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Abstract

In this research, the variation of round-trip efficiency in a liquid air energy storage system (LAES) is calculated and an optimal
configuration is found. The multiple stages of cold energy storage are simulated with several materials that process latent heat at
different temperature ranges. The effectiveness in the charging and discharging processes of LAES is newly defined, and its
relationship with the round-trip efficiency is examined. According to defined correlation, the effectiveness of the discharging
process significantly affects the overall system performance. The round-trip efficiency is calculated for the combined cold energy
storage materials of aqueous dimethyl sulfoxide (DMSO) solution, ethanol, and pentane theoretically. The performance of LAES
varies depending on the freezing point of the cold storage materials. In particular, when the LAES uses several cold storage
materials, those materials whose freezing points are close to room temperature and liquid air temperature should be included in the
cold storage materials. In this paper, it is assumed that only latent heat is used for cold energy storage, but for more realistic analyzes,
the additional consideration of the transient thermal situation to utilize sensible heat is required. In the case of such a dynamic
system, since there is certainly more increased heat capacity of the entire storage system, the volume of the cold energy storage

system will be greatly reduced.
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Cold storage

stage Material Freezing point

1 HEL 143 K

2 olEt=E 159 K

3 DMSO 20% & 220 K

4 = 273 K
Aol 7Hg e bS] vhd e W A A A
W7hE 3 F b9 W2t Abol 2 Ak & WA UN S Fa
Ntk Al £ QA F7]= IR Thgko] © F A
AAaE AvwAd das AR 7HEE ¥e
F7149 A FFwol A2 ik Eule] Eol7}
T BAFste] WS stk LAES A AgCA g
Agre 4dFY 4 A7 (regenerator) 8 ZFOH=E,

A5 A E 2 G855 (effectiveness) & FS 4 o} o,
A A QT APAQl REoRE Wol
AHgEE A AV s ot EA FA7E GEEe ddS
A W Aggst= F717F wg Aok A4 a7l
AHgEE A= A7 & % olskAYE LAES
Alzde] Wd A4 1 F7)7F 8AIZE o] gef o] &t}
JHE=R dugrld AEEHE FEEE d AYT]9
Aes Uxnsts ARg A 7] T4 34 (charging

process) ¥ A F7]

process) 9] o] F F|AoX Z47+E dqinE F 9= HF
AZE T 32 AFA oo dxdte Aol £S
Zolty, AARZE A T dyA A AAES
d71#o] ofel oA A AlIARO R ZH Y7 WE
ol Zhzh FeElEel HiE A ofglel FEs)
iEolth fA12 FH FA Y BE G ddsty
FEE 2] A8 2 A RE-ERY IYEZE
Fig. 2¢] YEATh Fig. 2 (8 =3 3L Jerd
ZolH, 2% FAlE 7] 0 A FAA &F71 o8 52
EH o] A2 (298KO R 113) 9 clof =23 5 54
g S AN 20 = F WAFIT} o] Aol A
A% FAY s A8 0~c2 FAFANM gEFIA

Ezr]]w‘g/ﬁgﬂ' ‘\%E—Eé' ‘5%‘%"7] *Or]?:s_]_' OE]OJ Eot/]er]o] QL:rL?lD]'

HEth 2 Fig. 2 (b) oA & 5 %ol W& A4l
A F7N7 @2 dle®E ¥h AL W
ghgaln] 27 Adsstel A2l dle EEd § 00 %
Bt o] wrelxith o] HA oA WA A sl
Eother/Ha A5 Wbgstal Y 2hE 59 PFAd S 3
Ed/schargmg% Ag}\\l'hé}]:]' O] Oﬂ EH?J: —/,:/HIE'QJ O] E‘H% ‘CHEH %

&S el g e A (1)~ (6) ol e

e >
o |

_ Edischarging — Lother2 _ Wturb — Qother2

RTE (D
Echarging + Eothert Weomp t Wother1
Weomp = hey —ho — To(Se1 — So) (2)
Wotherr = (he — hez) /COPg (3)
Weurp = har — ho — To(Sa1 — So) 4)
Gotherz = (hq1 — hq) (5)
RTE =Y hay — ho — To(Sa1 — So) — (har — ha) 6)
hey — ho = To(se1 — So) + (he — hez)/COPg
hcl _hc) hd_hdz)
& = — , = —
T e —haa)pp, T B~ hax) ey, ™)

RTE =Y har — ho — To(Sar — So) — €4(ha1 — ha) (8)
her = ho — To(Se1 — So) + £c(he — he2)/COPR

