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Abstract

In this research, the integrated carbon dioxide power cycle with the geothermal energy source
to supply the required reverse osmosis desalination power for freshwater production is
defined. The cycling power is consumed by the desalination system and sodium hypochlorite
generator. Exergoeconomic analysis, and optimization are studied. Exergoeconomic analysis
is shown that the desalination system, sodium hypochlorite generator, carbon dioxide turbine,
and natural gas turbine have the highest rate for the sum of capital gain and exergy
destruction cost. For the first case of optimization, the total cost rate is considered as the
objective function. The optimal inlet discharge rate of sodium hypochlorite generator was
62% of the brine water outlet discharge rate of the desalination system. Plus, the total cost
rate is reduced by 10% compared to the general case when 100% of brine water discharge
rate of the desalination system enters into the sodium hypochlorite generator. The second
case is multiobjective optimization to reduce costs and increase productivity.

Keywords: CO2 power cycle; exergoeconomic; optimization; reverse osmosis desalination;
sodium hypochlorite generator

1. INTRODUCTION

As it is clear, one of the crises facing humanity to survive is the scarcity of fresh water for
consumption. We know that more than two-thirds of the earth is made up of water, but
unfortunately 94% of it is ocean and seawater that is salty and unpalatable. Only 3% of all
water in the world is usable, often found in polar glaciers and terrestrial springs. As we have
learned, the high potential of salt water in the world has made people think about sweetening
this water and turning it into potable water.!-* Kariman et al. explored a new type of industrial
desalination equipment. It uses electrical energy to evaporate effluents and is environmentally
friendly because of reclaimed wastewater. In this study, energy analysis was performed for
the first time to identify important energy consuming equipment. Exergy analysis of the
system showed that the most exergy destruction occurred in the boiler chamber and the
central heat exchanger.* They also studied different types of desalination systems and their
governing equations, then modeled the energy consumption of the evaporation vacuum
evaporation system with a brine tank and reported on the economic analysis results.>!3
Ghaebi et al. investigated the thermodynamic modeling (including energy and exergy
analysis) and the exogeochemical study of a power and hydrogen generation system includ-
ing an organic Rankine cycle and a proton exchange membrane electrolyzer driven by



geothermal energy, with different operating fluids (R245fa, R114, R600, and R236fa) to
compare their effects on the performance of the payment system and used EES software for
this purpose. Their results showed that the operating fluid R245fa has the highest energy and
exergy efficiency, which are 3.11% and 67.58%, respectively. This fluid also has the highest
cost savings, which is $11.54 and $4.921 per Gj for electricity and hydrogen, respectively.!'*
Fontina Petrakopoulou et al. have investigated common exergy analysis and advanced exergy
analysis for a hybrid power plant.!> Galindo et al. performed an advanced exergy analysis
using an experimental data set for an organic Rankine cycle coupled with an internal combus-
tion engine. Their results show that although exergy analysis shows that exergy and boiler
destruction rates are greater than expander, condenser, and pump, but advanced exergy
analysis shows that expander, pump, condenser, and finally boiler are at the priority to
improve equipment.'® Sohani et al. developed a model to determine the air properties of a
product of indirect dew point cooler with cross-flow heat exchanger and optimized it with
neural network methods.!”> ¥ They also investigated direct and indirect two-stage evaporative
coolers and evaluated the impact of changes in parameters affecting different system
performance criteria, including the output air conditions of each stage, cooling capacity,
resource consumption and their ratio, and operating and initial costs.!®>2° Conducted an
economic analysis of the diverse water conditions and electricity conditions around the
world. It was found that when the air-to-inlet ratio of the second stage is increased, there is an
equality of performance criteria, so it has an optimal value.?!>?> Also A. Abdalisousan et al.
come up with a particle swarm in a new possible way. Optimization (PSO) was investigated
to achieve economic optimization and in this study, the economic analysis of combined cycle
power plants was performed using classical optimization. Then, external and economic
algorithms and the effects of using three methods were compared and the analysis showed
that the total cost of production in the unit of production is 2%, 3%, and 5% lower.?*2*

2. DESCRIPTION OF THE SYSTEM

Figure 1 provides a view of the model investigated in this study.
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Figure 1.A view of the model presented and investigated in this study



