO + H2O↔ CO2 + H2; ∆H = −41 MJ/kmole (11)

The global gasification reaction follows for the air agent [33]:

CHaObNc + wH2O + nair[O2 + 3.76N2]↔ nH2H2 + nCOCO + nCO2CO2 + nH2OH2O+

nCH4CH4 + nN2N2
(12)

Here, CHaObNc denotes the biomass fuel; w is the biomass moisture content; n indicates the
amount of gasification agent (in kmol). Atomic balances of C, H, O, N are implemented to determine
relevant factors. The final biomass analysis is as follows:

50% C; 6% H; 0% N; 0% S; 44% O; 0% Ash, MC = 20% and LHV = 15.15 MJ/kg
The ultimate analysis of the biomass utilized as the gasifier feedstock is used for the moisture

content MC. That is,

MC =
mass of water

mass of wet biomass
× 100 (13)

Hence, the moisture content of the biomass is defined as:

w =
MbiomassMC
18(1−MC)

(14)

The reaction process is considered to be at the equilibrium condition, and equilibrium constraints
for Equations (10) and (11) are presented as [31]:

K1 =

nCH4

n2
H2

[P/P0

ntot

]−1

(15)

K2 =

[
nH2nCO2

nCOnH2O

][
P/P0

ntot

]0

(16)

Therefore, equilibrium constants must be computed by the change in Gibbs free energy as [34]:

−
∆G0

1

RTg
= ln K1 (17)

−
∆G0

2

RTg
= ln K2 (18)
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where Tg denotes the gasification temperature. Also,

− ∆G0
1 =

[
hCH4 − Tgs0

CH4

]
− 2

[
hH2 − Tgs0

H2

]
(19)

− ∆G0
2 =

[
hCO2 − Tgs0

CO2

]
+

[
hH2 − Tgs0

H2

]
−

[
hCO − Tgs0

CO

]
−

[
hH2O − Tgs0

H2O

]
(20)

Finally, the principle of energy conservation is applied to the gasification system to obtain the
air-to-fuel ratio. That is,

h
0
f,biomass + w× h

0
f,H2O = nH2

(
h

0
f,H2

+ ∆hH2

)
+ nCO

(
h

0
f,CO + ∆hCO

)
+ nCO2

(
h

0
f,CO2

+ ∆hCO2

)
+

nH2O

(
h

0
f,H2O + ∆hH2O

)
+ nCH4

(
h

0
f,CH4

+ ∆hCH4

)
+ nN2

(
h

0
f,N2

+ ∆hN2

) (21)

3.2.2. Combustion Chamber

For complete combustion, the following reaction occurs in the combustion chamber [8]:

n1H2 + n2CO + n3CO2 + n4H2O + n5CH4 + n6N2 + m′(O2 + 3.76N2)→ n7CO2 + n8H2O+

n9O2 + (n6 + 3.76m′)N2
(22)

Here, the coefficients n1 to n6 are calculated in the gasification analysis, and the coefficient m′

denotes the oxygen mole number for combustion of the synthesis gas. For an adiabatic combustion
chamber, the energy conservation equation yields:∑

j

X j

(
h

0
f j + ∆h

)
syngas

+
∑

j

X j

(
h

0
f j + ∆h

)
Air

=
∑

j

X j

(
h

0
f j + ∆h

)
Products

(23)

where X j denotes the jth component’s molar number in the synthesis gas, air, or produced gas of the
combustion chamber.

3.2.3. Heat Recovery Steam Generator (HRSG)

Figure 3 illustrates a single-pressure heat recovery steam generator and the temperature changes
of hot water and hot product gas. As shown in Figure 3, the HRSG system consists of three parts:
an economizer, an evaporator, and a superheater. In the economizer, the water enters at a temperature
of T15 and reaches a temperature of Tw1, which has a temperature difference with the saturation
temperature as large as the approach point temperature. In the evaporator, the saturated liquid is
converted to saturated vapor by receiving heat and, eventually, the saturated vapor temperature is
heated to Tsup in the superheater.
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Given the above points, the following equations are used in the thermodynamic modeling of the
HRSG unit [35]:

Tpp = Tg2 − Tsat (24)

Tapp = Tsat − Tw1 (25)

T16 = Tsat + ∆Tsup (26)

3.2.4. MED Desalination Unit

Figure 4 illustrates the ith effect of the MED unit.
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As mentioned earlier in the assumptions, the temperature difference between the effects is constant;
hence, for the nth effect, the temperature difference is calculated as follows [23]:

∆T =
T1 − Tn

n
(27)

Also, the temperature of brine in each stage can be defined as:

Ti+1 = Ti + ∆T, i = 1, 2, . . . , n (28)

Increasing the salinity of water raises its boiling temperature; thus, the temperature of the
generated vapor in each effect is lower than the boiling point of that effect. Therefore, the vapor
temperature of the ith effect is given by [23]:

Tvi = Ti − BPEi (29)

Here, BPE denotes the boiling point elevation and Tv the vapor temperature.
The motive flow is the steam. For the evaporators we have:

B1 = F1 −D1 (30)

D1 =

[
D0

(
hd − d f d

)
− F1Cp(T1 − TF)

]
λ1

(31)

where B1 is the rejected mass flow rate of the first effect, D1 is the mass flow rate of steam formed in
the first effect, and λ is the specific latent heat of evaporation.

