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Performance Evaluation of Natural Gas
Liquefaction Cycle using CO»-N;
Jin-Woo Kwag

Department of Refrigeration and Air-Conditioning Engineering,

The Graduate School, Pukyong National University

Abstract

This paper presents-<a new natural gas liquefaction cycle. which utilizes carbon
dioxide(COz)and nitrogen  gas(N2) cycles. The liquefaction cycle with staged
compression was designed and simulated using the HYSYS software for improving
cycle efficiency. This included a cascade cycle with a three-stage compression
consisting of a CO, and a Nz cycle. These cycles were compared with|an optimized
staged compression process. The Compressor work, specific energy, and COP
(Coefficient |of Performance) of the cascade cycles were compared and analyzed. In
this study, using CsHs-CoH4-CH4 cycle heat exchanger design of LNG and natural gas
at a pressure drop of liquefaction cycle, the impact on the identified results, the
following conclusions were obtained. Refrigerant pressure drop due to' the increase of
natural gas, an Compressor- work, the average growth.rate of 3.8% was shown,
specific power showed ‘that the raverage increased’ by 38.8%. Using CsHs-CoHs-CH4
cycle is based on the newly-proposed CO»-C;Hs-N; and-CO,-N, cycle performance of
liquid was analyzed whether the exergy. In other words, the refrigerant type, number
of streams, the number of compressors, LNG compared the number of heat
exchangers, compressor work, COP, compared to specific energy value and also, in
addition, by comparing the loss of exergy within the cycle and then the following
conclusions were obtained. CO.-N», cycle as the two existing three sectors
responsible for the temperature of refrigerant existing in the CsHs-CHs-CHs by less
than a high compression efficiency and the amount shown. However, future
improvements than N, if the efficiency of the cycle configuration of the device in a
smaller unit less trouble, because there are advantages of a simple liquid cycle
where space is limited liquefaction cycle for LNG-FPSO is considered as a suitable.
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SYMBOLS

a

b : Covolume occupied by the molecules
GHg @ Propane

CGHs  : Ethane

CGH;  : Ethylene

CHy : Methane

CO; : Carbon dioxide

COP  : Coefficient of performance
ex : Exergy

G : Mass flow rate

h : Enthalpy

k : Binary interaction coefficent
m :'Mass flow rate

n : Mass flow rate

P : Pressure

Qe : Refrigeration capacity

R : Universal gas.constant

S : Entropy

T : Temperature

To : Ambient temperture

\% : Volume

We : Compressor work

NOMENCLATURE

= Vil -

: Measure of the attractive forces between the molecules

[kW]
[kg/s]
[kJ/kgl

[-]

[kg/s]
[kg/h]
[kPa, MW]
[MW]

[-]

[k]/kg C]
[T, K]
[C]

[m’]

[MW]
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Table. 2.1 Exergy loss in different components[24]

Equipment Symbol Exergy loss(kW)

Compressor 4’D—’ Aexy,, = ex, —exy— W
1

Expander n Aedy, . =exr,—exo— W

2 ANex, .. =erxr, —ex
5| loss 1 2
- | .

Expansion valve

Aex, =ex, —eT, —eds

Liquid vapor. splitter 3

\3_. Aexy,,, = ex) texy —exy

mixer splitter

> 1,0ut <
LNG heat exchanger —2,in Aexye = Z(eﬂ?iﬂ:n —e; )
3,in ——AA— 3,0ut i=1

Air cooler 1 j i 2 AeTy,e = €r) —exy
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Fig. 2.1 Usable refrigerants for temperature [25]



Table. 2.2 Properties

of refrigerants in LNG plant [25]

