
3 

THE UNDERGROUND GASIFICATION OF A SUBBITUMINOUS COAL 

Charles F. Brandenburg, Dennis D. Fischer,  
George G. Campbell, R. Michael Boyd 

James K .  Eastlack 

U. S. Department o f  the  I n t e r i o r ,  Bureau o f  Mines 
Laramie Energy Research Center 

Box 3395, Laramie, Wyoming 82071 

INTRODUCTION 

The recent ly  recognized energy shortage has generated an upsurge i n  government 
research devoted t o  both improving cu r ren t  technology t o  b e t t e r  u t i 1  i z e  known 
energy reserves and prov id ing  new technoloqy which w i l l  a l low the country t o  convert  
energy resources t o  reserves. Underground coal g a s i f i c a t i o n  (UCG) technology 
may p lay  an important r o l e  i n  both o f  t he  above categor ies.  

r e l a t i v e l y  shallow (<lo00 f t . )  deposits o f  bitumin:us, subbituminous and l i g n i t i c  
coal (1, 2, 3 ) .  Most recent ly  t he  Bureau o f  Mines Laramie Energy Research Center 
has conducted an underground g a s i f i c a t i o n  experiment a t  Hanna, Wyoming, i n  a 30 ft. 
th i ck  seam o f  subbituminous coal a t  a depth o f  400 ft. The r e s u l t s  f rom Hanna have 
been'more favorable than previous r e s u l t s  i n  the  U. S. and o the r  count r ies  (4) i n  
two important categor ies:  
produced and dur ing  a 6+month pe r iod  o f  optimum opera t ion  there was l i t t l e  o r  no 
gas leaka e from the underground system (3) .  However, a p p l i c a b i l i t y  t o  deeper 
deposits f>1000 f t . )  i s  no t  y e t  proven. 

I n  order t o  evaluate UCG's f e a s i b i l i t y ,  methods o f  measuring the  phys ica l  
and chemical occurrences i n  an inaccessible reac t ion  zone must be developed. While 
experiments a re  underway t o  implant soph is t i ca ted  ins t rumenta t ion  i n  the  g a s i f i  ca- 
t i o n  pathway i n  t h e  second UCG experiment a t  Hanna, such ins t rumenta t ion  would 
probably no t  be economically f eas ib le  i n  a commercial process. 
i s  o f  paramount importance t o  develop both inexpensive remote sensing and mater ia l  
and energy balance techniques t o  cont inuously evaluate the  i n  s i t u  process i n  
order t o  maximize g a s i f i c a t i o n  e f f i c i e n c y  and resource u t i l i z a t i o n .  
balance method der ived by Elder e t .  a l .  (1) has been app l ied  t o  data obtained 
from the  f i r s t  UCG experiment a t  Hanna. Results o f  these ma te r ia l  balance ca lcu la -  
t i ons  are presented as we l l  as the problems invo lved i n  measuring fac to rs  necessary 
f o r  performing a mater ia l  balance. 

Suf f i c ien t  technology i s  a t  hand t o  success fu l l y  produce a low-Btu gas from 

a gas o f  h igher  Btu content (125 Btu/scf)  has been 

Consequently, i t  

A mater ia l  

GEOLOGICAL CONDITIONS 

I n  at tempt ing t o  b u i l d  an underground reac to r  i n  a coal  seam, important f ac to rs  
t o  be considered are the ra te  and pressure o f  water i n f l u x  and the d i r e c t i o n a l  
permeab i l i t y  o f  the  coal. I n  add i t ion ,  s t r a t a  above and below the coal  seam must 
have s i g n i f i c a n t l y  lower permeab i l i t ies  than the coal i n  order t o  prevent leakage 
from the  reac t ion  zone. The r a t e  o f  water i n f l u x  i s  r e l a t e d  t o  both the  permeab i l i t y  
o f  the  seam and t o  the  hydros ta t i c  pressure. 
seam o f  choice, t he  Hanna #1, i s  180 t o  200 f e e t  below the water tab le .  A 80-90 
p s i g  hydros ta t i c  pressure i s  thereby imposed upon the  reac t ion  zone. 
important f a c t o r  i n  the  movement o f  water and gases w i t h i n  the seam i s  the  
d i rec t i ona l  nature and ex ten t  (both v e r t i c a l  and ho r i zon ta l )  o f  the na tu ra l  

I n  the  experiment a t  Hanna, the  

Another 
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f r ac tu res  w i t h i n  the coal seam (5, 6 ) .  
f r ac tu res  should a i d  i n  development o f  t r u e  i n  s i t u  process cont ro l .  

