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Estimation of Combustion and Gasification Volume in
Underground Coal Gasification (UCG) Process by means of AE
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Abstract

To recover coal gas and heat energy from an underground coal seam abandoned for either technical or
economic reasons, we are developing safe and efficient Underground Coal Gasification (UCG)
techniques. A typical UCG system has two wells drilled from the surface into a coal seam with some
separation of injection from production. The wells are connected underground by various linking
techniques. After creating a combustion reactor in an underground coal seam, air and oxygen flow
through the injection well. Heat energy and gases are collected from the production well. In this process,
the fracturing activity inside the coal seam serves an important role for enlargement of the gasification
zone because the surface area oxidization increases continuously by coal cracking. On the other hand,
excess fractures inside the coal seam and surrounding rock can induce gas leakage, underground water
contamination, subsidence, etc. Therefore, monitoring and control of fracturing activity in underground
areas constitute key technologies for efficient and safe UCG development.

To monitor fracturing activity, we used Acoustic Emission (AE) monitoring during UCG model
experiments using artificial coal seam. Through the experiments, it was found that the combustion and
gasification volume in the coal seam was possible to estimate from the AE source location data.
Therefore, AE monitoring is a useful tool to evaluate combustion reactors for efficient and safe UCG
systems.

Keywords : UCG, underground coal gasification, AE, acoustic emission, fracturing

*1 SMTRERTY RERT - PR 7 —

2 FLMIREE KRR TANPERe i ERE IR > 2 7 & T
*3 NPO EAMTFERA /  RX—varry hU—7

¥4 JLiEERY: R LA ERE BRI B & X T LMY



Bog B, TP RO, fR RO, Sk SR, MEER FARS, & 9L, e IR, BE O E—

1 ZCHIT

IEA (International Energy Agency) DD X % & LA BB O o CIZEE A4 R DM A % < |
HARISHETEHATREE Vb TWS, HHROREEICBNTYH, ARPRLEZ b, 5% bLZOD
AL b s EFRISA TV S,

BEREIZBWN T, IF, RATAOFERERLTVDEA, =3 X —FE L TIFEMIZONTH
RBZL . ZOFGITAEHBOEDLLRWVWTHA DD, ZFDOAKRDIY%IE, BIAIUKFEL TWDDONRBURT
D, LL7nE, BPEOARNPEEICHE LD TlERavy, BF., S 28m THRRICMH L
RWRFIRHA RN, 300~ H D, Lond, BEEZ6,000mE T FiF 25 E, ALMEET TH5,0000F b
ERABLONTWDY, BIEOERNPEO GRS HETHET D &, K2,800FE0ICHY TS, 29 LR
FIR A REROTE R MO —212, AmROM T A A (UCG : Underground Coal Gasification) 238 5,

-1 1%, — #9722 UCG OGN TH D, M FORBIZ2 AKDKR—V 7 E2% L RENTHER (U
YXU7) L. RBIZEKLTEH, — bR (EREMBEOIRE T A) k0 MIFH 5 AT A
ZEI T 5 Y,

Fractures and
Air, O,, H,0, etc. —___  Environmental
Monitoring

Production Syn. Gas

AE/MS Sensors

Cracks L\

pu=

Move /\/F/ (\/ sl
Coal Seam Combustion Area

®-1 VrxrrhFRoARM TS 2 (UCG)

iz ko, i EOREIEEEICRY . ARIK, T AEESOMEN AR D, kbbb, R
F) CIRBRBEA M A 2 A IRFIH HIETH 5,

BT ADIERTIEE LTI, =—XTECTERRART A, 7T UoE=TILFIEE, 2 & —0 B
MW, 7Y, REZFICAHINS, 2T, IRETHIEROREICH L0, HIERDHOERT HZER
RWEE ., KEZOEFITIE U T, ERT ARG OEEEZ, HHREHRHE X510 THY . UCGOF]R
D—DOTHLH D,

ZOUCG%, ENEOEE (0~1,200miEE) ORFHARICHEH T 511X, Sk LT s s
MERSH D, BREMEEZEBET L, EENOHERE Lo ARBICH L THEOR—Y 7 2Hl L, KA
BERUCGE BT 2 MLENH 50, MOVEHOEEICIZZD X 5 RUCGEBICHE L= A REN DRy, £
7o B TIXUCG O BRBEZE W JE DI Z R LT R g - BN O S 2T L0 | H B~ 7 AR, HARIE T,
TN AKBYRDERMERH D, K-21%, BERRECHEBOMENG SR THB TENMEEELT
W5,

