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Table 1. Chemical components of G-cement

(%) CsS C:S CsA  CAF  CAF+2CA
G-cement 61 18 0 15 15
C35:3Ca0 - Si0g, CaS:2Ca0 - Si0z, C3A:3Ca0 - Al:Os,
CsAF:4Ca0-Al203 Fe203

Pressure gauge 1 i
Syringe pump
st— scCO2

iDMPa

-
H20/
3%NaCl water

s0°C

CO2 gas Temperature controfled bath Pressure vessel

Fig.1. Schematic diagram of cement - CO:z - Water

experiments.
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X Bruker #t#! MXP-18HF + MDG (5= % ¥ —
Jt:Cu, WEA=154A) %M L7z, XRD EF&ZIE, 10°
5 100°DHF (A7 v 7R 0.071) TITo7z, HED
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50x 200 pm

Fig.3. SEM images of crystals on COz-cement surface
deposited after 3 months by interaction with COes.
(a; cement in wet gas, b; cement in COz saturated
water)
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Carbonated water
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G-cement COz-cement

Fig.4. Images of vertical plane of G-cement core and

COq-cement core by interaction with COa.
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Fig.5. Porosity changes of cements after reaction with
CO.. (a; G-cement, b; CO2-cement)
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Fig.6. Permeability changes of cements after reaction

with COz. (a; G-cement, b; COz-cement).
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Fig.7. Concentrations of Ca (a), Si (b) in fluids after
reaction with CO2.
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Fig.8. SEM images of cement—-sandstone interface in

non-reacted sample (a) and in Wet gas sample
after 9 weeks experiment (b). Cement and
sandstone are in the left and right hand sides,

respectively.

B, REOREE LB L TAREBEICR > TWwWb, LB
WIETRTCOERZORE CHRE SN, EBRREECHRH
LD, SAEHFIZER,S 0.3 225 0.8mm ¥ THE
ENTze F7z, MBI OSAEFIL RERAEEE L D B
Wet # AHIEE TR E % LHEEH A 5 L7z (Table 2) o
422 SEM-EDS [Z&BTEENTIER
a) TRIVEVY

SEM-EDS # Tt X > b - WEEREETTEY
Y E VT EIT 572 RRIEHABD Ca THEY Y Y
JiER% Fig. 9@~ T . W ERTIE, Fig.8(a) Lxfis L
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(a)

High

Low

(b)

High

—+— 300 |.I Ca K

Low —+— 300 pm a K

Fig.9. Ca distribution at the cement—sandstone interface
in non-reacted sample (a) and Wet gas sample
after 9 weeks experiment (b). Cement and
sandstone are in the left and right hand sides,

respectively.
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Table 2. Observed area of calcite precipitation in cement—sandstone interface

No. Solutions Surroundings Range of precipitation (mm)
3 weeks 9 weeks
1 H:0 Super critical CO2 0.70 0.65
2 H:0 COz2 saturated water 0.35 0.35
3 H:0+NaCl Super critical COq 0.80 0.65
4 H20+NaCl COg saturated water 0.35 0.30
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Fig.10. Ca

cement—sandstone interface in non-reacted

concentration profiles at the

sample (a) and Wet gas sample after 9 weeks
experiment (b). The black point (-) is the
interface. Cement and sandstone are in the left

and right hand sides, respectively.
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Vb - WEEFREET, Ca OMETE T 7 4 VISRK
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Table 3. Mineralogy around cement — sandstone interface

Position 0 weeks 3 weeks 9 weeks

I Quartz Quartz Quartz

II Quartz Quartz Quartz,

Calcite

II1 Quartz, Aragonite, Calcite,
Portlandite, Quartz Quartz
CasSiOs

v Portlandite, Aragonite, Calcite
CasSiOs Calcite

A% Portlandite, Aragonite, Calcite
CasSiOs Calcite
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bib, LAY MABOEEMPLERMOIKz FIEL 72
L, ERBRETHBEE,S, CaCOsTHLEEZ L
N5, REWTEO GRS ClmikEErgE s n
(Fig.4), fLBPMBOBS &L CL {HRES LT
bo D72, HIGHBICTEIREREMETLTED,
CDOHECTERR BRI TERBEhoLBE L
TWb—FT, WBERORERIIERDIA L VETL
Twh,
DEDMEPS, G A Y MIHTIRET CO2 & 8T
5 X o TILEOHIN L BEEO—REN 2%
HELERLIENPERENL, 2D &I, CO T
BEAIBIC G A2 M2EH LU E R o
T ABEIE, —B% Y —VoHt s 58 CO FR
DEEITET Z LR TV 5,

