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ABSTRACT: Flare gas, a byproduct of oil extraction, is usually burned without useful application,
despite having a high potential for energy recovery. This study has designed and analyzed a
polygeneration system for utilizing flare gas to simultaneously produce power, fresh water, hydrogen,
and heat. The proposed system includes a supercritical carbon dioxide power cycle, a thermoelectric
generator, crude oil preheating, a reverse osmosis desalination unit, and hydrogen production in a proton
exchange membrane electrolyzer. Modeling was performed using Engineering Equation Solver software
and evaluated through energy, exergy, and exergoeconomic analyses. The novelty of the study lies in
presenting an integrated system that optimizes multi-product generation from flare gas to meet industrial
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and domestic demands. The basic design results indicate an energy efficiency and exergy efficiency

of 83.24% and 23.56%, a net output power of 12.23 MW, and a thermal load capacity of 13.39 MW.
Hydrogen production is 60.93 kg/day, fresh water production is 106.7 kg/s, and the total exergy product
cost rate, total exergy destruction cost rate, and total investment cost are 2,982.96, 347.58, and 645.84
$/h, respectively, with a payback period of 1.72 years. Finally, the impact of key parameters on the
system performance has been examined using sensitivity analysis.

Polygeneration System
Thermoeconomic Analysis
Waste-to-energy

Crude Oil Preheating

1- Introduction

In recent years, with increasing environmental concerns
and the intensification of the climate change crisis, reducing
pollutants from industrial activities has become one of the
main priorities of countries in the twenty-first century [1].
One of the major sources of greenhouse gas emissions
is the phenomenon of flaring in refineries and oil and gas
processing units, which is carried out under emergency
conditions or for pressure control and process safety. On the
other hand, burning these gases with high heating value leads
to energy waste and economic loss in the oil and gas industry
[1-3]. Iran, possessing the world’s second-largest natural
gas reserves, has a significant share in this issue [4]. In this
regard, flare gas recovery is not only an effective solution for
reducing pollution and improving energy efficiency but can
also be highly beneficial economically [1, 2, 4].

Despite the studies conducted on flare gas recovery,
research remains limited to designing systems that utilize this
waste resource for the simultaneous production of multiple
outputs such as power, freshwater, heat, and hydrogen.
One of the innovations of this research is the design of a
polygeneration system aimed at maximizing the utilization
of flare gas energy, which includes components such as
electricity generation, crude oil preheating, desalination, and
green hydrogen production. In addition, the use of heated

*Corresponding author’s email: sheikhz@kashanu.ac.ir

freshwater as the feed for the proton exchange membrane
electrolyzer, while enhancing technical performance and
preventing membrane damage, improves the efficiency of
the hydrogen production process. This system, designed
considering the climatic conditions and available resources
in southern regions of Iran, particularly Ahvaz, can be
introduced as a practical and efficient option for flare gas
energy recovery.

2- Methodology

A schematic of the proposed system used in this study
is presented in Figure 1. The simulation approach in the
present study is as follows: first, the system inputs and initial
assumptions are defined, and the mass and energy balance
equations for the components are formulated. Then, exergy
and exergoeconomic analyses are performed, and the basic
design results are obtained. Finally, the system’s sensitivity to
key parameters is examined to determine the effects of their
changes on overall performance. The parameters presented
below are used to evaluate the overall performance of the
proposed system:

Net output electric power:
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Fig. 1. Schematic of the proposed system
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In addition, the total electrical energy efficiency and
the overall energy efficiency of the proposed system are
calculated according to equations (2) and (3):

77 L= WNet ( 2)
Electrical mo L HVfg

WNet + (’hh)zo + (rith),, + (rhh)zs + QHeuting.water‘ + QHe:lling,uil
, LHV,

A3)

Mrior =

Finally, the exergy efficiency for the overall system is
calculated as follows:

WNet + ExZO + Ex24 + ExZS + ExHeating,wuter + ExHeating,ai/
Ex,+Ex,

M ior =

“4)

