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ABSTRACT

This thesis determines tha t the degasifica tion o f the western 

coal seam models reviewed here are not economically feas ib le  with the 

expected price o f $1.50/MCF and the projected costs to d r i l l  and 

complete. With recent technological breakthroughs in well s tim ula tion 

and the increased process for natural gas, coal demethanization is on 

the verge o f economic v ia b i l i t y .

The evaluation o f the technology w i l l  include id e n t i fy in g ,  

obtain ing, and using the c r i t i c a l  reservo ir parameters in  coal beds 

to ca lcu la te gas reserves and design s tim u la tion  treatments. A 

review o f the experience of other operators in d r i l l i n g ,  completing, 

and producing coal seam reservo irs , mostly from the eastern United 

States, w i l l  be used in choosing the methods to be applied in the 

western coal bed models. The two economic models - a well w ith a 

s ing le , 20-foo t,  sub-bituminous coal seam at 2200 fee t and a well 

w ith three 20-foot, sub-bituminous coal seams at depths down to 3300 

fee t - are based on proposed projects in  two Rocky Mountain basins.

Although the "most l i k e ly "  i n i t i a l  average annual rate o f 30 

MCFPD is not economic in our models, recent unpublished data ind ica te 

th is  empirical rate is  conservative. S e n s it iv i ty  analysis shows tha t 

p r o f i t a b i l i t y  is  decreasingly dependent on the i n i t i a l  rate (a function 

o f gas content, desorption ra te , perm eability , and frac tu re  e f fe c t iv e ­

ness) and the d r i l l i n g  and completion costs. Price becomes more

i i i
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sens it ive  at higher production rates.

The depth o f the coal seam, the operating cos ts , and the 

e f fe c t ive  decline are increasingly less sens it ive  variables o f 

p r o f i t a b i l i t y .

I f  the major legal consideration o f gas ownership is  resolved, 

methane-rich coal seams could be an additional source o f an increas­

ing ly  scarce natural resource.
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NOMENCLATURE

A area perpendicular to f low , cm̂

°A Angstrom, 1 °A = 10“

a radius o f coal p a r t ic le ,  cm

b a constant, atm

C gas concentration, cc/g

C] gas concentration, g-mole/cm^

D d i f f u s iv i t y ,  cm^/sec

On nominal decline

De e ffe c t iv e  decline, %/yr

K empirical constant

k permeability

L length, cm

n empirical constant

P Pressure, atm

Pov overburden pressure, psig

q flow ra te , cc/sec

q-j f i r s t  annual production, MMCF/yr

p2 second annual production, MMCF/yr

T time, years

t  time, sec

V volume adsorbed at standard conditions, cm'Vg

Vad volume o f adsorbed gas, f t ^ / to n

x
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NOMENCLATURE ( CONT)

Vj constant, f t ^

Vm the monolayer volume, cm^/g

y /g  gas v is c o s i ty ,  cp

xi
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WHY METHANE FROM COAL?

To the general pub lic , the frequency and severity  o f coal mine 

disasters are the most noticeable e f fe c t  o f methane accumulating and 

exploding in coal mines. To the mining company, the emission o f methane 

from coal beds means ah increase in v e n t i la t io n  costs, cu rta i led  produc­

t io n ,  and a hazard to mine safety. To natural gas producers, methane- 

r ich  coal seams could be an additional source o f an increasing ly scarce 

natural resource.

With the increase in natural gas price , the once-dangerous wasted 

mine gas could become an economic supply o f methane. The U.S. coal 

companies vent more than 200 m il l io n  cubic fee t (MMCF) o f methane per 

day ( I ra n i e t. a l . ,  1973) in operating th e i r  underground coal mines.

The average d a i ly  use (1976) o f  natural gas in the U.S. is  53.5 b i l l i o n  

cubic fee t (BCF) (Amer. Pet. I n s t . , 1977). Based on A v e r i t t 's  (1974) 

coal resource estimates and the calculated or postulated gas content o f 

coal per ton, there are 300 t r i l l i o n  cubic fee t (TCF) o f  natural gas 

alone in the 1.7 t r i l l i o n  tons o f remaining id e n t i f ie d  coal resources 

with less than 3000 fee t o f overburden (s tr ippab le  coal excluded).

The desires and p r io r i t ie s  o f the mining company, the natural gas 

producer, and the government are not always the same. The coal mining 

company wants to make money mining coal by: a) increasing coal

production which, unfortunate ly , p roport iona lly  increases the amount 

o f methane produced and b) reducing costs, including v e n t i la t io n  costs.

1
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The methane's economic value is  roughly 2% o f the coa l's  economic 

value (Shupe, 1977). The natural gas producer wants a prospect 

w ith large reserves and high d e l iv e ra b i l i t y  o f a good q u a l i ty  gas. 

Although the in-p lace reserves are large and the coal gas is  o f pipe­

l in e  q u a l i ty ,  the actual recoverable reserves and the d e l iv e ra b i l i t y  

may not be economic fo r  some coal seams. In the best in te re s t  o f 

energy conservation, a l l  three should u t i l i z e  natural resources to 

th e i r  f u l le s t .  A ll three groups have contributed to the research 

tha t has been done so fa r ,  but due to the marginal economics, the 

government has been the major con tr ibu to r.

The resources are tremendous, and with techno!ogial breakthroughs 

and increasing prices, coal degasif ica tion  is  on the edge o f economic 

v ia b i l i t y .  The scope o f th is  thesis is  to determine i f  western 

United States gas producers could d r i l l  coal degas if ica tion  wells 

and make a reasonable return on th e ir  investment. As the most-promising 

completion technology has been developed in the past f iv e  years and 

the reservo ir parameters o f coal are not widely known, a comparatively 

la rger technological evaluation than normal fo r  an economics thesis 

is  presented. As coal degasif ica tion  matures, less discussion o f the 

technology w i l l  be needed fo r  f e a s ib i l i t y  studies.

An evaluation o f  the technology w i l l  include id e n t i fy in g ,  

obta in ing, and using the c r i t i c a l  reservo ir parameters in coal beds to 

ca lcu la te  gas reserves and design s tim ula tion treatments. A review 

o f the experience o f other operators in d r i l l i n g ,  completing, and 

producing coal seam reservoirs w i l l  be used in choosing the methods to
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be applied in our western coal bed models. Our two economic models 

are used to determine p r o f i t a b i l i t y  at a 20% discount rate before 

taxes. The models - a well with a s ing le 20-foot seam at 2200 fee t 

depth and a well w ith three 20-foot seams at depths down to 3300 fee t - 

are based on actual projects in two Rocky Mountain basins,

S e n s it iv i ty  analysis is  run to determine to which variables 

the p r o f i t a b i l i t y  is most responsive.
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EVALUATION OF THE TECHNOLOGY

Although methane gas has been an inherent problem with the produc­

tion  o f coal, i t  was not u n t i l  the advent o f h igh -p roduc tiv ity  under­

ground mining methods ( i . e .  continuous miners and long wall methods) 

tha t there was a concerted e f fo r t  to t r y  and understand methane gas 

emissions. In 1964 a comprehensive applied research program was 

in i t ia te d  by the U.S. Bureau o f Mines (Deul, 1964) to be tter under­

stand and control methane emissions in coal mines.

Laboratory experiments were run on various coal samples to 

determine sorption and d if fu s io n  properties o f various coal samples, 

which are the l im i t in g  reservo ir parameters in coal seams. Methods 

fo r  estimating the gas saturation o f a coal bed from core samples 

were developed. Various reservo ir parameters such as poros ity , 

permeability, pressure, and temperature re la tionsh ips were also 

experimented w ith in the laboratory. Field studies proved up tech­

nology fo r  d r i l l i n g  horizontal as well as v e r t ic a l holes and stim­

u la t ing  the ve r t ica l we lls . Production h is to r ies  were established from 

some wells and a comprehensive survey o f the amount o f  gas emitted from 

U.S. coal mines was completed in 1972. ' The bulk o f th is  work was done 

on coal in the eastern United States, where a higher percentage o f 

the mines are underground (Young, 1977) and the coal rank is  higher 

(Figure 1).