b) CO, tz A hEsH

COzt X ¥ FERBHZIZEBRT OB 2 GBS 3815
ENGholze LOLEMS, BREKPIC Ca R Si v
a2 ehs, HETOBRIFELTCwELDLER
bNb, 72, EB1 r AHOEEET, BEILBRIEATH
L7zfERic Lo TIERTREIN TS, S50, FLEEER
PREFLER 1 r FBETREKTL, 20%IIE(L
BONEV, INSD5, XY VEOBERPILET
DFEGATH & Vo RS, ERAICEICETLE
FERAbND, DD, BEHIIZIZET LILREPR
EERHERTHLEFHEN, CO LAY PEBEBLTO
CO2 DR A 7 13K,

52 EAVM-BEZEEERN

A b - BEERAEOWEBRICTEEYPBE
SNTzo TNIE, XY PHEERZMEHLZERTIIES
NP oIfERTH B, KULFHA CTIEFEREOFTEY IE
BERINTVRNWI RS, TOFREWI Wet ¥2AH 5
WL R & OMEEHIC L o TERLZZ b5,
Wet H A4 & 0 % REEKM CHMEFAIKE { 2o T
52 lhn, LBAOKRDORE & W E IR
EVRERKEIT, (B S CBE SN2 LERSNS,

R 5F 62 K% 4 5 (2009)

ARfZE T, NaCl iEEOXEIC X BFEREANOBEVIIEHE
ENGdol, TOEEE LTI, TEYWDOERL L X
Y NEBADOE Y pH 12X o THEENTBY, Na A
Ty, Ca A+ eDFIEHEhE TR LTV
LI ENL, BAHFTICBWT, CaBLUSi D
EFO7 7 ANVEE AL - WEESEECAHE
S>TWAHZ &k, A7 MEREERIEE A~ N EHRD
7ZOTVAHVETHY, BEBBRAEHBE (COKE
W) THAZLIGERLTWAEEZONRS, 2% 1,
X b - BPEE RO CIEERRRIRD pH 257 v 1)
HrOWHEE CRMICELLTWwEZ LT, AV MY
BOBEMICEY Ca PHERAIANLHL Tz Ez 5
n, RS, EDWEIRIZE Y Sidskx v Mi~NILE L
Tkl ans, 5B EMIIBWT Ca ME
B B S T B ERE, BAHTERT & e
% SEM Hifg LI T 5L, ERBCHEIN DS
MR OFTEWEHR L —H L Twb, T/, TEIVEY
FRERICBVTY, Ca WENH RSNIHSIIWE
HFOBBRETTH ), EREBISE S N-TREY & WK
W= L TWb, Lo, XV VPEOBEMHRIZL S Ca
& CO AN TRIG LT, BESIS LK L2
AoNbB, TOFRBEIIREES VYL (CaCOs) L
EEND, XL AEWFEET, ERMOLX Y
MNEE (BAT IV, V) TR &7z Ca(OH): & CasSiOs
DY — 7 BPEBBIIIRH SN o722 00, Th
LOBIR LB LA Y MBS T A EEL D
N5, F7o, BRE (I BV TERBEOHICE
BN T7I5TF4 e 4 b (CaCOs) i,
Cal(OH): & CasSiOs DFMIZ L Y HFF & N7z Ca & CO:
EORIBICE W EREN D EEZ NS, T,
LRy E Y THERCBATTRRPOEZENDL I L E
—Hth, ~EOLETEOLEUTOL IR 5,

CO,,, +H,0 — H,CO, (1)

H,CO, - H" + HCO; (2)

HCO; — H" +CO% (3)