The Hanna #1 seam used dur ing t h i s  experiment i s  a 30-foot t h i c k  subbituminous 
coal  seam l y i n g  a t  a depth o f  350 t o  400 fee t .  
i s  i s o l a t e d  by outcrop on th ree  sides, and displaced by f a u l t i n g  on the fou r th  ( 2 ) .  
S t ra ta  above and below the coal cons i s t  o f  less permeable shales w i t h  15 f e e t  
above and 4 fee t  below the coal .  

A thorough understanding o f  these na tu ra l  

It dips t o  the northeast a t  6 t o  go, 

GASIFICATION TECHNIQUE USED AT HANNA 

While many techniques have been used i n  UCG (7), the chosen method i n  the 
Hanna experiment was the pe rco la t i on  o r  f i l t r a t i o n  method. Success o f  t h i s  method 
depends on the  development o f  s u f f i c i e n t  penneabi 1 i t y  between v e r t i c a l  boreholes 
t o  maintain a s u f f i c i e n t  f low of  g a s i f i c a t i o n  agent and product gas. The c r i t i c a l  
step i n  development of the  underground reac tor  i s  es tab l i sh ing  the i n i t i a l  l inkage 
between v e r t i c a l  boreholes, i .e., inc reas ing  a i r  acceptance by some means. There- 
fore,  the  water and the  na tu ra l  f r a c t u r e  d i r e c t i o n  i n  the coal p lay  obvious 
ro les  i n  a f f e c t i n g  the  UCG experiment. The i n i t i a l  permeab i l i t y  o f  the  coal seam 
t o  i n j e c t e d  a i r  i s  q u i t e  low (1-10 m i l l iDa rcys ) .  
pressures i n  excess o f  hyd ros ta t i c  pressure expels water f r o m  the na tura l  f rac tu re  
system thereby inc reas ing  permeab i l i t y .  
no t  p red ic tad le  unless the  na tu ra l  f r a c t u r e  d i rec t i ons  and the t ransmiss i v i t y  o f  
the coai a re  known. 

The most r e l i a b l e  method o f  l i n k i n g  boreholes p r i o r  t o  g a s i f i c a t i o n  i s  t h a t  

Thus the  

However, i n j e c t i o n  o f  a i r  a t  

The degree o f  permeab i l i t y  increase i s  

An experiment i s  planned t o  evaluate these parameters (8). 

o f  reverse combustion(3). A f i r e  i s  i q n i t e d  i n  t h e  borehole t o  be vented and a i r  
i s  f e d  t o  t h i s  combustion zone by i n j e c t i o n  i n t o  an adjacent borehole. 
combustion f r o n t  propagates countercurrent t o  the gas f low. This i s  i n  cont ras t  
t o  forward combustion wherein the  combustion f r o n t  proceeds i n  the same d i r e c t i o n  
as t h e  gas f low. 
forward combustion mode are: 

f rac tu res  i n  the coal i s  obv ia ted  because the ta rs  are no t  dr iven i n t o  the coal 
ahead o f  t he  combustion zone. 

combustion f r o n t  w i l l  proceed toward the  source o f  a i r .  

The p r a c t i c a l  advantages o f  a reverse combustion mode over a 

The p o s s i b i l i t y  o f  t a rs ,  produced from carbonizat ion,  p lugging the na tura l  1. 

