TUNNEL & UNDERGROUND SPACE Vol. 22, No. 4, 2012, pp. 243-256

http://dx.doi.org/10.7474/TUS.2012.22.4.243

TUNNEL & UNDERGROUND SPACE

ISSN: 1225-1275(Print)
ISSN: 2287-1748(Online)

XSRS AoIUX| MES 2I5t 528 mae| 712 38 HE
WS, WEH*, 54, #BE

Review on Thermal Storage Media for Cavern Thermal Energy Storage
Jung-Wook Park, Dohyun Park*, Byung-Hee Choi, Kong-Chang Han

Abstract Developing efficient and reliable energy storage system is as important as exploring new energy resources.
Energy storage system can balance the periodic and quantitative mismatch between energy supply and energy demand
and increase the energy efficiency. Industrial waster heat and renewable energy such as solar energy can be stored
by the thermal energy storage (TES) system at high and low temperatures. TES system using underground rock
carven is considered as an attractive alternative for large-scale storage, because of low thermal conductivity and
chemical safety of surrounding rock mass. In this report, the development of available thermal energy storage
methods and the characteristics of storage media were introduced. Based on some successful applications of cavern
storage and high-temperature storage reported in the literature, the applicabilities and practicabilities of storage media
and technologies for large-scale cavern thermal energy storage (CTES) were reviewed.
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(c) BTES Summer operation - cooling

(d) BTES Winder operation - heating

Fig. 1. Seasonal thermal storage using ATES and BTES (source: http://www.underground-engery.com)
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Fig. 2. Classification of TES methods
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Table 1. Candidate liquid storage media for TES (Geyer, 1991, Ataer, 2008, Gil et al., 2010)

Average Average Average heat Vf)lume Media costs
. Temperature . thermal . specific heat
Storage medium o density .. capacity . per kg
©) (k /m_;) conductivity (kI/kgK) capacity ($/kg)
5 (W/mK) & (KWH/K m®) g
0.63
Water 0 - 100 1000 (at 38C) 4.2 1.17 -
Mineral oil 200 - 300 770 0.12 2.6 0.56 0.30
Dowtherms 0.112
(Synthetic oil) 12.- 260 867 (at 260C) 22 0.53 )
Therminol 55 (FALY) -18 - 315 - - 2.4 - -
Therminol 66 (Synthetic oil) 9 - 343 750 0106 2.1 0.44
Y (at 340°C) : :
Silicone oil 300 - 400 900 0.10 2.1 0.53 5.00
Hitec
(Molten salt) 141 - 540 1680 0.61 1.56 - -
Draw salt 220 - 540 1733 0.57 155 0.75
(Molten salt) ’ ' ’
Nitrite salts 250 - 450 1825 0.57 15 0.76 1.00
(general)
Nirate salts 265 - 565 1870 0.52 1.6 0.83 0.70
(general)
Carbonate salts 450 - 850 2100 2.0 1.8 1.05 2.40
Liquid sodium 270 - 530 850 71.0 1.3 0.31 2.00
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Average Average thermal | Average heat V9lume Media costs
Storage medium Tem(po(e:r;i ture density conductivity capacity speczlf;(;itheat per kg
(kg/m’) (W/mK) (kJ/kgK) (kWE K 3,n3) ($/kg)
Sand-Stone-Mineral oil < 300 1,700 1.0 1.30 0.62 0.15
Concrete < 400 2,200 1.5 0.85 0.52 0.05
NaCl < 500 2,160 7.0 0.85 0.51 0.15
Cast iron < 400 7,200 37.0 0.56 1.12 1.00
Cast steel < 700 7,800 40.0 0.60 1.30 5.00
Silica brick < 700 1,820 1.5 1.00 0.51 1.00
Magnesia brick < 1200 3,000 5.0 1.15 0.96 2.00
Granite - 2,640 1.73 - 3.98 0.82 0.60 -
Limestone - 2,500 1.26 - 1.33 0.90 0.63 -
Marble - 2,600 2.07 - 2.94 0.80 0.58 -
Sandstone - 2,200 1.83 0.71 0.43 -
Dry Earth - 2093 2.51 2.09 1.22 -
Wet Earth - 795 0.25 0.80 0.18 -
Copper - 8,954 385 (at 20C) 0.38 0.95 -
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Table 3. Material properties of storage media developed at DLR in German (Laing et al., 2006)

