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Sensitivity Analysis of Design Parameters of Air Tightness in Underground
Lined Rock Cavermm (LRC) for Compressed Air Energy Storage (CAES)

Hyung-Mok Kim, Jonny Rutqvist, Dong-Woo Ryu, Choon Sunwoo, Won-Kyong Song

Abstract We performed a numerical modeling study of thermodynamic and multiphase fluid flow processes associated
with underground compressed air energy storage (CAES) in a lined rock cavern (LRC). We investigated air tightness
performance by calculating air leakage rate of the underground storage cavern with concrete linings at a
comparatively shallow depth of 100 m. Our air-mass balance analysis showed that the key parameter to assure
the long-term air tightness of such a system was the permeability of both concrete linings and surrounding rock
mass. It was noted that concrete linings with a permeability of less than 1.0 x 10" m’ would result in an acceptable
air leakage rate of less than 1% with the operational pressure range between 5 and 8 MPa. We also found that
air leakage could be effectively prevented and the air tightness performance of underground lined rock cavern is
enhanced if the concrete lining is kept at a higher moisture content.

Key words Compressed air energy storage (CAES), Lined rock cavern (LRC), Air tightness performance, Air leakage
rate, Mass balance analysis
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Fig. 1. Storage cavern depth and volume in Huntorf CAES
plant
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Table 1. Specification of Huntorf CAES plant

Output
* turbine operation
* compressor operation

290 MW (< 3 hrs)
60 MW (< 12 hrs)

air flow rates

* turbine operation 417 kg/s
* compressor operation 108 kg/s
air mass flow ratio in/out 1/4
number of air caverns 2
air cavern volumes (single) = 140,000 m’
= 170,000 m’
total cavern volume = 310,000 m’
cavern location -top 650 m
-bottom 800 m
maximum diameter 60 m
well spacing 220 m
cavern pressure
* minimum permissible 1 bar

* minimum operational (exceptional)| 20 bar
* minimum operational (regular) 43 bar
* maximum permissible & operational| 70 bar

maximum pressure reduction rate 15 bar/h
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Fig. 2. Model grid for TOUGH2 simulations of underground lined rock cavern for CAES.

Table 2. Material properties used as a base case for modeling of a lined rock cavern for CAES

Material
Property
Rock mass EDZ Concrete lining

Young’s modulus, E (GPa) 35 35 35
Poisson’s ratio, n (-) 0.3 0.3 0.3
Thermal expansion coefficient (th x 107 1 x10° 1 x10°
Effective porosity, f (-) 0.01 0.01 0.1
Permeability, k (m’) x 107 1 x 107" 1 x 10%
Residual gas saturation (-) 0.0 0.0 0.0
Residual liquid saturation (-) 0.01 0.01 0.01
van Genuchten, P, (MPa) 1.47 1.47 1.47
van Genuchten, m (-) 0.595 0.595 0.595
Thermal conductivity (J/s/m °K) 3 3 3
Specific heat (J/kg °K) 900 900 900
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Fig. 3. Calculated (a) pressure and (b) temperature evolution during a daily compression and decompression cycle (P1: within

cavern, P2: at concrete lining, P3: at rock mass)
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Fig. 4. Calculated (a) gas pressure and (b) temperature evolution during a daily compression and decompression cycle
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Fig. 6. Calculated evolution of daily leakage percentage for
different combinations of concrete lining and rock
permeability.
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Table 3. Leakage rate for different initial saturations of concrete lining and rock.

Initial gas saturation (-)

Leakage rate (kg/day) Daily leakage percent (%)

Concrete lining Rock
0.74 0.69 89.9 12
Analysis conditions
0.29 0.2 5.51 0.8




294 34 At GFE71uA ARTE 1A LT A

=

10’

LA |

N

10°

LA |

DAILY LEAKAGE PERCENTAGE (%)

10'1 Ll l Ll l Ll l Ll l - l Ll l Ll l - l Ll
0 01 02 03 04 05 06 07 08 C
GAS SATURATION (-)

Fig. 8. Calculated daily leakage percentage as a function of
gas saturation in the concrete linings.

AIA FAESETL FATRE ANTE 7o) &
AR o 4 9lrk Figure 8 212]E 2ode] 7ia
Eopro] Flo] W2 19 EY ANAUE ek
Ao ApametE Z7lo) vlestol; 2aeE SR
Rgo] HAUSE) AYTFORREY FIEE
o F7kahe SHala 4 9lk

44 Z32|E 2lo|'de| Ex3R
o] 7|¥dso OxXl=s B
7lEsiAoll A e SAEE efold 5 ool Ak
o} @ APEIEAS: van Genuchten(1980) TS o]
slo] FYUsHA| A5 van Genuchten $=2] A ojark
Aol WAzt Py Al 7R %M air entry pressure)
Uehfs Aoz 28 37]¢o] 7}/\Z1E01—5r,} 72
o] ZAYE gold 355 5ol a4 37150l T
AYsHA Hlok whebs, AdS-E 0%%@3'%1_'49} 227
E ghold HrEAQL £ o A Ajolof whet 2%
Aol Wk A o= o4t

SE540 HYBS

o) Wzt o)A

< 10°
g E P,=0.5M
< B
'E 10"k P,=1.47
w =
U B
x !
o 102 P,=5MP
w 8
g -
s P,=10N
< 0
w 10°% =
- g
10-4\\\\'\\\\'\\\\'\\\\'\\
0 1 2 3 4

TIME (years)

Fig. 9. Calculated evolution of daily leakage percentage for
different values of van-Genuchten’s parameter PO in
the capillary pressure curve for concrete linings.

Figure 9% P, 7t 0.594] 34.6 MPaz}x| HIIAZ
& A9 FEF ALEETE Ushdth A gle] A
AT SFLEEBHA A 5 MPao|A US5A] FaL
10 MPa)Et} 2k5 79, FAE 2lo]d FalAlof
gloto] HrHoR F7 ]'OPX]UP cojolgrt =2 JpA
HEY EAS 71 7 TAIEEER(capillary trapping)
of o3 4=3719] O] AA =L FEF 0.001%
otz UAsHA FAEE & 4 3tk Navarro et al.
(2006)7} AWAFS o Bugtk 2 34.6 MPao] P,
A AR TELERE Y £E52 W] g AL

A dsol olx= S
Table 4= AAa-% QE% 100 mojjA] 500 m& &
AranEs vepdc 222
= ‘r‘%:]rol'}” 1‘1“]’]'/\_]?_] 75]“?‘
S mEoA AAE 7t uket

Table 4. Calculated leakage rate for two different cavern depths.

Cavern depth 100 m depth 500 m depth
Permeability conditions Tight Leaky Tight Leaky
Concrete lining 0.6 0.74 0.2 0.25
Gas saturation (-)
Rock 0.9 0.69 0.05 0.2
Leakage rate (kg/day) 8.6 x 107 89.9 1.3 x 107 8.6 x 10"
Daily leakage percentage (%) 0.01 12 0.0002 0.1
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