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Thermal Energy Balance Analysis of a Packed Bed for
Rock Cavern Thermal Energy Storage
Jung-Wook Park, Dongwoo Ryu*, Dohyun Park, Byung-Hee Choi,
Joong-Ho Synn, Choon Sunwoo

Abstract A packed bed thermal energy storage (TES) consisting of solid storage medium of rock or concrete through
which the heat transfer fluid is circulated is considered as an attractive alternative for high temperature sensible
heat storage, because of the economical viability and chemical stability of storage medium and the simplicity of
operation. This study introduces the technologies of packed bed thermal energy storage, and presents a numerical
model to analyze the thermal energy balance and the performance efficiency of the storage system. In this model,
one dimensional transient heat transfer problem in the storage tank is solved using finite difference method, and
temperature distribution in a storage tank and thermal energy loss from the tank wall can be calculated during
the repeated thermal charging and discharging modes. In this study, a high temperature thermal energy storage
connected with AA-CAES (advanced adiabatic compressed air energy storage) was modeled and analyzed for the
temperature and the energy balance in the storage tank. Rock cavern type TES and above-ground type TES were
both simulated and their results were compared in terms of the discharging efficiency and heat loss ratio.
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FAIE este] A%l WAI(Fig. 1(a)) 2 shte) A
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ation) 5 F=5k= Ao QltkFig. 1(b)). = 719] A%+
WAE ARESh= W49 FolluA] = (charging) 2+
2 A2AAE BT SR SEEY 7tEs & ol&

Hot fluid

Cold fluid

(a) two-tank system
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] Wzhe GAIE Aeme] A4RomN o]Rof
At shte] A BaE oot WAl 7]EA<l
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uFAl o]t Gabbrielli and Zamparelli, 2009). Fojju ]
o] FRJHEo AL L2RATE AW HRE F
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THdog olFate] 7taEt IR dejux EE
oo AgRa AR ILGA7 dauHz
olFstal YzE|o] thA] A A SR QlEE A
ojgo] HHaErt. wpehA ojfgt FEo AFA A
thermocline tankz}1l FE27]|% 3}, 2235t A=3}

Hot fluid

Cold fluid

(b) single tank system

Fig. 1. Thermal storage systems using heat transfer fluid only (after Li et al., 2011)

(a) direct contact heat transfer

Thermal storage
filler material

(b) heat transfer through fluid pipes

Fig. 2. Thermal storage systems using a primary thermal storage material with heat transfer fluid (after Li et al., 2012)
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Solid thermal
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Fig. 3. Heat transfer of a fluid flowing through pebble or
rock bed packed in storage tank
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), vz R|Fe] 2], 2A%e] FIE(porosity)
et 79} T 717 AiglAa daegAe) &
=2 93] xo} A7k 19] FHrolck i AALHLAS
(volumetric heat transfer coefficient) 24 T¢-2=4}
of wg @AA W A A SHRGRARNe] &
A& Uetlim, ky= SAPERER G419
AAE 2 HE AALE 58 9H T T (effective thermal
conductivity)o|th. Folfz|e] TEL j12oA A&
WeFo g dojuhag A (4)of|A x ~ x+dx Afo]9] 2%
AL, & dT7F 5ol A28 E 9 ofvA] 790,
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poc,(1=e)— :}%(7}*71)+keffy (%)

SHH, AL Bt HAAA W dHdRAL] dell
UZ] ASRHAQ)S Aeke] dugko = <13t H3lek
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HE B3 9R29 A )Y FOoEA] 4
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AE} = A‘E}.emnhang]e + A‘E}.injﬁd + AE}JOSS (6)
AE, =me;dT; = pp Ve dT; = pyeeAded T 7
AE}",eacchange = Vh’u(]; - ]})dt (8)
AE},injed = m‘cfd]}dt (9)
AE}J(}S5 :—DNU(J}— T )dxdt (10)
91 MBI my o py, Vi 22k SAEe) A,
H|g, U, 2uE Usilin, D= 2349 ' A5,
Ao QR eEE ojujsith me UHE AAL
Ao A G E(mass flow rate)o]n], U= LA
ZA4x(overall heat transfer coefficient) 2 A GG
ALl Ak e Afold] diRdddAlS, ] 4

ook

A et o F 2 Abolo] EAFE Sl
Hrt

A @)1 x ~ wrdx AJo19] L=, % dT7} ol
W AHORRE o] oux £A% ojulshe, g4l
AL & Qulsh HER FEof fosteof
gtk F&Ad 9] - 2 Schumann ERojAf= 1
@57 elgtort o] ofd] eiFelx mrh BAHR
20& BASE] Q8 A HHS 53 gl
A1 (10)3 o] F7psto] Ao REFsItH Coutier
and Faber, 1982, Zanganeh et al., 2012). 2] (7) ~ 2]
(10)= A (6)°l thdste] Aefshd, dAGHAe] 24
FRHAS A (1)} o] EAHT

