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Abstract—An integrated LNG regasification - air separation process is investigated using exergy and exergoeconomic
analyses. The objective of developing this integrated process is to lower the calorific value of LNG by mixing regasified
LNG with high purity nitrogen, while simultaneously recovering and utilizing valuable cryogenic energy from the LNG
during its regasification to minimize the power consumption of the air separation unit (ASU) for nitrogen production.
The overall exergy efficiency and exergy destruction of the integrated process are 76.47% and 28.52 MW, respectively,
with the compression section causing the most exergy destruction. Further exergoeconomic analysis of the proposed
process reveals that the air compressors have the highest capital investment (CI) and operating and maintenance (O&M)
cost rates, the pumps for cooling water and LNG have the highest exergoeconomic factors, and the low-pressure col-
umn and a multistream heat exchanger have the highest exergy destruction cost rates. A parametric study is also con-
ducted to examine the impact of economic variables including interest rate, plant life, and compressor performance on
exergy destruction, CI and O&M cost rates, and exergoeconomic factor. The findings of this study offer valuable
insight into the design and optimization of similar integrated processes, with potential benefits for the energy industry.
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INTRODUCTION

Natural gas has the lowest carbon footprint of all fossil fuels [1,2].
Because indigenous natural gas supplies are rapidly declining in
many countries, including Pakistan, importing liquefied natural gas
(LNG) could be a viable solution to this problem [3,4]. According
to ExxonMobils assessment on the energy outlook, LNG trade is
predicted to triple over the next three decades [5]. Natural gas is
widely used in Pakistan for both industrial and domestic purposes.
However, due to an acute shortage of indigenous natural gas and
the possibility of resource exhaustion by 2030, attention has shifted
toward the import of LNG from other countries [6,7].

Of the 63.3 trillion cubic feet recoverable natural gas reserves in
Pakistan, 42.4 trillion cubic feet had been produced till 2021 [8].
The remaining recoverable natural gas reserves are only 20.9 tril-
lion cubic feet, which is approximately 0.2% of the global proven
natural gas reserves [9]. In 2022, 153.9 TWh of electricity was pro-
duced in Pakistan, of which 16.3 TWh (10.6%) was produced from
indigenous natural gas whereas 31.3 TWh (20.3%) was produced
from imported LNG [10].

LNG has a volume approximately 600 times smaller than natural
gas, allowing for its easy storage and long-distance transport [11,
12]. LNG is transported in cryogenic containers by sea ships under
low pressure (0.13-0.14 MPa) and at cryogenic temperatures (about
100K) [13,14]. LNG is regasified and brought to the desired oper-
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ational conditions at LNG terminals before injecting into gas pipe-
lines [13,15-17]. Natural gas cooling and liquefaction processes
consume a significant amount of energy. For example, approximately
300 kWh of electrical energy is required to produce 1 ton of LNG.
The LNG can therefore be considered as a storage medium for
this cryogenic energy [11,16,18]. For LNG vaporization/regasifica-
tion, submerged combustion vaporizers (SCV) and open rack vapor-
izers (ORV) are commonly employed [19,20]. However, due to
vaporization at ambient temperatures (around 20 °C), the LNG
vaporization/regasification process results in the loss of important
cryogenic energy, i.e., 240-250 kWh of usable cryogenic energy per
ton of regasified LNG [21].

Various approaches for recovering this cryogenic energy from
LNG have been proposed in the literature. For example, the power
required for seawater desalination can be reduced by using LNG
cryogenic energy [15,22]. Similarly, attaching LNG vaporizers to
cold storage systems in the food business can lower the power re-
quirements for refrigeration [23]. Liquid CO, is required by the agri-
food businesses and hypermarkets. Utilizing LNG cryogenic energy
can help reduce the power needed to produce liquid CO,. The LNG
regasification process can also be integrated to lower the power con-
sumption of the air separation process [24,25]. The efficiency of the
direct expansion cycle for power production can be improved by
using LNG as the working fluid. LNG can also be used as the low-
temperature medium in the organic Rankine cycle, as well as in
Brayton and Kalina cycles [11].

Some existing natural gas fired power plants in Pakistan require
the gross calorific value (GCV) of LNG to be between 950-1,000
BTU/sct [26]. On the other hand, the LNG imported in Pakistan



3018 M. H. Hamayun et al.

typically has a GCV of 1,050-1,200 BTU/scf, which must be reduced
to meet the technical specifications of these gas fired power plants.
This can be achieved by mixing LNG with an inert gas, such as nitro-
gen which can be obtained from the air separation unit (ASU). Meh-
rpooya et al. [20,27] have previously shown that cryogenic energy
recovery by thermal integration of LNG regasification with an ASU
is a viable solution based on energy consumption and environmen-
tal risks. In particular, the following advantages can be realized by
integrating the two processes: (1) The air separation process oper-
ates at cryogenic temperatures and consumes significant power in
the refrigeration cycle. This power demand can be significantly low-
ered by using LNG cryogenic energy [28-30]. (2) Mixing LNG with
nitrogen reduces the calorific value of LNG. Cryogenic air separa-
tion is the most economical industrial scale process for producing
large quantities of high purity nitrogen [31].

To reduce the need for external utilities, the conventional air sepa-
ration process employs a two-column configuration in which both
the high- and low-pressure columns (HP and LP columns, respec-
tively) are heat-integrated. The HP columns condenser is heat-inte-
grated with the LP columnss reboiler [32]. The normal boiling point
of nitrogen (—195.7 °C) is lower than that of oxygen (-183.2°C).
However, by manipulating the pressures of the two columns, it be-
comes possible to use the condensation heat of nitrogen (HP col-
umn) for oxygen vaporization (LP column), thus eliminating the
need for external utilities. However, both columns should run at a
significant pressure difference to ensure adequate process integra-
tion and proper heat exchange between them [33]. As a result, the
two-column configuration consumes significant amount of power
in the compression section [34,35]. By recovering the cryogenic
energy of LNG, the power requirement of the ASU can be decreased
in two ways: (1) by cooling the feed air, and (2) by decreasing the
power required for air compression [36].