2. D i rec t iona l  con t ro l  o f  combustion f r o n t  movement i s  a t ta ined  because the  

During establishment o f  l inkage between wel lbores using reverse combustion, 
t w o  d i s t i n c t  phases have been found by monitor ing a i r  i n j e c t i o n  ra te  and pressure. 
I n i t i a l l y  a i r  i s  i n j e c t e d  a t  r e l a t i v e l y  h igh  pressure (250-300 ps ig )  and low flow 
ra tes  fo r  a per iod o f  severa l  days. During t h i s  time a narrow combustion f ron t  
proceeds toward the source o f  a i r .  When breakthrough between wel lbores occurs, 
an abrupt drop i n  pressure occurs a f t e r  which the  f low o f  gas i s  r e l a t i v e l y  un- 
r e s t r i c t e d .  The gas produced dur ing  the  l inkage process i s  usua l ly  o f  h igh Btu 
content (approx. 175-200 B tu /sc f )  w i t h  h igh  methane and low carbon monoxide content 
c h a r a c t e r i s t i c  o f  a carbon iza t ion  gas. 
a l low ing  h igh  volume-low pressure gas f low, g a s i f i c a t i o n  r a t h e r  than carbonizat ion 
becomes the  predominant mode. 
monoxide and l o w  methane conten t  i n  the  product gas. 

regimes, one o f  l i n k i n g  a t  h igh  pressure and the  o ther  o f  g a s i f i c a t i o n  a t  low 
pressure. 

However, once breakthrough i s  achieved 

Gas i f i ca t i on  i s  character ized by high carbon 

Thus a g a s i f i c a t i o n  scheme using the  perco la t ion  method consists o f  two 

The l i n k i n g  process, being o f  shor t  dura t ion  and low gas f low rates,  
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u t i l i z e s  on ly  a small f r a c t i o n  o f  the coal t h a t  i s  eventua l l y  a f fec ted  betwee'n 
a P a i r  of boreholes. 
can be severe (75% gas l oss )  dur ing the  l i n k i n g  phase. 
t i o n  has not been observed a t  Hanna. 
ey fec t ive  gas seal dur ing  t h i s  low pressure opera t ion  ( 3 ) .  

Due t o  the high pressure involved, leakage from the  system 
Leakage dur ing  gas i f i ca-  

The seam water apparently ac ts  as an 

FACTORS INVOLVED I N  A MATERIAL BALANCE 

A p re requ is i t e  f o r  ca l cu la t i ng  a mater ia l  balance on a system i s  a de ta i l ed  
knowledge o f  the  reactants and products. 
t o  determine the  prec ise  s to icho imet ry  o f  t he  coal t o  be gas i f ied .  
and mineralogical  examination o f  a core taken from the  Hanna # 1  coal seam reveals 
the l ack  o f  homogeneity w i t h  respect t o  depth. 
f i xed  carbon/vo la t i le  matter r a t i o ,  and C / H  r a t i o  o f  samples from a 30-foot core. 

I n  the  case o f  UCG, i t  i s  impossible 
A chemical 

Table 1 l i s t s  the ash content, 

Depth 

378.7 
379.3 
381.5 
383.0 
383.5 
384.0 
384.5 

386.0 
386.5 
387.0 
387.5 
388.0 
388.5 
389.0 
390.0 
391.5 
392.0 
393.0 
393.5 
394.0 
394.5 
395.0 
396.0 
396.5 
397.0 
399.0 
400.0 
400.5 
401.0 
402.0 
402.5 

1/ Moisture f ree  I a Moisture and a! 

385.5 

TABLE 1. - Core Analysis o f  Hanna #1 Coal 
Seam as a Function o f  Depth 

Fixed Carbon/ 
V o l a t i l e  Matter % Ash - C/H Ratio-?/ 

~ ~~ 

12.5 
12.9 
11.7 
13.8 
12.6 
12.5 
12.9 
12.8 
12.0 
13.2 
12.4 
13.2 
12.9 
13.3 
12.9 
12.1 
14.3 
13.4 
12.8 
13.0 
12.9 
11.9 
12.8 
12.9 
13.1 
13.4 
13.6 
13.8 
13.4 
13.5 
13.1 
12.9 
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MATERIAL BALANCE CALCULATIONS 

Mate r ia l  balance equations may be w r i t t e n  as fo l lows: 

Hydrogen Balance (H): H ( f rom char)  + H ( f rom v o l a t i l e  mat te r )  + H ( f rom format ion water) 