A mass balance for salt for the first effect follows [23]:

Xb1 =
F1

F1 −D1
XF (32)

Here, XF and Xb1 denote the salinity of the supply saline water and the salinity of the rejected
brine, respectively.

The conservation of mass and energy for the ith effect can be written as follows [23]:

Di =
(Di−1)λi−1 − FiCp(Ti − TF) + Bi−1Cp(Ti−1 − Ti)

λi
(33)
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Bi = Bi−1 + Fi −Di = (Bi−2 + Fi−1 −Di−1) + Fi −Di =
i∑

k=1

Fk −Dk (34)

Xbi =
XFFi + Xbi−1Bi−1

Bi
(35)

The flow rate of rejected water is calculated through the following relation:(
Mrw + M f

)
Cp(TF − Tcw) = Dcλn (36)

The total generated distilled water for the MED unit is:

Dtot =
n∑
1

Di (37)

An important parameter of the thermal desalination units is the GOR, which expresses the ratio
of the generated distilled water mass to the motive steam flow rate:

GOR =
Dtot

Ds
(38)

3.3. Exergoeconomic Analysis

A thorough exergoeconomic evaluation is performed in Appendix A, which includes the main
economic parameters for the power and water production system.

3.4. Main Performance Criteria

An evaluation metric is proposed here for the analyses of the system considered. The net output
work rate is written as:

.
Wnet =

.
WGT1 +

.
WGT2 +

.
WST −

( .
WComp1 +

.
WComp2 +

.
WAC +

.
WPump

)
(39)

The exergy efficiency is defined as the proportion of the useful or generated exergy to the input
exergy and can be expressed as:

ε =
Total Generated Exergy

Total Input Exergy
=

.
Wnet +

( .
Ex49 −

.
Ex21

)
.
E1 +

.
E2 +

.
E5

(40)

Also, the rate of exergy loss for the proposed system is calculated as follows:

.
EL =

.
Ex14 +

.
Ex47 +

.
Ex23 +

( .
Ex20 −

.
Ex19

)
(41)

Also, the sum unit cost of product for the proposed system is expressed as:

SUCPsystem =

.
Cw,net +

.
C49

.
Wnet +

.
Ex49

(42)

4. Results and Discussion

Results of the modeling and analysis of the proposed electricity and freshwater production unit
are presented in this section. First, a validation of mathematical models is performed. Then, the base
system with basic operating parameters is defined and examined, and subsequently the impacts of
various parameters on the system performance are considered and the economic results are presented.
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4.1. Model Validation

A comparison is presented of results obtained here and in related works in the literature in order
to validate the proposed modeling process through EES software [36]. Results from [9,37,38] are
utilized here to validate the gasification process. For the validation of the MED unit, the work of
Hatzikioseyian et al. [39] was employed. In this validation, conditions and considerations are regarded
as similar to comparative references. The comparative results for the validation of the gasifier and
MED units are listed in Table 3. As indicated in Table 3 for the gasification process and considering the
root-mean-square deviation (RMSD) metric, the results obtained here are in very good agreement with
those of experimental and also other works.

Table 3. Model validation for gasification process and MED desalination unit.

Gasifier

Gas Yield Present Work (%) Gholamian et al. [9]
(%)

Zainal et al. [37]
(%)

Experiment [38]
(%)

H2 21.06 21.6 21.06 15.23
CO 19.28 20.48 19.61 23.04
CO2 12.85 12.4 12.01 16.42
CH4 0.67 1.03 0.64 1.58
N2 46.14 44.48 46.68 42.31
O2 0 0 0 1.42

RSMD 0.463 1.0863 N/A N/A

MED

Parameter Present Work Ref. [39] Error (%)

Water production rate (kg/s) 0.8225 0.8311 1.03
Salinity of brine (g/kg) 55.00 55.91 1.62

Operating pressure of first effect (bar) 0.275 0.265 3.77
Performance ratio 9.452 9.5576 1.1

In addition, for the validation of the MED unit, the relative error is calculated. Based on these
results, it can be inferred that results for the model developed here for the MED unit agree well with
results from corresponding references.

4.2. Main Operating Results

The main properties of each stream in the proposed plant for the base case are given in Table 4.

Table 4. Values of thermodynamic and economic quantities of states for the proposed system.