L 2>
> oX

dT, me, dT.  Drl
f_ _ _ f f_ _

£ Aol A (5)9 A (1)9] mEHgAe Ea
SEEES AM) $5F SR Z2aRe A

slgom, ojuf 8skx}EH(finite difference method)}
CAoIE AMESIGIL. ol, d7/dt, dT/de, & T/da® ol 2}
7+ i (forward difference), ZH2[(backward
difference), £ (central difference)S %-8-3}5.2
o, 41 ()9 ) (11)2] Ahake: 212t 4] (12)2F 4] (13)
I} o] FHET = Utk

[)5(35(1*6) - At :hv(]}/zijzu)
4 4 . (12)
Tk 7;’»’.“1—273’.#73,;71
eff Ag?
-7
i [ o
pf(/fe At 7]L1;(T.Z.i 1}/1)
‘ (13)
_mg =Ty DeU
A Ax A (]}’ T°°)

A7IA T2, 9 77, = jHA ALEAR A iR 24
W @A dy dHagaAY 228 ou|si, Ao}
Oxe ZV2E AR TESE(8 A F7))olck di4
9] QML flsto] Arel Axol F7]= AlFs] 242
a7} glom, AL(heat source)T} &Z(heat sink)S
FAE o th2e] 27HE wEsteioF Sl Anderson,
1995).
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For fluid phase: At<——Az (14)
m
. pch(lfe) )
For solid phase: At<“k7Ax (15)

eff

A Aget Hiel o], dolqA] YKL E(charging
mode)ofl A= L2 FAI7E A AeollA shee s
5ol W2 EZ&W E(discharging mode)ol| A=
AL FAIZE shdollA Jdom fEolA EHum A
(12)e} (13)9] AAF A] FYURENA = Ada A9
I 00] Hu], EE@Tol M A4 Sheke] 12}
37 00] Hh A (12)9F 4 (13)= &7] 9% =27|=
Z(initial condition)= 4] (16)3} Zro] F3st 4~ QIch
=, A WA ARl A AP AT SR A
L= V)& 5% (reference temperature, T,y)ZA] A2
20C) o2 7143}y

T;(t=0)=T,(t=0)=T,, (16)

A (1) (18)2 ZH7t FYURES} EEH oA A
gano] AHo=top) it st x=bottom)ol| 2= 7|
ZZ(boundary condition)O. 2, 7|EA o7 T Lo
] 2R SH9 YT %(inlet temperature)’} LS}
0, e} ol 2rmskge] 091 AL 7Hggith

>

For charging mode:

_ 8T, (x = bottom)
Z}(I:top): Tc-zm’sf' T:O ' (17)
a7, (z =top) a7, (z = bottom)

oxr oxr

For charging mode:

aT:(x=top)
!
e Ty (z = bottom) = Ty et (18)
62"5(:c:t0p)70 51}(r:bott0m)70
oz T ax -

0:17]/\_1’ 7:3.2'71[%]']' Zi.inlﬂt% ZJ’Z}- "Z_?JEEQJ— E%E
EoM {9 dt2=olok

4. BolUXIMEA W @HE R oflix] +X| 24

4.1 siAM I

2 Qo)A $HEE ol 8slo] QMlES Y
o Aol E Agshe AlAES meleshi, vk x
ol Aoy Ale] Q7 BEo) T2 Agh o] Lww

step Fofluz] A5 EAsAh olnf s RS
AA-CAES(advanced adiabatic compressed air energy
storage) T AFHE 600T ol 29| Hoyx&
ARohe AlLECzAl HouR ATt AR ot
ol $AIsk= 492k 218l $1AIsk= -9l thste]
EZoUA] g SRS Ha-ZA4sHck o714
AA-CAESTE 2T A5-37]0ovA A mdll=A &
719 =g olA Ashe Lol A& Akt
7HEE A 3718 BEAE Hl olE 283 o
A A HE0) SHARE o8-St 371E A
71 71 CAES mdlof vjsto Wi a8-5 37 St
A = Qlths Aol Slek A7 AA-CAES 2
o] &3t AREle flon, 2010 =FE SUofA
RWE, General Electric, Ziiblin AG, German Aerospace
Centre (DLR) 5¢] 7|B-& %4] 02 ADELE ZZAE