= H ( t o t a l  i n  products) 1) 

Carbon Balance (C): 

Oxygen Balance (0): 

C ( f rom char)  + C ( f rom v o l a t i l e  mat te r )  = C ( t o t a l  i n  products) 

0 ( f rom char)  + 0 ( f rom v o l a t i l e  mat te r )  + 0 ( f rom format ion water) 

2)  

= 0 ( t o t a l  i n  products) - 0 ( f rom a i r )  3) 

Then l e t :  
x = pounds o f  char en te r ing  the  reac t ion  zone 
y = pounds o f  v o l a t i l e  mat te r  en te r ing  the reac t i on  zone 
z = pounds o f  water en te r ing  the reac t ion  zone 

Subs t i t u t i ng  the data from Table 2 i n t o  the  mater ia l  balance equations: 
H = 0 .0083~ + 0 . 1 1 6 ~  + 0.111~ 
C = 0 . 9 7 0 ~  + 0 . 4 9 8 ~  
0 '  = 0 .0003~  + 0.347.~ + 0 . 8 8 9 ~  
Where 0' = 0 ( t o t a l  i n  products) - 0 ( f rom a i r )  

S o l v i n g  thesp equations f o r  x i  y and z w i t h  quan t i t i es  expressed i n  pounds: 
X = l . l O C  + 0.930' - 7.45H 
y = -0.12C + -1.820' + 14.55H 
z = 0.05C + 1.840' - 5.67H 

From Table 2 the weight r a t i o  o f  v o l a t i l e  mat te r  t o  char i s  0.92; the weight 
r a t i o  o f  moisture and ash f r e e  (maf) coal t o  char i s  1.92; and the weight r a t i o  
o f  maf coal t o  v o l a t i l e  ma t te r  i s  2.08. 

1 . 9 2 ~  = weight o f  maf coal  completely g a s i f i e d  and 
2.08 ( Y  - 0 . 9 2 ~ )  = weight maf coal carbonized on ly  

This mater ia l  balance has been app l ied  t o  a 6L,-month operat ional  per iod  i n  
f i ve  day increments. Dur ing  t h i s  pe r iod  both n i t rogen and argon balances showed 
t h a t  there  was l i t t l e  o r  no leakage from the underground system and thus a leak 
f ree system i s  assumed i n  the  mater ia l  balance. Add i t iona l  assumptions are steady 
s ta te  cond i t ions  dur ing the  pe r iod  considered, carbonizat ion a t  900°C, no 
condensation o f  products p r i o r  t o  gas sampling a t  t he  surface, no react ions o f  
oxygen w i t h  any mater ia ls  o t h e r  than coal, and the labora tory  carbonizat ion assays 
i n d i c a t e  the  stoichiometry o f  the  char and v o l a t i l e s  under seam reac t ion  condi t ions.  
The r e s u l t s  o f  t h i s  ma te r ia l  balance are l i s t e d  i n  Table 3 along w i t h  average 
a i r  i n j e c t i o n  rates, average gas product ion ra tes  and average product gas heat ing  
values f o r  t h e  periods ind ica ted .  

tons w i t h  1171 tons carbonized on ly  and 1815 tons completely gas i f ied .  
resu l t s  are based on the  l i nkage  and g a s i f i c a t i o n  o f  three pathways o f  80, 90, and 
100 feet, respect ively,  r a d i a t i n g  from the  o r i g i n a l  i g n i t i o n  p o i n t  t o  th ree  
d i f f e ren t  wellbores used as a i r  i n j e c t i o n  po in ts .  Assuming t h a t  a cy l i nde r  o f  coal 
30 ft. i n  diameter was accessible t o  g a s i f i c a t i o n  f o r  each pathway, approximately 
4700 tons of maf coal were ava i l ab le  f o r  gas i f i ca t i on .  
t i o n  e f f i c iency  was 63%. From Table 3 the  average energy recovered f r o m  the  coal  
af fected was 58%. The produc t  o f  these two e f f i c i e n c i e s  y i e l d s  an ove ra l l  energy 

Therefore:  

