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Original Research Paper The existence of huge gas resources in Iran and the global demand for the replacement of fossil fuels
Received 04 February 2017 with this cleaner energy resource has triggered interest in the large-scale gas export. One of the methods
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Available Online 20 May 2017 for large-scale gas exports is liquefaction which is done by refrigeration cycle. Considering the

importance of the efficient use and the reduction in energy consumption, particularly in large energy
consumers like liquefaction plants, it is imperative to optimize the refrigeration cycles used in these

Keywords: . H . . L

Multi-stage refrigeration cycle plants. While there have been many studies focusing on the power consumption minimization of
Gas liquefaction refrigeration cycles, in most of these studies the performance limitations of the refrigeration cycle
Performance limitations of components components have not been considered. Therefore, the results of such studies are not practical for in-use

Minimization of power consumption

Independent variables refrigeration cycles in gas refineries. The main goal of this paper is to propose a systematic method to

minimize the power consumption of in-use refrigeration cycles in gas liquefaction processes by taking
into account the performance limitations of refrigeration cycle components and the interactions between
the refrigeration cycle and the core process. In this regard, a combination of thermodynamic viewpoints
and pinch technology is used in addition to considering the above mentioned limitations, to express the
multi-stage refrigeration cycles’ power consumption minimization problem as a function of several
independent variables. Up to 15% reduction in the specific power consumption is achieved when the
proposed method is implemented on the optimization of a typical in-use three-stage refrigeration cycle,
used in a propane liquefaction plant.
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5 Core process

" Heat Exchanger Network (HEN)
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2 Carnot Factor

3 Exergy Composite Curve (ECC)

4 Exergy Grand Composite Curve (EGCC)
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Fig. 2 Optimization of multi-stage refrigeration cycles based on the
combined pinch and exergy analysis

5@ o5 5 T Gle p lal> seniz 0y 5 glaas 2 (g5l 2 S5
&35

1 W a2 sl (68 Sos SBCdguxe -3
195 L g ypes -1-3
(b bl gl e alyd o (Shes bysm e )18, (i ln
Ggad S o5 0S5 o Bl g ppaS (50 Shos (slaionis owijlo £S5
v opl B8l e .l oad ool L 3 S o o e ol
2970 9 (gmoyeaS Cadyb) om0 paS 4 (639)9 (o> (29 £ oaas plis
TR oS 4 (§39)9 S 4 (2 g)F LS L osims (i (5350
a5l bl 93 oy polae b o 2lib Llyd Gl e Jmlpd e asl,
OlFen JMad S 5 (Shgd L p GgmreeS 4 (63959 20 €5 Sk
251 Gy jgen a8 (59 ,Shos (i 1 pg il

bl Sy g Bl ahal S Ghes S o lp g cnl o
4" Sas abll byl Sl alali 4 45 o)l 352y b b Sl
1 e bl el b g 43S Tz dlal wiudyl oo abis
Gilis gloygo o ol bl Jlasl b g Tz ao Lo ciliks slo g
S Gl &S o See ahais 45,9050 .l e c,w.xfbu’_i&é a> L
I3 S g g Lok g jlre 4l g0 wlie Ses g S

A Constant Rotational Speed Curve
Constant Efficiency Curve

Head (m) or Pressure Ratio

v

Inlet Volume Flow Rate (m3/h)
Fig. 3 A centrifugal compressor performance curve

33 005 e reeS 00 Skos (Snie 3 S

* Compressor Performance Map
2 Stonewall (Choke)

3 Surge

4 Surge Limit

© Stonewall Limit

6 0 )laids 17 0,93 1396 )55 s ()30 SilSe s

polae jom eSO Shee e by alal) cpl &5 o)ls alal) o
ol 555 a5 ISl 538 oS5 il snte o Ul 3y
Sz $lp & Sl ©)lad sk I o)l 92 Ly, g lacydgase
Sgzge 43,z 50 5 Coably ;0 Cel (Ses il o Cewdy gy (l p0 9y
ol Gloy 65,55 (o5 5 aelr oo )5 Sz nl 5l sl (Glles
Ol sheslatal b b g asdl oais QL jeie wyy8 as > clial oS
@ e 9 09)9] Cewd 1) %5 43 2 sl cnlie (g )Lad sl U
b 5 el 5o 03185 9 a8 o lpe 51 S5 2 5l (6590 oo dlore
e S 35 4y (A1 S (sl ota] oty (5055 Ll
Ol slizl & S5z g0 s Sloas 2 siloanr sln JIs oo 4 il
oSzl 53,381 5 it a5 5 3T 1 ol ol o ol s
e 3 ol e 3 (55,55 05 i ol 3 Cpdpions
2 e QR 45) g oS (Jly9d i g S 43z e Sle (00
2 ks 4 wdlbee ileaing 5 (10 %y a3z (Srae Ols s,
Dgdge dinty L)glulsl (les Zsla 4y S w5 a3 2 LS by, o
4 hiwd 10 65,551 5 g (oS 5 LT sl L opolo s jslare 4
GeoS T (3w 55 gzse sboas sz (59) » Slkes 5 Glhae ainge alais
ol 5l esliial b ol ul jo 518 gslemble slaasly 51 (S 0y y0 a5 > ol
D aalyS dige )