The model consists of geothermal energy sources, complexes of power generation, drinking
water production, and sodium hypochlorite production. In the carbon dioxide generation
cycle, the operating fluid in the steam generator receives its required heat from the geo-
thermal energy source. So reaches its supercritical state and, after generating power in the
carbon dioxide turbine of this cycle, is condensed inside the condenser to enter the pump with
the saturated liquid state. In order to absorb more heat from the steam generator, carbon
dioxide enters the preheater before reaching the steam generator and after passing the pump
to enter the steam generator at a higher temperature. In the preheater, water enters the heat
exchanger at an inlet temperature equal to the ambient temperature. Since the carbon dioxide
is at a temperature below zero, the water gives its heat to the carbon dioxide and cools itself.
Thus, the operating fluid of this cycle enters the steam generator at a higher temperature.
Now because carbon dioxide is condensed at a temperature lower than the ambient
temperature, it needs a cold source or another fluid at a lower temperature. Low-temperature
LNG can be used as this cold source. Therefore, the operating fluid of LNG is pumped to the
condenser in the carbon dioxide cycle in the LNG gasification complex, to absorb heat and
condense carbon dioxide. The LNG operating fluid, passing through this complex, completes
the gasification process and the output of the complex is natural gas. Its turbine is also used to
generate power. So ultimately, by using this set of processes, the heat is released from the
carbon dioxide cycle, and the power is generated in its turbine. Also, the gasification of the
LNG is performed. In this model, all the net power generated by the turbines is converted into
electrical power by the generators. The power generated is distributed with a specific ratio
between reverse osmosis desalination and sodium hypochlorite generator. Depending on the
power produced in the model and the amount of it is allocated to the desalination system. The
inlet discharge of the desalination system and consequently, the number of pressure chambers
will be determined. As mentioned before, the inputs of the sodium hypochlorite generator are
concentrated brine solution and electrical power. On the other hand, the discharge output is
the concentrated brine solution; this flow is considered as the input of the sodium hypo-
chlorite system. So the power required by this generator is supplied from the power output of
the model. Also, the discharge flow of the desalination system has a high pressure which is
equivalent to the pressure of the pumps minus the pressure drop in the complex. Therefore,
this flow passes through the recovery turbine before it reaches the sodium hypochlorite
generator and generates power. The generator also converts this power to electrical power
and distributed along with the carbon dioxide power and LNG for use in the model.

As mentioned, the inlet flow rate of the desalination system in this model is determined
according to its input power. The input power of the sodium hypochlorite generator is also
determined in terms of the discharge and its inlet flow concentration. The recovery turbine
power generation is also dependent on the flow passing through it. The inlet flow discharge
of the sodium hypochlorite generator and the discharge flow through the recovery turbine are
also dependent on the discharge feeding flow of the desalination system. Thus, the percentage
of desalination power consumption relative to generated power is dependent on the discharge
of sodium hypochlorite generator, or desalination output. Therefore, the total product
generated in this model is entirely dependent on the total net power generated by the CO2 and
natural gas turbines.

3. EXERGOECONOMIC ANALYSIS

Exergoeconomic analysis is a combination of exergy analysis and economic concepts to
provide a set of useful information on the cost of each flow necessary for optimal system
design.



The modeling of the system and the exergy equations is fully described in Reference %°. For
an economic review of the process, the capital cost is calculated for all components of the
model. Equations (1) to (5) present the equations used to calculate the capital cost of the
various components in the process.?¢
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Equation (1) is used to calculate the capital cost of all the heat exchangers in the model,
where Aux represents the area of the heat exchanger.

It is essential to use the concept of fuel and product to perform exergoeconomic analysis. For
a control volume, fuel is the source of the exergy to produce the product and differs from that
of real fuel such as natural gas, and so forth. The product is also the desired result produced
by the fuel. Using the concepts mentioned above, the balance of exergoeconomic cost for
each control volume (or component) can be in the form of Equation (6).

Table 1 shows the exogeoeconomic balance for each process component along with the
auxiliary equations.
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In Equation (6) and the relationships in Tables 1-4, z is the investment cost rate and is
calculated according to the relationship (7).

