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Abstract

In this paper, exergy and exergoeconomic analggieiformed on the recently proposed process for
the coproduction of liquefied natural gas (LNG) aratural gas liquids (NGL) based on the mixed
fluid cascade (MFC) refrigeration systems, as ohé¢he most important and popular natural gas
liquefaction processes. To carry out this analyatigirst, the proposed process is simulated, had t
the exergy analysis of the process equipment fopeed; finally, an economic model is used for the
exergoeconomic analysis. The results include cbstxergy destruction, exergoeconomic factor,
exergy destruction, and exergy efficiency. The ltesof the exergy analysis demonstrate that the
exergy efficiency of the proposed process is ardeB@3%, and its total exergy destruction rate is
42617.5 kW at an LNG and NGL production rates 0088kg/s and 27.41 kg/s respectively. The
results of exergoeconomic analysis indicate that neximum exergoeconomic factor, which is
69.53%, is related to the second compressor in lidp@efaction cycle and the minimum
exergoeconomic factor, which is 0.66%, is relatedhie fourth heat exchanger in the liquefaction
cycle. In this process, demethanizer tower holdshilghest relative cost difference (100.78) and the
first air cooler in liquefaction cyclaas the lowest relative cost difference (1.09). ©@héhe most
important exergoeconomic parameters is the cosexgfrgy destruction rate. The second heat
exchanger has the highest exergy destruction &&8.91 $/Gj) and the first air cooler in the
liquefaction cycle has the lowest exergy destructiost (19.36 $/Gj). Due to the high value of fuel
cost rate (as defined in exergoeconomic analysifeat exchangers, their exergy destruction cost is
much higher than other devices.

Keywords: Natural Gas, LNG, NGL, Exergy, Exergoeconomic

1. Introduction

Liguefied natural gas (LNG) is regarded as onehef tonvenient energy carriers, especially for
transportation to very long distances; it is praudirectly from the natural gas by the relevant
refrigeration processes. Natural gas liquids (NGifjch is used as a main feed in petrochemical
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processes (Elliot et al., 2005), is also produgethb relevant refrigeration system (Finn, 199NQG.
processes are classified by the refrigerant cortippsand the refrigeration system (Shukri, 2004).
NGL and LNG production are performed in cryogenicgesses in which the refrigeration system is a
main part. Increasing the level of integration iRiadamental way for improving the efficiency and
decreasing the operating and capital costs (Edicl., 2005). In this paper, the recently altausat
integrated process for the cogeneration of LNG M&d. as proposed by (Mehrpooya et al., 2014) is
investigated; specifically, an exergy analysisagf@med to find the location, magnitude, and sesrc
of inefficiencies in the proposed process.

The exergy analysis is used for the evaluation MGLand NGL processes by many researchers.
Exergy analysis was performed on four small-sca&lésLprocesses and it was shown that the SMR
process has the best exergy efficiency among forgsses (Remeljeja and Hoadley, 2006). Vatani
et al. (2014a) carried out energy and exergy aralgs five conventional LNG processes, and they
concluded that the performance of the MFC processiisiderable in terms of quality and quantity of
energy consumptiorMehrpooyaet al. (2006) performed exergy analysis on indakteéfrigeration
cycle used in NGL recovery units. Kanoglu (2002kgemted the exergy analysis of cascade
refrigeration cycle used for natural gas liquefati The exergetic efficiency of the multistage
cascade refrigeration cycle is determined to b&%8ndicating a great potential for improvements.
Mafi (2009) carried out exergy analysis for muldige cascade low temperature refrigeration systems
utilized in olefin plants. The exergy analysis fesindicate that the major irreversibilities angecto
losses within the compression system and drivimgef® across the heat exchangers. Morosuk et al.
(2008) presented the exergy analysis of absorpéfsigeration machines by a new method.

In exergy analysis, however, there is no term ttia¢ctly treats costs associated with exergy
destruction, which can only be determined by execgaomic analysis. PRICO liquefaction process
exergy-based analyses, i.e. exergetic, exergoedon@nd exergoenvironmental analyses, were
performed by Morosuk et al. (2015). Ghorbani et(2012) carried out exergy and exergoeconomic
analyses on natural gas separation process. ThksrebBow that the percentage increases in the unit
exergoeconomic costs of the compression and theettb@mizer section are the highest. The
exergoeconomic analysis of an industrial refrigeratycle was investigated by Mehrpooya et al.
(2009), in which the impact of component ineffigas on the fuel plant consumption, intrinsic, and
induced malfunctions were analyzed and quantifgéddiqui et al. (2014) presented exergoeconomic
analysis on the refrigeration cycle in which thenponents of the cycle are compared based on the
initial capital and the irreversibilities costs. Maa et al. (2005) carried out exergoeconomic\aisl

for a double effect absorption refrigeration systsith the direct combustion of the natural gas in
which fixed capital investment for each subsystdnthe unit was considered. Garousi Farshi et al.
(2013) performed exergoeconomic analyses for coatbéjector double effect and flow double effect
systems in series to compare the influence of diffeoperating parameters on investment product
cost flow rates and costs of the overall systems.