Exergy analysis has been widely used to assess the performance
of difterent chemical processes, including the integrated LNG regasifi-
cation - air separation process. Exergy-based methods provide a
systematic mechanism for identifying process irreversibilities and
improving the overall process efficiency by determining optimal
operational parameters [37-42].

Xu et al. [43] developed a novel integrated process to recover
LNG cryogenic energy and used exergy analysis to compare the pro-
posed process with a conventional LNG-integrated ASU process.
They reported that by harnessing cryogenic energy from LNG in
the improved design, the compressor power consumption was low-
ered, resulting in a drop in the HP column pressure from 5 to 3.5
bar. The modified design showed 42.47% improvement in the over-
all exergy efficiency and 12.6% reduction in the power consumption.
Morosuk et al. [44] used exergy analysis to compare an integrated
LNG-ASU process with a standalone ASU. The exergy efficiency of
the integrated process was enhanced by 11.76% whereas the power
consumption was lowered by 40.9% because of efficient utiliza-
tion of LNG cryogenic energy. Jieyu et al. [45] compared an LNG-
integrated ASU with a standalone ASU using exergy analysis. They
reported that for the integrated process, the exergy efficiency was
increased by 50.5% whereas the power consumption was lowered
by 39.1%. The overall exergy efficiency of the combined process
was reported to be 57.5%.
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In another study, Mehrpooya et al. [46] designed and evaluated
an LNG-integrated ASU process using exergy analysis. The impact
of various operational parameters, including nitrogen compression
pressure, LNG intake temperature, LNG flow rate, turbine inlet tem-
perature, and column operating conditions, on process efficiency
was studied using sensitivity analysis. The LNG-integrated process
outperformed the standalone process in terms of reduced power
requirement and increased energy and exergy efficiencies by 38.5%,
59.4%, and 67.1%, respectively. Ebrahimi and Ziabasharhagh [16]
used thermodynamic and economic analyses to analyze the per-
formance of an LNG-integrated ASU process. They reported that
efficient utilization of LNG cryogenic energy achieved the follow-
ing benefits: (1) the power requirement was reduced by 8.04%, (2)
the multistream heat exchanger's LMTD was increased by 3 K, thus
reducing the required surface area, (3) the initial investment rate
was reduced by 17.05%, and (4) the payback period was shortened
by one year. Esfilar et al. [47] designed an air separation process
that was integrated with LNG regasification and a coal and bio-
mass co-gasification power production cycle. Pure oxygen obtained
from the ASU was used as the gasifying agent. Sensitivity analysis
was performed on several operational parameters, including coal
mass flow rate, fuel composition, biomass/coal ratio, turbine effi-
ciency, and LNG mass flow rate, to increase the overall process effi-
ciency. They reported that the exergy efficiency of the integrated
process is 97%, with an exergy destruction of 1,007 MW. The heat
exchangers were found to be a major source of exergy destruction.

Exergoeconomic analysis combines exergy and economic evalu-
ations to offer a comprehensive assessment of a process. Three essen-
tial components are estimated during this analysis: relative cost
difference, exergoeconomic factor, and cost of exergy destruction.
Optimization is often based on the exergoeconomic factor [27,48-
51]. Mehrpooya and Zonouz [50] combined an ASU with LNG
regasification and oxy-combustion CO, power cycle and performed
an exergoeconomic analysis of the proposed process. The integrated
process was reported to have a 67.1% exergy efficiency and 19.3
GW exergy destruction. Sensitivity analyses were performed with
respect to interest rate (%), plant life (hours), and turbine efficiency
(%). The exergoeconomic and sensitivity analyses suggested that
the multistream heat exchanger and LNG pumps operability should
be improved. In another work based on exergy and exergoeco-
nomic analyses, Mehrpooya et al. [42] examined a two-column ASU
integrated with the LNG regasification process and CO, power
cycle. They identified the air compressors and one of the mul-
tistream heat exchangers as major sources of exergy destruction in
the process. Furthermore, they concluded that the individual equip-
ment performance should be improved, or the equipment should
be replaced with more efficient models to minimize the overall cost
of the process.

In our recent work [33], we have proposed a new approach to
integrate the LNG regasification process with the air separation pro-
cess for recovering the LNG cryogenic energy while simultaneously
manipulating the GCV of the LNG by mixing it with the high purity
nitrogen produced by the ASU. In the present study, we expand on
our previous work by further analyzing the integrated process using
exergy and exergoeconomic analyses. A parametric study is also
performed to evaluate the impact of the interest rate (%), plant life
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(years), and compressor efficiency (%) on the overall process. model of the integrated process using the Peng-Robinson prop-
erty package [52]. The use of Peng-Robinson property package for
MODEL DEVELOPMENT modeling air separation processes has been widely reported in the

literature [42,43,46]. A schematic diagram of the integrated process
Aspen Plus® V10 was used to develop a steady-state simulation is presented in Fig. 1. Because the proposed process has been de-
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Fig. 1. Schematic of the integrated process (a) compression section, (b) cryogenic section [Reprinted with permission from [33]. Copyright
2022 American Chemical Society].
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scribed in detail in our previously published work [33], we only
briefly describe the overall working of the integrated process in the
following.

The compression section consists of two compression stages and
supplies compressed air to the cryogenic section. In each compres-
sion stage, the air is first compressed (K101 and K102), then cooled in
a water-cooled heat exchanger (E101 and E102), and finally passed
through a knock-out drum (D101 and D102) to remove any con-
densed moisture. The leftover moisture and CO, are eliminated using
an adsorber (A101). Two fractions of the compressed air stream
are created with split fractions of 0.32 (S114) and 0.68 (S115).