Cycle
States T [K] P [bar] h [ kJ

kg ] s [ kJ
kg.K ]

.
m [ kg

s ]
.
Ex [kW]

.
C [$/year] c [ $

GJ ]

1 298.15 1.013 - - 1.25 18,237 919,133 2
2 298.15 1.013 0 6.884 1.891 0 0 0
3 464.8 4.052 169.8 6.937 1.891 293.6 65,963 8.917
4 1073 4.052 −2727 9.674 3.141 16,568 1.134 × 106 2.715
5 298.2 1.013 0 6.884 14.52 0 0 0
6 464.8 4.052 169.8 6.937 14.52 2255 1.116 × 106 19.64
7 320 4.052 22.06 6.556 14.52 1757 869,617 19.64
8 498 16.21 204.1 6.608 14.52 4175 1.409 × 106 13.39
9 989 16.21 740.3 7.354 14.52 8735 3.395 × 106 15.42
10 733.1 4.052 454.5 7.419 14.52 4300 1.671 × 106 15.42
11 1500 3.849 −111.3 8.443 17.67 17,618 2.821 × 106 6.354



Sustainability 2020, 12, 7996 14 of 29

Table 4. Cont.

Cycle
States T [K] P [bar] h [ kJ

kg ] s [ kJ
kg.K ]

.
m [ kg

s ]
.
Ex [kW]

.
C [$/year] c [ $

GJ ]

12 1153 0.9624 −553.6 8.507 17.67 9466 1.516 × 106 6.354
13 786 0.9624 −994.5 8.048 17.67 4113 658,674 6.354
14 423 0.9624 −1398 7.362 17.67 582.4 93,253 6.354
15 338.3 20 274.3 0.8942 2.419 35.74 13,188 14.64
16 660.6 20 3220 7.085 2.419 2695 763,985 11.25
17 338.1 0.25 2468 7.388 2.419 658.9 186,754 11.25
18 338.1 0.25 272 0.8933 2.419 30.77 8723 11.25
19 303.15 1.013 125.8 0.4365 64.12 171.4 0 0
20 311.15 1.013 159.2 0.5454 64.12 234.1 247,856 42.01
21 303.15 1.013 118.5 0.4102 73.11 15 0 0
22 318.15 1.013 178.1 0.602 73.11 188.1 155,024 32.7
23 318.15 1.013 178.1 0.602 43.86 112.9 92,997 32.7
24 318.15 1.013 178.1 0.602 29.25 75.28 62,027 32.7
25 318.15 1.013 178.1 0.602 4.876 12.55 10,338 32.7
26 318.15 1.013 178.1 0.602 4.876 12.55 10,338 32.7
27 318.15 1.013 178.1 0.602 4.876 12.55 10,338 32.7
28 318.15 1.013 178.1 0.602 4.876 12.55 10,338 32.7
29 318.15 1.013 178.1 0.602 4.876 12.55 10,338 32.7
30 318.15 1.013 178.1 0.602 4.876 12.55 10,338 32.7
31 334.4 0.2173 2611 7.888 2.109 561.2 168,907 11.94
32 334.4 1.013 232.8 0.7548 2.767 25.67 21,148 32.7
33 334.4 0.2173 256.3 0.8467 2.109 23.08 6947 11.94
34 331.6 0.1907 2606 7.933 1.993 493.9 157,608 12.66
35 331.6 1.013 222.5 0.7246 5.649 45.54 37,524 32.7
36 331.6 0.1907 244.6 0.8115 1.993 19.36 6179 12.66
37 328.8 0.167 2601 7.979 1.916 439.2 151,719 13.71
38 328.8 1.013 212 0.6934 8.609 59.78 49,259 32.7
39 328.8 0.167 232.9 0.776 1.916 16.43 5677 13.71
40 326 0.1459 2596 8.026 1.879 395.1 150,643 15.13
41 326 1.013 201.3 0.6613 11.61 68.79 56,683 32.7
42 326 0.1459 221.1 0.7401 1.879 14.14 5392 15.13
43 323.15 0.127 2591 8.074 1.881 359.2 153,657 16.98
44 323.15 1.013 190.6 0.6284 14.6 73.19 60,300 32.7
45 323.15 0.127 209.4 0.7039 1.881 12.35 5285 16.98
46 320.15 0.1103 2586 8.124 1.923 329.2 159,928 19.28
47 320.15 1.013 179.7 0.5947 17.55 73.75 60,768 32.7
48 320.3 0.1103 197.6 0.6673 1.923 10.96 5326 19.28
49 327.5 0.1529 227.6 0.76 11.7 96.34 34,805 14.34

The main performance criteria are presented in Table 5. For the base case, the net output power
obtained is 8.347 MW. This value is the sum of the net power outputs of the gas turbine cycle and the
steam Rankine cycle. The freshwater production rate is calculated as 11.7 kg

s . The exergy efficiency of
the proposed plant is 46.22%. The value of the sum unit cost of products (SUCP) for the plant for the
base case is calculated as 14.07 $

GJ , while the payback period is found to be 6.75 years when the fuel

cost is 2 $
GJ and electricity and water are sold for 0.07 $

kWh and 1.8 $/m3, respectively. In this condition,
the net present value at the end of system lifetime is calculated as 6.547× 106 $.
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Table 5. Main simulation outputs of the proposed system at base conditions.