Material High temperature concrete Castable ceramic
Density (kg/ms) 2,750 3,500
Specific heat at 350°C (kJ/kgK) 0.92 0.87
Thermal conductivity at 350C (W/mK) 1.0 1.35
Coefficient of thermal expansion at 350C (10-6/K) 9.3 11.8
Material strength Medium Low

Crack initiation Several cracks Hardly no cracks
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Table 4. Candidate organic PCMs for high temperature thermal energy storage (Zalba et al.,
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2003, Sharma et al., 2009)

Material Meltirlg point Latent heat Latent heat
() (kJ/kg) (kJ/liter or kJ/kmol)
Isomalt (Ci2H24011:2H,0 + Ci2H24011) 147 275 -
Adipic acid 152 247 -
Dimethylol propionic acid 153 275 -
Pentaerythritol 187 255 -
AMPL ((NH2)(CH;3)C(CH,0H),) 112 28.5 2991.4 kl/liter
TRIS ((NH2)C(CH,OH)3) 172 27.6 3340 kJ/kmol
NPG ((CH3).C(CH,OH),) 126 443 4602.4 kJ/kmol
PE (C(CH:OH)4) 260 36.9 5020 kJ/kmol
Catechol 104.3 207 -
Quinone 115 171 -
Acetanilide 118.9 222 -
Succinic anhydride 119 204 -
Benzoic acid 121.7 142.8 -
Stibene 124 167 -
benzamide 127.2 169.4 -
Methyl fumarate (CHCO,NHs), 102 242 -
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Table 5. Candidate inorganic PCMs and eutectic PCMs for high temperature thermal energy storage (Zalba et al., 2003,
Sharma et al., 2009)

Material Composition Meltir:g Latent heat Densit}y Speciﬁcﬂheat Thermal corjductivity
(wt. %) point (C)|  (kK/ke) (kg/m’) (kJ/kgC) (W/mTC)
NaNO; - 307 172 2260 - 0.5
KNO; - 333 266 2110 - 0.5
KOH - 380 149.7 2044 - 0.5
NaCl - 800 492 2160 - 5
Na,CO; - 854 275.7 2533 - 2
K2COs - 897 2358 2290 - 2
NaOH - 348 76 2130 2.09 0.84
B,O: - 450 76 - 1.80 1.09
1450 (liquid, 120C 0.570 (liquid, 120C
MgCL-6H,0 i 17 168.6 1569((5(3313, 20°C)) ) 0.694((sqolid, 90°C))
Mg(NOs)+2H,0 - 130 - - - -
LiF - 850 | 1800 MJ/m’ - - -
KF - 857 452 2370 - -
MgCl, - 714 452 2140 - -
AlSiy, - 576 560 2700 1.038 160
Alsiy - 585 460 - - -
NaF : BeF, 57: 43 360 78 - 1.84 4.19
NaF : NaBF, 12:40:44:4 384 31 1370 1.51 419
NaF : KF : LIF : MgF, 46.5:11.5:42 449 - 2160 - -
LiF : NaF : KF 58:35:7 454 99 2.165 1.88 4.61
KF : NaF : MaF, 63.5:30.5:6 685 138 2090 1.59 -
LiF : MgF, : KF 65:23:12 710 187 2182 2.01 7.12
Na : CaF; : MgF, 65:23:12 745 133 2370 1.51 -
KCl : CuCl 33.3:66.7 150 19.2 2900 0.71 -
KCl : LiCl 41.5:58.5 361 56.42 - - -
KCl : NaCl : MgCl, 22:51:27 396 69 2220 - -
NaCl : MgCl, 52:48 450 77 2240 1.09 -
KaOH : KOH 50:50 170 64 2080 1.67 -
LiOH : NaOH 30:70 210 87 1990 - -
KOH : LiOH 71:29 227 65 1960 - -
NaOH : NaNO, 73:27 239 68 2140 - -
NaOH : NaNO, 20:80 235 57 - - -
NaOH : NaNO; 81.5:18.5 259 67 2170 - -
Li,CO; : NaCO; : KoCO; | 43.5:31.5:25 397 99 2308 1.67 1.97
K2CO3 : MgCO; 57:43 460 - - 147 -
LiCO; : NayCOs 53.3:46.7 496 - 2060 - 2.30
Li,COs : KoCOs 50:50 505 82 1340 2.09 1.963
KCl : Na,CO; 50:50 588 64 1.380 - -
K,CO;5 : NayCOs 44:56 710 38 1510 1.67 1.985
KNO; : NaNO; : NaNO, | 44.15:6.95:48.9 145 31 1550 0.54 1.787
NaNO; : KNO; 50:50 225 26.3 1470 0.80 1.8
Na,SO; : CaSO, : NaCl 45:3:52 485 56 1130 - -
Na,SO; : KCI 39:61 517 53 1090 - -
KNO; : KCI - 320 74 2100 121 0.5
. 2670 (liquid 1.84 (liquid 5.9 (liquid
LiF : CaF 80.5:19.5 767 790 2100 ((sglid)) 1.97 ((s?)lid)) 17 ((sglid))
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Table 6. Chemical storage materials and reactions (Van, 2005)