In the cryogenic section, these two streams of compressed air
(S114 and S115) are fed to the 1st multistream heat exchanger (E104)
where they are cooled to cryogenic temperatures through heat ex-
change with the LNG (5402 and S404) and LP column product
streams (5127, S129, and S132). The resulting streams (S116 and
S117) are then throttled using valves (V101 and V102) and sup-
plied to the HP column (C101) for preliminary separation of air
into nitrogen- and oxygen-rich streams. In the 2nd multistream heat
exchanger (E105), the top product of the LP column (S126) is used
to further cool the top and bottom products from the HP column
(5120 and S121). The cooled products (S122 and S123) are then
fed to the LP column for final separation, resulting in the produc-
tion of 99.1 mol% nitrogen (obtained as the top product, S126), and
99.1 mol% oxygen (obtained as the bottom product, S129). Waste
streams (S131A and S131B) are withdrawn from the 8th and 46th
stages of the LP column to maintain the purity of the products by
purging argon from the system.

Imported LNG (CH,: 0.943352, C,H: 0.041257, C;Hg: 0.00988,
C,H,: 0.003227, and N,: 0.002284) is fed to the 1st multistream
heat exchanger (E104) at a pressure of 60 bar using the pump P401.
The LNG stream (5402) is regasified while its cryogenic energy is
utilized to cool the compressed air streams (S114 and S115). The
regasified LNG (S403) is used to produce power using a turbine
(T401). The resulting LNG expansion causes significant cooling and

allows the LNG to be regasified in E104 for a second time. The
resulting LNG stream (S405) is mixed with nitrogen (S128B) to
reduce the calorific value of the final stream (S406) from 1,062 Btu/
scf to 972 BTU/scf (within the required range of 950-1,000 Btu/
scf) for onward use in the existing natural gas-based power plants.
Table S1 (Supporting Information) presents steady-state simulation
results for temperature, pressure, flow rates, and composition for all
streams in the integrated process.

The steady-state simulation model developed in this work em-
ploys two types of heat exchanger models available in Aspen Plus®:
(1) HeatX for water-cooled heat exchangers, and (2) MHeatX for
multistream heat exchangers. Detailed zone analysis of both mul-
tistream heat exchangers (E104 and E105) was conducted to ascer-
tain the minimum approach temperature (AT,,,). Table S2 (Sup-
poring Information) provides heat duties, minimum approach tem-
perature, and actual LMTD for all exchangers in the integrated
process.

Compressors (K101 and K102) and pumps (P201 and P401)
require electrical energy for their operation, while the turbine (T401)
produces power. The power required (or produced) by this equip-
ment, and the corresponding pressure ratios and assumed efficien-
cies are reported in Table S3 (Supporting Information).

1. Exergy Analysis

The integrated process is examined using exergy analysis to com-
pute the irreversibilities in the process. An exergy balance is applied
to each equipment using the fuel-product technique [53]. The value
of exergy efficiency for each equipment is calculated as the ratio of
product exergy to fuel exergy. The exergy destruction for each equip-
ment is calculated by subtracting the product exergy from the fuel
exergy. The expressions for exergy efficiency and exergy destruc-
tion for the various equipment are listed in Table 1. Table $4 (Sup-
porting Information) provides the complete exergy balance equations
for each equipment in the integrated process.

2. Exergoeconomic Analysis
Exergoeconomic analysis is useful to provide an efficient design

Table 1. Expressions for exergy efficiency and exergy destruction for various equipment in the integrated process [50,54-58]

. Exergy destruction Exergy efficiency
E t
quipment E,, (kW) 5 (%)
HP col ¥E,,+ZE,-XE >Loi 100
; - e
cotumi in™ = S o YE,+XE,
2E,,+2E
LP column SE,~3E,,~XE, %‘i x 100
ZEout
Heat exchanger, valve YE;,,—2E,, 3E % 100
Turbine 2E;,-2E,,—W LXIOO
m out ZE"’ _ ZEow
Pump, compressor W+XE,-ZE,, 2B, —ZE,, %100
E
Exergy destruction ratio (%) Va k= E—d’k %100
'f k
E,.+W
Overall exergy efficiency (%) E“’—W““’ x 100
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of a process by combining the principles of exergy (that is, thermody-
namics) and economics. This analysis mainly consists of two steps:
(1) computing the exergy flows, and (2) computing the cost of all
process streams with the help of an economic model [42,59]. The
following Egs. (1)-(4) form the basis of this cost balance:

2 CintC+ =2, CotC,, (1)
C=cE ®)
C;=cE, 3)
C,=cW 4)

Here, C shows the cost related to the exergy stream, while all the
remaining costs are represented by Z,. The cost per unit of exergy
is represented by ¢, W represents the work produced or consumed
by the component, E represents the exergy value of the process
stream, and E, represents the exergy value related to heat transfer.
Z,. is computed using Egs. (5)-(7):

_Z4-¢-CRF

Z 5

k 0 ©)

L=2+ 2" ©

CRF= 1+i) -i @)
(I+i) -1

Here, the purchased cost of equipment is represented by Z,, the
interest rate is represented by i, plant lifetime is represented by N,
maintenance factor is represented by ¢, capital recovery factor is
represented by CRE and H represents the annual plant working
hours. Table 2 summarizes the assumptions used in the current
work for performing the exergoeconomic analysis. The equations
used to compute the purchased cost for individual equipment are
listed in Table 3.

Usually, there is only one unknown variable while solving exer-
goeconomic equations across a given component. Additional equa-
tions are required when more than one unknown is involved. Such
auxiliary equations can be developed using the fuel-product con-
cept for the exergy streams [53]. In a control volume, the product

Table 3. Equations for the cost analysis of various components

Table 2. Assumptions for the exergoeconomic analysis [50,60,61]

Assumptions Value
Isentropic efficiency of compressors/turbine (%) 72.0
Isentropic efficiency of pumps (%) 80.0
Maintenance factor 1.06
Interest rate (%) 8.0
Plant lifetime (years) 20
Cost per exergy unit of electricity ($/GJ) [62] 25.00
Cost per exergy unit of LNG ($/GJ) [27] 13.69
Plant annual working hours (H) 8,000

characterizes the required results produced by using the fuel, while
the fuel characterizes the source of exergy required for product gen-
eration. The concept of “fuel” in the context of exergoeconomic anal-
ysis is different from the commonly understood fuels, ie., coal, oil,
natural gas, etc.