In this article, exergy and exergoeconomic analymesapplied to recently alternatives integrated
processes for the cogeneration of LNG and NGL wé&hsonable energy consumption and high
ethane recovery. After the determination of highstoning and inefficient elements, a relationship
between economic costs and investment is also peapand the components with the highest cost of
exergy destruction are identified.

2. Process description

The process flow diagram (PFD) of the mixed fluabcade (MFC) integrated process is shown in
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Figure 1. As seen, the NGL recovery and LNG prddacare carried out in an integrated process
(Mehrpooya et al., 2014). A brief description isegnted, and one may refer to the reference

available for further details.
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Figure 1
Process flow diagram of MFC configuratifdehrpooya et al., 2014).

2.1. NGL recovery section

Cleaned and pretreated natural gas feed, with csitiqgmo shown in Table 1, enters the plant at 37 °C
and 63.09 bar, and is cooled in two steps: in tidHmheat exchanger to 3 °C, and further to -30fC i
the second heat exchanger, E-1B. 40% of D-2 gatuptas directed to the exchanger E-2 and is sub-
cooled to about -88 °C (stream 114). Next, strearhid directed to the top of the demethanizer tower
via a J-T valve as cold reflux. Another portiontbé outlet vapor from D-2 is expanded thought a
turbo expander prior to entering the demethaniigit below the top section of the tower. Also, the
liquid bottom is spilled into two parts: stream 1@8introduced to the column for fractionation
through passing a J-T valve, and another portibrasy 107, is sub-cooled via E-2 to -30 °C and
enters the tower through a J-T valve. Demethartiaeer operates at about 25 bar and contains
conventional trays used in demethanizer columnss fwer has three liquid draw trays to provide
the required heat for stripping volatile compon&om the produced NGL. The required heat is
supplied by two multi-stream heat exchangers, Eathd E-1B. Side streams 1, 2, and 3 enter the heat
exchangers at 17.7, -7.9, and -54 °C and retuthegdower at 35, 0, and -15 °C respectively. Iis thi
configuration, no reboiler is needed, and ethamevery is enhanced to 92% (Mehrpooya et al.,
2014).

2.2. Liquefaction section

Lean gas stream that leaves the demethanizer taivabout -97 °C and 25 bar enters the LNG
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section. Stream 112 is pressurized to about 6thb@ompressor C-100, and it is then cooled in B-2 t

about -85.2 °C. In this process, final cooling iN& production is performed in the E-3 heat

exchanger, and the stream 119 is cooled to ab&2t51°C and delivered to the D-1 flash drum by
passing a J-T valve. The liquid product of D-1 NG at atmospheric pressure (Mehrpooya et al.,
2014).

Table 1
MFC configuration main streams data.

Feed gas Cycle 200 Cycle 300 Cycle 400 NGL LNG

methane 83.00 10.76 40.00 0.00 0.68 98.82
ethane 6.72 37.78 0.00 0.00 47.83 0.63
propane 5.18 19.84 0.00 73.74 39.58 0.06
N n-butane 0.00 0.00 0.00 15.15 0.00 0.00
Composition
ethylene 0.00 31.62 42.00 11.11 0.00 0.00
nitrogen 0.50 0.00 18.00 0.00 0.00 0.41
Dioxide carbon 0.20 0.00 0.00 0.00 1.08 0.07
c* 4.40 0.00 0.00 0.00 10.83 0.00
Temperature (°C) 37.00 35.00 35.00 40.00 28.40 .7162
Operation Pressure (bar) 63.09 27.90 29.00 16.90 2500 1.01
Condition
molar flow (kmol/hr) 18000 19000 12500 27400 2404 5315

2.3. Refrigeration system

Because of the advantages of the mixed refrigexgstems, including its high thermal efficiency and
high flexibility, it was used in the proposed intagd process (Mehrpooya et al., 2014).