4
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Composition o f Coal bed Gas 

Gas from coal seams is  very s im ila r  in  composition to natural gas. 

The primary constituent o f coal bed gas is methane, which is  usually 

in excess o f 84% and can be as high as 99% (Kim, 1973). Other 

detectable hydrocarbons can include ethane through pentane in  quanti­

t ie s  o f less than 2% each. The few im purit ies found in s ig n if ic a n t  

quantit ies  consist o f  carbon dioxide (COg) and nitrogen (Ng), which 

may in frequently  reach 15%. Trace amounts o f hydrogen, helium, and 

oxygen may also be present. No hydrogen su lf id e  (HgS) or su l fu r  

dioxide (SOg) has been detected in coal bed gas.

Pure methane has a heat content o f 1012 Btu per cubic foo t at 

60°F (7,1 Kgcal per cu m at 15.55°C) and atmospheric pressure. The 

m a jo r ity  o f coal bed gases tested in the range o f 950-1050 B tu /sc f, 

rendering them compatible with pipe!ine-grade natural gas.

Gas produced from gob areas can be 10 to 60 percent a i r  by volume 

and therefore , oftentimes unsuitable fo r  d ire c t  in je c t io n  in to  pipe­

lines  w ithout processing and upgrading. The more than 200 m i l l io n  

cubic fee t o f methane vented each day from U.S. coal mines constitu tes 

less than one percent o f the ve n t i la t io n  exhaust and could presently 

be concentrated to usable proportions only a t an "energy loss" ( U.S. 

Department o f Commerce, 1976).

Coal Seams as Gas Reservoirs 

Although " t ig h t "  gas sands and coal seams have many s im ila r  

reservo ir c h a ra c te r is t ic s , there are differences which a f fe c t  the gas



T-2028 7

rates and producing cha rac te r is t ics  o f the coal seam reservo ir . An 

understanding o f the reservo ir  and how i t  should be reached and 

stimulated are important in successfully completing a coal seam gas 

wel 1.

A l i te ra tu re  search revealed the fo llow ing reservo ir descrip tion 

and reservo ir properties which had been investigated as possible 

c r i t i c a l  parameters in evaluating coal seams as gas reservoirs :

Geologic Influences
Cleats (Inherent Fracture Systems)
Permeability_____________
Pressure ^
Temperature
Water Saturation
Gas Saturation
Rate

Reservoir Description

In comparing coal to a " t ig h t "  gas sand reservo ir  the main 

differences are the c lea t ( frac tu re ) systems, the large surface areas, 

and the very f in e  micropore system o f the m a tr ix . The micropore 

system is  s im ila r  to a molecular sieve s truc ture  (Kim and Douglas,

1973) w ith an average pore diameter o f  5 to 20 °A. The larger pores 

and h a ir l in e  cracks are known as the macropore system. The micro­

porosity  o f  the coal accounts fo r  the measured low poros it ies  ranging 

from 2 to 10 percent, and the extremely high in te rna l surface areas 

ranging from 200 to 300 m2/g (Marsh, 1965). The combination o f large 

surface area and the physical-chemical properties o f gas and coal 

enables the coal to adsorb as much as 28 times i t s  own volume in gas, 

much more than a normal sand reservo ir  o f  10% poros ity . The gases in
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a coal bed can e x is t as free gas in the pore systems or as adsorbed

gas on the surface o f the micropores.

Chase (1977) has described the coal seam reservo ir as:

" ........  a heterogeneous, low poros ity , low permeability p a ra l le l -
pipeds, surrounded by an orthogonal system o f continuous, 
uniform fractures o f high permeability and poros ity , s im ila r  
to the Warren and Root (1963) model fo r  na tu ra l ly  fractured 
reservoirs (Figure 2 ) ."

Gas flow from coal then is  a two-step process o f slowly d if fu s in g  

from the micropore system in to  the cleats and 1 aminarly-flowing 

through the cleats to the well bore.

MATRIX FRACTURES

MODEL RESERVOIR

FIGURE 2 -  Model Coal Reservoir 
from Warren and Root, 1963
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Geologic Influences

Depth is  the most important geologic parameter in  determining 

gas content. Although gas saturation increases with depth, the rate 

o f gas saturation increase drops. Pressure and temperature increase 

w ith depth but gas content w i l l  tend to decline with higher temper­

atures. At a depth o f  3500 to 5000 fee t (1500 to 2250 psi ) gas 

saturation reaches a maximum because a t these pressures the rate of 

increase with pressure is  less than the rate o f decrease w ith temper­

ature (Ruppel e t. a l . ,  1974). With the higher rank coals, the maximum 

could be s l ig h t ly  deeper and pressures could be s l ig h t ly  higher. 

Overburden also decreases porosity  and permeability.

Coal is  usually overla in  by a th in  s la te , shale or sand. In 

f ra c tu r in g  a coal seam with a s tim ula tion treatment, the b r i t t l e  coal 

w i l l  contain the treatment between the other "more p la s t ic "  formations 

(Elder and Deul, 1975).

Steeply-dipping coal seams are more common in the intermontane 

basins o f  the Rockies. The high dips create many problems fo r  mining 

but should not adversely a f fe c t  methane ex trac tion . One advantage 

could be the increased c lea t system due to the more s t ru c tu ra l ly -  

influenced coals.

Cleats (Fractures)

Cleats are perpendicular to the bedding plane o f coal seams and 

are c la s s i f ie d  as e ith e r face or bu tt c lea ts . The face cleats are 

the longer and more continuous fractures which also occur more frequent-
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ly .  Butt c leats are perpendicular to the face cleats and are less 

developed and shorter. Mines are usually la id  out to take advantage 

o f the c lea t systems as the coal breaks more eas ily  tha t way 

(McCulloch e t. a l . ,  1974). Their o r ig in  is  debated but cleats are 

probably e ith e r stress compensations occurring during the c o a l i f i - 

cation process under high temperatures and pressures or caused by 

local s truc tu ra l fo rces . Cleats are re la ted to coal rank and work by 

various authors (Komar e t.  a l . ,  1973, Bench e t. a l , ,  1977) has shown 

corre la t ions between c lea t o r ien ta tion  and surface jo in ts  and l in e a ­

ments.

The spacing o f c leats is  important to the rate o f desorption as 

spacing determines the distance gas trave ls  by d i f fu s io n .  McCulloch 

e t. a l 's . (1974) work on the blocky-type Pocahontas coal showed c lea t 

spacing o f  1/16 in or less and 1/2 in  or more on the f r ia b le - ty p e  

Pittsburgh seam.

The d irec t iona l permeability o f coal is  also d i re c t ly  re lated to 

c lea t.  Holes d r i l le d  perpendicular to the face c lea t y ie ld  from 2.5 to 

10 times the amount o f gas as compared with holes d r i l le d  perpendicular 

to the bu tt c lea t (McCulloch e t.  a l . ,  1974). Kissel 1 (1972) noted tha t 

f lu id  production p a ra l le l to bu tt c leats yielded volumes up to ten times 

greater than those pa ra lle l to the face cleats because they intersected 

the longer, more continuous face c le a ts .

Permeability

Permeability is  the a b i l i t y  o f a gas or l iq u id  to flow through a
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formation. Some work has been done in the laboratory (Dabbous e t. 

a l . ,  1974) on the bituminous fr ia b le - ty p e  Pittsburgh and blocky-type 

Pocahontas coals. Their conclusions on permeability are:

1. Variations o f more than four orders o f magnitude 
can be expected fo r  the single-phase (gas or 
water) permeabilit ies o f samples from these
two coals (Figure 3).

2. Both a i r  and water permeabilit ies are g rea tly  
reduced by increases in the overburden pressure 
(Table 1). Both d isp lay s ig n if ic a n t  hyste re t ic  
behavior.