Performance Index Value Unit

Net output power (
.

Wnet) 8.347 MW
Produced freshwater rate (

.
mfw) 11.7 kg/s

Exergy efficiency (ε) 46.22 %
Net present value over considered lifetime (NPV) 6.547× 106 $

Payback period (PP) 6.75 years
SUCP 14.07 $/GJ

The exergy flow rates and destruction rates of the proposed system are presented in a Sankey
diagram in Figure 5. Based on Figure 5, the maximum rate of exergy destruction is attributable to
the combustion chamber, mainly because of the nature of the combustion reactions and heat transfer
occurring. Of the total input exergy rate of 18,237 kW, 3250 kW are destroyed in the combustion
chamber. The second greatest exergy destruction rate (1962 kW) occurs in the gasifier. The value of
exergy loss rates are seen in the Sankey diagram to be 831.7 kW. Accounting for exergy destruction
and loss rates, the exergy efficiency is obtained as 46.22%.
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Figure 5. Sankey diagram of the proposed system showing exergy flows and exergy destructions.

The share of each component to the total exergy destruction rate is plotted in Figure 6. The combustion
chamber is responsible for 36.21% of total exergy destruction rate, while the gasifier and Rankine units
account for 21.86% and 16.16% of the total exergy destruction rate, respectively. Of the components of
the Rankine subsystem, the HRSG has the largest exergy destruction rate while, in the MED subsystem,
the highest exergy destruction rate is associated with the condenser.
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Table 6 presents the exergy destruction cost rate (
.
CD,k), the investment cost rate (

.
Zk), the exergy

destruction rate (
.
ExD,k), and the exergy efficiency (εk). The air preheater accounts for the highest

investment cost of all system components. The Rankine cycle pump contributes the lowest portion to
the system exergy destruction rate.

Table 6. Exergy and exergoeconomic factors for the proposed system.

Component cF,k ( $
GJ ) cP,k ( $

GJ )
.

CD,k ( $
year )

.
Zk( $

year )
.
ExD,k (kW) εk(%)

Air compressor (AC) 7.267 8.917 5033 7170 27.48 91.44
Compressor 1 (Com1) 17.07 19.64 90,797 55,073 211.1 91.44
Compressor 2 (Com2) 7.267 8.855 41,648 55,073 227.4 91.4

Intercooler 19.64 156.7 215,127 1678 434.8 12.61
Air preheater 6.354 17.28 126,810 1.129 × 106 791.9 85.2

Gas turbine 1 (GT1) 15.42 17.07 110,125 61,881 283.3 93.61
Gas turbine 2 (GT2) 6.354 7.267 54,046 125,715 337.5 95.86

Combustion chamber 5.334 6.354 436,880 16,147 3250 84.42
Gasifier 2.11 2.715 104,310 148,578 1962 89.41

Steam turbine (ST) 11.25 29.45 61,957 771,991 218.6 89.27
Pump 29.45 35.7 518.6 262.5 0.6988 87.66
HRSG 6.354 11.2 139,524 185,376 871.3 75.32

First stage of MED 11.25 12.42 15,250 1686 53.8 91.43
Second stage of MED 11.94 12.96 11,103 1686 36.89 93.14
Third stage of MED 12.66 13.78 10,722 1686 33.6 92.92

Fourth stage of MED 13.71 14.97 10,794 1686 31.25 92.61
Fifth stage of MED 15.13 16.61 11,404 1686 29.91 92.15
Sixth stage of MED 16.98 18.77 12,678 1686 29.64 91.46

MED condenser 19.28 35.53 70,481 421.6 145.1 54.41

4.3. Parametric Analysis

The effects of varying important functional parameters on the main performance criteria for the
system were examined. The range of decision variables for the parametric analysis, as well as the value
of each parameter for the base case, are given in Table 7. The parametric analysis results are plotted in
Figures 7–13.
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Table 7. Decision variables for parametric analysis.

Parameter Range Base Case Value

Compressor pressure ratio, rp 2–12 4
Gasification temperature, Tg[K] 800–1100 800

Combustion chamber temperature, T11[K] 1350–1550 1500
Air preheater efficiency, εAP[%] 0.65–0.85 0.75

Superheating temperature difference, ∆Tsup [K] 150–250 175
Feedwater temperature, Tf [◦C] 35–45 45
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Figure 13. Effect of gasification temperature (Tg) on gas yield.

