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Abstract — The paper reviews the state of art in the design of liquefaction processes for the production of liquified nat-
ural gas, and addresses key design aspects to be considered in the design and how these design issues are systematically
reflected in industrial applications. Various design options to improve energy efficiency of refrigeration cycles are dis-
cussed, including cascaded or multi-level pure refrigeration cycles which are used for covering wide range of cooling
temperature, as well as mixed refrigerant cycle which can maintain a simple structure. Heat integration technique has
been used for graphically examining differences of commercial cycles discussed in this paper, while energy efficiency
and economics of commercial liquefaction processes has been summarized. Discussion also has been made about how to
select the most appropriate set of drivers for compressors used in the liquefaction plant.
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2. Design of Refrigeration Cycles
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Fig. 1. A simple refrigeration cycle.
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Table 1. Range of Cooling Temperature for Refrigerants (Smith, 2005)

Refrigerants Range of cooling temperature
Nitrogen 77K -118K
Methane 112K - 178K
Ethylene 169K -264 K

Ethane 185K -286K
Propane 231 K - ambient temp.
Propylene 225 K - ambient temp.
i-butane 261 K - ambient temp.
n-butane 273 K - ambient temp.
Ammonia 240 K - ambient temp.
Chlorine 239 K - ambient temp.
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3. Design of Natural Gas Liquefaction Processes

3-1. Heat Integration Techniques for the Design of Refrigeration
Cycles
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Fig. 8. DMR (Dual Mixed Refrigerant) cycle.

Korean Chem. Eng. Res., Vol. 51, No. 1, February, 2013




PR eliskgrgel HaldA 31

Temperature

Hot composite —
— Propane
curve |
A [ PR cycle

—b
Ethylene
PR cycle

— Methane
—» PR cycle

Enthalpy
Fig. 9. CCP (Classical Cascade Process).

o]7] HaliM= W7t A e =5 Folzl MAvks W7ke
T HAE 7Fo R dlo] HFow ARSR= Zolt). Fig. 9ol Bl
CCPAPO|Z- B34 O & oF 3MTPA TE7HA 2] A7k ke

o wo] o] & glom o]Fol= Hgks AMgshs HA AlolE 4
ARR] HAIE W& S Optimized Cascade Cycle (OCC)°] T =
o] °F SMTPA 11:.9] kg gell 2-8-5 11 St OCC 378> Hlet
= AHEERE HAE Alol Sl ke 7‘4"37}/\—4 YIS AlolEel)
A Zsto] ARgah HAE Alo] S-S Hdto] T3] EgvE
WHEHAIZ] G320 tHRansbarger, 2007). ©]2]3F HE 242 oJ o]
A FHE S Alo]E R} ouR] g80] 2 EFUE A
G B oujgith. 7| B EeIME B4 AlolZe] arjE AL
o] & (closed-loop cycle)ZA] A7} FA 35025 Td] &
= AASH Alo)ZelM AbgE el 3 frAlleke] £32 gl
28 0CC 3742 A7k {APE W2 25 ARSERE S
Aol (open-loop cycle)o|2H= o] Solsltt.

3-2-5. MFC (Mixed Fluid Cascade Cycle)

MFC 57 DMR 3792 g4 el @A) A7k 323k
Al PR UREaL 2 ke ERR ARl EE W oUAE

ek FEOITkFig. 10). & £ Felo] AL = Eghdu]

o] (Fig. 101141 MR cycle 3y &ui7} + W FHshdA F+
7Ne) Aigr]olr WzellUAlE Sudhs otz FElE 2=
TH(Heiersted, 2003). MFC 372 DMR 37A Bojs Eghin|

1 2 ofd

Temperature

Hot composite
curve

£
5

BN
T = MR cycle 3
\\“_","'

-

“.~MR cycle 2
N MR cycle 1

>
Enthalpy
Fig. 10. MFC (Mixed Fluid Cascade Cycle).

Hot composite
curve
.

Temperature

Enthalpy ;\lat:ralgas
ee

Fig. 11. Nitrogen Expander Cycle.

APl A g-o] S 3} CCP 3ol Bl 39 S37% &
HAS A5 233k dejo]A vl DMR 373 ¥ C3MR 373 H]
W3] ofdx] afo] €53 SUIEA= YT DMR 3o

A AHgshs ERhe) 249 $axe
FHz o Adeshd MFC 349 73944 F7Hl ARlEs =%
3] gobiE B3] = ouA] EES A& F vk £
e, ollet, et Ais AHsh A2l ga oF OMTPAC]

LNG 1 £9 234 kWhe] FUS 4T3 (Heiersted, 2006).