4 (D % Z&S dehs Holv), oM AuPd
EchargingrEotherlrEotherz: 1‘:‘/]31 Edischarging 7 z}z}
HE57], WE7], SAZEAD, a2 ERle] &5k oA
=95 UEhdth o5 AA 3719 F5EQ Yol diE)
28 F a2 W 7], ¥sr], aeal EulelA
o7 9 A EE A3 B AZLdA Y] dudFor
Uekd 5 Stk o714 FEEolst AskA7]7] 9l
TR 3718k AA sk 2o Aot 4 (2) =
HF71el o5t 45, A )2 FE7] FEed e
dolrk. o] wf AMEE corr, & WY A =49
e (oly ¥d AF =45 AT wels M
olsAol w2 =49 o ) ¥VIVF WBE F
BAE A AsHE 2521 80K Atolo] 2w agoltt. 4
DO+ gl Ao Pase= o, a8 4 G+ Jdd
Aol X el dugs uekdo. A (Del 4
@) ~BG)E gt F 288 2 (6) 3 2ol vehd +
AT 5, 7 AN 2E FAL FHBORE T A ES
T Stk g FEEY g o HE
A Y] FE S g 2 B
o= te it 2o

FEE] Ao FAY T 25 S22 dE ol net
Fuojof ek shAT YA A 2de 52
obH il & (pool) FE= 1197 7] wZell, FA12 U+
S22 A7t ol Hot AR 80 &

AA dusFs Hol e QuEFoRr vhr ZeolA
ks, 8525 A (13 2ol AFA Qs P

o ppe T W WE AN FUY dHolH, 7zt
6000 kPa ¥ 7500 kPa® At =, o= 45 5717t
A ustalE oA vk (single phase)d 7]A &

A FeE AT Y9 2@tk (7)) S h 9k hg ol
gt o= FHYg &, o] & thA] (6) ol thdst & RTES
g9 g = BHSH A (8)o] EEHTH 2% At
xzHoRE 2 B)F olgst FH AHFTL HE A
FETe 2 F a8 A FHE Fig. 3o YelAh
olZE B9 F A& TH HFe FEERY ¥HE
H$4 Y FExeo o vgtstA wWekets As g1 ¢
At wEkd, Wd AL dust g4 AA A,
Addoz o AolWA fFA7F HAGEHE EASE
WETHE F O AN, S Ry o2 A S| oF st
Al Zetatd, 3 T WE FY A FA49 fFol
e 525 Sd W vz 22v1 AZEE o),
AtHew 1 AuwdF A
RS AR R, g s
AAE ek stth= Flolt) o]
HA e B, 4 oA F712 <1
Y7o o 7HE A BRroA] S92y} akst=
Hhdo] W& TgollA F7HAQl 7FE AL Aol A 9
T2 B delA FAtstr] weltt. 2 (1) oA Eoeri©]
AN 2 58 AoA Brrl AXNEZ 2 §8§ A=
a7 AN wE BAFA Y WS
el =
EY4A e o Ao B ATddAe e
Ao Yd A4 540 Fdnt o] 317 wliEo 4
BN E B AGRel 45 37171 297 47
a2 - (hot side) AlA = =% 27t 24 &
4E T HE AL} dud I T

ol

-



48 Enhancement of the round-trip efficiency of liquid air energy storage (LAES) system using cascade cold storage units

AL F(cold side)ollr 2
S7MA Ak sttt o] A
TR AHomE  {FEEE
Aid oz Aot HiE WE A A=,
Azpaoll A F717F 507k AL FoAe =& A7t
o] YHE=E 3 RO & ol ZFodA FEEE
S7H Ak gtk 3719 A, X TS vA=
Aeyl= GdERvE 250 o uzkstA Wgsta, 2
BoRTE AoA] MElrt A I8 B .9 g7 T2
s A7 A e, A A Y AL F RE A HE
A 1 F 2% AR o ool 7hgslt.
AYstd, 4 3 H FE AHoA 5719 A
atol 7t & W g o] WSt g, 8] WStRTF At S e 9}
g W7 2ok WE Ay o AT hErt Sd 3 9
degs Hslu Aoty 28RS § At 2HEE g9
wsgle] B g9 deF 7t ¥ WA vgetE R, o]
WA dgdy Wstes F adolx: o & J&S vk

or

Charging process
——
r cold

Cascade Cold Storage
> > EL_)L\/\/
dditional < d—
heat Discharging process

Fig. 1. Schematic diagram of a LAES system using cascade
cold storage units.

dditional

T ‘(2) Echarging T, (b) E discharging
Ty Ta 0
Process T4 Eotherz
T -
- TSU Process
Teo| €2 Eoenert Tuz

<Charging process> 5

Fig. 2. T-s diagram of processes of liquid air energy storage
system of charging process (a) and discharging process (b).