E™: 1.48 KWh E: 1.00 kW
\\ _—
Compressor % Motor/ }= Expander
& Generator &
T/ 685°C 622°C
Q*: .43 kWh Q: 1.28 kWh

Air Inlet Air Outlet
20°C, 1 bar e 124°C, 1 bar

Energy
Storage

—
/(inmpressed Air Storage
\ 20°C, 50 bar

Fig. 4. Schematic diagram of an AA-CAES system in
single-stage configuration (after Kim et al., 2012)

40
30.7°C
304 Summer
23.1°C %
-~ 00000
S 0]
g
E
s 107 5.8'C
g Winter
e
= 09 42c HLEL‘“*:HJ1
-«
.10
Charging Idling Discharging Idling
-20 T
0 3] 12 18 24
Time (hour)

Fi

=

g. 5. Daily temperature variation and operation scheme
used in simulations
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7h AEE o], 2016 A7IA] AlA| 2 22] AA-CAES
& 9lpe mhozm Fa o W 7| ate] AeE|T
Ak FoHAAG Bdee Aety HEoly Fa7
£ AdH 0% 52 A% AR A8shs 14
oJukAlo] T E I Qlom(Zunft et al, 2006), ot
ARERAZ A AR RN FEULS X
SRk = Qe A AAC] tiRt A= K8 Fof

CtHRWE power, 2011).

Fig. 4% Kim $5(2012)9] @704 st} Q= 4=
A oA Id 45, 1 B3 49 AA-CAES
Al2EofA F719] 2 9l ¢fle] HglE Holes 5
Erolth. 150] AAIFE AA-CAESS] ofii] 2 oA
A RAe] wEw, 1% o 1% W el
AA-CAES A|28lo]A 20T, 1 bare] F7]E 50 bar®
AEThaL 7P o 3719 2= 685CR F7ket
Al Ho, 1.0 kWhel 2 &8s HF4 0= 47 98]
A= 148 kWhe] o427} Al2glo] Fejojof i,
o] IgoflA TES W= %= FoldAl= 1.43 kWh
o], TESQ| &2 90%= 7I f EEE = =
HolHA= 1.28 kWzA ojnf 453719 == 62
2Co|t}

= AFolAE 9 AFEATE e 100 MW
A &Y 1] AA-CAESS} AAIE FolAX|AAAIA
@% EE“E]—C‘;]_O:] th odyqﬂuﬂxli ol-/H i;qi 0, g
ALGGA R d=IZ7|E 7MY TE FURE A=
85 Col G277} Agto el falslel o4 34
ol oA A 5 WAHel serom WAL
717 Eol, BSOS 2009 IEE7)} ske
ZRE FYEC] oA SAToRTEH FodAE g
Safo] Wlo] AMgER AlAdlolh £ Aol2E 6
AI7F Y E E(charging mode), 6A17F t)7] 2 E(idling
mode), 6A|7F EER E(discharging mode), 64|17 tl7]
R E(idling mode)E WHESH= 1Y 1527] Alol &2 4
golglen, FYREAE 143 MWE oyR|&
(energy rate)2 U=F717F UH

Aol A Ao Fol7} 44 m, TS 7o) 22 m
Q1 u] 2:19) YEFoz mUPstEon, Agel
7] Ak A E 82 4.3-ofA AA|E] 7] E Tk
A7t Agel f1AshE A-HETIL 50 m)oll= o
qro] w71 16.5CE dAkar, ok W g A=
off SfshATRT WAgsk o2 FHgsisik oful gt
SEL s m AEOKe] R Bk AFLE(1533, 7]
A, 2011 B A2Z271812.5C/100m)S 1123}t
o] A3t Zo|t}. aHE, AR 2T} KAV Q|sR= A
Sol= s1E79 8719 L) Fig. 59F 2 244]

¢

%719) sine TS wHED, ARh oREY| el
dhel] ofshAet whAlske Aoz FhAskt o)
A 7F A7)e] Ha-HA] 7o 20124 847} 20134

