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Abstract — Compare to the gaseous hydrogen, liquid hydrogen has various advantages: easy to transport, high energy
density, and low risk of explosion. However, the hydrogen liquefaction process is highly energy intensive because it
requires lots of energy for refrigeration. On the other hand, the cold energy of the liquefied natural gas (LNG) is wasted
during the regasification. It means there are opportunities to improve the energy efficiency of the hydrogen liquefaction
process by recovering wasted LNG cold energy. In addition, hydrogen production by natural gas reforming is one of the
most economical ways, thus LNG can be used as a raw material for hydrogen production. In this study, a novel hydrogen
production and liquefaction process is proposed by using LNG as a raw material as well as a cold source. To develop
this process, the hydrogen liquefaction process using hydrocarbon mixed refrigerant and the helium-neon refrigerant is
selected as a base case design. The proposed design is developed by applying LNG as a cold source for the hydrogen
precooling. The performance of the proposed process is analyzed in terms of energy consumption and exergy efficiency,
and it is compared with the base case design. As the result, the proposed design shows 17.9% of energy reduction and
11.2% of exergy efficiency improvement compare to the base case design.

Key words: Hydrogen liquefaction, Liquefied natural gas, Process design, Energy analysis, Exergy efficiency

1. Introduction o] o7t AA SV Ao R AYALHI]. 1 T FAa

BP] Energy Outlook (2019)°l] whk=w A M)A el =] 4k4]e- 1]
gl O 22 &4 w2 FRE 51, o] 5 ffsto] AlA oA

*To whom correspondence should be addressed.

E-mail: inkyu.lee@pusan.ac.kr

This is an Open-Access article distributed under the terms of the Creative Com-
mons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-
nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduc-
tion in any medium, provided the original work is properly cited.

200

5 HlESHA 5L A W2 oluAIE A = Qe
A wEe] FQ U Yoz A HArH2]. 7A€

SA 07 eHF U AAs17] &3 uhy oi 9 kA AR
A7 S o] &8t 3ok 7R A Anbd o
oI FFAIAAN FIE AT, tEe] st

2 Ae® IrH3). 1% 2 GEIH 1 % a0 oﬂuxm

AR I eI U A= W2 54 Al



=7

WFHATFA(LNGYE AR 74 ABAL 1 A3} 379 7l 201

st} oha) -t Thee 47 S T, AR ot
St oA gk g A A £50] 7Fsste] 41 A7do] 7158k
AL 2 oluA RS 77

)
Seh4]. olelet ol 2 42 sk 34l that kbt o] o)

o431 Slck. 45l 5 o)

3t 3749 74 1 kg AspA7]=d] £

5= o1y %] Q] SEC (Specific Energy Consumption) ©F 13~
15 kWhikg® G214 QIEHS]. o] 21 oy ] ZJefole} 57 pi=
°F 500 7H 2o, Fa st 372
MR ARFS A7) 908k thekst Ag-5o] o ghtt.

A7k A3} gl Hlsh

A A5 Sl °oF 5~8 kWhikg®] SEC #t= 7H]

= o)

3748 03 Aol ARFEUTHS6]. Krasae-in T [7]¢] Akl wh
2 AE3tE 4 A3t SHUE = 20~30%2] AAIA] (Exergy) &
= /e AAG] Ag-ell= 40-50%2] &
F& 7HE AR HuwQick A8 A7 24 A, 7E AT
Sl At S4 N3} 379 5 Ansarinasab 5] AE TR H

& 7T ol el Zuke

[¢)

YAl EGIE o183 o) /b e oA 2wt e

gl

WA ZE&S EPATHE Z1 22 UERGTHS].
2R S $8] LNGY WEs &
o= WS 288 4 th LNGY =4S ti7|goll A oF
-161 °C o], AME- A A718} & AAoF st} YHEE 0= 3

T4 A3t 34 oA

Fobe] ks T3l LNGE 713HA1 719 o] w i <k

o] Yho]

HE A 22 LNG WY 355 918k vhefst i So] AlRFE AUTHI).
°] T, LNG & 4 938} 5749 o dS $st o FEsh=
2 o1 Eo] a9t} Kuending 5[10]2 LNGE A3
50TPD (Ton per Day) TF5.9] N3} 45 Bitehs 3785 7Pdst
A B s S oldR g} idn] -] A3t aakE VERIgIth
Han S[1112 LNG2] Y& AXMS 58 LNGS] 35 2319 4

Nglgol] mhE AlEAT-E T3 o, o] & B3l A
AXFIATE. Yang 5 [12] 83} N2-Brayton Al0| &

(a)

(b)

Liquid
hydrogen

ol &8s 4 N3t TS ) P 2E AAsk ING HES
oA o] B8319S ol °F 19.5%2 AUA] ARFS TAEAA 5
Aeo Haskeleh 28y dlg =2 Uit 32 o] s
£o] ok 11% Aol 2X1], SEC7} oF 13.6 kWhikg O = w9 =&
Ans B

£ 9ol A= Ansarinasab 5[8]0] #IQFst 1 g & 4 A3} ¥
A5 7)€ P 902 AYsta, INGE A7)81E o 5 Sol