2.3.1. The hottest cycle (cycle 400)

The process flow diagram of this cycle is showmeid lines in Figure 1. The first mixed refrigerant
cycle provides the required refrigeration for p@ew of the feed; it is also a heat sink for ceole
cycles, cycles 200, and 300. The cycle 400 refaigeiis a mixture of propane and ethane. The
refrigerant compositions are presented in Table 1.

2.3.2. The middle cycle (cycle 200)

This cycle, shown in green lines in Figure 1, pdew a portion of the required refrigeration for the
liquefaction section and the main portion of thgquieed refrigeration for NGL recovery unit. Also,
the middle cycle is a heat sink for the coldesti&yce. cycle 300. The refrigerant in this cycde i
composed of methane, ethane, propane, and ethylene.

2.3.3. Liquefaction cycle (cycle 300)

The main function of this cycle, shown in blue Bnén Figure 1, is supplying the required
refrigeration for liquefaction and sub-cooling. Tiedrigerant in this cycle is composed of methane,
ethylene, and nitrogen. The thermodynamic dathe&treams are shown in Table 2.
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3. Process simulation

The simulation of the proposed integrated processesarried out by Aspen HYSYS software,
employing the Peng—Robinson-Stryjek—Vera (PRSV)a#gn of state. The main equipment power
consumption in this process, specific energy comsiom (SEC), and the coefficient of performance
(COP) are presented in Table 3.

4. Exergy analysis

Table 2
Thermodynamic data for MFC configuration matertaéams.
Stream Temperature Pressure Flow Stream Temperature Pressure Flow

no. (°C) (bar) (kmol/hr.) no. (°C) (bar) (kmol/hr.)
feed 37.00 63.09 18000 300 35.00 29.00 12500
101 3.00 63.09 18000 301 3.00 29.00 12500
102 -30.00 63.09 18000 302 -27.00 29.00 12500
103 -30.00 63.09 16550 303 -85.20 29.00 12500
104 -30.00 63.09 1449 304 -159.00 29.00 12500
105 -30.00 63.09 6620 305 -166.85 3.50 12500
106 -30.00 63.09 9930 306 -89.56 3.50 12500
107 -30.00 63.09 435 307 53.70 25.00 12500
108 -30.00 63.09 1015 308 35.00 25.00 12500
109 -65.13 26.00 9930 309 48.50 29.00 12500
110 -62.86 25.00 435 400 40.00 16.90 27400
112 -96.95 25.00 15595 401 8.80 16.90 27400
113 -36.72 63.00 15595 402 8.80 16.90 10910
114 -88.00 63.09 6620 403 -22.00 16.90 10910
115 -97.38 25.00 6620 404 -29.38 3.00 10910
116 -50.00 63.09 435 405 1.25 3.00 10910
117 -47.88 25.50 1015 406 8.80 16.90 16490
118 -85.20 63.00 15595 407 -0.34 6.70 16490
119 -162.50 63.00 15595 408 33.58 6.70 16490
120 -162.74 1.01 15595 409 35.34 6.70 27400
121 -162.74 1.01 280 410 37.99 6.70 10910
200 35.00 27.90 19000 411 81.86 16.90 27400
201 3.00 27.90 19000 sidel 17.74 25.00 2300

202 -27.00 27.90 19000  side2 -7.88 25.00 2300

203 -81.50 27.90 19000  side3 -54.08 25.00 2300

204 -90.99 3.10 19000 sidelR 35.00 25.00 2300

205 -29.72 3.10 19000 side2R 0.00 25.00 2300

206 67.63 15.00 19000 side3R -15.00 25.00 2300

207 35.00 15.00 19000 NGL 28.40 25.00 2404

208 77.90 27.90 19000 LNG -162.74 1.01 15315

In exergy analysis, the maximum useful work achidedoy specific quantity of energy is calculated.
Important parameters that are obtained from exangyysis are exergy destruction, exergy efficiency,
and exergy destruction ratio, as shown in the ¥atg expression (Bejan et al., 1996):
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where,E shows exergy rate, and subscriptsP, D, andk denote the fuel, product, destruction, and
component respectively. Also, the exergy data efsineams are shown in Table 4.

Table 3
Main equipment power consumption, specific enemyysamption, and coefficient of performance.

Component Name Power(kw)*

Compressors C-100 6064.86
C-200A 24107.69
C-200B 10203.72
C-300A 16807.21
C-300B 1664.71
C-400A 7123.01
C-400B 21791.78
Turbo expander TE-100 2319.30
Air coolers AC-200A 92.60
AC-200B 1393.89
AC-300A 299.75
AC-300B 232.81
AC-400 4851.01
Specific energy (kWh/kg LNG) 0.3572
COP 2.218

* Mechanical efficiency =0.75

5. Exergoeconomic analysis

Exergoeconomic combines exergy analysis with tiecimles of economy to provide the information
for designing a system, not possible through cotieeal energy analysis and economic evaluations.