Normal Critical Critical Freezing
Refrigerants boiling point | temperature pressure point
[ C] [ C] [ kPa ] [ C1]
CsHs Propane -41.89 96.83 4,248 -187.53
C;Hs Ethane -88.45 32.32 4,872 -182.65
C:H; Ethylene -103.70 9.30 5,114 -169.00
CH; Methane -161.34 -82.44 4,599 -182.31
Carbon
CO, SR -78.33 31.21 7,383 -56.42
dioxide
Nitrous
N0 ] -89.50 36.50 7,221 -102.00
oxide
H,O Water 99.97 373.95 22,064 0.01
N: Nitrogen -195.70 -146.8 3,400 -209.80
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Fig. 2.2 T-s diagram of natural gas in LNG plant [26]
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Fig. 2.3 Comparison of pressure levels [27]
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Fig. 24 P-h diagram of CO: by process [27]
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g2 AAsRAth 18lal Table. 3200 i, o|4tsteay, 2, T2 ©3lrs

A 722 A Qs BHEFEH W darlrel 2AS Yehgloh

Table. 3.1 Assumed conditions of simulation [28]

Feed gas mass flow [kig/h] 570,600
Feed gas temperature [T] 32
Feed gas pressure [kPa] 5000
Liquefaction temperature [C] -157.9
Air cooler outlet temperature [TC] 40
Air cooler outlet*temperature [T ] 30 (CO2)

Table. 3.2 Composition of feed gas(Natural gas) [28]

Component Mole fraction [%]
Nitrogen 0.0022
Methane 0.9133

Ethane 0.0536
Propane 0.0214
[-Butane 0.0046
n-Butane 0.0047

[-Pentane 0.0001

n-Pentane 0.0001

Total 1
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Fig. 3.7 Detailed configuration of C3;Hs-CoHs-CH4(3-2-3) cycle
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Table. 3.301% CsHg-CoHy-CHy(3-2-3) A€l
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Qe FF, =

Table. 3.3 Details the number of devices with C3Hs-CoH-CH4(3-2-3) cycle

C3Hs cycle | CHy cycle CH; cycle

Refrigerant Propane Ethylene Methane
Number of streams 25 18 27
Number of compressors 3 2 3
Number of heat exchangers 3 2 3
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Table. 3.4 Details the number of devices with CO2>-C,Hg-N2(3-2-3) cycle

CO: cycle C:Hs cycle N: cycle

Refrigerant Carbon dioxide Ethane Nitrogen
Number of Streams 16 11 12
Number of compressors 3 2 3
Number of heat exchangers 1 1 1
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Fig. 3.14 CO2»-N2(3-3) cycle using HYSYS
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o &, LNG €dugr|e] &5 Yed Aot

Table. 3.5 Details the number of devices with CO>-N2(3-3) cycle

CO; cycle N: cycle

Refrigerant Carbon dioxide Nitrogen
Number of Streams 16 10
Number of compressors 3 3
Number of heat exchangers 1 1
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Table. 412 Z &%, g, WgsS Avs A57F2~0 @ WstE Yepd
Aotk ol v 73+ Fig. 3.7 ©] &3tk Table. 349 A3 #& LNG
] i deiet d87t~9 EAEtE 50 kPad EE 7S U2 Zl o]
o YE7k20 2EE 3052 KHH A&t 22 Alo]Ze] duagde AX
™ 2485 K2 wolal o=l Abo]Ze] st AAe AAIH 1835 K= H U
o g3 gk Aol FAAe AT 1238 K7HA Wz whA
LNG du&7]9] thgol AA o] Qe Bl gad2 A4 g9 o<l
°F 120 kPag BF7] 918 zlolth. oo ©® TXHEHE J-7t2= FEHE e
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Table. 4.1 Properties of feed gas at each locations of
C3H8-C2H4-C1H4 (3-2-3) CYCIC

@ @ ® ) ® ® ) ©) ©
m 1585 158.5+.1568.5- 1585 1585 1585 158.5. 1585 1585 158.5

T 305.2 2937 2707 2485 2122 1835 1647 141.2 1238 1147

P 5000 4950 4900 4850 4800 4750 4700 4650 4600 1209
X 1 1 1 1 0.88 0 0 0 0 0.08

CyCy 1462 1495 1589 1748 2172 2806 1998 1769 1.652 1.013

h 809 809 750 668 597 310 150 89 29 0

) 8.569  8.447 8.27 8.038 743 5904 5492 4959 4512 4.606

- Pressure drop 50 kPa

_43_



Fig. 472 Table. 419 A3 %S vt o= Z474e] ING fughy] o] A=

9 Wl 2 W} durtse 2EWs AAE YERA Zlolth LNG En

1°
2
flo
(e
il
L
[>
fru
o
A
2
Y
=(I){=r
_g_‘
)
rlr
e
o
o
A
o
=
rlr
PO
o
It
[
o
filo
o
1]