—J7 T, BRBERIRED OBIS N LD RIEN O 2 Z L, HAhEELELAT D, Thbb, RO
JBIZE 0 ELIERERE AR L, e - DA EESE LCERT S, ik, BEE - 7 21k
FEEE N IL R, BEIT S, K-3i%. T ORI L DR - T AL OIERE R LK TH D,



AE FHNZ & 5 AR T4 246 (UCG) JRJBE - U ALIAFEDHEE

Z DX HIZ UCG IZFE D RN O EETR B X, *Aﬁ&ﬁxm%$’%ﬁé*ﬁﬁ%ﬁbfméomf
NOBEE S AT S G OB & fIE A BRI 5, A5 . OMEIRENCHER L,
REE DR & U CHkEET (AE : Acoustic Emission) FHilliE 2 #i5T L’C%f: 5)0 *%EGC\ IR BN OIREZA &
AE FAEME OBEfR, 8 X O AE BFEER R EZ AW AROREE - 7 A LfEROH#EEZ KA TN 5D, LL
Tz, NLRJEZHWZ UCG BT VEBRTHMI L7 AETEENICE L CTHE LNV D005 A & b5
%o

Gasification

groduction Fractures and Environmental Monitoring Zone .
as . Inflow Air, 0,, H,0, Chain Reaction Combustion
- <Efficient Gasification> 7
one
v
5 Combustion
Gas Lfeakage : Water Table | Gas
Subsidence \vA Emission 4—-—._
=== Thermal Stress -
Water | ‘
Pollution racks Coal Fracturing
| | ()
Drill hole B Increase of Oxidation Surface
Collapse Gasification |
Cavity Gasification
] - Ly N LI gy e s o . . Loy . N
2 AT A AL A TR R E -3 RIERGEE & R ORREE - H AL

2 ATL/RE UCG EB

ANLRE UCG EBRO KK %2, K-4 127, @y 7 NIC, SR EMRDOEEAIRZEEFRIET
52 LT, 06X055X2.74m (IEXEEXEIS) OANTLRE (,@11 Fo) ZfERL, B 45mm, JE
S1ImmDOAT U VABOREE AN, T (RN TF TR, T) BHETAHZ LISV EAL, EEAL,
Vo 7B Lz, RHF O Injection Hole 1 & Injection Hole 2 248X L AR DR AR MK EEAT
54 T&® Y | Production Hole AERHT A2 BN T D AEFESALTH D, HH LA KIT, RS+
Mo =B RAOXBEEO AR TH D (F-1),

0O, Air 4,
Dosing device
0,/Air
0, 40~60%
20~40 L/min
Flow Meter Gas
AE Instruments Temperature Monitoring Chromatography
High-temperatiye evice of Reactor IZ]
steam Data Logger for Gas samplmg
""""" Thermocouples
— -

*
MCTTELL] EEEEgy

AE preamplifier Taa,, L . .

Injection

Hole 2\
AE sensor

LN ]
Injection
Holel\ ‘I

i

Production hole

9 (Coaxial hole) ﬁ Cooling plant

Drain Tank

-4 ANLRBZRAWZARMTSTAEERS X T L



Mg B, T 5L, &R JEWR, Rk SR, fERE FAR, AR 94, Hin Bk, BE O E—

x-1 B A RONER L THESHE & TR i

Koy (%) K (%) RS (%) BEERF%) EE (%) FBEAE MJ/ke)