5.1. Economic model

In the course of energy systems, economic anadygisoptimization, annual investment, fuel cost,
and systems maintenance cost must be calculatedisimesearch, total revenue requirement (TRR)
method, as developed by the Electric Power Resdastitute (EPRI, 1993), is used for the economic
analysis of the system. In this method, all thets;ogcluding return on investment, are also
calculated; based on the hypotheses given in Tabeguipment and fuel purchase prices, and the
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total revenue requirement are calculated annukllyally, all the costs including maintenance and
fuel costs during system operation would be baldnce

Table 4
Exergy and unit exergy cost for each stream of MB@figuration.
Stream  EP! ESH ETOT C c Stream EP ECH ETOT C c
no. (kW) (kW) (kW) ($/hr) ($/Gj) no.  (kw) (kW) (kW) ($/hr) ($/Gj)

feed 48837 4947926 4996763 355209.74 300 28136 3146299 3174436 852999.64
101 49019 4947926 4996945 355349.75 301 28239 3146299 3174538 8530748.65
102 50898 4947926 4998823 356229.79 302 28894 3146299 3175193 85337@.66
103 46736 4262763 4309499 307106.79 303 39759 3146299 3186058 856634.69
104 3599 685725 689324  4912B9.79 304 59385 3146299 3205684 86227@.72
105 18694 1705105 1723800 122849.79 305 58069 3146299 3204369 862278.75
106 28041 2557658 2585699 1842(69.79 306 14336 3146299 3160635 850508.75
107 1080 205717 206797  147319.79 307 27132 3146299 3173431 8526649.64
108 2519 480008 482527  343889.79 308 26966 3146299 3173265 852704.64
109 24605 2557658 2582263 184019.79 309 28243 3146299 3174542 85295%.64
110 1083 205718 206801  1475%9.82 400 40799 16532598 16573397 6225893104.35
112 40443 3621054 3661497 262010.88 401 40519 16532598 16573117 6225647104.35
113 44571 3621054 3665625 262839.92 402 16134 6582870 6599004 2478898104.35
114 23729 1705105 1728834 124379.98 403 17366 6582870 6600236 2479464104.35
115 23114 1705105 1728219 124379.99 404 16918 6582870 6599788 2479464104.36
116 1140 205717 206857  147569.81 405 8128 6582870 6590999 2476162104.36
117 2346 480008 482354  343869.80 406 24385 9949728 9974113 3746749104.35
118 54931 3621054 3675985 265986.10 407 23850 9949728 9973578 3746749104.35
119 76598 3621054 3697653 272188.45 408 20385 9949728 9970113 3745447104.35
120 74191 3621054 3695246 272188.46 409 33905 16532598 16566503 6222568104.34
121 281 58726 59006 4346 20.4@110 13525 6582870 6596395 2477121104.31
200 40366 8003347  8043713226489!78.21 411 51073 16532598 16583671 6225338104.27
201 41870 8003347  8045217226621:78.25 sidel 4308 1184086 1188394 4464204.35
202 46445 8003347  804979226831!78.27 side2 4683 1133586 1138270 4276354.36
203 55031 8003347  805837827093.78.28 side3 5863 1031562 1037425 38972404.36
204 53551 8003347  805689827093.:78.29sidelR 4331 1184020 1188352 4464264.35
205 15917 8003347  801926426032:78.29side2R 4587 1133253 1137840 42741G64.36
206 34600 8003347  8037947226337:-78.22side3R 4970 1031491 1036461 3893864.36
207 33767 8003347 803711%226338!78.23 NGL 4158 1330829 1334987 95529 19.88
208 41782 8003347  804512226473.78.19 LNG 73870 3562369 3636239 267820.46

5.2. Levelized costs

With an increase in the system operating yeargsimrent related costs decreases, while fuel costs
increase. Therefore, the balanced amount of anatadlrevenue requirement (TRRs calculated by

the capital return factor (CRF) and a decrease aifay value as given in Equation 4 (Bejan et al.,
1996):
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s TR
TRR = CRFZl:ﬁ (4)

where, TRRis the total revenue requirement jitn year of system operation, and BL denotes

economic life cycle of the system as measured mrgyé.; stands for the average annual rate of
effective devaluation. Capital recovery factor (GR¥Fcalculated as follows:

ieﬁ(1+ ieff )BL

CRF=_“0— 7
(1+i,)™ -1 )

In this study, the value for TRRs the sum of four annual values, including minimueturn on
investment (ROI), total capital recovery (TCR), @i®n and maintenance costs (OMC), and fuel
costs (FC).