T Axo] AzAl= Ae]Fe] A Wrle 2EFAL dEVlRe] 2ES

T AlEL o] Fe VIEoE WEeH, CHs-GHi-CHy(3-2-3) AbolF ol A

LNG @u%7] U 4EA3=50 kPad ER AAsoFse & & Ao, o

dHAE G2 Fore ATIAMAE 72 AA #oE Z8AUT.

_44_



300 : ; . — .
: ¥
g ®
O
250 - : : 1
X, : ® >
o
| - & H
= : é o
© 200 /@/ = |
((b] : ; :
o g : :
= ; > :
s : .
|_
150 :
: m AT CsHs
100 . 1 i1 M 1
0 200 400 600 800

Heat [kJ/kg]

Fig. 4.7 Temperature difference between feed gas and refrigerants of
ENG heat exchangers

_45_



42 OIS RALE o] &3 AN2A T Ao]FY Jx AHA
421 19 A28 Ao Feo] A L EA

wo MzA0lE Ato]Ee] E&S HUSlelr] 9t ojqtaigta Aol 29

27 g2l sl Hastn 4EHEE F7 AJEA 74 vl BE 4E
A%, & 28 Y ofs) Mgtk 57 19 Ao FAA FF7, 357,

C(Min. Approach 5 C)Z At F71do= $=7]2] &A= 25 kPa
2 Aot BAER S AE3 Aol 22 AAEN Y Y= dFS dF719 &
2FHe A= AAGAY. ARIE2 Ae S Has UL

(Compressor work), 35 75(COP), LNG AJ4ttn] H] = U &F(Specific power)

tlo

Ha7|Eo 2 AUt A74 HdFIEFS (kW/kg/h)S TH=E 21,

LNG 1lkg= A4tsh=t] dAshs AL d<= vt Fig. 4.8 YT

_46_



}
o '
. Tl
bL F
l |
ol . [
(b) Application of. separator to 1
(@) 1 staged cycle e T

! 1
L

;»9* 4

A0
1 1
fé‘

R ‘

(c) Application of expander to 1 staged cycle

Fig. 4.8 Comparison of 1 stage cycle type

_47_
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Table. 42 Comparison of performance-in 1 stage cycle type

@ (b) ©

Refrigerant CO, CO; CO;
Number of
6 9 6
streams

Total power

20270.5 21596.0 35553.1
kW]
LMTD[ C] 17.56 20.27 4.79
Specific power
0.036 0.038 1.048
[kW/kg/h]
COP[-] 1.18 1.11 1.07
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Fig. 4.9 Comparison of temperature difference in LNG heat exchangers

of 1 stage cycle type
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(a) 2 staged cycl (b) Application of separator to
a staged cycle

staged cycle

(c) Application of expander to 2 staged cycle

Fig. 410 Comparison of 2 stage cycle type
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Table. 4.3 Comparison of performance in 2 stage cycle type

@ (b) ©
Refrigerant CO, CO2 CO;
Number of
8 11 12
streams
Total power
17632.0 20436.9 14054.5
kW]
LMTD[C] 17.56 20.27 4.79
Specific power
0.036 0.038 19.81
[kW/kg/h]
COP[] 1.36 117 1.70
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(b) Application of separator to 3

staged cycle

=

(c) Application of expander to 3 staged cycle

Fig. 412 Comparison of 3 stage cycle type
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Table. 44 Comparison of performance in 3 stage cycle type