3.20 17.42 37.97 41.41 2.05 26.35
C (%) H(%) N (%) S(%) 0 (%)
3.20 17.42 37.97 41.41 2.05

ZOANLREZHNT, Vorxr 7 R E LR NFEEO, = >0FERETo7-, 22T, Y
VR TEREE, BRI LD EALEAET AZBINTHEEILDO2ROILEZRH WD HFIETH D, [FH
il AL, IROIIC EEE AN, NEEEAIL, AEZEELLE L THCWD HIETHD,
< FEBR1  AEFEFLO THEITHE K L. Hole 17 b b4l Z 45 L CTHole 1 7 IAIZHRNBE - I A{biEIk 2 355 7
DEMEToH > 7205, FEERIZIIHole 1D FLEED HIREE - T AL HELT, LR L7z, ZOfH., Hole2id, FAL
TIRBEIZ 72 > TN D, FRAEAN O 23 8 1325~29L/min, B8 35 it & 13X K200 /min (FRE R E74~81%) TH 5,
ZDOEBROKKTHIZIL, Hole 15 b FEAEAL TH AL,
< EBR 2 AEELOIIETE KR ERD T, BRIE - T AR EIT LD, Hole 2D fLEN L ThH - 7=,
ZDEBRTIX, Hole1# B U, Hole22 LB LA MG L. AEANS T AZ B L=, BEILAIO 2 &
1%20L/min, 255t & 16L/min (FRHEIRIE-0%) Th D, #& THFIZIL, Hole2/ HEHRZIEAL THA LT,
- B2 3 : Holel Hole2&# A U 7= RAEC, AFEFLICHEE (ZEHE) Z%E LT, AEAELOAKE
KT, [FEEER A EhE L7, B RO & BRFEIL. UP O E % 18L/min, 23 i & 13L/min
(BAE Y RE74%) CRIME L7-, UL, |BE[FLEE CRIENE OIS NIER L-7-H ., F 0%, FlhE
MR LT, AftE10L/min, MRV ESL/min (FRREAES3%) 26, 2fi&®28L/min, 2 F i £21L/min
(BREWRIETS%) FCTERMMICHELMEOESZHIMES -, R THIZIZ., ZBbRFELZEAL TH
K LT,

EER 1 LER2 T, BEABEFTOBREE - T ALEZET TR oTo0iX, BAREOUFAEEF IR N
B o= 2 2 b (80%FRAEE), UL XU VHNOMROEELEZ NS,

A|ETIE, ZOPTROLEL TEMRT A ZELTE, #H > ABE IHFEI2NER Toh - 7= Hole 2 %
W72 2 B H O FEBR 2 OFERICONWTIRR S,

(1) EBRERE

FEr L, K BUEVERT (SUS310S; Chino ) B L OVF — & v '— (GL220; Graphtec #) % W Cix/)=
PR EE 2 5HEl L 7=, AE ORI, JEBERMEE N7 > A7 2 —H4 (620HT; Teac ) %\, AE ¥
%7 27 (SA-611; Teac ) IC X > THIEDH%, TV H /L - A v AxAa—7 (GR-7000; Keyence ) T
AE WA Lz, K5, 6 ICAENBIOEERMEE NIV AT 2 —VOREZRT, MW, A
WETIX, AE4 5 AE10 O 78D 7 > AT a—HIZ X W i &z AE BB Z i O x4z Lz,
A A DR ZHIE PCHIBINC L 0> 7V o IS TEHBIMICIT Y Z B ARER~A 7 1
H A7 v (Micro GC 3000A; Agilent Technologies #) Z AW T, 1 FFEEBIZoHT LT-, Ot e Loy
A, FE (0)), EHE (N, —@ibik#E (COy) ., KFE (H). —M{LIKFE (CO), A% (CHa).
TF L (CHy) ., =X (CHg), 7B E LY (CHe). 7u %2 (C3Hy) THD,



AE FHNZ & 5 AR T4 246 (UCG) JRJBE - U ALIAFEDHEE

171 1,200 | 1,200

2869

T35

[ TEFT
Ioon T LoInI nono T on) =3 96 186
o = 7

I 1 |
1100 200 200 200 200 200 104100 200 200 200 200 200 104
1.200 1.200 ' 671

5 | 0 g Tmmﬂ mﬂ' e
— — i =l IS

H-5 PEMEER (L Fm, Tl B-6 JEBRINEE T AT 2 —F DR EX
(b FmEX, T )

(2) EBRFIE

ANTIRB~DEKIIZ HIROEZEAF & ARRE W NMEL 72 KR % X -4 @4 5E 5L (Production Hole)
DFLEIZHEA L, EEADSEEN EN Y AR~DF K EHER LI%ZIZ, HEAFL (Hole2) NHEEE & 22
ROBEREZ TN UTe, BREE - F ALIX 45 FEffkRE L, EBRE TRICIT, AN EEZIEALT
HAk LTz,