4.3.1. Effect of Compressor Pressure Ratio on System Performance

Figure 7 shows the effect of varying compressor pressure ratio (rP) on the main performance
criteria. As the compressor pressure ratio increases, the net output power and exergy efficiency increase
to a maximum value and then decrease, while the sum unit cost of product decreases to a minimum
value and then increases. Also, the water production rate value drops continuously. The main reason
for this trend is that, as the compressor pressure ratio increases, the exit temperature of the compressor
rises. Thus, the combustion product composition varies, which leads to a higher power generation rate
and consequently a higher exergy efficiency and a lower SUCP. However, increasing the compressor
pressure ratio to higher values leads to a decline in the fuel mass flow rate, so the net output power
and exergy efficiency decrease.
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4.3.2. Effect of Gasification Temperature on System Performance

The impact of varying gasification temperature on the net output power, exergy efficiency,
water production capacity, and SUCP is shown in Figure 8. Raising the gasification temperature
decreases the net power output due to the decline of CH4 and N2 formation in the output gases of
the gasification process, which reduces the output power of the gas turbine. Also, an increase of
gasification temperature causes more heat to be delivered to the MED system, increasing considerably
the freshwater generated by the proposed system. The exergy efficiency increases as power generation
decreases and freshwater generation increases. As a result, the sum unit cost of the products decreases.

4.3.3. Effect of Combustion Chamber Temperature on System Performance

Figure 9 demonstrates the trends of net output power, exergy efficiency, freshwater production
rate, and SUCP as the combustion chamber temperature varies. It is seen that water generation rate
and power generation increase as combustion chamber temperature rises. This trend is mainly caused
by the enthalpy increase at the gas turbine inlet. Also, increasing combustion chamber temperature
increases the energy delivery to the Rankine cycle and thus boosts the water production rate of the MED
unit. The exergy efficiency of the overall system increases as power generation and water production
capacities rise. However, the effect of the increasing of the combustion chamber temperature on the
sum unit cost of the product exhibits a different trend, with SUCP decreasing to a minimum value and
then increasing.

4.3.4. Effect of Air Preheater Effectiveness on System Performance

Figure 10 demonstrates the variation of net output power, exergy efficiency, freshwater production
capacity, and SUCP with the air preheater efficiency. It is observed that the freshwater and power
production capacity increase as air preheater efficiency rises. The reason is that, as the air preheater
efficiency increases, the heat transfer rate to the air flow rises so that the inlet temperature of turbine 1
increases, which results in higher power output from turbine 1. However, as the heat transfer rate to
air flow increases, the energy delivered to the Rankine cycle decreases, so the water production rate
decreases. These variations in water production rate and power generation capacity lead to an increase
in exergy efficiency, and ultimately, sum unit cost of the product as air preheater efficiency rises.

4.3.5. Effect of Superheating Temperature Difference on System Performance

Figure 11 shows the variation of net output power, exergy efficiency, freshwater production rate,
and SUCP as superheating temperature difference (∆Tsup) varies for the proposed system. The net power
generation rate increases as the superheating temperature difference raises since the inlet temperature to
the steam turbine increases, leading to a higher power production rate by the steam turbine. However,
as ∆Tsup rises, the mass flow rate of the Rankine cycle decreases slightly; hence, the motive steam flow
rate decreases, yet the water production capacity decreases. Thus, exergy efficiency and SUCP increase
as the output power rises and the freshwater production rate declines.

4.3.6. Effect of Feedwater Temperature (T24) on Water Production Capacity

Figure 12 illustrates the variation of freshwater production rate with feedwater temperature (T24)
for the proposed system. The relation parallels that observed for the water production rate as feedwater
temperature rises. The main reason for this increase is that, as the feedwater temperature increases,
the vapor production rate in the MED effects increases considerably; hence, the water production
rate increases.

4.3.7. Effect of Gasification Temperature (Tg) on Gas Yield

The effect of gasification temperature for selected biomass was studied to observe the gas yield
potential at different operating temperatures. The produced components molar ratio in the temperature
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range 800 K to 1100 K is presented in Figure 13. It is observed from the plot that hydrogen yield
percentage increases with an increase in temperature up to 1000 K. It is also observed from the plot
that methane yield is decreased with increment of gasification temperature. Also, it is observed
that produced gas compositions follow the trend as observed in the experimental investigation.
Carbon dioxide and carbon monoxide molar ratio show a decreasing trend with an increase in
gasification temperature.

4.4. Net Present Value and Payback Period

Figures 14 and 15 illustrate the effects of electricity selling price (celec) and fuel purchasing cost
(c f uel) on the NPV of the system over its lifetime. It is observed that a lower payback period and
higher total NPV are attained as the electricity price increases. Figure 14 shows the variation of NPV
for c f uel = 2 $/GJ, c f w = 1.8 $/m3, and various electricity selling prices. It can be seen that, for an
electricity selling price of 0.05 $/kWh and lower, the total value of NPV at the end of the plant life
is negative, so such a plant is not feasible from an economic viewpoint. However, for c f uel = 2 $/GJ
for purchasing the fuel and celec = 0.07 to 0.09 $/kWh for selling the electricity, such a plant would
be feasible from an economic perspective in most countries. For instance, for c f uel = 2 $/GJ and
celec = 0.09 $/kWh, the total NPV value at the end of plant lifetime is 1.386 × 107 $. Also, based on
this figure, the payback period (PP) drops from 6.75 years for celec = 0.07 $/kWh to 4.13 years for
celec = 0.09 $/kWh.
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The effect of varying fuel purchase price is shown in Figure 15, for celec = 0.07 $/kWh and
c f w = 1.8 $/m3. It is seen that, for a fuel price higher than 5 $/GJ, the total NPV is negative at the end
of the plant lifetime. So, for this plant, it takes more than 20 years to be profitable, so it is not feasible
economically. However, for a fuel cost of 2 $/GJ and lower, the plant can be profitable after some years
of operation. Moreover, the payback period increases from 6.75 years to 11.28 years as the fuel cost
increases from c f uel = 2 $/GJ to c f uel = 3.5 $/GJ.