Although permeability in coals does decrease with depth, permeability 

to methane appears to increase with time. Kissel 1 (1972) noted tha t 

regions o f coal bed adjacent to older areas o f  a mine were considerably 

more permeable than regions adjoining freshly-mined areas. Although 

"destressing" (Stewart, 1971) and coal shrinkage from the loss o f methane 

(Moffat and Weale, 1955) have been proposed to account fo r  th is ,  the 

most probably explanation is  a re la t ive -p e rm eab il i ty  e f fe c t .  The flow 

o f methane is  con tro lled  in part by the degree o f coal bed water saturation ; 

the permeability to methane increases as the water in the coal bed 

decreases and makes more pore space ava ilab le  to the gas phase.

A s im ila r  phenomenon is  seen in recent s tim ula tion work in the blocky- 

type Mary Lee seam in Alabama. Vertica l boreholes near mine workings 

have higher i n i t i a l  po ten tia ls  than wells in v irg in  coal areas even with 

smaller s t im ula tion treatments (Lambert, 1977).

Porosity

As stated in the reservo ir descrip tion , coal has a very f in e  pore
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POV = 200 PS '9
| | Pittsburgh

fcf-il Pocahom

°  0.40

1.0- 10
0.01 0.1 1.0 10 100 100

FIGURE 3 - A ir  Permeability 
D is tr ib u t io n  fo r  Pittsburgh 
and Pocahontas from Dabbous 
e t. a l . ,  1974

Porosity* 0 verburden Permeabi lity Perm eabil ity
Sam pi e Coal (percent of Pres sure to Air to Water
Num ber Formation bulk volume) (psig) (md) (md)

P o c . -2 -1 Pocahontas 5.16 199 34.6 14.8
599 12.3 8.70
996 9.65 3.60

Poc.-2-2 Pocahontas 4.55 196 18.6 14.4
596 5.83 5.70
993 1.59 1.80

Poc.-2-3 Pocahontas 4.31 200 275 62.4
600 19.5 20.3
993 3.07 3.02

Poc.-2-4 Pocahontas 3.73 196 14.9 7.90
596 3.10 2.56
968 0.760 0 .455

Pgh.-2-6 Pittsburgh 1.82 193 2.24 1.25
593 0 .814 0 .547
968 0 .274 0 .098

CL ities determined at zero overburden pressure.

TABLE 1 - -  A ir  and Water Permeabilities o f Coal Samples 
a t Various Overburden Pressures from Dabbous e t a l ,  1974.
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structure  and the gas saturation is  often very large. Porosity should 

not be thought o f in the " t ra d i t io n a l"  sense due to adsorption properties 

and c lea t space (Deul, 1977). According to Dabbous e t. al. (197/), there 

are large differences between poros it ies  measured with helium (ranging 

from 2.6 to 8.6%) and water (0.4 to 1.1%). Obviously helium is small 

enough to enter the micropores while water is  not. This does not mean 

tha t a l l  pores penetrated by helium are necessarily accessible to other 

gaseous molecules such as a i r  or methane. The water po ros it ies  are 

more representative o f the poros it ies o f the macropore systems. The 

range o f poros it ies  fo r  most seams investigated is  generally 2 to 10%.

I t  is  important to remember tha t lab data were taken on disturbed 

samples where the confin ing stresses were re lieved.

Dabbous e t. a l .  (1976) also determined tha t poros ity  decreases 

s ig n i f ic a n t ly  a t higher overburden pressures (Figure 4 ), but pore 

com press ib il ity  appears to be constant a t pressures above 1500 psig.

Pressure

Coals are normally underpressured with a pressure gradient o f 0.2 

to 0.4 psi per foo t (these data were taken from eastern d r i l l  stem 

tests and they vary in the west). This underpressuring w i l l  hinder the 

d if fu s io n  o f  the gas system in the micropores (B ie l ic k i  e t. a l . ,  1972), 

but th is  is  a minor influence compared to coal rank.

Another problem with underpressured reservo irs is  tha t there is  

l i t t l e  reservo ir  energy to blow back water and "clean-up" wells a f te r  a 

s tim u la tion treatment. For th is  reason a non-reactive gas is  used to
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create an a r t i f i c i a l  pressure in the reservo ir .

Temperature

Coal adsorbs less gas at higher temperatures (Ruppel e t.  a l ,  1974); 

but the rate o f sorption is  fas te r  a t higher temperatures (Hofer e t. a l . ,  

1966). Although these factors are important in a regional exploration 

sense, they w i l l  not a f fe c t  our producing target coal seams which are 

assumed to be isothermal.

Water Saturation

Water is  contained as free water in the c lea t system as well as 

moisture in the micropores. The proof o f  free water in the c lea t systems 

in v i rg in  coal beds is  d r i l l  stem tests (DSTs) which recover only water 

and no gas. Also, the water rates o f producing coal seams s ta r t  high 

and decline, while the gas rate rises (Deul and Elder, 1973; Fields e t. 

a l . ,  1975).

The coa l's  sorption capacity decreases w ith increasing moisture 

content to a c r i t i c a l  po in t,  above which there is  no e f fe c t  on the 

isotherm (Jourbert e t. a l . ,  1973). Although methane content o f coal seam 

is  affected by moisture, moisture should have no e f fe c t  on the time 

required to reach equ ilib r ium .

In making c a p i l la ry  pressure curves fo r  the Pittsburgh coal seam, 

Dabbous e t. a l .  (1974) found the average " ir re d u c ib le "  or minimum water 

saturation fo r  oven-dried coal samples was greater than 45%.
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Gas Saturation (Sg)

A coa l's  methane capacity is  a function o f a coa l's  rank, pressure, 

and temperature, a l l  o f which generally tend to increase with depth 

(Kim, 1977). Coal rank is  based on f ixed  carbon, v o la t i le  matter, and 

moisture (Figure 5). The moisture not only lowers the rank but also the 

methane adsorption capacity. The volumes of gas tha t can be retained 

a t d i f fe re n t  pressures were p lo tted  fo r  s ix  U.S. bituminous coals 

(Figure 6). At low pressures the volume adsorbed increases rap id ly  

and a t higher pressures i t  nearly stops as the adsorbed layer becomes 

more crowded. From these equil ib r ium  adsorption isotherms, an 

adsorbed gas volume can be estimated a t any depth.

Using the hydrosta tic head to estimate pressure (Figure 7), Kim 

corre lated gas content o f various ranks of coal versus depth assuming 

a standard moisture and ash content.

Ruppel e t. a l .  (1974) correlated the adsorption isotherms 

measured at several temperatures fo r  various coals by the Langmuir 

equation. This equation is  fo r  the idealized monolayer adosorption of 

methane on a coal m atr ix . The equation is :

'  P = ^ + _ !_
V Vm bVm

The values o f the constants Vm and b are contained w ith in  a very narrow 

range. For the 15 coals id e n t i f ie d ,  b ranged from about 0.05 to 0.2, and 

Vm varied from about 12 to 40 w ith the extremes f a l l in g  at the low temper­

ature where they would have l i t t l e  app lica t ion . With the Langmuir equa­

t io n ,  the equ il ib r ium  isotherm curve can be estimated from a single
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Figure 5 - C a lo r i f ic  Value o f Coal Versus Rank from Hendrickson, 1975
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FIGURE 6 - Methane Content of 
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field-measured po int.

Rate

How w i l l  the coal seam ac tua lly  produce? When the water is  produced, 

the pressure drops and any gas in the c le a ts , f ra c tu re s , or pores w i l l  

expand. In a d d it io n , the differences in concentration o f  adsorbed gas 

w i l l  cause some o f th is  gas to desorb. This is  the reverse process of 

c o a l i f ic a t io n ,  where gas escapes to coal surfaces and the coal-methane- 

water system remains at tha t equ ilib r ium , temperature, and pressure 

(probably above the c r i t i c a l  moisture content) u n t i l  i t  is  disturbed 

e ith e r  by man or nature.

The flow along fractures and cleats is  caused by the pressure 

gradient created by drain ing the water. The rate is  very rapid compared 

to the very slow rate o f d i f fu s io n .