Table 4 lists the cost balance equations as well as the auxiliary
equations (where required) for all equipment in the integrated pro-
cess.

For process equipment k as a control volume, the product and
tuel costs per unit exergy are calculated using Eqs. (8)-(9):

C
¢, =k (8)
EP)k
Crk
Cr = ©
£k Ef,k

The amount of wasted money associated with the operation of
a component is represented by the exergy destruction cost rate (C; ;)
It identifies process components that are responsible for most exer-
goeconomic loss and provides a systematic mechanism to improve

the process.

Cax=Eqrchr

(10)

The relative cost difference (r;) accounts for the investment and
exergy destruction costs and is computed by the difference between

Equipment

Equations for cost analysis

Flash drum [63]

Compressors [63]

Tower [64]

MHEX [32,65]

Pump [66]
Heat exchangers [66]
Turbine [66]

PEC=F,,-C,+C,
C :480'D0,7396'L0.7066
C,=1.672-exp[9.1-0.2889(InW)+0.04576(InW)’]
PEC=F,-F,;-C;
Cp=exp[9.1553+0.63 In(P,)]
PEC=F,,-Cy+Cp+Cr
_341 .D0A63316.L0A80161

‘PL—
Cy=exp[10.5449—0.4672(InW) +0.05482(InW)’]
C;=468-n-(1.189+0.0577D)-exp(0.1482D)

B A )0.78

PEC=130 <0.093

log,(PEC)=3.3892+0.0536 logm(Pc)+0.1538[10,(510(135)]2
logio(PEC)=4.3247—0.3030 log,(A)+0.1634[log,o(A) ]’

log,o(PEC)=2.2476+1.4965 log;,(P,)—0.1618[logo(P.)]*
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Table 4. Cost balance and auxiliary equations for equipment in the integrated process

Equipment Cost balance Auxiliary equation
K101 Csio1+CwtZiior=Ceioz Cs101=0
K102 Cs104+CrtZi10:=Cs105 None
E101 Cs102+ CunozatZei100=Cei03+ Cyaos Cw2034=Cw204
E102 Csi0s+ Cwaoss+ Zr12=Cesios+ Cuwaos Cw2038=Cw205
D101 Cs103+Zp101=Cs104+ Cran Cs104=Cpra1
D102 Csi6+Zp102=Cs107+ Cpraa Cs107=CprG2
A101 Cs107tZaio1=Csi11+ Cpraa Cs111=CprG3
F101 Cs111=Cap1a+Cis Cs114=Cs115
F201 Ci200=Cuwao3a+Civa03p Cw2034=Cw203B
P201 Civao1+Cwt Zppo1=Ciyap Cion=0
P401 Cas01+ CoytZpgor=Cason None
E104 Cs14+Csi1s+Coizrt Coizot Corza+ Coaor+ CoaoatZgioa Cs116— Cs114 - Cs117= Csi15
=C116 G117+ Csias+ Corzot Coizs+ Coaos + Cosos Es116—Esi14 - Eg117—Esiis Co7=Csizs
Cs129=Cs130» Cs132=Cs133> C5402=Cs403> Cs404=Cs405
E105 Cs120+ Coi21+ Csiast+ Zg105=Csi2a+ Coro3+Coiay Cs122= Cs120_ Cs123— Csio
Feo —Fe. Fo —E.° Cs126=Cs127
5122~ Bs120 $123 ~ 121
C101 Csi1s+CsinotZeion=Cesizot Coinn Cs120=Cs121
Cl102 Csi24+CsiostZ1or=Coi26+ Co120+ Cor314+ Csizs Cs126=Cs129> Cs120=Cs1314> Cs1314=Cs1318
T401 Csi03+Z1401=Cs04+Cy None
V101 Cs116=Cai1s None
V102 Cs117=Cs119 None
V103 Ca120=C14 None
V104 Ce123=C125 None
F401 Cs12s=Cspa+Cyss Cs1284=Cs128B
M101 Csiaiat Csi315=Ca1z None
M401 Casos+Cs1288=Couos None

the average product cost and the average fuel cost:

C —C
rk(%)z%ﬁx 100 (11)

The exergoeconomic factor (f;) is the most significant outcome
of exergoeconomic analysis. A high value of the exergoeconomic
factor represents a high share of investment cost and a low share
of exergy destruction, whereas a low value of this factor reflects a
high share of exergy destruction and a low share of investment cost
[50,60,61,67-69].

zZ
fk(%)zzk+éd - 100 (12)

RESULTS AND DISCUSSION

1. Exergy and Cost Values

The exergy and cost analyses of each process stream are demon-
strated in Table 5. The exergy values are computed based on a ref-
erence pressure of 1.01325 bar and a reference temperature of 25 °C.
The cost values are calculated during the exergoeconomic analysis
as described above. It should be emphasized that for meaningful
interpretation of these data, both the exergy flow (kW) and the cost
per unit exergy ($/GJ) should be simultaneously considered. For
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example, the highest values of exergy flow are observed for the cool-
ing water streams. However, this is due to their large flow rate rather
than their departure from the reference conditions. As a result, the
cost per unit exergy for these streams is negligible (0.01 $/GJ) and
they have little impact on the overall cost flow (6-14 $/h). On the
other hand, high-purity oxygen and nitrogen streams have the high-
est cost per unit exergy (118-122 $/GJ) due to significant departure
from the reference conditions and also the highest cost flow (8,000-
12,500 $/h).
2. Exergy Analysis

Exergy analysis involves the calculation of both exergy efficiency
(%) and exergy destruction (kW). Fig. 2 presents the exergy effi-
ciencies (%) of all equipment in the integrated process. The analy-
sis shows that the HP column and valves have the highest exergy
efficiency (>99%), followed by the water pump, water-cooled and
multistream heat exchangers, compressors, turbine, and LNG pump.
We note here that the exergy efficiency of the LP column is lower
than the HP column. This is because the HP column produces only
partial separation between oxygen and nitrogen and hence causes
lower exergy destruction. On the other hand, the LP column pro-
duces sharp separation between oxygen and nitrogen which results
in higher exergy destruction. Similarly, the exergy efficiencies of the
multistream heat exchangers are higher than the exergy efficiencies
of the water-cooled heat exchangers. This is because the multistream
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Table 5. Exergy and cost values of the process streams