5 Z.CRF.p
H (7)

where Z is the capital cost calculated in Equations (1) to (6). Also H is the sum of the annual
working hours and is estimated to be 7,440 hours. Also ¢ is the maintenance factor and its
value is 1.06. Clh{‘IF is also the capital recovery factor and is calculated from Equation (8).
i(1+i
CRF= =0
(1+i) =1 (8)

In the above relationship, i represents the interest rate and its value is 10%. N is also the
lifetime, with a value of 20 years.



Table 1. Exergoeconomic balance for process components

Equipment

Steam generator

0z wirbine
Condenser
CO; pump

Preheater

LNG pump

Heater

MG turbine

Recovery turbine

Desalination

NaClO generator

CQ; generator
LNG generator

Recovery generator

Exergoeconomic balance

t6+tg+zlw3=(:4+‘c?

Ca+ Zrumcoz =Cs + Cw Tumb,.co2
Cs+Crz2 + Zeondenser =C1 +C13
C1 + Cwpump,coz + Zpumpcoz = C2

Ca + Cs1 + Zpreheater = Ca + Cs2

Ci1 + Cwpump <G + Zpump NG =C12

Q:t + tsa +2Healer = 654 + 614

Cra + Z1ypng = Cis + C Turb NG

Cr2 * Zpec Turb = Cr3 + CwRec Turb

Cr1 + Cwiinglecro + Zro = Cr2 + Cra

Cr3 + CwijinNacio gen T £Maciogen = CH2 + Cnacio

Cw,Turb coz + Zgen,coz = Cwelec out.gen,CO2
Cw Tub NG * ZgenNG = Cw elecoutgen NG

Cw Rec Turb + ZGenRec = Cw elec,outgen Rec

Auxiliary equations

E = &
Exs  Exz
Cs = known
Cs = G
Exqa Exs
L =G
Ex; Exs

Cwpunpcoz _ CwTuhcoz
Weumpcoz Wrabcoz
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EXE Ex;

Cs1 =known
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CWineInc,ﬂ.n = cw.nlec.aul.wen.tt)z

Winciec o WclN.outngOE

Cr1 =known

Gy = Crucio
Exiz Expacio

Cwineleco — CwinNaCio gen
Winglec o Wianacio gen




In Table 4, the values of c are unknown and their number is 32. There are also 32 unknowns
in this table. Thus the basis of Table 4 is a system with 32 equations and 32 unknowns. It is
possible to solve such systems in different software using coding (including MATLAB
software).

For comparison from the perspective of exergoeconomic analysis, several parameters have
been defined. Three parameters of this type have been defined in Equations (9) to (11).

r = Cpk—CFk
Crk 9)
. . D
Cox =Crk Exk (10)
fic = Z
k= T——
Ly +Cpy (1)

In Equation (9), 7« is the relative cost difference for the kth component. This parameter
indicates the difference between the average cost of products and fuel due to the destruction
and cost of investment. In this relationship, cp, x and cr, « are respectively the average cost per
unit exergy of product and fuel for the component £, and their values are obtained from
Equations (12) and (13).

C
Cpi = ﬂ
Expy (12)
¢
Cex = £
EXg (13)

In Equation (10), Cox is equivalent to the exergy destruction cost in the kth component.

In Equation (11), fk is the exergoeconomic factor.

(Cpy)

Table 2 has provided the product cost of each component and the fuel cost of each

(Crx)

component in Equations (12) and (13), for example, for any type of equipment used in

the process.



Table 2. Product cost and fuel cost of some model equipment

Equipment Fuel cost Product cost

Steam generator CF.VG = {:5 -I{:;r Cp_vf, = Cq -C3 = CF_L:’G + EVG
€Oz wrbine (:-‘F.Turb.Cl.‘.}E = Cq —(:.‘5 (:-'r:r_'rum,coz = ':I:W.Turb coz

€Oz pump {:F_F"ump_CCI'Q = CW.PUmp.CCIQ (:F'.F'ump.CU'? = f:i = {:2

CO; generatar C F.GenCo2 = C W Turb CO2 (;-‘P.Gen Co2 = C W elec,uctlet,Gen CO2

Also, the product cost rate is obtained from the exergoeconomic perspective for the whole
process from the Equation (14).