Compound Reaction Material ‘energy Reaction femperature
density (©)
Ammonia NH; < 1/2N, + 3/2H, 67 kJ/mol 400 - 500
Methane/Water CH4 + H,O < CO + 3H, - 500 - 1000
Hydroxides Ca(OH,) <> CaO + H,O 3000 kJ/m’ 500
Calcium carbonate CaCO; <> CaO + CO, 4400 kJ/m’ 800 - 900
Iron carbonate FeCO3; < FeO + CO; 2600 kJ/m’ 180
Metal hydrides Metal xH, <> Metal yH, + (x-y)H» 4000 kJ/m’ 200 - 300
]éialn(;mg:)s e.g. 2-step water splitting using Fe;04/FeO redox system - 2000 - 2500
Alumninum ore alumina - 2100 - 2300
ffiﬁiﬁiﬁiﬁrﬁn CH;OH < CO + 2H, - 200 - 250
Magnesium oxide MgO + H,O <> Mg(OH), 3300 kJ/m’ 250 - 400

}Di:}’ 'I @_I_ R-102

E-102

—{

SOLAR A~~~ ] —
HEAT  E-101 Power
Steam
Rankine cycle lq,_g.m
Hgp+Np+NHz
NHz
P-101

R-101 : Solar dissociation reactor P-102 : Syngas (Ho+Ny) expander / pump

E-101 : Heat exchanger (solar) P-103 : Syngas make-up & recycle compressor

T-101 : Main high-pressure tank C-101 : Process cooler / condensate separator

T-102 : Variable-pressure tank R-102 : Ammonia synthesis reactor

P-101 : Ammonia feed pump E-102 : Heat exchanger (NH3 feed / product)