Ca(OH ),, +2H" - Ca® +2H,0 (4)
Ca,SiO 4, + 6H* — 3Ca ** +Si0 , +3H,0 (5)
Ca® +HCO ; — CaCO ,, +H" (6)

Ca® +COJ — CaCO 4, (7)

CO DSHARICIEIR A &, REBZHEL GU(1)), &
MO pH IZMETT 5 ((2), (3))o REKIEE
FRELEAVIMRIGET AL, EA Y NYEERBRT

/
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3 (F4), (5))e £A YV NPEDEMIE, AT D -
WHEBEREEOL AV MIOILBEREENS ¥, Cav
T DB RE ST D, FDH%, COBMKIE, Fi
fFrEcER(6)NIcL Y, 7AH I E (pH>10) TIFR(7)
ZEY, x> - WRERBTYE X MNERK L RUG
LT, CaCOs B3 SN B, EBE 9 HB Tk, BT I~V
DNETTSITFA O —2 WL, AT A D
V¥ DADPBEENI-Z L1E, CaCOs BT F T4 b
WEHNVYA MR L2, HEWIETFTHA b
DVHBHLTHNVT A FONEB L7 L REN S,

53 L2 ERURIGTI2L—avIzkbBE
53.1>2aL—3avETIL

AV -WEERTOBER COz ks %1t
FERMOICHREL, ZEFHUYI2L—-Y a3 TOET
NOREWERITT L7720, LAY MEEYIal—
g EfTol. FH LI — FiZMbFEIEa— FTh
% PhreeqC-trans T2 5 (Parkhurst and Appelo, 1999),
FHEEFVE, XV MREDS 2D ZEHEERE 2 E
BeL, x> MEB, WEE, €L T CO2 BfABRI D
3 PR ENTYwE, RIal—Yavid, 1 XL
ETFTNVEFEH L, A%, Figll(@d & 5 izt X
Y MEEBERESEREL, 0~2mm IZKM LAz X Vb,
2~4mm ICE, 4mm X Y AMIIC COz fafik 85 L
TWwh, —2DELVOEZR 0.2mm THY, A b
B, WEdEnEN 10 B2 SEBHRENTWS, CO,
BARKER, FHEREMEZELSTAD LNV A XOE
IbDEER/NEL T BT, V4 X2 NEITBfLs 87
(0.2mm, 2mm, 10mm, 1000mm), -t X > + OMEALLY
i, ANVT LYY — kg FL— FCSHQA.8),
Ca/Si = 1.8,)27.8%, R FF ¥4 FMCa(OH)2)9.4%,
NA Fa#—% v FECa0-Al203-6H20)6.5%, L 7
>4 (Ca0)s(Al203)(S03)s* 32H20)5.8% , L FH =
30%, M 205%& L7z, T/, WHEOMHEYIZ,
FIE(SI02) 34%, FLIEZE 40%, Z DM 26% & L72o &4
B oz of b id, —EORIGIC L > TEIEL AR
G ERL, FEERL—XICPOREEL7-01%EL
720 XY MNLBHROBERE, X2 MR KR P
BEBEERE L. BEILBRFOBHEIE, MiKkTH
%o COg $FIKENVIE, 60C, 10MPa THIFATIREEIZD
bo TOETFIVIZ, EERREORBAMICHLT 5,
5323 3al—aliER

Ky Ial—aryiZBWTITXRERYE LTEE
Lz, » VoA —bhNA FL—}
(CSH(1.5), CSH(1.3), CSH(1.0), CSH(0.9)), CsASH4,
70 25 —(CasAl(SiOgs), # IV A F(CaCOs), T
—E ¥ 1 F(CalAlSiz0e)2-4H20), &1 W+t F=—(Si0O2)
THb, Fig. 110, 200 HEORIE I 2 b—Ya vk
OEERGEY, pH, fLBBRIZE L TOT e 7 7 A VW TH 5,

(a) 100 1
] \ 12
280 A
g o Y 10
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2 oeo \*a
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Fig.11. Initial mineralogy, pH and porosity profile for

cement-sandstone  model (a).  Calculated
mineralogy for the primary minerals (b), the
secondary minerals (c), pH and porosity profile at
20 days. The initial cement—sandstone interface is
at 2mm. Left-hand side (0-2mm) is cement cells,
right-hand side (2-4mm) is sandstone cells and

outside of sandstone is COz saturated water.