3- Results and discussion

Based on the input data for the proposed system, the
baseline analysis results indicate that the system has an energy
efficiency and exergy efficiency of 83.24% and 23.56%,
respectively. The system produces a net output power of
12.23 MW and a heat load of 13.39 MW. Additionally, it
produces fresh water at a flow rate of 106.7 kg/s and hydrogen
at a rate of 60.93 kg/day. One of the major achievements of
this system is the ability to utilize recovered heat for crude
oil preheating, such that in the baseline case it can heat a
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crude oil flow of 150.9 kg/s up to 80°C. From an economic
perspective, the total exergy product cost rate is 2,982.96 $/h,
the total investment cost rate is 645.84 $/h, the total exergy
destruction cost rate is 347.58 $/h, and the payback period is
1.172 years. Other output variables are presented in Table 1.

Sensitivity analysis is conducted as a study of the impact
of independent variables on important dependent variables
such as energy efficiency, exergy efficiency, investment cost
rate, and exergy production cost rate.

With the increase of the turbine inlet temperature from
750 to 1000 K, the energy efficiency for the entire system,
according to Figure 2, decreases by about 0.9%, while the
exergy efficiency shows an increase of about 3.6%. The total
investment cost rate and total exergy product cost rate also
decreased by approximately 31% and 33%, respectively.
Figure 3 illustrates the effect of seawater salinity variation on
the overall system performance. According to this figure, with
an increase in salinity up to 50 g/kg of water, the total energy
efficiency decreases by 1.23%, and the exergy efficiency also
declines by 2.09%. On the other hand, the total investment
cost rate increases by 12.18%, and the total exergy product
cost rate rises by 6.93%. The energy and exergy efficiencies
of PEM! electrolyzer are illustrated as a function of current
density in Figure 4. According to the results, with an increase
in current density, the energy and exergy efficiencies of
this unit decreased by 6.83%. The investment cost rate
increases by 973%, and the exergy product cost rate rises by
576% in this unit. In Figure 5, the effect of the compressor
pressure ratio on the mass flow rate of preheated crude oil
is examined. With an increase in the pressure ratio, the flow
rate of preheated crude oil initially rises to approximately 151

1. Proton Exchange Membrane (PEM)
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Table 1. Modeling results for the main parameters in
the base design case

Parameters Value Unit
Energy efficiency 83.24 %
Exergy efficiency 23.56 %
Net output power 12,232 kW
Total electrical efficiency 18.76 %
sCO; ! cycle energy efficiency 40.90 %
TEG? energy efficiency 4.04 %
Thermal load capacity 13,392 kW
Freshwater production rate 106.7 kg/s
H; production flow rate 60.93 kg/day
Preheated crude oil flow rate 150.9 kg/s
Total exergy destruction 48,554 kW

Total exergy product cost rate 2,982.96 $/h
Total exergy destruction cost rate  347.58  $/h
Total investment cost rate 645.84 $/h
Payback period 1.172 years

! Supercritical carbon dioxide (sCO,)
2 Thermoelectric generator (TEG)
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Fig. 2. Effect of variations in the sCO, turbine inlet
temperature on the overall system main parameters

kg/s at a pressure ratio of 3.29, and then follows a decreasing
trend, eventually reaching 133.5 kg/s at a pressure ratio of 5.

4- Conclusions
Based on the obtained results and conducted analyses, the

following points can be noted:

 In the base case, the total energy and exergy efficiencies
of the system are 83.24% and 23.56%, respectively, with
a net output power of 12.23 MW. Hydrogen production is
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Fig. 3. Effect of variations in seawater salinity on the
overall system key parameters
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Fig. 4. Effect of variations in current density on the
overall system key parameters

60.93 kg/day, and the fresh water flow rate is 106.7 kg/s.
The system is capable of preheating 150.9 kg/s of crude
oil to a temperature of 80°C. The highest investment cost
is related to the reverse osmosis pump, and the greatest
exergy destruction occurs in the combustion chamber.
The payback period is calculated to be 1.172 years.

¢ Increasing the turbine inlet temperature of the supercritical

carbon dioxide improves the energy and exergy efficiency
of this unit, reduces costs, and enhances crude oil
preheating, but slightly decreases the first-law efficiency
of the entire system.