Table 5
Economic constants and assumptions.
Economic parameters Value
Average annual rate of the cost of monigy) ( 10%
Average nominal escalation rate for the operatimdjmaintenance costgyc) 5%
Average nominal escalation rate for fuel] 5%
Plant economic life (book life) 25 years
Total annual operating hours of the system operatidull load 7300

More details on the general procedure, definitiamg] calculations are presented elsewhere (Bejan et
al., 1996):

TRR =TCR +ROI, + FC, +OMC, (6)

Fuel cost for this system (as defined in exergoegon analysis) is the electricity cost which is
calculated for the first year of operation as faio

FCO =qC, XWXT (7)

where,t is operating hours of the system per year (738pdmd/#/is the compressor power (KW,

is a constant related to the electricity cost. Thiea levelized value of RGor the series is calculated
by multiplying the fuel cost at the beginning oétfirst year of operation by the constant-escatatio
levelization factor (CELF):

_IBL
FC, =FC,xCELF= FCOMCRF (8)
(I-k)
where,
1+r
FC :1+_ti fee = constant (9)
i

where,rec and CRF are annual escalation rate of fuel codtcapital recovery factor respectively.
Similarly, the levelized annual operation and neamaince cost (OMG is obtained by the following
equation:



H. Ansarinasab et al./ Exergoeconomic EvaluatiohG and NGL Co-production ... 53

_ — komc(l_ kc?nLAc)
OMC, =OMC, xCELF =OMC, =%=——2Y~CRF (10)
(l_ kOMC)
where,
1+,
Kowe =——21¢ loue = CONnstar (11)

B 1+ iiff

where,romc is the nominal escalation rate of operation anthteaance costs. Finally, the levelized
carrying charge@C,) is obtained by the following relation:

CC =TRR-FC -OMQG (12)
where,Z shows the cost rate associated with the capitasiment and operating and maintenance
costs:

_CC_+0OMC, PEC,
T > PEC, (13)
k

where,t and PEE denote the total annual time (hours) of systenraifmn at full load and the
purchased-equipment cost of tkiln system component respectively. The equationse$timating
cost of the equipment is shown in Table 6 and ¢iselts calculated are shown in and Table 7.

2,227+ 2"

Table 6
Equation of cost of the process unit.
Component Purchased equipment cost functions

Compressor Cc=7.90(HPY*® [43]
Cc= Cost of Compressor (k$)

Heat exchanger C=1.218*{fnf,Cp
Cy=exp[8.821-0.30863(InA)+0.0681(In&) 150<A<12000,
fd=exp(-1.1156+0.0906*(In(A))), M= Material Factor, F&=Pressure Factor

Separator C=1.218[a+bW], K$ 5<W<40 tons/hr
a=42, b=1.63
Air cooler Cac=1.218f.frexp[a+binQ+c(InQj, Q in KSCFM [43]

Cac= Cost of Air cooler (k$)
fn=Material Factor, F£=Pressure Factor, a=0.4692, b=0.1203, ¢c=0.0931

Turbo Expander Cre=0.378(HP}® [43]
Cre= Cost of Turbo Expander (k$)

Absorption Cr=1.218[RCp+Nff5f4C; +Cpy]
C;=457.7 exp (0.1739D), 2<D<16 ft tray diameter, lNmber of trays
C,=1.218 exp [6.629+0.1826(InW)+0.02297(IMly4250<W<980,000 Ib shell
C=3000 732798 3<D<21, 27<L<40 ft (platforms and ladders)
f,= Material Factor, ;& 1.189+0.0577D,s£Tray Types Factor£2.25/(1.0414)

5.3. Cost balance equations

To calculate the unit cost of exergy for each sireaxergy balance equations are written for each
component as follows:
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SCE) 2 42 =Y (G

For some of the equipment with more than one ouffuwt, there is more than one unknown
parameter, so auxiliary equations based on the édwsandF (Lazzaretto and Tsatsaronis, 1997) for
these equipment are defined. Tables 8 and 9 regplgcshow the cost balance and auxiliary
equations for a system. Considering that, for sofmthe components, equations cannot be solved
independently; there is a set of linear dependgquations that should be solved simultaneously. A
computer program is developed in the MATLAB forwog the cost balance and auxiliary equations

to obtain the unit exergy cost for each flow, asspnted in Table 4.