3-2-6. 2~ 37| Alo]E (Nitrogen Expander Cycle)

Fig. 11 AAE AR AP AR BV Aol &
th S ow °L1“H19Jr BAn7E AAIRD FElE ARS8
S YA st FUS dE710 ANShe TS 2Tt
(Barclay and Denton, 2005). $]ol|4] AAvg3t ofg] sy &2 A3}

B Qui7t 71skebas et FaS gRAlelA Fste] fAle]
S W Wlo] AskE ol &8sk WolANE, HAE AR
A7) Afol a2 A uzt Wt 71 3] AdRIskE EEkA]
AL Z1A| AR R AEEA agtell] Ako® sgstar, A9
B2 Astelis S A gulE Wl gshks Wolh A
ol BN B F ALo] Hn o] ALL Wk olslel
SIS So4h 9t aogulel A ekl AHGC: g 112

FhS] AMAY|Z Bl LR} A0 R TR0] 17
2 EE ek T2 2 Al FS HolRE glek. 4ag A}
43 A7) AlO)1E2 C3MR, DMR, CCP 53} Hlwa}o] =] &
o] wo] WolA x|yt Wulel BT AHESH Sl 349
24 o] St A 0% 39 AAA S50 g
] ¥-85)= FPSO(Floating Production Storage and Offloading) &
ool o] &8+ 11 Sirt.

Fig. 6, 7% 80l ¥3He 57152 1hds] T 5712 vehd
QAR AA| 2= TAME W71 E 23 3dkellA st o] v
W57] W Ge skl Itk BEgk Wzhe o] sty HAVIAE A%
2Rl Wl A 550 % IhdstA JERAIAINE AREAR1 7--olli=
Wzhe] = AATIAE Nhe]7] doll udly] o tE fEA17]3L 7]
< 2271 o EeldAES Foto] A17kelM NGL(Natural
Gas Liquidsye 3|738F $of] V=] Hd/A7IAES o] dudb|=
FUAA B Ato]Zel 23l sl

TS Fig, 6,7 2 8 Bl dwdr|=
o8 duilr]so] A&5H o7 A thck(multi-stage) G 3t 7+
Z5 7= A9 Slvh ol 51 Fig 60 B2l SMR M*oﬂﬁ A}
S5 Tl Awd)E v %ﬂﬁ:rbi HYPE 4= glom o
715 Alelelld F7HAR1 718 Eel S st 7 dudh| ‘ﬁi

Korean Chem. Eng. Res., Vol. 51, No. 1, February, 2013

& WolFaL 9l

Tl A »}E}Lnﬂxm



32 zdx

SRS AYPY 5 Q7] el 3 420 BES A A
7} 7Vl wel dudtela] dAlE = olyx] &AS e 4
Aot 7t STFETE VA 282 STV F1EQ1 A
9] =Qlof whE TR A5 e 22k 9sh 3 - W
A7} golakA] A =& ©o] 9tk DMR 30l % 123}
A& Jof| AME= AudV )5S 27 iR sk Ao] 7}
o HASE F9l] ouA] afo] SIS Bl AR

SJtHDel Nogal et al., 2008).

o)} Zo] Auji ofe] 714 A Eel gk st 77t o
Folzlon tEZ el AT A= Table 2, 3, 4 B 500 2.9F Az
AT Table 2= 012] 7§ Alo|E50l Tt olU =] 585 o4l
7H5=(carnot) At S} H| gk A o], Table 32 MFCE 7152
sto] Al 71H4] 28 Ao el tigh A OHLW ENl e <l ke |
o]t} Table 4= G Wil E S APl S5 7|E 0= 3fo o
T gE TE2E 2 ARlEY Y ﬂ%‘:—g vl gk Zlojet. 7}
Zko] vl Al TAst AAMF W A 215 AR
2271 W] Table 2, 3 4 40 BQl AFES Hrhz<l A=
g E AT URbAQl AER EE8 2 = ok dA
E3tEo] S8H I gle MRS °“:@}lx*°ﬂ*1 ofuA] T8>
C3MR¥} DMRe] 7V $<=3laL SMRI} A4 A3 Alo]E0] 7}Z
g-&o] WolRt} CCPFE-2 C3MRY} DMR 5782 olUA] &l
33, MFC 5742 Table 304 C3MRETE $<=5lt}a Bl
R ont 2ol L3N] well offux] Sl tis ®are
AbZE Aom g ofe] BludT Ak 5= Fote] AdlA S
H7Ysllof gttt

Table 5= ARIEE2] that oL«
Hlof] chgk AdohA] 921738 Al
7t Nl 71Eo R s S
A B AgS o= Vel

[€)

Ak

A

(o}
] o

g

OEO

H|w ¥k ol 2t Fx}
ot} v M
Table 2, 3 2 4°]]

A (CAPEX, Capital

a8
13 A2 S wolal
A 95““/% k)
o

ATk e

>

Table 2. Cycle Efficiency Comparison (I) (Bronfenbrenner ef al., 1998)
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Table 4. Cycle Efficiency Comparison (III) (Finn, 2006)
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4. Drivers Selection for Refrigeration Cycles
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Table 5. Cycle Power and Capital Cost Comparison (Vink and Nagelvoort, 1998)

Process C3MR DMR CCP SMR N2 expander
Specific power [kW/(t/d LNG rundown)] 12.2 12.5 14.1 14.5 15.6
CAPEX 100 (basis) 116 119 97 95
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Fig. 12. Drivers Selection in LNG Liquefaction Process.
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