COL BIRIAN W ERBREZ B TREL, X -Wa
MELZET B L, BV bT A MR NER LI
Wiz, fDv Ay MRS, RV hT ¥ A M
NCIEFEALEBRE LRV, 2O07BERE, VT
VA NOBEMERUERTENL TV, BH TS
M, B L IICE 2 v FEANEST L, 20 HEO
ey Ialb—varcid, BR25 1.2mm [SELT
Wb, BHLEE T, CSHA.82 h L, Ak
BEHRL D, SNODEET, X2 b - BEER
BARBEBICZ o TWa, ShiWMloBEsR TEIaE
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FEM L Twiz v, Fig11(eiE, 20 HEORILY 3 2
— 3 a YBEOTREY, pH, ILBECELTOTu 7 7
ANTHbD, ZREWIZ, AV - WEERELICE
B L7 AR L7-ZXEME, ZKk CSH, V¥4 b,
O—FEY% 4 Chb, O—FEr ¥4 FOEEREIE, it
O 2FEIHRTIETHY, FLERYIZITR CSH &
HNHA N THDB,ZZTEH ZKCSH & i, CSH(1.5),
CSH(1.3), CSH(1.0), CSH(0.9)D#HMTH %5, ~K CSH
DA, ¥Ialb—2arTidId, CSHABPERKT 5,
0%, CSHAB)M A L, CSHAIPERT 5, KE
Rl 2 L7225 T, CalSi AN & vs CSH ~ L NEIZ AR
LT BT CTE v 3 2 b= 3 I,
CSHO.97" R CSH HOFEREREM L o7 2
SDTREHDE D 2.1mm DEIVITER L TW A,
WHETFVTOE AL b - IBEBERIE 2.0mm OMET
HY, 2.1mm FERLEOWE AL T L, /2, 20O
T, TREMERIC L ATBRERT LHERTE 5,

AV -WEERTETNVELEZEBEYI 2L
—avORER, AV IMBIKBWTERLITF VYA b
DR L ZHI2 X BILBEE OB, SEREEE Tk
¥ (ZXR CSH & AV A b)) OERPRENT, XK
CSH ICBLTIET7TEN T 7 AETHL 06, X5
WCERZES#L v, ERICEERBRABOELA T -
WEBREICBWTER L TWEbDEEZONS, F
TER Ty OBATERE, BRI L2 TR
TLTWS, ZhiE, A2 - BEERTIREYH
AR L7 Z LIk A LRFTEE DR, CO KD HED,
HREPIF TN TWEDTHLeEZLNSE, TIN5
OFERE, ERERLEBEEHTHY, COEMICL S
AV MEEEFET A, REFVIERYTHL LW
Zho Lo CTHBROETNVEMERTHZ LT, Z4%D
HLENNAEEFHY I 2L~ a A TETH S,

6. F&d

REBRICE o T, WTHEHABEZETE L2RE - EHR
ECREIERAE o7 CO2 LAV EFETARETICS
WNT = T A PMRHCE LB ERR L 72,
Ay MEEERCAERTIE, 2BEOF -V Tk
AV MFEHCIIEEREICESH Y, G2 bRRBHC
LR IR E RO —RFR 2 o R S iz —7,
COz £ X ¥ MIFIRERBEEE ORI VB I NI,
WEWMA AMR EOR O RENE L THEEFDMH A
HT COz i Br8E 2147 5 BA12id, BEFESHICIEEE G
LAY FBEEWSNTWAEZ ERE, FEOMMERT
Gt A MOBALL T CO MM T BEmitrd 5,
7o, EBHERIT G AV MK ARE CO IZBEN
TRIEEIZ S - Ve R ESE LI L ERL TV S,
X b -Bad BiEEWE T W ER T, HBEE

MREERE 862 B 4 5 (2009)