Purchased equipment and invzzFrLee;t costs for MBEegs components.
PEC (3) Z°' ($/hr) Z2°M ($ihr)  Z ($/hr)
E-1A 123171.36 8.01 0.20 8.21
E-1B 79843.06 5.19 0.13 5.32
E-2 127701.63 8.30 0.21 8.51
E-3 65857.68 4.28 0.11 4.39
AC-200A 56774.85 3.69 0.09 3.78
AC-200B 56774.85 3.69 0.09 3.78
AC-300A 24819.81 1.61 0.04 1.65
AC-300B 56774.85 3.69 0.09 3.78
AC-400 103729.52 6.74 0.17 6.91
C-100 2098886.04 136.44 3.46 139.90
C-200A 4938254.48 321.01 8.14 329.15
C-200B 2897793.17 188.37 4.78 193.15
C-300A 3948609.45 256.68 6.51 263.19
C-300B 941603.69 61.21 1.55 62.76
C-400A 2318935.48 150.74 3.82 154.56
C-400B 4654001.65 302.53 7.67 310.20
TE-100 255051.40 16.58 0.42 17.00
D-1 55387.15 3.60 0.09 3.69
D-2 74983.07 4.87 0.12 4.99
T-101 77848.47 5.06 0.13 5.19
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Table 8
Main equations for MFC process.
Equipment Main Equation
E-1A CaooF oo+ Caoot Caort Croag Cuert Zean = Coor+ Coot Crog+ Cros+ C408+Csid91R
E-1B QOI+Q01+QM+C4OZ+C4O 4+CS ; dez+CS dest ZE B C:m2+C‘302+C‘?02+C403+C405+CSI . JOT
E-Z Q13+Q02+Q02+QO4+QO7+QO5+ZE2 :Q18+(':303+(':203+C‘?05+QI4+('\116
E-3 Cuor*CiostCuast Ze 5 = Coy+Cige+Cosg
V-1 Goo=Cis
V-2 Cis =Cuy
V-3 Co=Cis
V-4 Cpo =Co
V-100 Cus =Cir
V-101 Cus = Cans
V-200 Cus = Co,
V-300 Ca00=Caos
C-100 Co*Cov +Z6100=Ciss
C-200A 205+QN +Z¢ 3000 = Coog
C-200B Coor+Cov +Ze 2005 = Cop
C-300A Coos* G + Zc300a = Cooy
C-300B Cooet G+ Zcs0n = Cioe
C-400A Cios TG+ Zcs00n=Cig
C-400B Cioo*Cov +Z e =Cans
TE-100 C CW + ZTE 100 — C109
AC-200A C206+QN +Z 2000 =Cor
AC-200B Coos™Cov + Zuc2005=Cono
AC-300A Qo7+CN +Zuc.300=Caos
AC-300B Caoo*Cuv * Zoc-2008 = Coo
AC-400 Corr+ G+ Zaca00=Caoo
D-1 Q20+Z.}1 :C:.L21+ CLNG
D-2 CortZo2 =Cos* G
TEE-100 Cios =Cios +Cioo
TEE-101 Cioe =Cior +Ciio
TEE-102 Ci01=Cios +Cis
MIX-1 CioetCiio=Ciog

T-101 C;A15-'-C;A17-+-QO9+Q10 S|de1R Sld62R+CSIde3R+ZT101_Ql2+ S|de1 S|de2 S|de3 CNGL




56 Iranian Journal of Oil & Gas Science and Technoldggl. 5 (2016), No. 3

Table 9
Auxiliary equations for MFC process.
Equipment Auxiliary Equation
E'lA C407 — C408 CS|del C5|delR Cl Cfeed C201 CZOO C301 C300 CO]._C400

E407 Euos ESldel EsidelR E101 EYeed E201 E200 E301 ano E401_ .4
G G C_ C C C C C Czoz_sz 302 C301

side2 — “side2R side3 — “side3R 7404 —
E-1B e T e

ESideZ ESldeZR ESldeS ESIde3R’ E404 405 E102 ElOl EZOZ_EZOl E302 E301 E403 E402

E_2 204 205 CllB 113 — 116 107 114 C105 2 202_ 303 C302
E04 EZOS EllB E113 Ellﬁ E107 E114 E105 E203 EOZ E303 E302

E-3 % :% ¢119 _C::ns — C::304_(':\’303
Ews Ewe B Eie BB
TE-100 Cin = Cs
Ew Euw
D-1 ﬁ — C.LNG
B Eue
D-2 % = h
Ex Ew
TEE-100 S =
Eos Eue
TEE-101 S = S
Ev Eue
TEE-102 % :%
Ev: Eue
T-101 % = Csuiel’C; — C.sidez — C3|de3 Cl CNGL
E407 ESldel E404 Esidez E5|de3 E112 ENGL