D Ce=) Cr+Z (14)
4. OPTIMIZATION

As described in previous sections, the discharge water output from the desalination system
has higher concentration than the feed water of the system which is seawater and if it is
discharged into the environment or into free waters, it can cause pollution and be harmful.
Therefore, in this model, this highly brine water stream was used as the sodium hypochlorite
generator input. But on the other hand, the usual discharge of this salty stream into the sea
does not require much cost and power unless it incurs a large fine.

Therefore, the question here is about the effectiveness of desalination discharge flow as a
sodium hypochlorite generator input and its production in terms of economy and exergy.
More precisely, what percentage of this saline discharge stream enters the sodium
hypochlorite generator to minimize the total cost rate of the process, calculated from
Equation (14).

Optimization using single-objective genetic algorithm by MATLAB software has been used
in this study. In this optimization, the permissible range of decision-making parameter, which
is equal to the ratio of inlet discharge flow of sodium hypochlorite generator to discharge rate
of outlet brine flow of desalination, is considered from 0 % to 100%. Also, a multi-objective
optimization is performed by MATLAB to reduce the cost rate and increase the efficiency by
the multi-objective genetic algorithm method. Multi-objective genetic algorithm is one of the
multi-objective evolutionary algorithms and uses random and repetitive search to find
optimal results. Figure 2 provides an illustration of the performance of multi-objective
evolutionary algorithms.?¢
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Figure 2. Graph of multi-objective optimization algorithm

In this optimization it is attempted to have the lowest cost rate parameter of the whole
process, obtained from Equation (14), and also to achieve the highest efficiency of this
process.

A number of parameters can be considered to consider the efficiency of the process,
including the amount of potable water produced along with the amount of sodium hypo-
chlorite produced in the process, or the total power or net power produced in the process. But
it should be noted that all of these values are strongly interdependent. So if it gets the maxi-
mum amount of net power generated by carbon dioxide turbine and natural gas turbine, then
it will definitely have the highest amount of potable water and sodium hypochlorite
production. And as a result, it will also have the highest power output from the recovery
turbine.

In this optimization, the sum of net power of carbon dioxide and LNG flow has been
considered as the second objective function and is obtained from Equation (15).

Wiket.cycles = Whiieting + Wietcoz (15)

This optimization has three decision parameters. These parameters are inlet temperature of
carbon dioxide turbine, inlet pressure of carbon dioxide turbine, and inlet pressure of carbon
dioxide pump. The range of variation of these parameters in optimization has been presented
in Equations (16) and (17), respectively.

110=T4=120°C (16)
11=P4=12MP (17)
0.6=P;=0.7MP (18)



4.1. The assumptions and conditions of the model for simulation

In order to model the process presented, assumptions are applied to simplify the problem.
These assumptions are as follows:

e The system is examined under stable conditions.

e Heat transfer between the environment and system components is neglected.

e The pressure drop inside the transmission pipes is ignored.

¢ Kinetic energy and potential are neglected in all processes.

e The pressure drop in all heat exchangers is 2%.

e The carbon dioxide and LNG fluids in the proposed cycle have a saturated liquid state
at the pump inlet.

For numerical modeling of the proposed system, the desalination water input conditions has
been based on Bushehr city data in May 2007. Table 3 presents the modeling requirements of
the desired process.

Table 3. Modeling of the desired process? 20

Parameter Value Unit
Pressure of environment 325101 kPa
Temperature of environment 25 *C
Temperature of geothermal water 140 °C
Pressure of geothermal water 700 kPa
Flow rate of geothermal water 10 Kgl=s
Reject temperature of geothermal water 85 “C
Inlet temperature of CO; urbine 120 *C
Inlet pressure of CO; turbine 12 MPa
CO;z turbine isentropic efficiency 70 i
Condensation temperature -10 “C
CO; pump isentropic efficiency 80 i
Temperature of LNG tank -477161 *C
Pressure of LNG tank 431N kPa
Working pressure of LNG tank 31756 MPa
MG turbine isentropic efficiency 80 i



LNG pump isentropic efficiency 70 H

Outlet pressure of NG turbine 4 MPa
Temperatures of desalination feed water 25 °C
Pressure of distilled water 101 kPa
Recovery rate of desalination 3/0 -
Inlet pressure of desalination pump 101 kPa
Desalination pump isentropic efficiency 80 L
Recovery turbine isentropic efficiency 80 L]
Outlet pressure of recovery turbine 303 kPa
Efficiency of generators 9z L
Temperature decreasing of hot section of heater and pre heater 20 °C
TDS of desalination feed water 35612 Mg/l
Mumber of membrane in pressure cell 4] -
5. RESULTS

This section presents the results obtained from exergoeconomic analysis and optimization.