Stream # E, (kW) C ($/h) c ($/G))
S101 248.08 0.00 0.00
S102 14,513.48 1,683.97 32.23
S103 11,058.72 1,685.22 42.33
S104 11,058.72 1,690.79 42.47
S105 25,878.51 3,424.66 36.76
S106 21,990.52 3,427.09 43.29
S107 21,973.74 3,377.01 42.69
S111 21,992.04 3,325.20 42.00
S114 7,037.45 1,064.06 42.00
S115 14,954.58 2,261.13 42.00
S116 25,380.52 9,904.50 108.40
S117 27,389.59 8,255.99 83.73
S118 25,369.33 9,909.26 108.50
S119 27,277.71 8,255.65 84.07
S120 36,482.78 7,373.32 56.14
S121 53,415.36 10,795.46 56.14
S122 37,621.37 8,001.61 59.08
S123 56,481.46 12,488.73 61.42
S124 37,266.93 8,001.36 59.64
S125 56,160.24 12,488.47 61.77
S126 23,911.48 10,209.25 118.60
S127 18,493.27 7,895.89 118.60
S128 3,209.63 1,370.38 118.60
S128A 3,201.92 1,367.09 118.60
S128B 7.71 3.29 118.60
S129 21,971.01 9,380.74 118.60
S130 4,744.06 2,025.52 118.60
S131A 1,056.18 450.95 118.60
S131B 1,159.95 495.25 118.60
S132 2,138.89 945.56 122.80
S133 182.54 80.70 122.80
5401 87,257.66 4,300.41 13.69
5402 87,264.14 4,303.87 13.70
5403 86,518.86 4,267.11 13.70
5404 85,809.58 4,232.13 13.70
5405 85,584.95 4,221.05 13.70
S406 85,519.38 4,223.97 13.72
PRG1 0.00 0.00 42.47
PRG2 358.29 55.06 42.69
PRG3 377.61 57.09 42.00
W201 287,086.98 0.00 0.00
W202 287,233.55 14.11 0.01
W203A 129,041.00 6.34 0.01
W203B 158,192.46 7.77 0.01
W204 129,442.44 6.36 0.01
W205 158,684.60 7.80 0.01

heat exchangers operate with minimal temperature difference driv-
ing force and therefore cause minimal irreversibility in the heat trans-
fer process. On the other hand, water-cooled heat exchangers operate
with finite temperature difference driving force which results in

[}
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Fig. 2. Percent exergy efficiency of equipment in the integrated pro-
cess.
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ah
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Fig. 3. Percent contribution of individual equipment toward total
exergy destruction in the integrated process (C: column, ME:
multistream heat exchangers, E: water-cooled heat exchang-
ers, V: valves, K: compressors, T: turbine, P: pumps, S: flash
separators and adsorbers).

higher exergy destruction.

The integrated process has an overall exergy efficiency of 76.47%
and a total exergy destruction rate of 28.52 MW. Fig. 3 shows the
% contribution of different process equipment toward the total
exergy destruction in the integrated process. The analysis shows
that the compression section (including the compressors and the
water-cooled heat exchangers) causes major exergy destruction in
the process (48%), followed by the distillation columns (26%) and
the multistream heat exchangers (21%). The electrical energy used
to drive the compressors is ultimately converted to thermal energy
and raises the temperature of the air being compressed. When this
compressed air is cooled in water-cooled heat exchangers, the energy
is inevitably lost to the environment. This process is inherently irre-
versible and a source of major exergy destruction in the process. The

Korean J. Chem. Eng.(Vol. 40, No. 12)
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Table 6. Outcomes of process exergy and exergoeconomic analyses

Equipment E;x E, « Eqx Cek Cok Cax Zy & Vak i fy
(MW) (MW) (MW) ($/G)) ($/G)) ($/h) ($/h) (%) (%) (%) (%)

K101 18.19 14.51 3.68 25.00 32.82 331.09 70.33 79.50 20.22 31.28 17.52
K102 29.55 25.88 3.67 25.00 32.54 330.39 71.68 80.15 12.42 30.16 17.83
E101 143.55 140.50 3.05 3.27 3.35 35.99 1.59 97.87 2.13 2.25 424
E102 184.07 180.68 3.40 5.18 528 63.35 1.92 98.16 1.84 1.92 2.94
P201 287.24 287.23 0.01 25.00 28.14 0.91 0.75 93.52 0.00 12.56 4492
E104 237.67 233.01 4.66 35.23 35.98 590.89 38.90 98.04 1.96 2.12 6.18
E105 113.81 112.60 1.21 69.47 70.24 303.51 6.83 98.93 1.07 1.10 2.20
T401 86.52 86.20 0.32 12.49 25.00 14.37 3.52 54.95 0.37 100.16 19.70
C101 90.53 89.90 0.63 39.61 60.65 90.08 22.61 99.30 0.70 53.13 20.06
C102 9343 86.51 6.91 61.09 66.16 1,520.69 49.77 92.60 7.40 8.29 3.17
P401 87.29 87.26 0.02 25.00 148.25 191 0.56 23.37 0.02 493.00 22.52

remaining equipment has negligible contribution toward exergy
destruction in the process.

It should be emphasized that for meaningful interpretation of the
results of exergy analysis, both exergy destruction (kW) and exergy
efficiency (%) should be simultaneously considered. For example,
the LNG pump (P401) has an exergy efficiency of only 21%. How-
ever, its contribution toward total exergy destruction in the pro-
cess is less than 0.1%, implying that this pump is insignificant in the
larger picture. The LP column (C102), on the other hand, is responsi-
ble for 24.2% of the overall exergy degradation in the process, even
though its exergy efficiency is reasonably high (92.6%).