3 REFAER

(1 RBRE

IRIENIEE & X -7 12T, REBWNIBEIZAEILOILIE TEALZIZE D BT, EAFLO M 2
wxl (T46 & T36) OIRENE EH LK T — 27l (5 1,300°C) ([T L 72, 800°CE THRAIZIKT
THEMER L, TNOOBEICHEWT, VX 7L EBERT HEALB DI E L 7z 20 Xt
(TS51 & T52) OIRENZ EH L, 10~15 FFR#FREK A TE—27fF (1,200~1,300C) ZEL, D%
BO0CE THRAIIKET L CWo7z, BT 10 FERmEZIZIX. T46 & T36 OSMIUNZELE L7z BVEXT (T35
L T45) bIRAICIRE EF 2R L, REMITIZ600CLL EZRLTWD,

1400.0
T46 P ad5l =T34
1200.0 / T
RS -
s EN .. .
g OB
. s00.0 [ O —-T51
& Lj T35 -O“A
3 3
2 6000 -o-T52
e NG
£ 4000 T44
& /‘ %
2000+l cosgfo T4 T45
V = T46
(octies
00 4 T34 4 4 }
0 10 20 30 40 50
Time (h)

H-7 RENIRE S AE A X2 M ORRZEL

LU &0 REBE « 7 2Bk 7EASL (Hole2) FHEBZ2ND T DR EEICH 2> T, & BIZIFEALL
MH YU R THIIR S TOMUNTIER L TV o 7o b D L HER TE 2, BRBE - 1 AL SIS & K & T A i
MO TEZR LS, EAMEDN S E > T RIRIE 53 TRWAS, BNHELO EER TITREETF ¥ LD
A7 =V NA IR D BMRERLFRE & R LS Wiew | WRBERBOERmARETH D Z L AERE S
NTEY 9 AERICBWTHRET v U RVORSBRKROBENEE IS L T4 ThipoTelod,
PRBESEI S E AT ~RIRICEE L SR I D,



Mg B, T 5L, &R JEWR, Rk SR, fERE FAR, AR 94, Hin Bk, BE O E—

2) ABRTABREBIORGAREOHE
l 81, WA ADEHER Sy OREENEZRL TND, K-8 X0, FHhktk CORENZIKITHEML,
AU LT COBENMETLTWD Z bbb, HolREIXRF T2 LTV 22, BB XZE 10%H]
?&ﬂ&%bm\éo CORENE—I/ME2REIRa DT 5, COIEEITRAIZEML TW\&, KB
T TIX CO BEIX 10%% FEIVY . COy 28 50~60%% 5O TCW5E, BABREOE—71T CORBEDL
—J7 =KL TEBY, BLXZE 2MI/m*Th D,

-o-H2 CH4 -&CO -m-CO2 02 —==N2 ——Calorific value

100 14.00
90
80
70

2N 12.00

Gas concentration (%)
Calorific value (MJ/Nm?)

0.0 10.0 20.0 30.0 40.0 50.0
Time (h)

K-8 ALy A D EERL S O E AL
Wi, BT ARBEORR L VALZERIZES AROKIGSKDOBEN L 2RO, KA R EEHEE
L7z, WBROIE, ARTAMEOKIGERE (1) KO L HICERTZ LT, ARH ADH2, CO, CO2, CHsD
B (dry,Nafree) Zp. q. r. s& T 25 &, BEEMNKal KILZPA, m, nLVp, q. 1. siZL>THRED
ZEHERLEDY,

CHyOn+a O+ B H2O
— yH2+ 6 CO+ ¢ CO2+mn CH4 (1)

Thbb, BEMNKwE (2) XTERED,
a=(q+2r—p—-28)/2(q+r+s)+(0.5m—n)/2 (2)

Fro, BENZan3RED &, 3) MKV EAMFER (MUK LEERER) »OoSAKREEZRD L Z
EMTE D,

KisfmeE (kg) = BBEFEAE (mol) /a
X12/1,000 X C (%) /100 (3)