5. Conclusions

A novel IGCC-based system for electricity and freshwater production was proposed and analyzed
from thermodynamic and economic viewpoints. The main novelties of the devised system lie in
the integration of biomass gasification with a regenerative gas turbine with intercooling and syngas
combustor, and utilization of the energy discharged from the gas turbine system through an HRSG for
further power generation. Another novelty of the proposed system is the combination of SRC and
MED desalination units, with the latter acting as the condenser of the SRC plant. Such an arrangement
results in higher thermal and exergy efficiencies than either plant would have individually.

The feasibility of the devised system was analyzed from thermodynamic and economic viewpoints.
A comprehensive parametric study was carried out to evaluate the effect of some important parameters
on the system’s performance. The net present value and payback period were employed to evaluate the
economic feasibility of the plant. The main results and the conclusions drawn from them are as follows:

• For the base case, the system has
.

Wnet = 8.347 MW, ε = 46.22%, and SUCP = 14.07 $/GJ.
Also, the water production rate is calculated as 11.7 kg/s.

• The exergy analysis shows that, among all system components, the combustion chamber
contributes the highest exergy destruction rate (3250 kW), representing 36.21% of the overall
exergy destruction rate.

• The parametric analysis shows that increasing the gasification temperature results in lower
power production.

• For a fuel cost of 2 $/GJ, a freshwater selling price of 1.8 $/m3, and an electricity price of
0.07 $/kWh, the total NPV value at the end of plant lifetime is 6.547× 106 $, which means that the
plant is feasible from an economic viewpoint. For these values, the payback period is 6.75 years.
However, the payback period is sensitive to these values, increasing from 6.75 years to 11.28 years
as the fuel cost increases from 2 $/GJ to 3.5 $/GJ.
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Nomenclature

Symbols
A Area (m2)
AI Annual income ($)
APTD Approach point temperature (K)
AS Annual savings ($)
BPE Boiling point elevation (◦C)
B Rejected mass flow rate (kg s−1)
c Cost per unit exergy ($ GJ−1)
.

C Cost rate ($ year−1)
CRF Capital recovery factor
D Mass flow rate of steam in MED effects (kg s−1)
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ex Specific exergy (kJ kg−1)
.
Ex Exergy rate (kW)
F Mass flow rate of feedwater in MED effects (kg s−1)
GOR Gain output ratio
GTC Gas turbine cycle
G Gibbs free energy (J kg−1)

h Specific enthalpy (kJ kg−1)
HRSG Heat recovery steam generator
IGCC Integrated gasification combined cycle
K Equilibrium constant
LHV Lower heating value (kJ kg−1)
.

m Mass flow rate (kg s−1)
M Molecular weight (kg kmol−1)
MED Multi-effect distillation
MC Moisture content (%)
.
n Molar rate (kmol s−1)
N Lifetime of system (year)
NPV Net present value ($)
P Pressure (MPa)
PP Payback period (years)
PPTD Pinch point temperature difference (K)
.

Q Heat rate (kW)
rP Pressure ratio
R Universal gas constant (J kg−1 K−1)
S Specific entropy (kJ kg−1 K−1)
SRC Steam Rankine cycle
SUCP Sum unit cost of product ($ GJ−1)
T Temperature (K)
TGOR Total gain output ratio
U Heat transfer coefficient (kW m−2K−1)

.
W Electricity (kW)
WHR Waste heat recovery
X Salinity (g kg−1)
Z Investment cost of components ($)
Subscripts
AC Air compressor
AP Air preheater
app Approach point
CC Combustion chamber
ch Chemical
CI Capital investment
Cond Condenser
C.V. Control volume
D Destruction
elec electricity
env Environmental
ex Exergy
f Formation
fw Freshwater
Fu Fuel
GT Gas turbine
in Inlet
invs Investment
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is Isentropic
k kth component
mix Mixer
net Net value
OM Operation and maintenance
out Outlet
ph Physical
Pr Product
pum Pump
pp Pinch point
q Heat transfer
Reg Regenerator
sat Saturation
ST Steam turbine
sys System
th Thermal
tot Total
VG Vapor generator
W Work
1, 2, . . . Cycle locations
0 Dead state
Greek Symbols
η Energy efficiency (%)
ε Exergy efficiency (%)
φr Maintenance factor
λ Latent heat of vaporization (kJ kg−1 K−1)

Appendix A

For the system considered here, the fixed cost (FC) comprises the system’s investment cost (Cinvs).
Table A1 provides the investment cost for each component of the system, where the total investment
cost evaluated by the summation of investment costs of each component [27] is as follows:

FC =
∑

i

Zi (A1)

The investment cost of the separator and mixer in comparison to other components is negligible [27].