3. Exergoeconomic Analysis

In the exergoeconomic analysis, a cost balance is written for each
equipment. The resulting set of equations is simultaneously solved
to calculate the costs associated with each process stream. The results
of this exergoeconomic analysis are presented in Table 6. The exer-
goeconomic factor (f;) gives valuable information regarding the
balance of investment and exergy destruction costs. A low value of
the exergoeconomic factor represents a situation where the exergy
destruction costs are more important than the capital investment
(CI) and operating and maintenance (O&M) costs. In this case,
the focus should be on improving the performance of the equip-
ment. On the other hand, if the value of f; is high, the contribution
of CI and O&M costs will be more significant than the contribution
of exergy destruction caused by the equipment. In this case, mini-
mizing the cost of the equipment should be the prime objective.

Results of the exergoeconomic analysis (Table 6) reveal that the
value of f; is comparatively high for pumps P201 and P401, HP
column C101, turbine T401, and compressors K101 and K102.
Therefore, the emphasis should be on lowering the cost of this
equipment to decrease the total cost of the system. The value of f;
is low for the 2nd multistream heat exchanger E105, 2nd water-
cooled heat exchanger E102, and the LP column C102. For this
equipment, the focus should be on improving the equipment effi-
ciency.

The relative cost difference (r;) is a measure of the increase in
the products exergy cost relative to the fuels exergy cost. Its numeri-
cal value represents the significance of a given piece of equipment
for the optimization of the overall process. Table 6 shows that the
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highest r, values are observed for the LNG pump P401 and the
turbine T401. However, because the corresponding exergy destruc-
tion cost is small, ie,, 1.91 $/h for P401 and 14.37 $/h for T401, they
are insignificant in the larger picture. The lowest value of r; is ob-
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Fig. 4. Effect of interest rate (%) on the (a) cost rate ($/h), and (b)
exergoeconomic factor (%).
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served for the 2nd multistream heat exchanger E105. The current
performance of the process equipment is represented by the exergy
destruction cost rate C, ;. The highest value of this factor is ob-
served for the LP column C102, and the lowest value is observed
for the cooling water pump P201.

4. Parametric Study

Process optimization is a key objective for the best possible opera-
tion of a facility/plant. Parametric studies play an important role
for process optimization by describing the effect of key parame-
ters on the objective function and thus choosing their optimal val-
ues. Fig. 4 represents the impact of the interest rate (%) on the (a)
CI and O&M costs ($/h), and (b) exergoeconomic factor (%) of
the major components. In this case, the plant operational hours
(8,000 hours/year) and plant lifetime (20 years) are kept constant.

The sensitivity analysis reveals that with a rise in the interest
rate from 5 to 14%, the impact on the cost of the air compressors
(K101 and K102) is significant. Table 6 shows that these compres-
sors have the highest investment cost rate (70.33 and 71.68 $/h,
respectively). Because of their higher contribution to the total cost
rate of the process, an increase in the interest rate has a pronounced
impact on the corresponding capital and O&M cost rates (as indi-
cated by steeper curves in Fig. 4). On the hand, the cost rates of
the columns (C101: 22.61 $/h and C102: 49.77 $/h) and the mul-
tistream heat exchangers (E104: 38.90 $/h and E105: 6.83 $/h) are
significantly lower. As a result, the effect of increase in interest rate
on the capital and O&M cost rates of these equipment is less pro-
nounced (as indicated by moderately sloped curves in Fig. 4).

In the case of the exergoeconomic factor, the largest effect is ob-
served in the case of the water pump P201, followed by the HP col-
umn C101, and compressors K102 and K101, while the least effect
is observed in the case of E105 and C102. We conclude that the
larger the value of the exergoeconomic factor for an equipment,
the more sensitive it is to changes in interest rate.

Although the effect of interest rate is not significant on the cost
of pump P201, the increase in cost has led to a significant increase
in the value of exergoeconomic factor, because the exergy destruc-
tion rate is very small (156.73 kKW, less than 0.1% of the overall exergy
destruction rate). The same is true for all equipment, on which vary-
ing interest rates produced a significant effect on their cost and
eventually the exergoeconomic factor.

The effect of plant lifetime (years) on the (a) cost rate ($/h) and
(b) exergoeconomic factor (%) is presented in Fig. 5. The plant life-
time is varied from 5 to 25 years, with a step size of 5 years, while
interest rate (8%) and the number of operational hours (8,000 hours/
year) are kept constant. The analysis shows that with an increase
in plant lifetime, both the cost rate and the exergoeconomic factor
decrease. This trend appears because plant lifetime is inversely pro-
portional to these factors. Likewise, during the variation of the
interest rate (%), the effect of plant life on the cost of compressors
K102 and K101 is higher, with the effect on other components
being comparatively small. Similarly, the variation of plant lifetime
on exergoeconomic factors of P201 and C101 is higher, as in the
case of interest rate, while there is minimal effect on the exergoeco-
nomic factors of E105 and C102. Moreover, the trend shows that
while increasing the plant lifetime from 5 to 10 years, the differ-
ence is significant, while from 10 to 25 years, the difference is com-
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Fig. 5. Effect of plant lifetime on (a) cost rate ($/h), and (b) exer-
goeconomic factor (%).

paratively smaller. This can be explained by the change in the value
of the capital recovery factor (CRF). For plant lifetimes of 5, 10, 15,
20, and 25 years, the CRF is 0.2505, 0.1490, 0.1168, 0.1019, and
0.0937, respectively. Clearly, the decrease in CREF is initially rapid
but gradually slows down for plant lifetimes exceeding 15 years.
However, as plant life is linked with various direct and indirect costs,
a large lifetime of the plant (usually 15-20 years) is required.

Fig. 6 shows the impact of the isentropic efficiency (%) of the
compressor K101 on (a) exergy efficiency (%) and exergoeconomic
factor, and (b) exergy destruction cost rate and CI and O&M cost
rates ($/h). The analysis demonstrates that the values of exergy
efficiency (%) and exergoeconomic factor (%) increase almost lin-
early when the isentropic efficiency of the compressor K101 is in-
creased from 72% to 84%. When exergy efficiency (%) increases,
the power consumption of the compressor (kW) decreases. As a
result, the exergy destruction, CI and O&M cost rates decrease.