The t o t a l  amount o f  coal  a f fec ted  dur ing  the pe r iod  considered was 2986 
These 

Therefore, t he  coal u t i l i z a -  
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Element 

H 
C 
0 
N 
S 

1 
\ 
\ 

Coal Char V o l a t i l e  Mat te r  
w t .  % Pounds w t .  % Pounds wt. % Pounds 

6.04 6.04 0.83 0.43 11.60 5.61 
74.33 74.33 97.02 50.34 49.82 23.93 
16.67 16.67 0.03 0.02 34.65 16.65 

1.94 1.94 0.93 0.48 3.04 1.46 
1.02 1.02 1.19 0.63 0.81 0.39 

These data i nd i ca te  . tha t  
i n  the seam o f  i n te res t ,  
and the  C/H r a t i o  remain 

To ta l s  

wh i l e  the  ash content var ies w ide ly  w i th  respect t o  depth 
the r a t i o  o f  f i x e d  carbon t o  t h a t  o f  v o l a t i l e  mat te r  
re1 a t i  ve l y  constant. 

100.00 100.00 100.00 51.90 99.92 48.04 

I n  assessing a mater ia l  balance f o r  a UCG experiment, several assumptions 
must obviously be made. 
which a re  gained o r  l o s t  by the  system. More impor tan t ly  i t  i s  d i f f i c u l t  t o  
d i r e c t l y  measure the  amount o f  coal  a f fec ted  and the  manner i n  which i t  was 
a f fec ted .  
t i ons  have shown t h a t  the  process occurs i n  two d isc re te  steps: 
and complete g a s i f i c a t i o n .  
over t h e  surface o f  the  coal w i t h  carbonizat ion occur r ing  f i r s t  fo l lowed by complete 
gas i f i ca t i on  o f  the  remaining char. Water f r o m  the coal i t s e l f  o r  na tu ra l  ground- 
water i n f l u x  from the seam i s  present a t  o r  near t h e  region of  reac t ion .  
p r a c t i c a l  purposes a i r ,  v o l a t i l e  matter from coal ,  char from coal, and water a re  
Present i n  the reac t ion  zone where the  carbon iza t ion-gas i f i ca t ion  processes occur. 

Although i t  i s  no t  d i f f i c u l t  t o  se t  up a mater ia l  balance i n  theory,  p r a c t i c a l  
considerat ions o f  UCG make i t  extremely d i f f i c u l t  t o  measure a l l  o f  the q u a n t i t i e s  
involved. 

I t i s  d i f f i c u l t  t o  measure the  t o t a l  quan t i t i es  of water 

However, excavation o f  previous UCG experiments and 1aborator.y simula- 
carbon iza t ion  on ly  

I n  UCG a stream o f  the  g a s i f i c a t i o n  agent i s  passed 

For 

Obtaining a mater ia l  balance thus invo lves :  

1. 

2. 

Measurement of the  g a s i f i c a t i o n  agent ( a i r ) .  

Assuming t h a t  t he  mater ia l  t o  be g a s i f i e d  enters the  system i n  two 
d i sc re te  par ts :  (a )  the products o f  carbonizat ion of t he  coal a t  900°C, and 
(b )  the  char remaining a f t e r  carbonizat ion.  

3. 

4. 

Est imat ing the  quant i t y  o f  water en ter ing  the underground s,ystem. 

Measuring the volume and composition o f  the  products. 

The app l ica t ion  o f  E lder 's  method (1 )  o f  mater ia l  halance t o  t h e  Hanna # 1  
coal i s  based on a p rec is ion  carbonizat ion assay a t  9OO0C, the  r e s u l t s  o f  which 
are  l i s t e d  i n  Table 2 along w i t h  the  u l t ima te  analysis.  

TABLE 2. - Elemental d i s t r i b u t i o n  i n  coal, char 
and v o l a t i l e  matter from 100 pounds o f  moisture and ash 

f ree  Hanna # 1  Coal 
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recovery e f f i c i ency  o f  37% based on r e s u l t s  o f  t h i s  ma te r ia l  balance ca l cu la t i on .  