WA= BEE T4 ool 8t oA Z&& A
A& AR YL Yo ® AR 7Fsd LNG 35 A
£13ll SMR (Steam Methane Reforming) 3782 %3l LNGE A}
ato] FAE Aitehes AlAEE A8l sYe T4 ¥
AstollA 71E A N3t 32 A3 3 WA T ool '
s Yl E LNGE thAlekar Akl A5 Sall 7 Ato] el
2 o3k A o) vl S =ESIGITt. o8 F3l A 4 st
Tl Q7EE oUA ARZES Akl 71E Y 387 &
A G55 oA W MR IRl v, 24 SF3iTH

o

Y
Ol

>~
PN oo

il

2. Process description
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Fig. 1. Schematic diagram of process flow: (a) base case design, (b) proposed design.
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Table 1. Design basis

Parameters Values
Hydrogen feed temperature 25°C
Hydrogen feed pressure 2,100 kPa
Hydrogen feed flow rate 3.45 kg/s
LNG feed temperature -162°C
LNG feed pressure 130 kPa
LNG feed flow rate 14.30 kg/s
Liquid hydrogen pressure 130 kPa
Equipment pressure drop 0 kPa
Isentropic efficiency of compression and expansion unit 90%
Minimum temperature difference for heat exchangers >2.0°C
Liquid hydrogen fraction 1
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Fig. 2. Process flow diagram of base case.
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Table 2. Properties and stream composition of base case design

Stream No. H1 H12 P1 S1
Temperature (°C) 25.0 -252.2 22.0 23.0
Pressure (kPa) 2,100.0 130.0 200.0 100.0
Mass flow rate (kg/s) 345 345 105.20 46.80
Composition (mole)
Methane - - 0.170 -
Ethane - - 0.070 -
Ethylene - - 0.160 -
Propane - - 0.180 -
n-Butane - - 0.020 -
n-Pentane - - 0.150 -
Nitrogen - - 0.160 -
Refiig-14 - - 0.080 -
Helium - - - 0.836
Neon - - - 0.102
o-Hydrogen 0.750 0.030 - 0.062
p-Hydrogen 0.250 0.970 0.010 -
50
74291 H10 streamo] 23} A wlof| 9)x|51H, o]&= 7<) =
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Fig. 3. T-s diagram of base case.
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Table 3. Properties and composition of proposed design

Stream No. H1 H10 LNG IN[9] S1
Temperature (°C) 25.0 -252.2 -162.0 23.0
Pressure (kPa) 2,100.0 130.0 130.0 100.0
Mass flow rate (kg/s) 345 345 14.80 49.30
Composition (mole)
Methane - - 0.912 -
Ethane - - 0.055 -
Propane - - 0.022 -
n-Butane - - 0.005 -
i-Butane - - 0.005 -
Nitrogen - - 0.001 -
Helium - - - 0.836
Neon - - - 0.102
o-Hydrogen 0.750 0.030 - 0.062
p-Hydrogen 0.250 0.970 - -
Table 4. Energy consumptions in base case design
Suction Pressure (kPa) Discharge Pressure (kPa) Energy Requirement (kW)
Pre-cooling cycle
C-1 200.0 700.0 9,360.9
C-2 700.0 1,610.0 5,414.5
PUMP-1 700.0 1,600.0 24.0
Total 14,799.4
Sub-cooling cycle
C3 100.0 230.0 22,763.2
C-4 230.0 506.0 21,497.6
C-5 506.0 1,000.0 18,1724
TE-1 1,000.0 100.0 -1,737.8
TE-2 1,000.0 100.0 -2,307.8
TE-3 1,000.0 100.0 -905.4
Total 57,482.2
Total 72,281.6

Table S. Energy consumptions in proposed design

Suction Pressure (kPa) Discharge Pressure (kPa) Energy Requirement (kW)
Sub-cooling cycle

C-1 100.0 230.0 23,978.8

C-2 230.0 506.0 22,646.0

C-3 506.0 1,000.0 19,143.2
TE-1 1,000.0 100.0 -3,334.2
TE-2 1,000.0 100.0 -2,434.2
TE-3 1,000.0 100.0 -657.7
Total 59,341.9
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OH o
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Wet = compressor, pump®l] T8 LolA expanders 53 &
S AE A Lo ol m = A IA| Al A HEFE
UHERALE, 25 a7l 3,600 kI TS kWhi Rgksl7] ¢

2rolnh, Al (1ye Fafl 71 thd 342 SECE 5.82 kWhikg, Al
SHe FA O] SECE 4.87 kWivkg & ZH2) AAEQIT) o] LNG=
Yoz Hgskels ul 7|E Ul TR 1 kgo] A3} 54
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Table 7. Results of exergy analysis

Base case design Proposed design
Equipment Rate of irreversibility (kW) Exergy efficiency Rate of irreversibility (kW) Exergy efficiency
Heat exchanger 11,593.3 97.4% 14,200.0 94.0%
Cooler 11,156.0 91.4% 10,080.3 84.7%
Expander 6,595.1 42.8% 7,147.9 44.8%
Compressor & pump 5,838.8 91.3% 4,815.6 92.7%
Separator 3,338.7 94.5% 0.0 100.0%
Tee and mixer 1,888.6 99.2% 0.0 100.0%
Valve 1,761.7 97.0% 3173 97.9%
Total 42,1723 36,561.1
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Fig. 7. Exergy destruction: (a) base case design, (b) proposed design
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