An increase in the isentropic efficiency of the compressor K102
would produce the same pattern. Because the exergoeconomic fac-
tor is increasing, it can be concluded that compressor efficiency has
a bigger influence on reducing exergy destruction (kW) and asso-
ciated cost rates ($/h) than lowering CI and O&M prices. There-
fore, an efficient design is required to reduce the CI & OM costs
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which would eventually lead to improved performance of the com-
pressor and the overall system.

CONCLUSIONS

An integrated LNG regasification - air separation process was
evaluated using exergy and exergoeconomic analyses. Exergy de-
struction cost rates, as well as cost rates due to capital investment
(CI) and operation and maintenance (O&M) of various compo-
nents were calculated. The results were used to identify the weak-
est process components and the opportunities for improvement
using parametric studies.

o The compression section is responsible for significant exergy
destruction (48%) in the process and should be given prior-
ity for modification/improvement. The next higher contribu-
tors to exergy destruction are distillation columns (26%) and
multistream heat exchangers (21%).

« The highest exergy destruction cost rates are observed for the
LP column and the 1st multistream heat exchanger (1,520.7
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and 590.9 $/h, respectively), while the lowest exergy destruc-
tion cost rates are associated with the water and LNG pumps
(0.9 $/h for P201 and 1.9 $/h for P401).

+ The highest values of exergoeconomic factors are associated
with the water and LNG pumps (44.92% and 22.52%, respec-
tively), indicating that the cost of these components should be
reduced. However, the resulting gain will be minimal because
these pumps account for only 0.1% of the total exergy destruc-
tion in the process.

o A parametric study revealed that the interest rate is in a direct
relationship and the number of years of plant life is in an indi-
rect relationship with the exergoeconomic factor. Furthermore,
the compressors are causing significant exergy destruction and
have higher values of exergoeconomic factor, indicating that a
more efficient design is needed to improve the overall system
performance.
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NOMENCLATURE

A area [m’]

C  :costrate [$/h]

C,r :exergy destruction cost rate for equipment k [$/h]

C;r :exergy destruction cost rate for an inlet stream to equip-
ment k [$/h]

G, :exergy destruction cost rate for an outlet stream from equip-
ment k [$/h]

c : cost per unit exergy [$/GJ]

G :cost per unit exergy for an inlet stream to equipment k [$/

GJ]

ok :cost per unit exergy for an outlet stream from equipment k
[$/G]]

D  :diameter of the vessel [m]

E  :exergy ofa stream

Eom : chemical exergy of a stream [kW]

E,, :physical exergy of a stream [kW]

E, :total exergy of a stream [kW]

E, :exergy of an inlet stream [kW]

E,; :exergy ofan outlet stream [kW]

E;, :exergy destruction in equipment k [kW]

E;.  :exergy of an inlet stream to equipment k [kKW]

E,. :exergy of an outlet stream from equipment k [kW]

E, :exergy corresponding to heat flow (kW):Q(% - 1)

f, : exergoeconomic factor [%]

F : flow rate [TPH, tons per hour]

F,  :driver (electric motor, steam turbine, etc.) factor
Fy  :material factor

H  :annual working hours [h]

i : interest rate [%)]

L :length/tangent to tangent height of the vessel [m]
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N :plant lifetime [years]

n  :number of trays

PEC : purchased equipment cost [$]

P, :reference pressure [1.01325 bar]

P,  :power [kW]

Q  :heat flow [kW]

r,  :relative cost difference [%]

AT,,;,, : minimum approach temperature [K]
T, :reference temperature [298.15K]

W :mechanical work [kW]

W, :work required by the pump [kW]
W,, :work required (for pumps and compressors) [kW]
W,.. :work produced (from turbine) [kW]
Yoi :exergy destruction ratio [%]

7,  :investment cost rate [$/h]

Greek Letters
&  :exergy efficiency [%]
7,  :pump efficiency [%]

Subscript
f :feed
p  :product

k  :k-th equipment

Abbreviations

ASU :air separation unit

CI  :capital investment

EES :engineering equation solver

HP  :horsepower

LNG :liquefied natural gas

LMTD : log mean temperature difference
O&M : operations and maintenance
TPH :tons per hour
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Table S1. Operational conditions for the integrated LNG regasification - air separation process

Flow Pres. Temp. Vapor Mole fractions
Stream )
TPH Bar °C fracion N, 0, Ar HO CO, CH, CH, GCH; CH,