* The optimum compressor pressure ratio (3.29) maximizes

efficiency and crude oil preheating; further increases
reduce performance and increase costs.
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Fig. 5. Variations of the preheated crude oil flow rate
with respect to compressor pressure ratio

* Increasing seawater salinity reduces the performance of
the desalination unit and the overall system efficiency,
while increasing costs.

* Increasing the current density in the proton exchange
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membrane electrolyzer increases hydrogen production
but reduces energy and exergy efficiencies, especially at
high current densities.

e Increasing the figure of merit in the thermoelectric
generator improves its efficiency but also increases
investment and exergy production costs.
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Table 1. Key input data for modeling the components of the studied system
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Table 2. Input information for the exergoeconomic analysis [23-25]
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Table 3. Purchase cost functions of various system components

& o CIRef L™ a3 b 1321 pb
. 1
[5] NN Zee =25.6x1m,,, X(M)X(IHXP(O‘OIMTOH, -264)) Gyl adaase
) 1
[vs] YEAN Zcomp =T1.1x71,, X(m)xf’&><Ln(1DR() L ygeo oS
, 1

[vs] YEAN Zy, = 47193410, x (W_m) x Ln(PR,)x(1+exp(0.036T, —54.4)) $CO2 ()58
[vv] YINE Z, =2681x 4" ;U,y, = 2000W.m > KU, 14 ey =1600W.m > K™ Sl sl Jos
[vvl] DEYIY Zpe =2143x A, U, = 20000 m > K SCO2 oS i i

Zyypp = 525(Qpyop X ABpp), Oppp < 200m* / h
[vAl YAVIY RO YU ,Lid aay

Zypp =81 (Qypp % APHPP)U.%aQpr > 200m’ / h

Zyo=Coxn,xn, xC, xn,;C, =1200,C,, =7000 .
[vAl YAVIY SWip s RO ) yeee
Z,, =996x(Q, x24)"*

[va] avorf 10g,(Z,r) =2.2476+1.4965xlog,, (W, ) - 0.1618x (log,, (¥, ))’ RO I ey

[vy] ayYVA Z gy =1000x W, PEM ,3Ys zs)l

[y-] FEAIY Z e =1500 W, o Slga 5 Wgo

AHXZ 0.78 “

[v-] FEAIY Ziuwa = 13058 Y Sl Jase
Q . =m (hz —h ) (\“\“) . WN@I,SCOZ Y
Heating ,water 22 2 in Misco, == ( )

QHXI
QHeating,oil = moil Cp,oil (T;wt,oil - Tcy‘old Joil ) (\“\9) N , X LH VH
1. PEM :# (Y")
PEM

)w 9 U»W a0 "R dLoD » u] uog.m?u U.JL.)I hin 9

- Coa . . Sgisty ailobs 5003l S g5 0 033 oy
bl €y g pls G o > My cizzat ol yines] st I ipleajl g IS (oSl 65 5l o33k e ppiman

T < Dgd o dle (YY) o (YY) kuslgy b 5olles
aol o o3y lo)S ghise e (YY) 5 (M) Lalg) L 3

@ albobs 5 (sl (Salindge 5 pg> (1938) (53,551 035k ccales 5 .
g K W, et
23,5 o0 Ao oD &0 Mitectrical = W (*Y)
Jg

77 _ Net + EX20 + Ex24 + ExZS + ExHeat[/xg,wmer + ExH(’uling‘t)[[
I tot —

Yo . . . . ) .
( ) Wy + (11h) 5, + (rith) ,, + (rith) 5 + Qchling,walar + QHeuLing,oil

i LHV,

Ex, +Ex,

77[,101 = (\NY)

:Oi )2 LY :O] ) as

<o



FEY I SYY o AF+F Lo d o)l Y 0,93 « S yual SKlo swigen 4 il

Wlobw Cilises (51581 (51 (K0S g 4 3 &3jlg0 Y3lee g (55,551 o 55 ],y F Jous

Table 4. Exergy destruction relation and cost balance and auxiliary equations for various system components

55 Aol @ 3o 43150 doleo G325 a5 alaly I321 el
¢ =0,6y 0 =Cy 10 C,+Z,+Cy o =C W,.—(Ex,—Ex)) 198 g e
e =6 Co+C+ 2, =C+Cp (Ex,+ Ex,) - Ex, 3l aliase
Cw mc = Cw 1ur C.‘9 + ZMC + CW,MC = Cl() WMC - (Exl() - Ex9) $CO2 (Lol jgu oS