Table A1. Cost function equations for components of the proposed system [26,27].

Component Cost Function Ref. Year Cost Index

Air compressor ZAC =
(

71.1×
.

m2
0.9−ηis,AC

)(
P3
P2

)[
ln

(
P3
P2

)]
1994 368

Compressor 1 (Com1) ZCom1 =
(

71.1×
.

m5
0.9−ηis,Com

)(
P6
P5

)[
ln

(
P6
P5

)]
1994 368

Compressor 2 (Com2) ZCom2 =
(

71.1×
.

m7
0.9−ηis,Com

)(
P8
P7

)[
ln

(
P8
P7

)]
1994 368

Intercooler Zintercooler = 8000
(Aintercooler

100

)0.6 2000 394.1

Air preheater ZAP = 4122×
( .

m12(h12−h13)
UAP∆Tlm,AP

)0.6
1994 368

Gas turbine 1 (GT1)
ZGT1 =(

479.34×
.

m9
0.92−ηis,GT

)
ln

(
P9
P10

)
× [1 + exp(0.036 ∗ T9 − 54.4)]

1994 368

Gas turbine 2 (GT2)
ZGT2 =(

479.34×
.

m11
0.92−ηis,GT

)
ln

(
P11
P12

)
× [1 + exp(0.036 ∗ T11 − 54.4)]

1994 368
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Table A1. Cont.

Component Cost Function Ref. Year Cost Index

Combustion chamber ZCC =

 46.08×
.

m10

0.995−
(

P11
P10

)
[1 + exp(0.018 ∗ T11 − 26.4)] 1994 368

Gasifier ZG = 1600
( .
mdry,biomass

)0.67 1994 368

Steam turbine (ST)
ZST = 3880.5×

.
WST

0.7(
1 +

(
0.05

0.92−ηis,ST

)3
)(

1 + 5× 2.71
(T16−866)

10.42

) 2003 402

Pump ZPump = 2100
( .

WPump

10

)0.26(
1−ηis,Pump
ηis,Pump

)0.5 2000 394.1

HRSG

ZHRSG =

6570× [
( .

Qec
∆Tlm,ec

)0.8
+

( .
Qev

∆Tlm,ev

)0.8
+

( .
Qsup

∆Tlm,sup

)0.8

] +

21276×
.

m16 + 1184.4×
.

m13
1.2

1994 368

MED

ZMED = 6291 ×
.

m49
0.865

× [1

− fHE + fHE ×

(
Nsta
Nre f

)1.277
×

(
Tre f

T18−273.15

)1.048
],

fHE = 0.4, Nre f = 8, Tre f = 70

2018 638.1

First stage ZFirst,s = 0.16 ×ZMED 2018 638.1
Second stage ZSecond,s = 0.16 ×ZMED 2018 638.1
Third stage ZThird,s = 0.16 ×ZMED 2018 638.1

Fourth stage ZFourth,s = 0.16 ×ZMED 2018 638.1
Fifth stage ZFi f th,s = 0.16 ×ZMED 2018 638.1
Sixth stage ZSixth,s = 0.16 ×ZMED 2018 638.1

MED condenser ZMED,Cond = 0.04 ×ZMED 2018 638.1

Note that the cost of the kth element is updated for the year 2020 by employing the Chemical
Engineering Plant Cost Index (CEPCI) as follows [40]:

Z2020 = Zre f erence year ×

[
CEPCI o f 2020

CEPCI o f the re f erence year

]
(A2)

The operating cost (OC) of the plant includes the cost of operation and maintenance (CO&M) and
the cost of fuel (C f ). Each of the operating cost factors is considered as follows [41]:

OC = CO&M + C f (A3)

CO&M = 0.06× FC (A4)

C f =
(
z f ×

.
m f × LHV

)
× 3600× tyear (A5)

Here, Z f is the cost of fuel and tyear denotes the annual hours of operation for the system over its
lifetime, which is considered 7000 h in this work.

Also, the cost rate balance and several auxiliary relations are used for all elements to obtain the
cost rates for exergy flows. The cost rate balance for the kth element of the system [27] is as follows:∑ .