S101 500.00 1.01 25.00 1.00 077 021 001 0.02 0.00  0.00 0.00 0.00 0.00
S102 500.00 2.60 151.93 1.00 077 021 0.01 0.02 0.00  0.00 0.00 0.00 0.00
S103 500.00 2.50 35.02 1.00 077 021 0.01 0.02 0.00  0.00 0.00 0.00 0.00
S104 500.00 2.50 35.02 1.00 077 021 001 0.02 0.00  0.00 0.00 0.00 0.00
§105 500.00 6.40 165.68 1.00 077 021 001 0.02 0.00  0.00 0.00 0.00 0.00
S106 500.00 6.30 35.02 0.99 077 021 001 0.02 0.00  0.00 0.00 0.00 0.00
S107 497.56 6.30 35.02 1.00 0.77 0.21 0.01 0.01 0.00 0.00 0.00 0.00 0.00
S111 494.89 6.30 35.02 1.00 0.78 0.21 0.01 0.00 0.00 0.00 0.00 0.00 0.00
S114 158.36 6.30 35.02 1.00 0.78 0.21 0.01 0.00 0.00 0.00 0.00 0.00 0.00
S115 336.53 6.30 35.02 1.00 0.78 0.21 0.01 0.00 0.00 0.00 0.00 0.00 0.00
S116 158.37 6.20 -173.82 0.19 0.78 0.21 0.01 0.00 0.00 0.00 0.00 0.00 0.00
S117 336.53 6.20 -171.73 1.00 0.78 0.21 0.01 0.00 0.00 0.00 0.00 0.00 0.00
S118 158.37 6.10 —174.04 0.19 078 021 0.01 0.00 0.00  0.00 0.00 0.00 0.00
S119 336.53 6.10 —171.90 1.00 078 021 001 0.00 0.00  0.00 0.00 0.00 0.00
§120 190.73 5.80 -177.07 0.00 1.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00
S121 304.16 6.05 -172.86 0.00 064 035 001 0.00 0.00  0.00 0.00 0.00 0.00
S122 190.73 5.70 —181.50 0.00 1.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00
S123 304.16 5.95 —181.50 0.00 0.64 0.35 0.01 0.00 0.00 0.00 0.00 0.00 0.00
S124 190.73 1.50 —-192.14 0.11 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
S125 304.16 1.50 —189.16 0.08 0.64 0.35 0.01 0.00 0.00 0.00 0.00 0.00 0.00
S126 374.82 1.30 —193.34 1.00 099 000 0.1 0.00 0.00  0.00 0.00 0.00 0.00
S127 374.82 1.20 —-175.78 1.00 099 000 0.1 0.00 0.00  0.00 0.00 0.00 0.00
S128 374.82 1.10 20.43 1.00 099 000 0.1 0.00 0.00  0.00 0.00 0.00 0.00
S128A 373.92 1.10 20.43 1.00 099 000 0.01 0.00 0.00  0.00 0.00 0.00 0.00
S128B 0.90 1.10 20.43 1.00 099 000 001 0.00 0.00  0.00 0.00 0.00 0.00
S129 108.73 1.70 -177.97 0.00 0.00 099 0.01 0.00 0.00  0.00 0.00 0.00 0.00
S130 108.73 1.60 2043 1.00 000 099 001 0.00 0.00  0.00 0.00 0.00 0.00
S131A 542 1.34 —191.08 0.00 070 019 0.1 0.00 0.00  0.00 0.00 0.00 0.00
S131B 592 1.53 —180.08 0.00 002 08 012 0.0 0.00  0.00 0.00 0.00 0.00
S132 11.34 1.34 —187.53 0.01 0.36 0.53 0.12 0.00 0.00 0.00 0.00 0.00 0.00
S133 11.34 1.24 20.43 1.00 0.36 0.53 0.12 0.00 0.00 0.00 0.00 0.00 0.00
S$401 6.00 1.01 -161.72 0.00 0.00 0.00 0.00 0.00 0.00 0.94 0.04 0.01 0.00
$402 6.00 60.00 —15892 0.00 0.00 0.00 0.00 0.0 0.00 094 0.04 0.01 0.00
$403 6.00  59.90 20.43 1.00 0.00 0.00 0.00 0.0 0.00 094 0.04 0.01 0.00
$404 6.00 1.20 —-118.56 0.98 0.00 0.00 0.00 0.00 0.00 094 0.04 0.01 0.00
$405 6.00 1.10 20.43 1.00 0.00 000 0.00 0.0 0.00 094 0.04 0.01 0.00
$406 6.90 1.10 20.42 1.00 0.08 0.00 0.00 0.0 0.00  0.86 0.04 0.01 0.00




Table S1. Continued

Flow Pres. Temp. Vapor Mole fractions
Stream .
TPH Bar °C fracion N, 0, Ar HO CO, CH, GCH; GHy CH,
PRG1 0.00 2.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
PRG2 244 6.30 35.02 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
PRG3 2.67 6.30 35.02 0.04 0.00 0.00 0.00 0.96 0.04 0.00 0.00 0.00 0.00
W201 1,961.96 1.01 25.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
W202 1,961.96 3.30 25.02 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
W203A 881.42 3.30 25.02 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
W203B 1,080.54 3.30 25.02 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
W204 881.42 3.20 40.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
W205 1,080.54 3.20 40.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00
Table S2. Conditions of heat exchangers used in the integrated process
Heat exchanger AT,,, (°C) LMTD (°C) Duty (kW)
E101 10.00 42.28 16,591
E102 10.00 38.40 20,339
E104 429 7.05 36,057
E105 2.92 3.08 1,981
Table S3. Power scenarios of various process equipment in the integrated process
Equipment Efficiency (%) Pressure ratio (*) Power (kW)
K101 72 2.57 17,944
K102 72 2.56 18,491
P201 80 3.26 157.7
P401 80 59.22 27.8
T401 72 50.00 389.8

* Pressure ratio for compressors and pumps is outlet pressure/inlet pressure, while for turbine it is inlet pressure/outlet pressure.

Table S4. Exergy balance across each equipment of the integrated process

Equipment Exergy balance equation

K101 Esio1+ Wxi01=Esi02+Ea k101

K102 Eq04t Wii:=Es105+Ei k102

E101 Ei2+tEwz034=Es105+ Ewaos+Eg 11

E102 Es105+Ewz035=Es106+ Ewaos+ Ea p102

D101 Esi103=Es104+ Eprc1tEg p1o1

D102 Es106=Es107+ Eprea+Ea p102

Al101 Esi07=Esin1+EprestEq a101

F101 Ean=Esut+Esis+Ei no

F201 Ewz0=Ewa03a+Ewao3s+ Ei 2o

F401 Es1ps=Esia84t Esi285+ B a1

P201 Evoo1+Wro1=Ewa00+ B por

P401 Egi01+ Wpio1=Egio2+ Eq paor

E104 EgiatEsiist Esi7+ Esioot Esiaot Esioa+ Esi04=Esi16+ Es117+ Esias + Esizot Es133+ Esaos+ Esaos + B p104
E105 Esi20tEsi21+ Esi26=Esiza+ Es13+ Es127+ By pios
Cl101 Esist+EsiotEq=Esizo+Esiz1+Eq cron

C102 Esi24+ Eg125=Eg126t Es120+ Egi314+ Esi315H Eqt Ey cio
T401 Eg105=Esio4t W01+ Eg 1aon

V101 Esi6=EsustEq vin

V102 Esi7=EsiiotEg vz

V103 Egn=Esiat By vios

V104 Egi3=Esips+ By vina

M101 Egis1atEsisi5=Esi+ Ed s

M401 Esgi05+Es1285=Esa0s+ Ea aa01
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