After performing exergoeconomic analysis, the product cost and fuel cost of each component
are calculated and then we can calculate the parameters of the exergoeconomic analysis
factor evaluation, the cost of exergy destruction, and the cost difference ratio. These values
have been presented in Table 4.

Considering the thermoeconomic evaluation criteria for designing a thermodynamic system, a
great deal of attention needs to be paid to the component that has higher sum of the capital
cost rate and the cost of exergy destruction.26 According to Table 4, this sum is highest for
sodium hypochlorite generator, condenser, carbon dioxide turbine, and heaters, respectively.
As such, these components are of the most importance from the exergoeconomic point of
view.

Preheaters, condensers, pumps in the LNG stream, carbon dioxide turbine generator, and
natural gas turbine generator have the lowest exogenous factor. This indicates that the costs
associated with these components are almost exclusively related to the cost of exergy
destruction. Represents the relative cost difference, which is due to the investment cost and
exergy destruction costs. This parameter is preferred to be low. The f'and r parameters for
desalination system are large. So if the capital cost for this component is reduced, its
effectiveness on improving the total cost of the system will be large.
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Table 4. Cost of exergy destruction and the cost difference ratio

Equipment

Steam generator

CO3z turbine
Condenser

COz pump

LNG purmnp

Heater

NG turbine

CO3 urbine generator
NG turbine generator
NaClO generator
Desalination
Recovery turbine

Recover turbine

generatcr

¢ (g}) cp(gj) Ep (kW) CD(

1.2000

9.4197

4.2211

16,2593

16.2593

12,2920

12,2920

16.2593

18.1988

20,1300

20,2277

12.3189

16,2593

47147

16.2593

0.4197

23.1554

77.5605

04,3479

18.1988

17.2981

19.2739

80.7603

55.4625

16.2593

18.8245

3554500

3437200

052.8800

23,3400

76.8300

262.5100

584200

25,3600

5.0100

4041700

18.2800

2.4500

1.0400

5.1. Presentation of optimization results

14,570

102,110

126,840

11,970

39,400

101,760

22,650

12,010

2,280

256,580

11,670

280

540

3
year

) CD+Z(

18,288

127,950

133,860

13,650

41,241

100,630

36,965

13,475

2,977

287,080

60,196

3,257

690

year

2) e

20,3154
20.1966
5.3142
12,3643
4.4706
TATTT
38,7333
3.4845
3.3797
10.6233
20.6188
73.0838

22,3706

(%)

262.6681

72.6095

123.1596

42.6580

377.0210

667.5543

48.0538

6.3329

5.9077

3011927

174.1906

43.6477

15.7763

According to the results obtained in the previous sections, the power consumption of sodium
hypochlorite is higher than the desalination power consumption and also higher exergy
destruction cost, its input value can be controlled. Considering the reduction in total cost rate
as the objective function and the percentage of desalination discharge water that enters the
sodium hypochlorite generator as the decision parameter in a single-objective optimization,
the sodium hypochlorite generator discharge rate for the optimal state will be 62% of the
outlet discharge rate of brine water of the desalination system. The total cost rate before this
optimization is 145,470 $/year and after that optimization is 130,360 $/year. Therefore, this
optimization reduces the total cost rate by 10%.