This mater ia l  balance i s  on l y  a chemical i n t e r p r e t a t i o n  o f  the process based 
on many assumptions. The area l  and v e r t i c a l  sweep e f f i c i e n c i e s  are unknown. I n  
add i t ion ,  t h i s  f i r s t  experiment was designed no t  t o  op t im ize  opera t ing  parameters 
b u t  t o  provide pre l im inary  in fo rmat ion  f o r  designing o ther  experiments t o  evaluate 
UCG f e a s i b i l i t y .  
e f f i c iency  f o r  the pe r iod  considered i s  h igher  than t h a t  achieved i n  any previous 
UCG experiment f o r  the  length  o f  t ime considered here. 
include cor ing  and downhole measurements t o  b e t t e r  es tab l i sh  the  sweep e f f i c ienc ies  
and the  geometry o f  t he  coal area a f fec ted .  
idea  of t he  ove ra l l  resource u t i l i z a t i o n  e f f i c i e n c y  than the  ma te r ia l  balance 
ca lcu la t ions  . 

Even so, the r e s u l t s  are encouraging. The o v e r a l l  enerqy 

Physical assessment w i l l  

These data w i l l  g ive  a much b e t t e r  

FUTURE RESEARCH 

A second experiment (8)  a t  Hanna i s  p resent ly  underway u t i l i z i n g  an oxygen 
blown system, an improved we l l  l i nkage system, and i n  s i t u  ins t rumenta t ion  cons is t i ng  
of  both ac t i ve  and passive acoust ic techniques, surface and subsurface r e s i s t i v i t y ,  
and i n  s i t u  temperature and pressure measurements t o  b e t t e r  de f ine  the  combustion 
zone. A “ l i n e  d r i ve ”  system w i l l  be i n i t i a t e d .  This involves movement o f  a 60- 
f o o t  long combustion f r o n t  a t  r i g h t  angles t o  the  major na tu ra l  permeab i l i t y  d i r e c t i o n  
i n  the coal  p rov id ing  i n t ima te  contact  between the  g a s i f i c a t i o n  agent and the coal. 
Coal u t i l i z a t i o n  e f f i c i e n c y  should be improved over t h a t  est imated from the f i r s t  
UCG experiment. 
est imated here f o r  the f i r s t  experiment has been se t .  
should lead t o  development of process con t ro l  and process eva lua t ion  techniques 
as we l l  as s i g n i f i c a n t l y  improved process i n t e r p r e t a t i o n  f o r  determining the 
f e a s i b i l  it! o f  UCG. 

A t a r g e t  o f  50% o v e r a l l  energy e f f i c i e n c y  ra the r  than the  37% 
This second experiment 

CONCLUSIONS 

A UCG experiment has been success fu l l y  conducted i n  a t h i c k  seam of subbituminous 
western coal w i t h  encouraging resu l t s .  
l i n k  wellbores success fu l l y  have no t  occurred dur ing  the  Hanna p r o j e c t  so long as 
reverse combustion was used t o  l i n k  adjacent wel lbores.  Seam water, ra the r  than 
posing a problem, appeared t o  be an asset i n  prevent ing gas leakage i n  the  under- 
ground reac t ion  system. A ma te r ia l  balance technique based on the  carbonizat ion 
proper t ies  o f  coal has been used t o  est imate an energy recovery e f f i c i e n c y  o f  58% 
from the  coal affected, a coal u t i l i z a t i o n  e f f i c i e n c y  o f  63%, and an o v e r a l l  energy 
recovery e f f i c i e n c y  o f  37%. Many problems remain t o  be solved i n  UCG such as a 
greater degree o f  process cont ro l ,  bu t  r e s u l t s  o f  the  f i r s t  UCG experiment a re  
espec ia l l y  encouraging even though i t  was n o t  designed t o  opt imize operat ing para- 
meters. n e  second UCG experiment now underway should y i e l d  higher coal  u t i l i z a t i o n  
e f f i c i enc ies  and o f f e r  a feas ib le  technique f o r  recover ing energy from coal seams 
unsui ted t o  cur ren t  coal  mining techniques. 

Problems o f  gas leakage and the  a b i l i t y  t o  
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