290 A W@ Hislewt BRHA7IL7IAE,
2012, 714, 2013)0]5, A 349} ©.F 3AJo] HA

7|23 Far)E Hol= Ae® 7MYl
42 48 24 4"

Table 12 ajl4lo] A2E Q8 8 2 BEAS A
gt Aolm, Z+ g&of gk AAEE 8- thS AHE
SR oz 7|45t

1) AR 2 GALRA

ATl AN Y SR BYS
euol 2 RS WA g A0 PPe, 9A

SRAI 45319 U, GHEE, w1, AR
£l R s o AT 2 A
of shdlel wrE 4 =% sk

U719 (), B/ oIAIR sk
oA A AT} 1 bar, 0°CollA©] WE(1.293 ke/m’)
£ olgsto] theat o] £ N(0)9] Y4 FAT
% sk

273.15

_ _ 21315 3
p; =50 TBIEE T 1.293 [kg/m’] (19)

AAET(k)e] 7% Stephan¥} Laesecke(1985)7}
AAIRE HlolElE 3]H2EAste] dAEEet %9 ¥
AE A (20)2 Zo] 2244 ¢] ez AT ofuf
B EA ] ARSE HolEl= dEo] 50 baro|al 2%=7F
-13.15 ~ 726.85C (260 ~ 1000K) HY ol = <
Z371ol digt 18742] Adgelg o]t}

kf =(27.026+0.064 7—9.331

(20)
*x10797%) %1073 (R*=0.99) [W/mK]
e A ()= 48
k= 7o 7 7}1435}1l, Bergman 5
(2011)0] th7]ek, 26.85~726.85C (300~1000K) 271
oAl A& tlo|ElE o] &l thaa ol 2449 §
2 Yepfolct

3, §719) A
[e)

¢ =997.328+0.140 7+ 8.824

x107°7% (R*=0.99) [VkeK] (21
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Table 1. Summary of input parameters
Parameters Value Unit Remarks
Height of storage tank, H 44.0 m
Diameter of storage tank, D 11.0 m
Equivalent diameter of packed particle, d. 0.30 m
Fraction of void, € 0.35 -
Timestep, At 0.5 s 120 calculation steps to simulate 1 min.
Thickness of element, Ax 0.1 m 440 clements in the axial direction.
Mass flow rate in charging stage, Tﬁu 189.5 kg/s
Mass flow rate in discharging stage, Tﬁd 189.5 kg/s
Inlet temperature in charging stage, 7ciwer 685 C
Inlet temperature in discharging stage, 7iinte: 20 C Room temperature
. for initial ition of st tank
Reference temperature, Ty 20 C Used for initial condition o §orage and
energy calculation.
. fi
Rock temperature, Tocr 16.5 C Used for cavern type storage,
assumed to be constant.
Thermal conductivity of rock, Aok 29 W/(mK) Used for cavern type storage
Ambient air temperature, Ton i e Used for above groun.d type storage, daily
cycle (Figure 2)
Convective heat transfer coefficient of outer |20 (summer), 100 W/m?
wall, Aoy (winter)
Convective heat transfer coefficient of inner W/m? Temperature dependent
wall, A, (Equation 28)
Volumetric heat transfer coefficient between 10297 Wi Assumed to be constant,
fluid and solid, A, ’ temperature dependent (Equation 24)
Specific heat of the solid, ¢ 860 J/(kgK)
T 1! t
Specific heat of the fluid, ¢/ - T/(kegK) emlz;r:uzfojegfyde“
Density of solid, p, 2,680 kg/m’
. . Temperature dependent
Density of fluid, p; - kg/m’ .
Y P gm (Equation 19)
Thermal conductivity of the solid, 4 3.0 W/(mK)
T 1! t
Thermal conductivity of the fluid, - W/(mK) em‘z]‘;?uzfi"o:e;’g;den
Thermal conductivity of insulation ki 0.1 W/(mK)
Thickness of insulation 0.15 m
1= (174.501 4 0.450 7— 1.482 Nsim?]  (22) T 2zab]| mE EAEES Uiy, o=

x10747%) %1077 (R?=0.99)

2) AXGALAS (volumetric heat transfer coefficient,

4 39 h)

AR SALATE Aga HollA 44 5

=

o

o}

A5 4=

F7IRbe] AT HEES Uehlis A5RA welny

W/(m3K)0]E]-. H Lo A= Coutier®} Farber(1982)
7F AAGE o] AAlS ARgste] AR ddgA e
& Sk

(23)
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94
ZF 5% E(mass flow rate)S, A= AP0 ThHA ¥
ol(m’), dee BAHT AL g P2 7 o
S7HAm)E Lrepdic.