The second optimization is a two-objective optimization with objective functions of total cost
rate and total net power generated from carbon dioxide cycle and LNG flow. The goal is to
minimize total cost and maximize net power generation. Increasing the net power output in
this model also results in increased freshwater production and also the sodium hypochlorite
generator. The results of this optimization have been presented in 20 different cases in Table
5 and Figure 3, which represent the Pareto diagram of this optimization.
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Table 5. Results of this optimization

Number

10

11

12

13

14

Inlet pressure
of CO; turbine

(MPa)

11.8110793

1

—

(2586087

1

—

2672631

1

—y

81099294

1

—y

10823897

1

—y

80856718

1

—y

62081671

1

—y

51073546

1

—

56807726

1

—

5225471

1

—

8092709

11.7505139

11.34502457

11.60146324

11.61085931

1179751

11.8110798

1148705974

1163372296

11.10842111

Inlet pressure

of CO,; pump
(MPa)

0.604011552
0.699902064
0.68936829
0.807557963
0.6950417
0.603454007
0.6285758
0.851923919
0.805124389
0.810475557
0.803499118
0.616833846
0.68844744
0.614647174
0.823819317
0.8840930816
0.804011552
0.675312549
0.839562128

0.897971388

Inlet

temperature of
CO, turbine (C7)

119.6672018

110.0217366

113.5622965

119.6073147

112.0661194

119.5365632

117.5649917

116.3817073

119.2770739

119.26928382

119.609092

117.5210038

113.4226069

119.43859093

1176794614

117.1138825

1196672018

114.217334

117.5806167

112.0504044

Total cost of
process

($/year)
147 575.0247
137 208.7860
138,631.5162
144 2789217
138,467.1151
144,905,742
143194.6303
141,055.7948
147 256.6201
145 726.4002
144 901.4465
144 064.4472
138,679.0185
146, 584.6867
143,296.8331
130,425, 7187
147 575.0247
140,027.1951
142 40%.065

137,894.4344

Total net power

of cycle and CO;

flow-LNG flow

611.4507084

563.0301265

369.0757013

599.0470679

566.2258633

&600.6060897

590.9523677

582.347159

608.5099878

602.7589803

600.5375543

5050211149

569.5874246

606.2489511

502.3684098

573.8768919

611.4507084

574.2820515

587.1240213

565.3707203
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Pareto front
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Figure 3. Pareto diagram of two-objective optimization

Figure 3 has presented the numbers corresponding to the net power generation with negative
sign. The reason for this is that for multi-objective optimization by genetic algorithm based
on MATLAB software, the goal of optimization is to minimize all input objective functions.
Consequently, when the goal is to maximize the parameter as the objective function, this
parameter must be entered negatively into the algorithm. Therefore, in these results, we
consider the absolute values of the values shown in the Pareto diagram.

6. CONCLUSION

In this study, exergoeconomic and optimization analyzes were performed for a model for
seawater desalination and cogeneration of sodium hypochlorite. The power required in this
model was provided by the organic carbon dioxide power cycle and the liquefied natural gas
gasification cycle for the conversion of liquefied natural gas and heat capture from carbon
dioxide. Geothermal energy was also used as the heat source of the carbon dioxide cycle.

In this model, the generators of sodium hypochlorite, condenser, carbon dioxide turbine, and
heater generate the most cost for the system. Most of the condenser costs are related to its
exergy destruction, and on the other hand, much of the exergy destruction is inevitable and
cannot be recovered. It is therefore advisable to consider the other components listed above to
improve costs. In this model, if we consider the cost of discharging saline water out of the
freshwater into nature as negligible, by transferring 2% of this water to the sodium
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hypochlorite generator and discharging the remaining 2% after passing the recovery turbine
to the sea, we will have a 5% reduction in the total cost rate, which is optimal.

Nomenclature
Q
heat transfer (kJ)
w
mechanical power output (k)
H
enthalpy (k)/kg)
Mﬂ
mass flow (kg/s)
R
global constants of gases (Lit atm/mol K°)
R
flow temperatures (C°%)
Kw
water permeability coefficient
P
pressure (MPa)
Am
area of membrane (m)
X
concentration (g/L)
Ex
exergy (k)
MW
molar mass (mol)
/
exergy destruction (k])
z
capital cost ($)
Z0

investment cost ($/year)

14



CRF
capital recovery factor

N

lifetime (year)
"

relative cost difference ($)
C

average cost per unit exergy ($/kJ)

exergy destruction cost ($/k])

it

exergoeconomic factor
Greek letters
n

efficiency (%)
m

osmotic pressure (atmosphere)
P

density (kg/m?)
@

maintenance factor
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