The rate a t which gas can be produced from coal is  con tro lled  by 

the desorption process in  the m a tr ix . The matrix is  the s o l id ,  unfrac­

tured coal and i t s  size is  determined by the type o f coa l, c lea t system, 

and geologic h is to ry . The desorption rate was studied by Hofer e t.  a l.

(1966) and th e ir  conclusions were:

1) The adsorption/desorption process appears to be 
d if fu s io n  contro lled .

2) The rate curves fo r  adsorption/desorption are 
the same. The process is  revers ib le .

3) The rate o f adsorption/desorption is  dependent on 
the p a r t ia l  size o f the sample.

2
The rate a t which gas desorbs is  the d if fu s io n  parameter (D/a ) which
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is a function o f coal type and frac tu re  spacing. The d i f f u s iv i t y

equation mathematically defines the ra te :

A (a? àç,)

d t  a^ è  a

or P ick's Law w r it te n  without calculus (Cervik, 1967):

a  =  " D A au ^   ̂ o ' - J '— Ac

The d r iv ing  force in the ^diffusion procèss/vM44-ectuad-Ty—be-a? 

VLoJjumetrfc—exparrsdon-'in^t he-mieropo re -sy stem^/ ^_J

The free gas in the c lea t system, is  con tro lled  by Darcy's Law:
n _ kA dP 
q "  “ g dT

where the pressure gradient is  the d r iv ing  force and laminae flow is 

assumed.

Obtaining Reservoir Parameters 

Obtaining accurate and useable reservo ir data on coal seams is  

often d i f f i c u l t ,  time-consuming, and expensive. Most values can be 

obtained in d ire c t ly  from e ith e r log data, local mine data, and ex tra ­

polation o f the l i te ra tu re  or d i re c t ly  from lab tests on cores, DST's, 

s imulation, production,and pressure tes ts . I t  should be noted tha t 

core values obtained in the lab are rough approximations because con­

f in in g  pressures have been re lieved and the exact in -s i  tu conditions o f 

temperature and pressure are d i f f i c u l t  to duplicate . In d ire c t  values are 

taken from well logs because there is  no "gas-saturation log" or 

"permeability log" ava ilab le . Much o f the simulation and te s t resu lts  

are also in terpreted based upon various assumptions. The most important
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parameters in a coal gas reservo ir are gas saturation and permeability 

o f the coal seams.

Desorption Tests fo r  Gas Saturation

Several techniques have been developed fo r  determining the gas 

content o f  coal beds based p r im ari ly  on the analysis o f exploratory 

cores or on data obtained from d r i l l  stem tes ts .

D irect Method

This f ie ld  method involves sealing a freshly-cored coal sample in 

an a i r - t i g h t  can is ter as qu ick ly  as possible. The can is ter is  equipped 

w ith a low-pressure gauge and needle valve through which desorbed gas is  

pe r io d ica l ly  removed and measured by the quantity  o f water displacement. 

Because small increases in temperatures re su lt  in substantia l increases 

in desorption ra te , caution should be used to keep the sample a t a f a i r l y  

constant temperature. The process is  continued u n t i l  the rate o f methane 

desorption declines to 0.5 cubic centimeters o f gas per gram (0.87 cubic 

inches per ounce) o f coal in 24 hours. The gas remaining in the coal is 

estimated e ith e r by using an empirical curve fo r  blocky or f r ia b le  coals 

(Figure 8) or by measuring d i re c t ly  the gas desorbed from the f in e ly  

pulverized coal core. Extrapolation o f  the data is  also made back to 

o r ig in a l cut time to estimate the gas lo s t  in the core re tr ie v a l process 

(Kissel 1 e t.  a l . ,  1973; McCulloch e t. a l . ,  1975). I f  a i r ,  m is t, or foam 

is  used as the coring f l u id ,  i t  is  assumed tha t the coal begins losing 

gas immediately upon penetration o f the coal seam by the core ba rre l.  I f  

water or mud is  used as the d r i l l i n g  medium, gas desorption is  assumed 

to commence when the core is  halfway out o f the borehole. The equipment
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and graph obtained from several core samples are shown in Figures 9 and 

10. The to ta l methane content o f the coal can then be found by summing 

the values o f lo s t  gas, desorbed gas, and residual gas. This value is 

divided by the sample weight to determine the gas content in c c /g .

Ind irec t Methods

Gas content can be determined from pressures o f f  o f a d r i l l  stem 

te s t i f  an equ ilib r ium  adsorption curve (Figure 6) has been determined 

in the laboratory. A knowledge o f  moisture content o f the coal is  also 

necessary in using these curves.

A c a re fu l ly  preserved core sample from the seam is put in a high 

pressure container and pressurized in steps. These data points are used 

to develop the methane sorption isotherm (Ruppel e t. a l . ,  1969).

A second in d ire c t  method (Joubert e t.  a l . ,  1973) proposes a spec if ic  

app lica tion  o f the Langmuir adsorption isotherms :

This describes the volume o f gas adsorbed on the in te rna l free surface 

o f coal a t a constant temperature. The constants Vj and b are determined 

experimentally fo r  a sp e c if ic  coal seam and the pressure is  assumed to be 

equal to the hydrosta tic pressure o f the coal bed.

In a th i rd  method, Kim (1977) has modified the adsorption equation 

even fu r th e r  to estimate content o f in-p lace coal :

V = KPn .

By correcting fo r  temperature, moisture and ash content and determining 

pressure and temperature as functions o f coal bed depth, the gas content
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o f coal in-p lace can be determined from:

v=(100-% m^sture-_%_isj i i  (Q 75) ^  (0.096h)no-0.14(l .8h/100+n )]

Decline Curve

Chase (1977) has ou tlined a method fo r  determining the volume o f 

desorbable gas from exploratory cores, His method eliminates the need 

fo r  determining residual gas, since i t  is  an irre duc ib le  gas in produc­

t io n . The " lo s t  gas" and "desorbed gas" are found in the same manner as 

the d ire c t  method. An extremely low desorption ra te c u to f f  (a rb it ra ry )  

below which desorption measurements can no longer be ju s t i f ie d  w i l l  give 

us an upper l im i t  on recoverable gas.

Figure 11 is  a graph o f desorption rate versus cumulative desorbed 

gas. At an a rb i t ra ry  rate o f  .007 cc/gm/week (.001 cc/gm/day), 26,380 cc 

o f cumulative gas w i l l  be desorbed from 5902 gm. This desorbed gas 

volume and the lo s t  gas volume are added together and divided by the 

weight o f the sample to determine recoverable gas in cc/gm.

Comparison o f  Methods

The d ire c t  method is  the most widely used technique and has been 

adopted by the U.S. Bureau o f Mines fo r  determining the to ta l gas content 

o f  coal cores. When the to ta l gas o f the d ire c t  method ( lo s t  gas + 

desorbed gas + residual gas) was compared to an extended desorbed gas 

(27 to 33 weeks) plus lo s t  gas, the d ire c t  method was cons is ten t ly  low 

(Chase, 1977). The underestimation o f methane content stems d i re c t ly  

from the method o f approximating residual gas. The residual gas e s t i ­

mation curves (Figure 8) are from a small s ta t is t ic a l  base and should be 

used w ith caution.
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from Chase, 1977.

The in d ire c t  method using the DST-pressure data may be in erro r 

because there is  no way o f knowing whether the pressure is  from the gas 

or from the hydrostatic head on the water in the c lea t system and larger 

pores (K issel! e t. a l . ,  1973). In add it ion , much o f the gas is  adsorbed 

on the in te rna l free surface o f the coal and is not measured by the DST, 

which is more l i k e ly  to be reading the free gas pressure in the fractures 

and larger pores. Therefore, the pressure is  not a true ind ica tion  o f the 

volume o f gas in the coal. Also equilib rium  adsorption isotherms are 

generally determined fo r  powdered coal ra ther than from so lid  coal matrix
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and the lab resu lts  may not be applicable to so lid  coal in -s i  tu .

Joubert's technique also required equilib rium  adsorption isotherms 

and moisture content determinations on new seams. Usually the f in a l  

re s u lt  o f sorption analysis is  an equation used to ca lcu la te  gas content 

as a unique function o f coalbed depth. But the depth does not necessarily 

r e f le c t  anomalies in gas content which may e x is t  due to physical-chemical 

or geological d ifferences in the environment o f the coalbed.