3) §agAT=T(effective thermal conductivity, 2]
@9 kp
25 HollA A dAte] drEEs G4
oAt dAERAe EHAEERERE 4] (24)9F 0]
Akl 4= gltiMawire et al., 2009). °]S GaAIAE
Lokal sh, Tl W/(mK)o|th

=k, (1—¢) + ke (24)
A7|A, &} ke 22 SR dagRA9
Qo & FIEOIL:

4) GALFA AF FYE(mass flow rate, 4] (9)
o m )
Qojuin] FmEoA 685Ce] AZFIIS
143 MW O] ofUixl &2 dofuixE FF5k7] I 2
% A9lE(m,) e ELLES 20CE 714 o okt

o] APgst 4= glr
m< e X AT, =143%10° [W] (25)

o71A, m = FAREAA AEE)9] AT FUE
[kg/s], o= P& 685CollAe] &37] Bl
9l 1134.6 J/kgK, AT= 665TC(685-20C)o|c). 2] (25)
o oI5k m, = 189.5 kg/s 2 AN 2= glow], B
mEe 915719 A RUE(m,) & FURE
T3 Aoz Ptk

5) Z31I AL A (overall heat transfer coefficient,
Al (109 )

FTEEAEA = Aa HES 59 953Ee
FEHE g AEE Bgdte AeRA o9
Wim’K)olw, thelemalo] whet oS
ek AHLES ofulFie, AL vl 9% Ao
o] TG AT= Al 7HA] Exte AE widE &
s Aaret 4= S} &, AA Rl dHdRAet
Aga e Aolo] iAot TEAIAE WollAe]
AT, T3 A4 T} o 1e 7ho] dAY

{0

Hu

ol

e rir

ST B Ax)o] 23 2=t

oA A7} A8t el fxske 77wt
WollA Aol ofet dxddoe] Aujajoletar 7S},
THEAGATE v 2ol At = 3lck(Bergman

et al., 2011).

1
1 R, (RHMS)Jr R n(17+tm+34f) (26)

+
he Ep '\ R Ky Rt

ins

71, bl AHLRACE Ak U] Afole] Th
ARG, RS A4 Wl WKL, i, kil 247
HAFY] FAL} BHEE, Ry= AN WollA A4
o] dofAjof ofsf Gl wiRl= A, koa= HHEE]
FHEES oulgit} 2 AFolA= Rys 100 m= A
gotpom, ol Aga whEHgRom A
(steady state)o]] o|2F2 w] AH3-5| FHO =T E
100 m o]AAZ ] 3= ARl FouAIAFL= Q1
o o] mIAA] g2 7HEE Aol

SAGRAI} A W Abolo] tiRddEA
(him, convective heat transfer coefficient in storage
tank)= GAGRA ATl o3t FHEES U
B, theo] WAAS Sl AP 4= Qltk(Beek,
1962, Ismail and Stuginsky Jr, 1999, Hénchen et al.,
2011).

=

he = %(2.576[?5” 3Pr'/3 +0.0936 Re"SPr+) Q27

e

7] 4], Re:= Reynolds =, Pr& Prandtl 4, k= &
Aol dHEL, doi= AL ARE T2 7R
2 9] 571217 9Ju|3h, Reynolds 422} Prandtl
S zh2t ohge] Aoz Fak 4 rk

A7|A, A= AFA2Y dHA, pe A as
GEE, v R84SR

Go A AAFA29] YR 220 TE k0] HEE 3
Ao gredstr] fiste] 2 AikAguict 3719 3
o 2Eot XA HMH 2L E Ao, ol59 4t
=Bl 9R2Z(film temperature) oA F712] EE4]
£ A3 tBerman et al.,, 2011).

SHH, AFR7eA e Rz gAY 719 o
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719 tjFASE AAFY B9 225 WmK |
919 k2, AR 49 25250 Win'K o] 34 2
= Aoz 4HA lon(Bergman et al., 2011), &
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Fig. 6. Temperature distributions across the storage height during 36-hour charging and 36-hour discharging modes (1st cycle)
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