@ (b) ©
Refrigerant CO, CO2 CO;
Number of
10 13 18
streams
Total power
16831.35 19417.74 11523.74
kW]
LMTD[C] 17.56 20.27 4.79
Specific power
0.036 0.034 0.020
[kW/kg/h]
COP[-] 1.42 1:23 2.07
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Fig. 413 Comparison of temperature difference in LNG heat exchangers

of 3 stage cycle type

_57_




4.3 o|ABFLEE o] &7 AEA 0= Ao]E] HF AA

431 COrCoHe-N3(3-2-3) AtolE9] ¥srt2 AeHF W)
Table. 45 ©l4tstehay, old, AAE Aves 87t FeHid WstE e
A Aoty ®oll Y2 F7HE Fig 3102 o] &390t ¥987l29 L5 3052
KEE AFsle] ojabstera Abo]Ze) oing e A 2482 K& Holxyx
olgk Ato]Zo] AWst AL A 1982 KE HUh a8 A Ao] &9
AYAA S AXM 1244 K7 Y45 @ FHEE = AAGEHE JERR L,
7 olFE FFWHE AXWA 7-AREIE HATh © - @ FIEAA w g
3

b F7he o= AANN AR nHelA ekt @aoleta AzE .

Table. 4.5 Properties of feed gas at each locations of CO>-C;Hs-N: (3-2-3)

cycle
@ @ &) @ ®

m 158.5 158:5 158.5 158.5 158.5
T 305.2 248.2 198.2 1244 114.7
P 5000 4950 4900 4850 120.9

X 1 1 0 0 0.08
C/Cv 1.463 1.788 9.690 1.733 1.014
h -4332 -4482 -4831 -5127 -5127

s 8.554 8.009 6.382 4.559 4.651

- Pressure drop 50 kPa
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4.3.2 COx-Nz(3-3) Ato]Fe] AS7l2 Aefs sl

s

Table. 462 ©]4t8let4, A4S Avs dsrtxo] AuzF Hsts Uehd A
ojltt. ol Y FIEE Fig. 3135 o] &3ttt Y87F2e &+ 3052 KHF
B AlZtato] o] 4kEiRkA Abo]Zo] WA S AXM 2485 K& Yol H4
Atel 29 st A APAAHE AXE 1142 K7HA @ztEh oo @ F
AREE 7hs Aol AA G2 ata o, @ FrellA Wejgo] Ao

o2 F7ks o] WEel wdurE S71k Ao Held.

Table. 4.6 Properties of feed-gas at each locations of CO»-N: (3-3) cycle

) @ €) )
m 158.5 158.5 158.5 158.5
T 305.2 218.2 124.1 114.2
P 5000 4950 4900 120.9
x 1 1 0 0.08
Cy/Cv 1.462 2375 1.721 1.014
h -4528 -4775 -5339 -5339
s 9.007 8.048 4.869 4.966

- Pressure drop 50 kPa
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Table. 4.5 Ztzte] Afo]Zo] AFZQ HolEHE FASATH COxrNy(3-3) A

o] ¥ THEY ¥ Hee HAFARL Abo]Eo] sty EoEwAM &
el AR &t Ao FE&EHT e A flo] HAth 7]

NS F7+8 COrCHe-Na(3-2-3) Aol FE GHs-CoHy-CHy(3-2-3) Aol E3% 1

<3 Aese B ARE o) E SoldlaR AL 5 gle JeR H

Aot
Table. 4.7 Comparison of performance
C3Hs-CoHs-CHy CO2-C;He-N2 CO;-N:
(3-2-3) (3-2-3) (3-3)
cycle cycle cycle
Refrigerant CsHg, CoHi, CHa COz, CoHgs, N2 COz, N2
Number of
streams 83 47 31
compressor 8 8 6
heat
8 3 3
exchanger
Expander - 1 1
Produced
146.9(92%) 146.9(92%) 146.3(92%)
LNG [kg/s]
Total power
235.0 2224 326.3
[MW]
Specific
power 041 042 0.62
[kW/kg/h]
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Fig. 416 The rate of exergy loss in CO»>-C;HeN3(3-2-3) cycle

-
Liquid vap

splitter
10%

Fig. 417 The rate of exergy loss in CO2>-N2(3-3) cycle
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