<Discharging process> s

1.0 < 0.8640
I07565
09 -
08 \ \ 05415
%0 loam
%0 0.7 \‘. 0.3265
ﬁ 06 % 02190
@ \ 01115
g 0.5 \ : : Io.oo«J
Z 04 \ .
3
g o3

0.2

0.1

01 02 03 04 05 06 07

08 09 1.0

effectiveness_discharging

Fig. 3. RTE value by effectiveness of charging and
discharging process.

— Hot stream
—> (Cold stream

Fig. 4. Schematic of simple shell and tube heat exchanger.

3.2. 99 AgL AN 27
A B/ FH A A5
=

1 3717k 9
B4 el o8 Yol HEE 3 A%

o]
2 ALY &

=

A 7
T+
o HelA LAsAl A2 Folth B =FAE
T dud Wy FuE Y8 Fig. 49 22
A M5B (Shell and tube) B2 duwdr] Fez YA
ALAE Agsit, A rzo] Yd A% 545 Y 1

Qo] F717F B2 #S o8 /A AAsd, &E FAE
dAgt 2xo] #AES AYrts AFeA diF ddEe
s 9A A9 a8y uiF U FAY fe
go]s= 4 (Reynolds number) o W&} &7 E+= WiF
Feoz A4, 2 AF9 AF dAFeA2 100
MWH 2d 215 &3t dA F71 24 2 elA
ABGEE 100 ke/sOz AAHAL, FA

o r

CekE, 1 9] 6000
oled & 7500 kPa® A A st t}.

kA JHg o] ATy Awdtr]eA, 4 FrO YA
1 inch?] AAL zt3, Yo A =
m?9] WhH A& zh=th FA| A A P L vk

1) Y FE #ARoez = dAdY A (overall
heat transfer coefficient) =& 2z} W A%
24 A ddE] g &} Lo] 1l
FHRAMY AT F24S AFESA T 1w
A F2 2 FHE APelg] A el HukE ARE-E 2
(DF ol &t A7IA Fro AT 9749
H & (D/d) & v & gy oz Ak Wyl
AZ2e FH e dudz FHOgis
A2l gk d &) @i A o] v 7F 2 A el A= 47}

Usta, wEAe w474 nle AR
Lomg 27 AAAC)

1 /1 1 In(D/d)
m—(mlube*(m)sm, 2kl (9

2)



Jhongkwon Kim, Byeongchang Byeon, Kyoung Joong Kim, and Sangkwon Jeong 49

d

ARRLS, o= 3719 mAL,
A g2, xe 9D Aghe Lol

T=Tw+(T0—Tw)exp<mc
P

3) 99 Axez AWA I
ST EEVEEH I 24 FA WA A%

¢ L7} Hnt,

oM A £A4E F3 100 MW/200 MWh 759
LAESE AA7] gaide A 3719 $&E A7 Ha
2A)1Zko)ofof st AlAke] AFg-H 48] ¥E A EAE
Z, Qg oA JFd S wEete AHs Ao 71
e 542 ggto|n, Fgko] 247k A s Al 7HS 7HA
T A B gy F doli= 1066 m=E AlAE Sl
714 sl A, AL zADd dE AH
o] BF 3A(Z2 dA)E Wtete b AQHE
AlZHE sttt whEbaA] FH A4S o] o]l dolE ThA ok
2A1ZF o] 22] A st A TS R E 4 Qv ¥ d A Fa g
dolg o] FAHY ¢ ARFEFA dAstuA s, F
ZolE 1200 m & 7}4stm AAS Hastqdtt. 2
¥ A Ao A F9= 6359 m? ot} o] &= A3
A1 Sciacovelli et al.o] WAIS WY AFA dn| 9
3 9200 m®el Bl&f 31% #A2F FAE o WEga
BAAA A7} 7Vt [4].