5.4. Exergoeconomic variables

As we define one fuel and production for every eystomponents in exergy analysis, cost flow rate
related to fuel Cr) and productions) of a component can be obtained similar to exéayy rate of

Er andEp. Average fuel cost fokth element of a systensy() shows the average cost by which unit
fuel exergy for théth element is supplied:

(15)

Unit product costd, ) is defined as the average cost by which unitgxésr the product of thkth
element is provided:
Coy

Coy ==
Pk E
Pk

(16)

Cost of exergy destruction for theéh element in the system, which is related to exelgstruction
(Epy), is considered a hidden cost which can only beaked by an exergoeconomic analysis:



H. Ansarinasab et al./ Exergoeconomic EvaluatiohG and NGL Co-production ... 57

Cox =CeEoy (17)

Relative cost difference between the average @ystxergy unit of product and fuel is given by:

C.. —C 1-¢ z
rk - Pk F.k - k + k

(18)
Cex €y CerEpx
Exergoeconomic factor indicates the ratio of innesits cost to investment and exergy destruction
costs as follows:
__Z

Zk + C.:D,k

k

(19)

6. Results and discussion

6.1. Exergy analysis

In this paper, exergy and exergoeconomic analysegplied to the recently alternatives integrated
processes for the cogeneration of LNG and NGL. &kergy analysis of this process results are
presented in Table 10. In this process, the highestersibility is related to the compressor C-200
with a value of 5423 kW, and the second highesiesalas related to units C-400B, C-300A, and E-2
respectively. Exergy efficiency for expansion valweas lower than the other units. The exergy
efficiency of this process is around 53.83%, asddtal exergy destruction rate is equal to 42617.5
kW.

Table 10
Exergy efficiency and exergy destruction of MFCqass.

Component  Ep (kW) € (%)  Component Ep (kW) £ (%)

C-100 1937.11 68.06 E-1A 1934.46 97.77
C-200A 5423.14 77.50 E-1B 1438.37 97.73
C-200B 2188.88 78.55 E-2 2727.97 96.84
C-300A 4010.81 76.14 E-3 2439.32 94.31
C-300B 387.46 76.72 V-1 615.25 54.00
C-400A 1726.58 75.76 V-2 172.76 53.00
C-400B 4623.88 78.78 V-3 56.16 69.00
TE-100 1117.28 67.49 V-4 2406.98 31.00
AC-200A 693.85 98.00 V-100 534.65 30.00
AC-200B 835.19 98.00 V-101 447.51 40.00
AC-300A 272.65 99.00 V-200 1480.35 90.00
AC-300B 283.69 99.00 V-300 1315.85 86.00
AC-400 1825.99 96.00 MIX-1 4.77 100.00

T-101 1716.58 50.01

6.2. Exergoeconomic analysis

By exergoeconomic analysis, a rational relationlgfween initial investment and current costs, due
to failures, can be established, which enables determine whether a system works economically or
not. In this method, the investment costs are eséichfirst, as shown in Table 7, and then, usitaj to
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revenue requirement method and writing cost balaugetion, exergy unit cost for every stream is
determined (Table 4). Finally, the exergoeconoraatdr and relative cost difference are determined
by exergoeconomic analysis and the results arersiowables 11. The exergoeconomic factor value
shows information about the investment cost andggxefficiency of a system: large values indicates
that in order to decrease the system cost, elensests must be reduced, while small values indicate
that in order to reduce the system cost, the pedace and efficiency of a system must be improved.

Table 11
The results of exergy and exergoeconomic analyH& process.
Component Ep Cr Ce [o 7 £ A r f

(kW) ($/Gj) ($/Gj) ($/hr) ($/hr) (%) (%) (%) (%)
C-100 1937.11 19.72 38.39 137.52 139.90 68.06 2.10 94.650.43