Kim's method was rep licated by Chase (1977) who stated tha t "the 

estimated methane content fo r  most coals showed good agreement with 

values obtained using the most widely used technique, the d ire c t  method. 

However, gas content values obtained"

" . . .u s in g  Kim's method were found to be cons is tently  
high fo r  h ig h -v o la t i le  bituminous coals from areas
where the pressure was known to be less than
h yd ro s ta t ic ."

Of a l l  the methods, the Decline Curve is  probably the most reason­

able because i t  is  based on the extrapo lation o f an established trend 

d i re c t ly  re lated to the mechanism o f gas production from so lid  c o a l.

Also the moisture content, equil ib rium  adsorption isotherms, and residual 

gas approximations need not be known. The decline curve methods resu lts

l i e  between the resu lts  o f  the d ire c t  and in d ire c t  methods (Chase, 1977),

Permeability

One o f the most c r i t i c a l  parameters in methane production from coal 

seams is  the permeability  o f  the m atrix . I t  is  used in designing frac 

jobs and spacing and determining whether a well is  economical.
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Permeability can be determined from DST's; but due to the " t ig h t "  

reservo ir ,  the low gas f low , the high water recovery from c lea t dra in­

age, possible wellbore damage, and the normally short shut-in  periods, 

the resu lts  are a rough approximation at best.

Permeability lab tests  are made on cores by gauging an a i r  flow 

through a core plug. Lab tests are not in -s i  tu conditions and should 

be correlated to other data. Also helium is  normally used in core 

tes t ing  because coal adsorbs a i r ,  n itrogen, and water. Coal can swell 

when water is  adsorbed.

Once a well is  completed but before production tests are run, a 

water in je c t io n  well te s t could be run to determine permeability (Ansel 1, 

1977). A positive-displacement pump is  used to "pressure up" the forma­

t ion  and these pressures are p lo tted against the log of time. Assuming 

single-phase rad ia l f low , the slope o f  the l in e  is  proportional to 

permeability.

Also simulating ("h is to ry  matching") actual production or good well 

tes t ing  procedures could get more accurate permeability values.

Porosity

Porosity can also be obtained from lab tests on cores. An e ffe c t ive  

porosity  near the porosity  from helium is  probably more accurate than a 

porosity fo r  a i r .  Logs cannot define the low poros it ies  (1-4% density) 

because o f the low spec if ic  g rav ity  (1.3-1,8 gm/cc) and poor resolution 

in th is  range o f po ros it ies . An acceptable poros ity  could be determined 

i f  the matrix cha rac te r is t ics  were w ell-defined.
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Pressure

Pressure-bomb tests and DSTs are the two methods ava ilab le to 

determine pressures. The experience o f the U.S.B.M. is  tha t DST 

pressures are representative o f the formation, but gas recoveries are 

low. Sample chambers should be run and any gas and water samples 

should be analyzed.

Temperature and Water Saturation (Well Logs)

By using well logs, many parameters can be obtained. The simplest 

are depth, th ickness, and temperature. The recommended logging su ite  

is  a density, gamma ray, r e s is t i v i t y ,  sonic, neutron, and dipmeter in a 

w a te r-d r i l le d  hole and an induction, sidewall neutron, and density in an 

a i r - d r i l l e d  hole. The neutron log is  hindered in coals because i t  reads 

hydrogen density and with the presence o f  v o la t i le  hydrocarbons in co a l, 

the poros ity  erroneously reads 30 to 40%. But Lavers and Smits (1976) 

did suggest tha t coal 1itho log ies  could be determined from a gamma ray 

versus neutron-neutron c ross-p lo t. A mechanical properties log could 

possibly be made from a sonic, density , and an adjusted neutron log to 

determine frac tu re  pressure gradient and the shear modulus/bulk compres­

s i b i l i t y  ra t io .  Water saturations can be calculated w ith a r e s is t iv i t y  

log and a dens ity -poros ity  log. The dipmeter w i l l  not only determine the 

dip o f the coal seam at the wellbore but is  also a good frac tu re  in d ica to r .  

Although the well logs do not give a "d ire c t  va lue", they do examine the 

coalbed in - si tu.
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Cleats and Geology

Much o f the work on cleats and geology can be obtained from the l i t ­

erature, photo work, outcrops, nearby mines, and exploration holes.

Using the Reservoir Parameters 

Once the gas content and the other reservo ir parameters o f our 

coal beds are established, reserves can be calculated and a s tim u la tion 

treatment can be designed.

Although the reserves-in-place are large, the recoverable reserves 

may not be. Stimulation o f " t ig h t "  gas sands many times not only increases 

^ the d e l iy e ra b i l i t y  and the rate o f recovery, but also increases the u l t i ­

mate recoverable reserves (Brown, 1977).

Another advantage o f s t im ula tion w i l l  be the increased water rates 

as the c lea t system d ra in s , This not only drains the water fa s te r ,  but 

also drains a la rger area. A fte r the c lea t systems dra in , the gas can

more eas ily  desorb from the micropore system.

Once the d r i l l i n g  and completion methods have been chosen, estimates 

o f the costs can be determined. Not only the u ltimate recoverable 

reserves, but also the d e l iv e ra b i l i t y  rate and ra te o f recovery w i l l  be

important to estimate. These la t t e r  two rates w i l l  d ra s t ic a l ly  a f fe c t

the cash flow o f any fu tu re  p ro jec t. The p r o f i t a b i l i t y  o f a p ro jec t can 

be estimated once these numbers are determined.

Reserves

From any o f  the desorption tests  fo r  gas sa tu ra t ion , a gas content
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in cc/g is  determined. M u lt ip ly ing  by 32 resu lts  in f t ^  o f gas per ton 

of coal or m u lt ip ly ing  by 57,600 converts cc/g to f t ^  o f gas per acre-

foo t o f coa l. The coal reserves in the number o f tons or acre-feet

determines the gas reserves in-p lace. By using Chase's decline method 

the maximum recoverable gas reserves are estimated.

A fte r  determining the amount o f co a l, the amount o f gas in the co a l,

and the amount o f maximum recoverable gas, the questions can be answered

o f how many acres w i l l  one stimulated well d ra in , how long i t  w i l l  take 

to produce th is  gas, a t what ra tes, and how e ffe c t ive  w i l l  the stimula­

t ion  treatment be.

Stimulation

Stimulation w i l l  be required because natural production rates from 

wells w i l l  not j u s t i f y  p ipe line  connection. There are many methods o f 

" f ra c tu r in g " , but the main purpose is  to open or extend ex is t ing  f ra c ­

tures by in je c t in g  f lu id s  a t rates and pressures higher than can be in ­

jected in to  the formation matrix w ith pe rm eability -contro lled  flow. The 

pressures have to be high enough to overcome the compressive stresses in 

the rock. The fra c tu re  a t depth w i l l  th e o re t ic a l ly  be ve r t ica l or near­

v e r t ica l pa ra l le l to the plane o f maximum stress (p a ra lle l to the face 

c lea ts ).  The frac tu re  must be propped open a f te r  the f lu id  pressure is  

released or the rock pressure w i l l  close i t .  Proppants are usually w e l l-

rounded, w e ll-so rted  sand or glass beads (Kohlhaas, 1977).

The frac tu re  treatment increases the surface area tha t can flow and 

th is  takes the pressure drop fu r th e r  back in to  the reservo ir . Even though
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the flow ve lo c it ie s  are low in the re se rvo ir ,  the volumetric rates are 

higher. Once the reservoirs parameters are known, the size and type o f 

treatment must be ta i lo re d  fo r  both engineering and cos t-e ffec tiveness. 

Computer programs can be run by service companies to determine the o p t i ­

mum volume o f carrying f lu id ,  amounts o f proppant, and the required 

horsepower. Fracture width, length, conduc t iv ity , and e ffe c t ive  frac tu re  

area can be calculated (Table 2). These resu lts  are based on the c a l­

culated and estimated reservo ir parameters and are only as good as the 

o r ig in a l input data.