ol s g0 g0 Sl slacasgae 4 o)Ll Gl ey aslsl o
Py Ere @ Sl e g BygepeS gm sys sleds
Sildinte oz T SIPESS 5 Sesludse s ool sloe n R
A dalys il lal> esiz w55 slads 2 Slles

TA

A @

N6 |

— » AH
Exergy Grand Composite Curve

Fig. 1 The way of obtain Exergy Grand Composite Curve from
Composite Curve [14]

5 5 50505 59; 3 63,55 (oS 5 gl Hloges (3351 Cawd 4 09 1 IS
[14] 5,0 5 05 slogl >



U)ot 9 Sl HBUS s

T SI9I9i5 9 SSaoliz 39053 3BT Sl Yy, 1kl b I slaolSuinVly Slada jodin 3345 Sladl 3 s Ul Slkes ilwdires

Pump

W

Expansion

20

Evaporator

Fig. 4 A typical three-stage refrigeration cycle
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Fig. 6 The flow diagram of three-stage refrigeration cycle used in a propane liquefaction plant (Base case)
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) Sliss S Silole 0y 0 408, IS 4 abibs a s 45 ol pl,Ss 6 JSC

oolitul s il [11] Jg5 5 Sgerd dawgs a5 (1) abal, 51 o oleo
Soged 0 jpame Colun ol 4 (Brae ol 4 bg e polie (mlosges
el 0ol o0ls lzi 4 Jgaz 0 A Clls g by cdls gl (65,58 S
2 &35 i S5 5T (gsloesley b eoton alimdle oS jsbolen
32,398 e 4 (Bras Oly imle Olsn S5 anly 055 432 o)

sl il zals

Sl p ilwangy 3l Jol> s o Gldes (cw)yp jsliie &

A o> b > s . . . 1T
= Sl g yeS Glize Db 60 ,Skes LS 65,551 5 gy (5 5 U]
Sk s Lo Sl b Sl Lao o loads eols las 9 B 7 sl i o gilwaig 3l a5 L8 Sl
(kw)  (kPa)  (C) (kw) (kPa)  (C) b
1741 678.2 123 1258 787 17.7 E-103
1459 2951 -14.6 1896 290  -151  E-102 Al Al sl Ghgn w452 ol d ool oMbl 2 Jgus
1300 1148 -37.8 1347 1076 -40.8 E-101 Table 2 process streams data of propane refrigeration cycle for the base
case
Basecase @ Sbsy ol oles Sledbl Jbs sleo el e
6000 Case A A oS Sus
i Case B a 59,9 (C) (kw)
5000 r
= L ° E-103 o
€ oo I B 17.7 1258
- E-102
3000 207°C A -12°C -15.1 1895
- p >
2000 1 1 1 ]
4000 5500 7000 8500 10000 _12°C Er;l;l _s78°C 108 1347
Volume flow rate (m*h1) X > '
-37.8°C Ev.ign —423°C
Fig. 7 Performance curve of upper stage compressor (K-101) 2580KPa 101KPa — 00

(K-101) oYL aibs jguynaS (60 Slos poxie 7 S5

6 0 )laids 17 0,93 1396 )55 s ()30 SilSe s

e —




UeD 9 Sl HJBWS cyauns T8 G399 9 Saolindge 5 HLT Gl by G245 b JI SLooluinVl Glaks jo3in 395 GBS 33 3 jae Ulgs Silikes Gilwdises
B Basecase @
---------- ase case
0.05 | ———Case A Eiﬁiﬁ :
Process 6000 -
0r L
] S 5000
g e T
5 -01 | = 4000 |
£ 5
§ 2
-0.15 | e 3000 |
] L
02 | i
| 2000 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-0.25 + : E-101 4500 6000 7500 9000 10500 12000
e toe e Volume flow rate (m? h'1)
0.3 . . . ‘ . . . X
0 1000 2000 3000 4000

Heat flow (kW)

Fig. 10 Exergy composite curve of the propane refrigeration cycle for
the base case and case A