C-200A 5423.14 19.72 30.34 38499 329.15 7750 5.87 53.846.09
C-200B 2188.88 19.72 31.80 15539 193.15 7855 237 61.285.42
C-300A 4010.81 19.72 31.61 284.74 263.19 76.14 4.34 60.348.03
C-300B 387.46 19.72 39.35 27.50 62.76  76.72 0.42 99.55 53%9.
C-400A 1726.58 19.72 33.99 122,57 15456 75.76 1.87 72.385.77
C-400B 4623.88 19.72 30.05 328.26  310.20 78.78 5.01 52.383.58
TE-100 1117.28 11.93 19.72 48.00 17.00 6749 121 65.23 .1526
AC-200A 693.85 19.72 20.15 49.26 3.78 98.00 0.75 2.20 7.13
AC-200B 835.19 19.72 20.15 59.29 3.78 98.00 0.90 2.17 5.99
AC-300A 272.65 19.72 19.94 19.36 1.65 99.00 0.29 1.09 7.85
AC-300B 283.69 19.72 19.96 20.14 3.78 99.00 0.31 1.20 15.80
AC-400 1825.99 19.72 20.58 129.63 6.91 96.00 1.98 439 650

E-1A 1934.46 104.35 106.75 726.71 8.21 97.77 2.09 230.12 1
E-1B 1438.37 104.36 106.81 540.38 5.32 97.73 156 235970
E-2 2727.97 78.29 80.88 768.91 8.51 96.84 2.96 330 910
E-3 2439.32 74.75 79.29 656.41 4.39 9431 2.64 6.07 6 0.6

T-101 1716.58 104.35 209.51 644.85 5.19 50.01 1.86 100.78 0.80

The results for this process demonstrate that B3@@mpressor has the highest exergoeconomic
factor (69.53) and the smallest exergoeconomimfaist related to E-3 heat exchanger (0.66). The
relative cost difference is an indication of relatincrease in the exergy cost of product with eesp

to the exergy cost of fuel in an element which play significant role in the evaluation and
optimization of the system. In this process, T-tieinethanizer tower holds the highest relative cost
difference (100.78) and AC-300A air cooler hasltveest relative cost difference (1.09).

The magnitudes of exergy cost of fuel and prodetemnines the cost of exergy rate in an element.
The maximum fuel cost rate is related to E-1B e@hanger with a value of 104.36 $/Gj, while the

maximum product cost rate is related to T-101 deam@zer tower with a value of 209.51 $/Gj. One

of the most important exergoeconomic parametetbéascost of exergy destruction rate; E-2 heat
exchanger has the highest exergy destruction d@&.941 $/Gj) and AC-300A air cooler has the

lowest exergy destruction cost (19.36 $/Gj).

8. Conclusions

In this paper, exergy and exergoeconomic analysesyaplied to the recently alternative integrated
processes for the cogeneration of LNG and N@iter the determination of high consuming and
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inefficient elements, a relationship between ecdoarosts and investment is also proposed and the
components with the highest cost of exergy desoudtave been identified.

The results of the exergy analysis show that tlexgsxefficiency of this process is around 53.83%,
and its total exergy destruction rate is equal ®614.5 kW. The results obtained from
exergoeconomic analysis in the form of exergy desitn cost and exergoeconomic factor can be
summarized as follows:

1. The most important elements in exergy destructimst are heat exchangers due to the high
value of fuel cost rate (as defined in exergoecao@malysis) in these devices;

2. The exergoeconomic factor in compressors and testmander is higher than the other
elements, and, hence, to reduce the total systsmtbese elements costs must be minimized,

3. The exergoeconomic factor in heat exchangers amgttihanizer tower compared to the other
elements of the system is negligible, and, henoeretluce the total system cost, the
performance and efficiency of these elements meishdximized.

According to the above conclusions, the most ingrdrelements in the exergy destruction cost are
heat exchangers. Therefore, the researchers sbongiler more effort on this element for improving
this integrated process in the future studies. &orehse the costs, attention should be focused on
decreasing the costs of compressor and turbo-egpdrydacademic and industry experts.

Nomenclature

f : Exergoeconomic factor (%)

FC : Fuel cost ($/s)

i eff : Average annual discount rate (cost of money)
] : jth year of operation

OoMC : Operating and maintenance cost

PEC : Purchase equipment cost ($)

r : Relative cost difference (%)

Mec : Annual escalation rate for the fuel cost

ROI : Return on investment

Iom : Annual escalation rate for the operating and teaiance cost
TCR : Total capital recovery

TRR : Total revenue requirement

14 : Power (kW)

Y : Exergy destruction ratio

Z : Total cost rate of component (capital investn&operating-maintenance cost)
Greek Symbols

T : Annual operating hours (hr)

€ : Exergy efficiency

Superscripts

Cl : Capital investment

OoM : Operating and maintenance

Subscripts

D : Destruction

F : Fuel

k : kth component

L : Levelized

P : Production

Abbreviations

AC . Air cooler




(o))
o
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C : Compressor

D : Flash drum

E : Multi stream heat exchanger

Mix : Mixer

\% : Expansion valve

TE : Turbo expander
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