Cout,k +
.
Cw,k =

∑ .
Cin,k +

.
Cq,k +

.
Zk (A6)

where
.
Zk =

.
Z

CI
k +

.
Z

OM
k = CRF×

φr

N
×Zk (A7)

.
C = c

.
E (A8)

.
Cout = cout

.
Eout (A9)
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.
Cq = cq

.
Eq (A10)

.
Cw = cw

.
Ew (A11)

Here,
.
Z

OM
k is the operational and maintenance cost rate, while c and

.
C denote the specific exergetic

cost and cost rate, respectively. Also, CRF is the capital recovery factor, which is defined as follows [27]:

CRF =
ir[1 + ir]

n

[1 + ir]
n
− 1

(A12)

Here, ir denotes the interest rate and n the number of operational years, which is taken to be 20
years for this study.

The overall heat transfer coefficients for the heat exchangers of the proposed system are listed in
Table A2.

Table A2. Heat transfer coefficients for heat exchangers of the proposed system [4].

Component U( W
m2K )

Intercooler 850
Air preheater 18

Moreover, the cost rate balances, as well as the relevant auxiliary relations, are provided in
Table A3 for each element.

Table A3. Cost rate balances and auxiliary equations for components of the proposed system.

Component Cost Rate Equations Auxiliary Equations

Air compressor
.
C2 +

.
CW,AC +

.
ZAC =

.
C3 cW,AC = cW,GT2, c2 = 0

Compressor 1 (Com1)
.
C5 +

.
CW,Com1 +

.
ZCom1 =

.
C6 cW,Com1 = cW,GT1, c5 = 0

Compressor 2 (Com2)
.
C7 +

.
CW,Com2 +

.
ZCom2 =

.
C8 cW,Com2 = cW,GT2

Intercooler
.
C19 +

.
C6 +

.
Zintercooler =

.
C20 +

.
C7 c7 = c6, c19 = 0

Air preheater
.
C8 +

.
C12 +

.
ZAP =

.
C9 +

.
C13 c13 = c12

Gas turbine 1 (GT1)
.
C9 +

.
ZGT1 =

.
C10 +

.
CW,GT1 c10 = c9

Gas turbine 2 (GT2)
.
C11 +

.
ZGT2 =

.
C12 +

.
CW,GT2 c12 = c11

Combustion chamber
.
C4 +

.
C10 +

.
ZCC =

.
C11 -

Gasifier
.
C1 +

.
C3 +

.
ZGS =

.
C4 -

Steam turbine (ST)
.
C16 +

.
ZST =

.
C17 +

.
CW,ST c17 = c16

Pump
.
C18 +

.
CW,Pump +

.
ZPump =

.
C15 cW,Pump = cW,ST

HRSG
.
C13 +

.
C15 +

.
ZHRSG =

.
C14 +

.
C16 c14 = c13

First stage of MED
.
C17 +

.
C30 +

.
ZFirst,s =

.
C18 +

.
C31 +

.
C32 c18 = c17, c32 = c30

Second stage of MED
.
C29 +

.
C31 +

.
C32 +

.
ZSecond,s =

.
C33 +

.
C34 +

.
C35 c33 = c31, c35 = c29

Third stage of MED
.
C28 +

.
C34 +

.
C35 +

.
ZThird,s =

.
C36 +

.
C37 +

.
C38 c36 = c34, c38 = c28

Fourth stage of MED
.
C27 +

.
C37 +

.
C38 +

.
ZFourth,s =

.
C39 +

.
C40 +

.
C41 c39 = c37, c41 = c27

Fifth stage of MED
.
C26 +

.
C40 +

.
C41 +

.
ZFi f th,s =

.
C42 +

.
C43 +

.
C44 c42 = c40, c44 = c26

Sixth stage of MED
.
C25 +

.
C43 +

.
C44 +

.
ZSixth,s =

.
C45 +

.
C46 +

.
C47 c45 = c43, c47 = c25

MED condenser
.
C21 +

.
C46 +

.
ZMED,Cond =

.
C22 +

.
C48 c48 = c46, c21 = 0

Division point
.
C22 =

.
C23 +

.
C24

c24 = c23, c25 = c24
c26 = c24, c27 = c24
c28 = c24, c29 = c24

c30 = c24
Gathering point

.
C33 +

.
C36 +

.
C39 +

.
C42 +

.
C45 +

.
C48 =

.
C49
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To evaluate the feasibility of the proposed system, two main parameters were considered:
net present value (NPV) and payback period (PP) [27]. The parameters can be written as:

PP =
FC
AS

(A13)

NPV = −(FC) +
n∑

i=1

(
AS× (1 + ir)

−i
)

(A14)

where AS denotes the annual net financial saving, defined as follows:

AS = AI −OC (A15)

Here, AI denotes the total annual income.
Since the income sources of the proposed electricity and freshwater generation system are derived

from selling these commodities, Table A4 provides the main cost indices and also the water and
electrical power selling prices.

Table A4. Cost indices [27].

Parameter Value

Maintenance factor, φr 1.06
Annual number of hours, tyear (hours) 7000

Fuel price, cF ($/GJ) 2
Plant expected life, n (years) 20
Electricity price, cele ($/kWh) 0.07
freshwater price, c f w ($/m3) 1.8

CEPCI for 2020 668
Interest rate, ir (%) 15
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