B AT AxE A AREE g TRel U
A% 2AL o) g3 2R T 247he] Aol 3
Aol ol st 3t A

5.1. 99 A% 54 79 9F
5.1.1. 8 72 W¥E A EH o
sk 9ol 3t g, g4,
I8 & Zfol td A4 A3Z Table 30 UERY
Aest FRe 1 o] F a8 9IS vy 3.1
Aol A At wiel o]l F aE g0 o WzEA
QS p ron g 231 2 3,4 507 g5 F713
g AAasky] Wi F 289 A4S Y3

5.1.2. % 719 W A B4 o4

WU A% B4 FRHE 24E AT A9, A9
ETH 1 2P wet F Afo) Wska, 11 A9E Table
4o F 5 9tk F 5 7 #49 fEEst
ES4E AXE o] Ytk RO R v o] B uf, 23
5¥o] 7bg =L o 2t 9l Agre 1
o} AL FoM & Folgte T& A AL FA49
25 zel7h #FHA o AR, a8E®
oJe=go] AL} ke BE AT 4 1e Ho| 1
FA AL FA Lxz PR g7t AR
H1, Ao & 7

=

Ir
i
lo
_ﬁi_l(

o
o
G O
% 3
¢

X
43

5.1.3. 4 7} o449 4 A 24 o) %
A A BAS 3N AT FeNME B FFY

TABLE 3
CALCULATION RESULTS OF SINGLE COMPONENT OF COLD STORAGE
MATERIALS.
=3t 1 2 3 4
= 0 X X X
DMSO &8 X ¢} X X
O Et2 X X o X
o E} X X X 0
& 0.070 0.225 0.452 0.569
&4 0.921 0.759 0.471 0.348
=8 0.248 0.230 0.171 0.139
TABLE 4
CALCULATION RESULTS OF TWO COMPONENTS OF COLD STORAGE
MATERIALS.
e 5 6 7 8 9 10
= 0 0 0 X X X
DMSO =& X X 0 o} e} X
ol Bt X 0 X X 0) 6}
I E} 0 X X 0 X o)
e, 055 044 022 055 044 055
&, 090 088 092 075 075 042
=52 039 034 028 033 028 017
TABLE 5

CALCULATION RESULTS OF THREE AND FOUR COMPONENTS OF COLD
STORAGE MATERIALS.

ENel 11 12 13 14 15
2 0 0 0 X 0
DMSO =8 (¢} (¢} X 0 0
Oj|Ete 0 X 0 0 0
HEt X 0 0 0 0
& 0426 0525 0.535 0536 0516
&4 0919 0919 0836 0757 0914
528 0348 0391 0358 0322 0385

Z1& Table 504 &eld = it} b2 AlAba} vpzlrpA] =2
7+ ¥ A =Ho] g9idsts dole $d @30
2129 2313, 2% 155 ¥49 AF =49 o= Fol
P S B M e Ags AFESER, e BT gy
7b 2 s A Hol F Aol mopith g2 ol 2%
11o]3 =8 14= & ado] a7 detstdh 5, 58
e B AZEE AASH] A= BE AZ =8
AR ) 1 of Aol ARt Fiksks Aol Tk
2ds AdYstes Zol F ads 1Y 7 e %
ARgoltt, =3 S Edste] Ak Yd A =4S
MRS we] F A&l =3 WAERtE: AT T
BEEG UE ge Bt o= AV B A 24
uHE W, ZF 400 m¥ L duwdr] dolE zh=
el EEE Adolr] wolth & Al dd



50 Enhancement of the round-trip efficiency of liquid air energy storage (LAES) system using cascade cold storage units

TABLE 6
DETAILED CALCULATION RESULTS OF WATER AND PENTANE FOR COLD STORAGE MATERIALS.
=gt 16 17 18 19 21 22 23 24 25 26

= 88 Z0|[m] 100 200 300 400 500 600 700 800 900 1000 1100
HEHEE Z0| [m] 1100 1000 900 800 700 600 500 400 300 200 100
& 0.5690 0.5684 0.5677 0.5661 0.5627 0.5557 0.5414 0.5146 0.4690 0.3964 0.2784
&4 0.6241 0.7359 0.8052 0.8512 0.8815 0.9004 0.9113 0.9168 0.9194 0.9204 0.9208
asg 0.2719 0.3258 0.3590 0.3804 0.3932 0.3985 0.3962 0.3854 0.3656 0.3370 0.2986
A=A of=d¥ LAES A2Re & ago] dAdle]l 82 Al 4859 RTES] W3t Alaksiairt. ¥d A%
el 28 FAa, 7 ¥d AR %@«l &l ds EFEE E DMSO 20% €94, oetd, 18x A
FEFS ohFA okt wkeR AZEA o] e ¥ AR ol&dn ¥d A 249 g3 AR ol &=
A olgeta 4 ¥ A =49 BE7A AR A 7P @, 3d AF2Y Aee Ay 1 A3
rHFHE FrEA S ¥ A 2dE AR “HEE} o s A ARG ARG Y A P A =d= 34D
o F agel BEE 5 vk AW o] BEe BEF  ArE 98% v FEACE T £ F AEE AL