IEED | AERICEVGEONIART ZAREORIC (1) ~ (3) NAZWHITHIE, £52.4kgD A R
DIRBE « T ABIC XY BUG LTz L HEE S LD,

4 AEFHAIC X D8R8 - T ALBEBOHE
FERFIZEHN SN AEKEEZAWT, AE EFREEZRAATZ Y, #BREX-9(ZRT, 22T, EEM

EEERTEL, BROKE ZITHSZ RV —Z2 KL TWV5, TR ALX—1T, AE BRMEIZBIT S
AE BT OB KIEEEEYZ "R LIZMETHY , BEOHMZ ML T 5, R TIE, AE OFRA R IR



AE FHNZ & 5 AR T4 246 (UCG) JRJBE - U ALIAFEDHEE

L TR Z AR, T zsk, BHzHFTRLTVD,

Injection )
Hole 2 Production hole

-9 AE RRIFE E T 6 R

B-9X D BEKULEAELTHTIERLS  FEALELTEL DAEREEL TWDLZ ERNbnd, £7-.
AED AR L EIICR L€, BiEIC A LZAEIXTEAFLEBICE R L TWVWD — 5T, % TIX
FEALDO EFICIEND LI RBIRTAERRAEL TWVWD EEZLND, ZNbORERIX, AR EIRE
FER TN TH D,

WIZ, ABREIAEERE R A2 AT R BE - 7 2AIS k) KIS AR EOHEE 2R RA T, T72bb, 3R
WIZKHT HHERDENETHD Fer— =ARSEEDB X OR 7 EAEE AW KOG A R EOHEE %230
Iz, RaRr—=AFnEETIE, AEBFEE CHOLNI3RT AT — 20D, REEEZZREINEIC
KO EAETHEA L, MESNTEKET VOERBEEZFNT 5, KFIETE, =2 ¥ —230.01LL F
DAET — X & AEERFA OBE LMD —ERBELL EOAEZ BRI U CIREERET 217 - 7=,

A7 vMETE, K100 X 9 23R TR ON AR Z TR EOS K (K7 tEL) OFELGE L TERE
L. BAELZAEOHI =RV XF— 125 U T ERMBEORZ B VIZEZ A L, KR BIVIZAT
ST MEDORFNZ SIS AR OB & LT 5, RFETIE, HIFZ X — &R 7 BAKEO MK
KE LT, AFECE > THONDIRIGARENERT ADRRS  HHEE ST OGRS VME %
rTkoic, @) RERITHERNICED T,

y = 6.14x (4)
ZIZIT, xR ALX— y: A7 ELVOEKFE (L) THD,

12 divisions

[T

x’7I£z Y AE o\{lt 1 \

20 divisions

B-10 K7 E/AKB

[4-11 (a). (D)IC e r—=MAAENEL LR 7 B A EIC L 2880 - U Ao ER 27 L, -
QUFNZENDOFIEIC LD RISARBEOHEERM R EZ T,

FoRr—=ANENE L VHEE SN =79.9 LS RO =S A R EIZT1.9 kg& 720 . H A0
FERNDOHEE LIRS AREE R D & 27T1%DRERNH H, ZORERMEDORK E LTI, Rrx
— A ENEOREH L, MR CYERET NV EMEET L5720, BTN IENR TH 2 5A, K
WCRBEREIR A HEE L CLE Y 2 EnB T ond, £/o, AFETIE, AEBERT — X2 8ltT—2 L LT
B> THEY, AEDHI TR LF—Z2EE L TWVWARANVWI EEMBEEAL LTETONS, LEN- T,
IREBE « W AUARTE O IERE R HEE DO 7= 012, BITICHW @Y 2 ST — % ORE, fIrE21T>5> 7 — 2%
FHDSYE], AEDFM TR L X =N L RE EDOR 7 BARKEBIRICS 2 TREE - T ALK& £
THREDODUENLETH D,



Mg B, T 5L, &R JEWR, Rk SR, fERE FAR, AR 94, Hin Bk, BE O E—

R BNEXVHE SN EE=658L O RO KIS AREIL 59.2kg L7200 | HAGHRERN O HE
E LT Gk 52.4kg L L CREVME L 7257z, 7272 L, AEIAW RT3 L X — LR 7 R
oK EZ R (4) T4 RO FERME R 2 EICEITHERNICED b0 THY | ILANICHAWDS Z LD
TELREITFVEE, L7e o T, BRBE - T ALEIBOHEE OREE Z M LS 572012, AE fixf— %
WX =T TR VIRESMHEEET AR T DB L CERAREEZ B0 EERIUENNLETH D,