Once the optimum size o f  s tim ula tion treatment has been calcu la ted, 

an actual job is  run. From build-up curves and production h is to ry ,  sim­

u la t ion  is  run which allows us to determine s tim u la tion  effectiveness. 

Larger spacing o f gas wells (640 or 320-acre spacing) is  used i n i t i a l l y  

and with increased production h is to ry  the spacing might be decreased by 

i n f i l l  d r i l l i n g .  I f  a seam is  to be mined in the near fu tu re , e f fe c t ive  

degasifica tion  could ca l l  fo r  40-acre spacing or less.

Decreasing Water Production and Increasing Gas Recovery

The i n i t i a l  production problem w i l l  be drain ing the water in the 

c lea t system. Rates o f over 115 and 150 barre ls o f  water per day (BWPD) 

have been i n i t i a l l y  produced out o f 5 and 7 foo t seams respective ly 

(Ansel 1, Chase, 1977). These rates were a c tu a l ly  l im ited  by pump size. 

The 115 BWPD-wel1 pumped water fo r  45 days before producing any gas.

Ansel 1 (1977) stated tha t a c lea t system might be too good at 

depth, unless a large number o f wells were completed and producing
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together. This could happen where permeability was in the range 

o f darcies and steady-state flow was attained qu ick ly . Some Powder 

River coals have permeabilit ies in the hundreds o f m i l l id a rc ie s  or even 

darcies, and are aquifers at depth.

To remove the water a pumpjack w i l l  be required. Water production 

w i l l  decrease w ith time and eventually the gas w i l l  be able to l i f t  the 

small amount o f water up tubing, but the pump.iack should be l e f t  on 

loca tion . Gas production from the micropore system w i l l  not s ta r t  u n t i l  

the fra c tu re  system is  p a r t ia l ly  drained. Even a small pressure d i f f e r ­

ence could slow the desorption ra te s ig n i f ic a n t ly .

Problems have occurred with coal fines and propping sand clogging 

the water production s t r in g .  Because o f th is  problem and the in te r ­

m itte n t use o f  water removal equipment (10-12 BWPD fo r  5 - f t  seam a f te r  

6 months), a pumpjack is  recommended versus a down-hole pump.

The type o f  water w i l l  determine the disposal procedure. Open 

evaporation p i ts  i n i t i a l l y  and small storage p its  eventually w i l l  hold 

the produced water. A water sample from the DST should determine i f  the 

water is  useable or whether i t  w i l l  cause disposal problems.
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Experience to Date - F a l l ,  1977

To cover the en t ire  h is to ry  o f demethanization o f coal seams is 

not w ith in  the scope o f th is  paper. A summary o f techniques and resu lts  

o f the most promising methods and possible areas o f technological break­

through and problems are covered in th is  section. Much o f the promising

work has been done in  the la s t  year in the Mary Lee/Blue Creek seams in

Alabama. As a re s u lt ,  completions and tests are s t i l l  being run, and the 

data have not been released. Type-decline curves have been made fo r  

both near-mine wells and v irg in  coalbed wells.

From the degasifica tion experience o f operators in the eastern U.S. 

and the shallow, " t i g h t " gas sand experience o f Rocky Mountain operators, 

methods w i l l  be chosen to be used in our models. As coal seam gas 

wells are d r i l le d  in the Rockies, methods and models can be re fined .

Much o f the data and information about the methods mentioned in th is  

section were obtained from inq u ir ies  with operators, service companies, 

consultants, and members o f various government agencies.

D r i l l in g  and Completing Shallow Gas Wells

The methods fo r  d r i l l i n g  and completing shallow gas wells are 

varied, but roughly the procedure follows as such:

1) A d r i l l i n g  r ig  capable o f handling the proposed depth 
and hole size is  moved on loca tion . The r ig  could d r i l l  
w ith a i r  (using compressors) or be a conventional r ig  
using a water-base d r i l l i n g  mud.

2) Surface casing is set and cemented deep enough to protect 
the local water tab le.

3) The well is  d r i l le d  to the target in te rva l and a core o f 
the prospective zone is  oftentimes taken in a new area.
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4) Logs and d r i l l  stem tests (DSTs) are used to evaluate 
the formation and a decision to run casing and complete, 
or to plug and abandon is  made.

5) I f  casing is  run to to ta l depth (TD), i t  is  cemented
through the target in te rva l and fa r  enough uphole to
prevent lo s t  production and contamination o f any water 
zones. A well can also be completed open-hole by 
running casing to the top o f the formation and cementing, 
and d r i l l i n g  through the ta rge t in te rva l to TD.

6) The casing across the ta rge t in te rva l is  perforated
and the well is  e ith e r  produced na tu ra l ly  or 
stimulated (acidized o r fractured) down casing or 
tubing. Open-hole wells are stimulated through tubing 
using a re tr ie v a l be packer assembly,

7) I f  production tests j u s t i f y  i t ,  a p ipe line  is la id  to 
connect the w e l l .

D r i l l in g  and Completing Coal Seam Gas Wells

The common practice on coal demethanization wells presently is  to 

a i r - d r i  11 to the top o f  the coa l, lo g , and set casing. The coal is  then 

cored and the wells are completed open-hole w ith  any o f various types 

o f  small f rac tu re  treatments (less than 10,000 gal f lu id  and 5000 lb  

sand). Recent stimulations o f  50,000 gal foam (75 percent foam) and 

25,000 lb  sand have gone successfully and s ig n i f ic a n t  gas increases have 

been measured from v irg in  coal seams w ith in  the la s t  year (Wallace, 

Lambert, 1977).

The disadvantages to th is  method are the inaccurate coal depths 

and thicknesses, no logs run over the cored in te rv a l ,  and the fines can 

more eas ily  clog the water production s tr in g .  Also, the oversize casing 

tha t has to be cored through adds to the cost.

The main advantage to open-hole completions is  to the miners who 

la te r  w i l l  mine through the seam.
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Fracture Treatment Selection

The purpose o f the frac tu re  treatment is  to stimulate the natural 

p ro d u c t iv ity  o f the formation. Various treatments have been developed 

fo r  the wide ranges o f o i l  and gas reservo irs. A ll have th e i r  advan­

tages and disadvantages and fra c tu re  design w i l l  be very s i te  sp e c if ic .  

There are two rock-mechanics properties tha t are d i f fe re n t  in coal beds 

versus an " o i l f i e l d" sand reservo ir . Poisson's ra t io  fo r  coal is  0.4 

to 0.5 versus 0.2 to 0.25 fo r  an o i l  sand and Young's modulus fo r  coal 

is  approximately 1/10 o f tha t fo r  an o i l  sand (White, 1977). The f i r s t  

fa c to r  means the coal is  more b r i t t l e  and your frac tu re  length should 

be greater; and the la t te r  means the frac tu re  width in the coal w i l l  

be wider than expected fo r  an o i l  sand.

Another recurring problem in stim u la ting a coal seam is  the "leak- 

o f f "  due to the c lea t systems, which causes "sand-o ffs ."  The carrying 

agent has a tendency to escape in to  the m icrofractures (c lea ts) and 

"drops" the sand, causing a "sand-o ff."  To circumvent th is  problem 

100-mesh sand is  used as a f lu id - lo s s  add it ive  (FLA) in the stim u la tion 

treatment to pack-off these secondary f ra c tu re s .

Gelled-Water

A gelled-water s tim u la tion  consists o f pumping water a t high 

rates in to  the formation and propping i t  open with sand. The purposes 

of the gel are to allow a greater concentration o f sand per gallon o f 

f l u id ,  reduce f r i c t i o n ,  and prevent " le a k - o f f . " A "breaker" breaks 

down the gel and allows the f lu id s  to flow back when the well is 

open a f te r  s t im u la tion .
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Various sizes o f gelled-water frac tu re  treatments have been run 

on bituminous coal beds throughout the U.S. Results have been very 

poor to date (T rev its ,  1977). Members o f the U.S. Bureau of Mines are 

compiling a l i s t  o f a l l  the resu lts  which w i l l  be f in ished next year. 