Sl sl @le Jhign g 9oy 2505 452 65,551 (oS 5 Hloges 10 U5
A > 5 a0l

ol 5o g ilwand 1y mle (lon oy a2ly wyS 432 Gl
oads ooliiwl (gjlwars (slp 8.3 asd e ool Jl58le 5 51 allie
Kgd o)ly gilwand o szl o, Sles slacodgase aSL) (gl !
Ozt g s S Db 1S e 4 bape (63 ,8hee sla sionie Wb
oals JI8le 4 )l sl o 31 S pe sgame slos S| fBlas
e szl 5l Soe g9 ,See slacusgaoe SIS pl b Sile 4 0gh
2l et Gl T gl m Ky e dolee Gl gh e 4 S
i Gy cdle dolas ol el ool colawl byl > (Solinoge
2o Gl S el Sy slaglyr (Saslusses ool
[14] el a3 5 )18 oolisil 5590 Vs 31 (6, kons
Siaabn () 5l g Grle Jl381 o5 (SIS jluaige 5 alie cnl o
is Wy, 43> (Bras oly i ledieS o Jlge pgo 4z
e 5 Gobeal 5 Golus 3528 (18,5 15 50 CollilB (Gurale 158 6 5
ks ohite ol 4 [20] wibse Ban mb jluaneS jo o YL <o
g ol bl gilwagy o yusie lae @ Jiue sle e conl oY
P N @Sz ok Grae Ol (13) dal) Gllae 55 Sas &b
358 (16) b (14) Ly, 0,5 o)ls b Koo B,k 5l gl aus )5 L
exie dw D Jgaz wlenges Ll (gilwaiis j0 56 1) sliml 60 ,Slee
oy PBrae OlF olyea @ ]y mlo Ghon Wy waly %y a5 i
sy sboe p ol a ) B el 5wl ol v 5
Sy 5 SHE 00> 0 LS Cond ams o lis (ouds &l sl
6 Jsaz ;0 56 B o5l cll sl jpe e’ Sl 5l Sosm g0
A 0w arg b aS ogh e cdaline B Jgax Gillae .l eads 00 4]
@ 45z ool oy (Bras plg ezl o Slee lacusgazme (33,5
sl el e ool Glas olpy cwl asl mels 7154 e
Sl AL baze (B cdl) giludgy 5l am a5 > Soluoge s
olis 11 IS yo alls ool (ol diges alis 0y 5 a5 > (PFD) asl 8

Gl 00 00l

! Aspen HYSYS
2 Peng-Robinson

Fig. 8 Performance curve of middle stage compressor (K-102)
(K-102) gl dils jgusy0S (50 Slas e 8 JSCo

Basecase @

Case A A
6500 Case B a
5500
5 4500
2
3500 -
2500 1 1 1 1 1 1 1 1 1 1 1 1
4500 6000 7500 9000 10500

Volume flow rate (m®h-1)

Fig. 9 Performance curve of lower stage compressor (K-103)
(K-103) sl il jguyeaS (60 ,Slos Sowie 9 S0

Slr 65,551 o255 oged p0 jpame Colus g 0y 43z (Sras o5 4 Jgu

A s gl cl>
Table 4 Power consumption of the refrigeration cycle and the enclosed
area in exergy composite curve for the base case and case A

ey >
A o>
%) b
- - 21 (%)q,ﬁbg&g;)}ﬂouxb

G55 =S A Jlogei 0 jpame Colue

-22.6 232.4 300.3
kw)

96 3027 3350 W) 0,5 45 2 b yas s

CoaBly 50 ol Gty olod Zoba b W, 43 12 sl jgm peS (nlple
2rd 8y Gln ol gale Gl e 4 g 2SS ails oo
al) 655w oS Ul Ol laly wiles Sliles
5 eolatul Jl 0 055 gleas > giledigy slp cailie (Sbg; Sloie

28,5

b ob Obyy Wy woly Wi & JSlles Siludug -8

Al w9y 31 eolatw!
61)-.’ d""’“ Q‘il 5 IR 4_‘,|)| GEJL alf..&io 6"\3-‘”.‘95 w;u Q-.’.l e
solawl l; awu’_.a a..bl.ilm é—iL" ubsf ..LJ}: »13 &5 <\>).> Lg)L.udu.:.ef
W 0ol sy B iy aS gunld glal x4 by e Sledbl

6 o plosds 17 055 1396 g3 pichs o0 Suile wiso



U)ot 9 Sl HBUS s

T SI9I9i5 9 SSaoliz 39053 3BT Sl Yy, 1kl b I slaolSuinVly Slada jodin 3345 Sladl 3 s Ul Slkes ilwdires

B oo lp olgn %y a5 2 sonld slapl,z Sledbl 7 Jgua
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