Cw.re = Cw 1ur
c,=c
Cs =G5y =€ 1G5
G =06

G =6, G =(1-x)c,

CIZ +ZRC + CW,RC = Cl3

C4 +ZTur = CS +CW,Tur
C+Cy 42,7, =C,+C,
C&S +CIO +ZLTR :C7 +C1|

Co+Cy+ 2, =C, +C,,

WRC - (Ex13 - Ex]z)
(Ex4 - EXS) - I/I./Tur
(Exs - Exé) - (Exls - Exu)
(Ex6 - Ex7 )— (Ex“ - Exm)

(Ex, — Ex,)— (Ex, — Ex,)

$CO2 dazme o515 g oS
SCO2 (yu,s
HTR 5> Jos
LTR 5,l,> Jowe

SCO2 oS S b

¢, =¢ C,+Cs+Z,,,=C,+C, (Ex, - Ex,) - (Ex, - Ex;;) V Sl Joe
€6 = 0,Cy p = i Cot Gyt Zp+ Zsm;; =G, Wyp = (Exyy = Exiy) O
- CrtZyy=Ci+Cy Ex,, —(Ex,, + Ex,,) RO ) pes
Cis =Ci95Cy up = Cy ur C]x + ZHT = C19 + CW,HT (Exlg —Exlg) - WHT RO o iy
Co4 = Cos5Cyp st = Cp i Cpy+ C’W,PEM +Zppy = Coy +Cos (Exy, + Wy, )~ (Exy + Ex,s + Ex,,,,) PEM ,3,Y, sJl
¢, =055 =0 Co+Cy+ 2y =C + Gy (Ex, — Ex, )~ (Ex, — Ex,g) Y ) Joe
s =i Co =0,y 16 =€y Cog +Co+ 2 =Cop 4 Cy 4G (Exyg = Bxyy) = (Exy, = Exyy + W) Sy S0 5 g
oL 55 ¥ S8 o sk 5,50 SVls Sal b o5 BB U B, =, (%)
gy sodb b (ygigy Pl lis [, g sl Jae mls o ano e
dgs0 Vb plgs Bpae 53Uy 0l GRIEIL ) (ass Gllas [¥] i b g "
ool e 83 oS sl &5 Heating,0l = EXttor 011~ LX ota it (Yv)
Ll o Y -0 s g gualis -0
A o b gilae (ooloiiy aibol (sl (939)9 LMl ol (o e =) =

2 5B 5 3y ool s wlelo &8 wmd e (M5 4l il s
WITY (g Lalls oy aibobo ol sl ZYY/OF § ZAYIVE (s
ooy O (opiomads WS o W Sl V¥ Sl JL g gl
590 2 PSS P IAY (3 L 3gyken 5 4l o SOlS NV EIV (0 L
3Ll pe Sl cilolos cpl moee sl ygliwd 5 (S biled oo Mo

b 3 oS gpgbas sl Pl e ileS i sl (BLJL )l

Siledse gln ' peiire Yol S Jlidle 5l adlas ol 5

b coolpity ol b, Jio o0 odlizul (oolgiiy 4ibolos
N0 (i yuime Clidios gl b il slaas > sla 295 (sl
P& dwlie opl bt cwl 4B S 18 b5l g duslie 350 [Vr LV

1. Engineering Equation Solver (EES)

€7



SCO, a2 slp[V0] g o g ol o295 S (e dunlie .0 Jou»

Table 5. Comparison between the results of the present study and Ref [15] for the sCO, cycle
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Table 6. Comparison between the results of the present study and Ref [16] for the RO cycle
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Fig. 2. Comparison between the results of the present study and Ref [30] for the PEM cycle
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Table 7. Modeling results for the main parameters in the base design case
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Table 8. Results of exergy and exergoeconomic analyses for various system components
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Fig. 3. (a) Exergy destruction, (b) Exergy efficiency for various system components
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Table 9. Comparison between the simulation results of the present study’s base design and other references
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