Volumes as high as 20,000 gal o f gelled-water and 35,000 lb  o f sand have 

been run (Wenzel, 1977).

The main problem seems to be tha t the "breakers" fo r  the gel do 

not work as well a t shallow temperatures and pressures as they do in 

deeper reservo irs . For th is  reason, the general concensus o f  operators 

is  tha t gelled-water treatments are not suited fo r  coal bed reservo irs.

Kiel

The design o f  a Kiel s t im u la tion  treatment is  to frac tu re  the 

reservo ir w ith large volumes o f only water and sand in pulses. The 

shock o f the pulses cause "s p a l l " or parts o f the formation to chip 

o f f  and act as a proppant fu r th e r  back in the formation. The pulses are 

also supposed to help frac tu re  in a d i f fe re n t  d ire c t io n  when the pre­

ceding frac tu re  is  f i l l e d  up w ith proppant sand and "s p a l l . "

An example Kiel job could be 10,000 BW (420,000 gal) and 100,000 lb 

sand, which would be in jected in 8 stages (pulses). One-hundred-mesh 

sand is  run in the i n i t i a l  stage as a f lu id - lo s s  preventer w ith 20/40- 

mesh sand. The bulk o f the sand is  run with the f i r s t  25 percent o f 

the water in the f i r s t  two stages. On the end o f each sand/water stage 

a water f lush  is  run. The pumps are shut-down and the well is  allowed 

to flow back. The next stage is  then started up, These high pressure 

changes and large volumes o f sand and water cause the "sp a l l"  to move
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fu r th e r back in to  the formation with each stage.

An 80,000 gal water and 30,000 lb  sand Kiel job was run in a 

5 - f t  seam in Alabama in what looks l ik e  a very good w e l l ,  but data are 

in s u f f ic ie n t  at th is  w r i t in g  to conclusively decide on the Kiel t r e a t ­

ments.

Foam

Since the formation energy is  low, low-density f lu id s  such as foam 

(using nitrogen) would seem to be the best carrying f lu id  fo r  a frac tu re  

treatment... A base l iq u id ,  sand, and foaming agent are mixed with nitrogen 

gas and in jected in a "shaving-cream-type" foam. Foam q u a l i ty  around 

75 percent (75 percent Ng volume/Total volume o f gas and l iq u id )  has 

been used w ith good resu lts  in coal (Wallace, 1977).

The advantages o f  foam are tha t only one quarter o f  the normal 

water volume is  pumped in to  the formation a t high pressures, and l ik e  

the Kiel treatment, there are no add it ives. Foam vaporizes when the 

pressure decreases, which allows an a r t i f i c i a l  reservo ir  pressure to 

"blow back" the water and leave the proppant. Nitrogen gas is  used 

because i t  expands more than COg when the pressure is  re lieved and 

the well is  "blown back." Foam-stimulated wells have cleaned up much 

fas te r  than any other types o f frac tu re  treatment. The concensus o f 

operators is  tha t foam has shown the best resu lts  to date, but additional 

production h iso try  is  needed.

Carbon Dioxide/Water

There has been no production h is to ry  on which to base th is  t r e a t ­

ment as on the one job that was run, "sand-off" occurred a t the perfora-

COLORADO
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t ions . Good resu lts  have been obtained with th is  treatment in various 

shallow shaley-sand reservoirs in the Rocky Mountains.

Recommended Treatments

The foam and Kiel treatments are presently the most-favored methods 

fo r  s t im u la ting a coal bed gas well a t th is  time. Both are "clean fracs" 

(no additives) and seem to clean-up f a i r l y  well w ith the Kiel taking 

longer as i t  uses more water. One problem with treatments in je c t in g  

large volumes o f water a t four or f iv e  times the normal pressure grad i­

ent is  tha t the pores w i l l  take in water which they cannot expel when 

they return to th e i r  normal reservo ir pressure.

A 50,000 g a l , 75 percent q u a l i ty ,  foam fra c ,  w ith 25,000 lb  sand 

w i l l  cost $16,000 to run at a 1000-foot depth in the southeastern U.S.

For the same $16,000, the 420,000 ga l, 100,000 lb  sand in 8 stages can 

be run. Both jobs w i l l  run 100-mesh in the pad as a f lu id - lo s s  add it ive . 

A s im ila r  priced Kiel job in the Rocky Mountains w i l l  have to be smaller, 

depending on water costs and how fa r  i t  has to be hauled to loca tion .

Production H istory and Decline Curves

Coal degasif ica tion  wells have been mostly d r i l le d  in the Mary Lee, 

P ittsburgh, and Pocahontas No. 3 seams o f the eastern United States.

To date there are two types o f decline curves in the early  production 

h is to ry  o f stimulated gas wells - the near-mi n in g -a c t iv i ty  well and the 

virg in-coalbed w e ll.  These curves are caused by the water saturation 

of the coal seam when i n i t i a l  production s ta r ts  and the increased 

re la t iv e  permeability o f gas as additional production continues (K issel!
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and Edwards, 1975).

Near-Mine Well

For a good near-mine w e l l ,  there is  a sharp decline in gas and 

water rates the f i r s t  few months (Figure 12). The reason fo r  the 

rapid decrease is  the draining o f the c lea t system and the frac tu re  

system caused by the s tim ula tion treatment. Any shu t- in  periods fo r  

build-up tests or downtime on the pump w i l l  cause an increase in 

production on s ta r t-u p , which w i l l  then rap id ly  decline towards the 

old rate a t Point A. I f  the production o f water from the mine and 

the well drain an area between them (Figure 13), th is  area w i l l  be 

now desorbing more gas and producing very l i t t l e  water. There should 

be. a decrease in water production and a corresponding increase in gas 

production as at Point B. An increase in p ro d u c t iv ity  could also occur 

when other areas o f the reservo ir  experience a large enough decrease in 

water saturation tha t the re la t iv e  permeability o f gas w i l l  increase and 

the rate w i l l  increase as a t Point C.

The radius o f influence o f the mine face is  a distance outside of 

which the coal bed is  v i rg in  (experienced no decline in water saturation 

or pressure). The distances are speculative fo r  a month-old mine face 

in  Figure 13.

The i n i t i a l  production rate on any stimulated well w i l l  depend 

upon the frac tu re  length and conductiv ity . Some o f the wells tha t have 

been mined through have shown tha t the induced frac tu re  is  pa ra l le l to 

the face cleats and the actual treatment is  approximately equal to the 

calculated frac tu re  dimensions,



T-2028 43

FIGURE 12
Hypothetical Decline Curve of a Near — Mine Well
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FIGURE 13

Gas Well Completed Near a Mine
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V irg in  Coal Seam Well

In a "good" v irg in -coa l seam w e ll ,  water production w i l l  be f iv e  

or six times the i n i t i a l  near-mine wells water production (Wallace,

Stubbs, 1977). The water w i l l  hopefully produce at pump capacity fo r  

several months as i t  drains the m icrofractures (c lea ts) and the induced 

fractures (Figure 14). The more water produced, the la rger the area o f 

drainage and the la rger the volume o f coal tha t w i l l  desorb (Figure 15).

Because the i n i t i a l  water saturation is  higher in the v irg in-coalbed 

w e ll,  the in i t ia l - g a s - re la t iv e  permeability is  lower (here i t  is  zero), 

and the i n i t i a l  gas rate is  lower. Within the f i r s t  month, enough water 

has drained out tha t the re la t iv e  permeability o f the gas can begin to 

r ise .  The rate o f gas production w i l l  r ise  and reach a maximum contro lled  

by desorption in the dewatered volume o f coal (Kissel 1 and Edwards, 1975).

Type Decline Curves Versus Existing Computer Simulation

The gas rates o f these type curves w i l l  change w ith i n i t i a l  water 

sa tu ra tion , d i f fe re n t  re la t iv e  permeability curves, and d i f fe re n t  

c a p i l la ry  - pressure curves (Kissel 1 and Edwards, 1975). Figure 16 is  

three hypothetical methane flow curves tha t were created on a two- 

phase flow simulator by Intercomp fo r  the Bureau o f Mines. Cases 1 and 

3 are s im ila r  to our near-mine and v irg in  coal bed examples respective ly .