B e @soln, gad B ATE o TR na AL ela.
A7} Bestehy T B ATINE B35 WS A% BFL o8 ), 7}
Attt 22 92 A S AL, o]
5.2. 99 A% B4 & 9% T3} AV ALS A5 2] e g3l 499 2718 nes 23 #9)
WA A 24 FE T P ol Aol w2 w9 b WS Sl Aol 2 @AVE vk 7 3l AR

O 7 =2
=

Z}A) 8k Aol el ‘4?‘:% 289 ¢, 42 W3S Table 6]
7)==t} o] A9 F H3) 6359 m?Q A (F o] =
1200 m) A 7 §-A17F gdets dolE 100 m T =
FuistR S wl, & 1171% 2go] A7) Table 62 =%
1658 %3 260] 71 11714 23509, o]F =3 219]

T F Z2ES YEY. ' OFEY @ow
AAAEA g & FAdFL gy 7} F713Fe], o] uE <]
% Aagol 71 ZA YErgTh

AR o7 E3 A xgo] o2 xS0l HlalA ¢
2 ogg 7k 71 WEhdHEl, ©]Z12 Table 1914 = 4

Ql3zel, AAbel] AbgE ThE B Sl we)A B} Ao
el A% wesh dsglel s wsE

w ot} 2

WE A ol A %3?4 Oéﬂ%‘r—é = Eﬂ Table 24 E}E

sHES A HEY T A W 7P S 227

AdE L, E NN T w2 RETHA ddEHER

13%5} éﬂrﬂ E=EEY ol g iFJ Hgote] whef
ot del ¢ L2 3E ARt

"‘Z‘j ?eréﬂl/ﬂ o 93 255 BASER ¢ 5 o A
=

l-m m

6.2 £

hgl 7] oA A Al AT o AREE = Yd A
A g g AN 78 BF7F oAU A A
A F Bde TS Y 53] HE A Y
F8E7F AgAor F gl FTFE vAE As
Aot meb YD Agas AAE W, BE I oA
A2t doe d 7 AT AA%uH, T4 FAH A=
Sxst= dee 2tk

B AgelM 74 Ao FEEE STV S8,
oA =S 2= YR A BdR g Jd A4S

2450 47 B8l e A7t FAH0R Baw
Zlolth. ok, ¥l A mdol s o] &ahA Wi g3l
Al o] g-3lth= 71 w3k Ao F Qs Aot o] &3k

AAANE BTea, Bae) Wl A4 248 Beet

E

Rol @9 WY AY BAS FEIE Aun o
EEH0)E A2 ANH o ST Ao A9 oo}
k.

ACKNOWLEDGMENT

This research was supported by a grant (19IHTP-
B151617-01) from a development program of core
technologies for commercial hydrogen liquefaction plant
funded by Ministry of Land, Infrastructure and Transport
of Korean government.

REFERENCES

[1] AP 53R Aol A 3020 oA E &E3x 2017,

[2] Dodds PE, Garvey SD. The Role of Energy Storage in Low-Carbon
Energy Systems. Elsevier Inc.; 2016. doi.org/10.1016/B978-0-12-
803440-8.00001-4.

[3] QinghuaYu, Tongtong Zhang, Xiaodong Peng, Lin Cong, Lige Tong,
Li Wang, Xiaohui She, Xiaosong Zhang, Xinjing Zhang, Yongliang
Li, Haisheng Chen, YulongDing, Cryogenic Energy Storage and Its
Integration with Nuclear Power Generation for Load Shift; 2019.
doi.org/10.1016/B978-0-12-813975-2.00008-9

[4] Morgan R, Nelmes S, Gibson E, Brett G. Liquid air energy storage -
Analysis and first results from a pilot scale demonstration plant.
Applied Energy; 2015. doi.org/10.1016/j.apenergy.2014.07.109.

[5] Jhongkwon Kim, Hyunjun Park, Junhyuk Bae, Sangkwon Jeong,
Daejun Chang, Investigation of amorphous material with ice for cold
thermal storage. Progress in superconductivity and cryogenics; 2019,
doi.org/10.9714/psac.2019.21.1.040