(a) Fwxr—WiE Ryl

(b) A7 EBLE
X-11 J&EE - H ALfEIROHEE

-2 AEIC L 5 &A1 o HEE R R
(AR OEREE =0.9 g/lem3s L THH)

Methods vs Coal Consumed Gas Analysis Delaunay Triangulation Voxel

Cavity volume (L) N/A 79.9 65.8
Coal consumed (kg) 52.4 71.9 59.2
Methods vs Coal Consumed  Cavity volume (L) Coal consumed (kg)
Gas Analysis N/A 52.4
Delaunay Triangulation 79.9 71.9
Voxel 65.8 59.2

5 BbhiZ

e (AE) SHANC & 2 AERRIFAR E R & BIEIREL RIS & D HRBE « 77 AL R O HEE A 2R TR A fY
TH Y, AEFHNIZ K DBREE - U ALTHBOHEE RS L O HUER ATRETH 2 Z L Wb hrotz, o, BK
BIMEIZ X D Fox—WEESEIE LR 7 /R KD BBHEE TIE. WThOFECB O THREE -
A ZACARFE D LR o HEE IR &2 7% L7228, JRBE - U AbsE e fEET 2o ik LTEMTE %
B L &R,

AT ABRERBUEER R QRIERIET —4) o, L OHEOGEWIREE « T ALHE O n[ AL BT O
WLz HiET, £, EREOUCGZ AEATL, V7 AZ A LER - T LT 2T LA OB bt LT
W5,



AE FHNZ & 5 AR T4 246 (UCG) JRJBE - U ALIAFEDHEE

A

AWFZeIL, dbvEE =i, (BR) W/, AR~ A EFZe s Sl T KPR Z - B RIZE
A= WO SCER R A B e B B A R R g (B) (21360441), FAMEMFZE (A) (15H02332) @
AT CEME L, BREAIC, BEEET,

3CHR

(1) Burnard, K.:International Energy Agency: Power Generation from Coal: An Ongoing Challenge, Clean Coal Day, Tokyo, Japan,
8-9 September, 2014.

(2) Sumita, T.: Ministry of Economy, Trade and Industry, Japan's Energy Policy and the Direction of Coal Policy, Clean Coal Day,
Tokyo, Japan, 8-9 September, 2014.

() MARHBRITR G T 7 /7 A+ “IRAVER SR B [ 7E AL B i B 28 il R i i 35, 2004

4) BEDE  AROM T H AL, RIPE 7, HdirEb, 1961.

(5) Su, F., Nakanowataru, T., Itakura, K., Ohga, K. and Deguchi, G. : Evaluation of Structural Changes in the Coal Specimen Heating
Process and UCG Model Experiments for Developing Efficient UCG Systems, Energies, 6, 2013, p. 2386-2406.

(6) Yong, C., Jie, L., Zhanqqing, W., Xiaochun, Z., Chenzi, F., Dongyu, L., and Xuan, W.: Forward and reverse combustion gasification
of coal with production of high-quality syngas in a simulated pilot system for in situ gasification, Applied Energy, 131, 2014, p. 9-
19.

(7) Kaiho, M., Yasuda, H. and Yamada, O. : A method of estimating the reaction process of coal gasification from the composition of
gas produced, Proc. of 45th Conf. of the Coal Science, 45,2008, p. 60-61.

(8) Su, F., Itakura, K., Deguchi, G., Ohga, K. and Kaiho, M.: Evaluation of Energy Recovery from Laboratory Experiments and Small-
scale Field Tests of Underground Coal Gasification (UCG), J. of MMIJ, 131(5), 2015, p.203-218.

(9) FHS, WAE—, R, &R, @i 04, AP, AIFETS, NI S, REDEKRER, JEEE —, BRI,
HIAREER © AE FHUE 2 W2 A RO T 0 24k (UCG) FEBRICIS 1T 2 RBEZER OFHE, BIR - M PSR REHIH
££,12(1), 2015, p. 1-5.

(10) A, AT - 3 ATEH & W2 i R BT FSE TR 786k, 934, 1996, p. 149-166.