Fig. 6. Conceptional system design of a solar thermal power plant using an ammonia-based thermochemical closed-loop for
energy conversion, storage and transport (Luzzi et al., 1999)
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Fig. 7. Lyckebo rock cavern heat storage in Sweden (SKANSKA, 1983)
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Table 7. Solar plower plants with storage systems existingg in the worid (n.a: not available, Medrano et al., 2010)
ing termp. | 182 | 2]
Experiences/Project Year Storage concept Storage medium Heat transfer fluid Op:‘:g:g(wgnp (G%W‘:ot) (MWe)
LS3-SSPS-PSA, Spain 2004 Passive High+temperature concrete vs. Mineral Ol na. 048 na
Catastable ceramics
ANDASOL I-SENER/Cobra, . . Molten salts
Guadix, Spain 2008 Active direct (NaNOs + KNOy) Steam 384 - 291 1010 na.
AND‘_ASOL .II-SENER/Cobra, 2009 Active indirect Molten salts Steam na. na. na.
Guadix, Spain
EXTRESOL I-SENER/Cobra 2011 Active indirect Molten salts Synthetic Oil na. na. 50
SEGS I, Dagget, CA, USA 1984-2001 Active direct Mineral Oil (CALORIA) Mineral Oil (CALORIA) 307 - na. 115 14
Mineral Oil
EGS 11, D: A A 1 Acti irect Mineral Oil (Ef 16 - na.
SEGS 11, Dagget, CA, US. 985 ctive direct (ESSO 500) ineral Oil (ESSO 500) 316 - na 30
SSPS DCS, PSA Spain 1981 Active direct Mineral Oil (Santotherm 55) Mineral Oil (Santotherm 55) 180 - 290 0.5 -
Solar One, Barstow, CA, USA 1982-1988 Active indirect Mineral oil + sand + rocks Steam 304 - 224 182 10
1996-1999 Active direct Molten salt Molten salt na. 105 10
Solar Two, Barstow, CA, USA Molten nitrate
1995-1 Acti irect Mol it -2 1 1
995-1999 ctive direc olten nitrate (KNO3 +NaNO3) 565 - 275 05 0
1983 Active indirect Molten salts Steam 340 - 220 7 12
Molt It
CESA I-PSA, Spain oten sl SteamSteam (100 bar) na na. 1
1982 Active indirect (nitrate)
Molten salts Molten salts 520 - na. 12 na.
CERS-SSPS PSA, Spain 1981 Active indirect Molten salt (sodium) Molten salts (liquid sodium) na. 2.7 0.5
THEMIS, Targasonne, France 1982 Active direct Molten salt Molten salt 450 - 250 40 2.5
PS10-Abengoa, Sevilla, Spain 2007 Active direct Steam—ceramic Steam na. 15 11
PS20-Abengoa, Sevilla, Spain 2007 Active direct Steam-ceramic Steam na. na. 20
Molten salts Molten salts
LAR TRES-PSA. in (SENER 2002-2 Active direct -2 1
SO S-PSA, Spain (S| ) 002-2007 ctive direct (NaNOs + KNOy) (NaNOs + KNOY) 565 - 288 588 7
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Fig. 8. Scheme of SOLAR Tres power plants (Planta Solar de Almeria, 2007)
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Table 8. Comparison of different storage techniques (Ataer, 2008)

= e 7E 7

I‘_BL

3 HE

Comparison items

Water (sensible)

Rock (sensible)

PCM (latent)

* Large
Operation Temperature Range * Limited * Large * Depending on the
material
Specific Heat * High * Low * Medium
" Low * Very low
Thermal Conductivity properties * Convection effects * Low y .
. * Insulating
improve the heat transfer
Th 1 i i
ermal Storage Capacity per }mlt mass | oo . Low - High
and volume for small temp. differences
Stability to thermal cycling * Good * Good * Insufficient data
*D i he choi
Availability * Overall * Almost overall epending on the choice

of material

Cost of material * Inexpensive * Inexpensive * Expensive
Required heat exchange geometry * Simple * Simple * Complex
Temp. i i hargi
émp gradlents during charging and . Large . Large « Small
discharging
* Existent * Existent

Thermal stratification with effect

* Works positively

* Works positively

* Generally non-existent

Simultaneous charging appropriate
discharging exchanger

* Possible

* Not possible

* Possible with selection of
heat

Integration with solar heating/cooling
systems

* Direct integration with
water systems

* Direct integration with
water systems

* Indirect integration

Cost of pumps, fans, etc.

* Low

* High

* Low

Corrosion with conventional materials of
construction

* Corrosion eliminated
through corrosion

* Non-Corrosive

* Presently only limited
information available

inhibitors
Life * Long * Long * Short
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