K CODEBIZLoTEAY M (FICERNV IS4
) PERLEDE, LAY - BEERED O EERD
ERIBRIC AT T RIS (CaCOs) 25LBR A FEHE L T
CRETHBIE SNz, ST, A v PEAE v/
BCIIEEIN o722 THY, XV -EE
FRCHEREAND CO e & WhT, X ¥ M5fba s+
LEEZOLNS,

E i
AWFRIZBNTC, BERLRBS - 2 AV M2THEE LA
TANOEFEFHIZERFLLET, T, R E0
SEM-EDS #712B L ¢, EfE TEEFHEMER DKL
IEBEEE &L AR LT 7R O IR H &R KIZ, p-XRD
S LT, 227 ) 7 VP RFERT ORIEER
Kiz, HfsE2HEF LA, #EEZRLET,

Z X M

3

Barlet-Gouedard, V., Rimmele, G., Goffe, B. and Porcherie,
0., (2007): Well technologies for COz geological storage:
COq-resistant cement, Oil & Gas Science and Technology
— Rev: IFP, 62, 325-334.

Bennaceur, K., Gupta, N., Monea, M., Ramakrishnan, T. S.,
Randen, T, Sakurai, S. and Whittaker, S. (2004): COs
capture and storage — a solution within, Oilfield Review,
44-61.

Carey, J. W., Wigand, M., Chipera, S. W., WoldeGabriel, G.,
Pawar, R., Lichtner, P. C., Wehner, S. C., Rains, M. A.
and Guthrie, Jr., G. D. (2007): Analysis and performance
of 0il well cement with 30 years of COz exposure from the
SACROC Unit, West Texas, USA, International Journal
of Greenhouse Gas Control, 1, T5-85.

Kutchko, B. G., Strazisar, B. R., Dzombak, D. A., Lowry, G. V.
and Thaulow, N. (2007): Degradation of well cement by
CO:z under geologic
FEnvironmental Science & Technology, 41, 4787-4792.

Nordbotten, J. M., Celia, M. A., Bachu, S. and Dahle, H. K.
(2005): Semianalytical solution for CO2 leakage through

sequestration  conditions,

an abandoned well, Environmental Science and
Technology, 39, 602-611.

Onan, D. D. (1984): Effects of supercritical carbon dioxide on
well cements, Society of Petroleum FEngineers,
Publication No.12593.

Parkhurst, D. L. and Appelo, C. A. J. (1999): Users guide to
PHREEQC(version 2) -a computer program for
speciation, batch-reaction, one\'dimensional transport,
and inverse geochemical calculations”,

Water-Resources Investigations Report 99-4259.

Strazisar, B. R. and Kutchko, B. G. (2006): Degradation of



BIAIT A ¢ BRI BT B EERR CO, L ORI X B — 2 v 7 X Y PEARK A Vb - BEEREEY OB R L L 457

wellbore cement due to COz injection-effects of pressure the International Symposium on Site Characterization

and temperature, Proceedings of the International for CO2 Geological Storage (CO25C), 191-192.
Symposium on Site Characterization for COz Geological
Storage (CO2SC), 182-184.

AT S (1988) hHMLEMEE.

Yamada Y., Tanaka, D., Murata, S., (2006): Alteration of

formation barrier due to COs injection, Proceedings of

Evaluation of casing cement and cement-sandstone complex alteration
with interaction by supercritical COz for geological sequestration

M. Kunieda*, D. Tanaka*, Y. Yamada*, S. Murata*, A. Ueda*, T. Matsuoka* and N. Yamada**

ABSTRACT

Underground sequestration of COz requires avoiding possible leakage of the injected COz to the surface.
We have to understand how and how much casing cement can be altered by COz2. Our experimental
investigations immersed two kinds of cement samples and cement — sandstone sample in super critical COz
(60°C, 10MPa) and in water. Visible changes in cement samples include erosion in earlier stages and
precipitation of calcite in later stages on the surface and in the pore spaces, which reduce porosity and
permeability. At cement — sandstone interface, the mineral precipitated in the pores of sandstone is identified

as CaCOs. This suggests that the sealing ability of casing cement could be improved by exposure to
supercritical COz for a few months.

Keywords: COz geological sequestration, cement alteration, cement — sandstone interface, precipitation of
secondary minerals, permeability
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