I t  is  important to note tha t at the end o f  a year the rate o f gas 

production is  the same fo r  a l l  three cases and is  con tro lled  by desorp­

t io n .  Although the f i r s t  year's  cash flow w i l l  d ra s t ic a l ly  be affected 

by the i n i t i a l  water saturation and i n i t i a l  gas production ra tes.
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FIGURE 14

Hypothetical Decline Curve of a Virgin Coal Seam
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Gas Well Completed in a Virgin Coal Seam
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s im p lify ing  assumptions w i l l  be used in our model. For v i rg in  coal 

seams, our type curve is  expected. For our cash flow analysis, an 

average annual rate in thousand cubic fee t per day (MCFPD) w i l l  be 

used.

Long-Term Production History

Over 2000 wells are producing methane from coal seams in the 

eastern United States (T i l to n ,  1977). Although many wells were once 

stimulated w ith n i t ro g ly c e r in ,  the newer wells are being se le c t ive ly  

perforated and stimulated.

One f ie ld  tha t had a long production h is to ry  which could be 

obtained is  the Big Run F ie ld , Wetzel County, West V irg in ia .  This 

f ie ld  has produced from the 9 - f t  P ittsburgh seam since the la te  fo r t ie s  

(Figure 17). The wells were produced natural (never stimulated) 

because o f the good perm eabilit ies developed as tension cracks on the 

crest and Tee f lank  o f the L i t t le to n  a n t ic l in e  (T i l to n ,  1976). No 

water was produced because o f the s truc tu ra l high. From the production 

curve, a nominal decline (Dn) and an e f fe c t iv e  decline (De) o f a desorbing 

high v o la t i le  (blocky) bituminous coal can be determined,

Dn = lnch " Tnqg 
T

Dn = In 103^- In 56 = 04688 (years 1955, 1969)

De = 1 - e -.04688 = .04579

De = 4.6%/year

By choosing productions fo r  various years, the e f fe c t iv e  declines
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FIGURE 17

Annual 8  Cumulative Gas Production,Big Run Field,
Wetzel Co., W. Virginia (Natural production from Pittsburgh Seam)
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range from 4.6 to 6.5%. These ranges are high to most o f the e ffe c ­

t iv e  declines o f  many o f the f ie ld s ,  which range from 3 to 5% (T i l to n ,  

1977). An e f fe c t iv e  decline o f 4% w i l l  be used in our economic analysis. 

This decline w i l l  include not only the yearly  decrease in  desorption 

ra tes, but also the additional c lea t and matrix drainage from the 

expanding drainage area w ith time.

Many o f the Pittsburgh coal bed reservoirs have reservo ir  l ive s  o f 

40 to 50 years. Also, an i n i t i a l  average annual rate o f qas production 

fo r  these wells would be 30 to 35 MCFPD (T i l to n ,  1977).

A recovery fac to r  o f 50% in 5 to 7 years is  estimated fo r  the low-

v o la t i le  ( f r ia b le )  bituminous Mary Lee seam o f Alabama (Wallace, 1977).

These averages and estimates with certa in  assumptions w i l l  be used

in our economic analysis because there are no data o f th is  type fo r

Rocky Mountain coals.
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ADDITIONAL CONSIDERATIONS 

Legal Status

The one s ig n if ic a n t  problem in drainage and conservation o f methane 

in advance o f mining is  ne ither economic nor te ch n ica l, but lega l. Coal 

ownership and leases are separate from other minerals and surface r ig h ts .  

This separation o f leases leads to a problem when the coal owner asserts 

tha t he owns the coal and everything in i t .  An o i l  and gas lease gives 

one the r ig h t  to d r i l l  and produce o i l  and gas from any formation, while 

the ownership o f the formations from which the gas or o i l  is  being 

produced remains in the hands o f  the owner o f the land. Ownership o f 

the gas is  not perfected u n t i l  the gas is  under c o n tro l , i . e .  in the 

casing a t the wellhead (T i l to n ,  1976).

Draining methane is  p r im a r i ly  a safety measure and "consistent w ith 

tha t purpose, must therefore control the coal bed gas to tha t ex ten t."

I t  has been ruled by the Pennsylvania Supreme Court in Chartiers Block 

Coal Company Vs. Mellon 152 Pa. 286, 296 (1893) tha t th is  control does 

not give t i t l e  to the coal grantor (T i l to n ,  1976). Although th is  is  a 

valuable opinion, th is  posit ion could be qu ick ly  overturned by a new 

court decision or by le g is la t io n .

I t  should also be remembered tha t i f  gas is  not removed p r io r  to 

mining, i t  is  dissipated when the coal is  mined, a t which point nobody 

benefits .

The best way to avoid th is  controversy is  to f ind  both the gas and

50
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coal leases under the same ownership.

Environmental

There is  no d ifference between the environmental impact o f a coal 

degasif ica tion  well and a conventional o i l  and gas w e ll.

The roads in to  the d r i l l i n g  location and the location w i l l  have 

to be properly graded and reseeded. I f  the produced waters are sa line , 

an evaporation p i t  or storage tank and disposal wells w i l l  have to be 

used.

Horizontal D r i l l in g  Into the Coal Seam

I f  horizontal d r i l l i n g  is  done from an a i r  shaft tha t is  d r i l le d  

ahead o f mining, a large volume o f gas can be recovered (Fields e t. a l . ,  

1975). I t  has already been shown that th is  method is  not only j u s t i f i ­

able and techn ica lly  feas ib le , but economic as w e ll.  However,it is  not 

applicable to the models in our Rockies f e a s ib i l i t y  study as our wells 

are d r i l le d  in to  v i rg in  coal beds and are not d r i l le d  in conjunction with 

producing underground mines.
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EVALUATION OF THE ECONOMICS

Before economics can be applied, the technological background 

must be understood to create a model. The economic model w i l l  be 

defined by proposed methods and assumptions. Various factors can 

a f fe c t  the methods and assumptions, and therefore, the model and the 

economics. Without an understanding o f the technology the model is 

in e f fe c t iv e .  An additional advantage o f a good technological background 

w i l l  be a smaller, but more e f fe c t ive  s e n s i t iv i t y  ana lys is . The sen­

s i t i v i t i e s  o f various parameters are established by changing one 

variable while holding a l l  the others constant and making economic runs.

A background knowledge o f the geology and reservo ir  parameters o f 

coa l, the methods o f d r i l l i n g  and completing w e lls , and expected produc­

t io n  rates and declines have been presented. By estimating prices, 

establish ing costs, and extrapolating eastern data to western coals, 

economic models can be created fo r  actual Rocky Mountain coal seams.

The u lt im ate goal o f a f e a s ib i l i t y  study is  a decision - "to go 

or not to go." The s e n s i t iv i t y  analysis is  used to determine c r i t i c a l  

parameters in the p ro jec t and to aid in the decision-making process.

The f in a l  outcome o f the f e a s ib i l i t y  study is  a decision.

Rocky Mountain Coals

Unlike the Appalachian and In te r io r  Basin coals o f Pennsylvanian 

age, the coals o f the Rockies are Cretaceous in age. The eastern coals
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are mostly anthrac ite  and bituminous, while the younger western coals 

are sub-bituminous. This lower rank w i l l  lower the gas content ( i t  is 

assumed roughly to one th i rd )  and therefore the reserves s ig n if ic a n t ly  

(Figure 18). Another disadvantage is  the higher moisture content in the 

western coals, which w i l l  also reduce the gas content (Kim, 1977).

The main advantages o f the Rocky Mountain coals are the th icke r 

seams, many o f which can be three or more times th icke r than the gas- 

productive 5 - to -9 - foo t eastern seams (water w i l l  proportionate ly  

increase). The younger age, the lower rank o f coa l, and the large 

amount o f tectonism w i l l  a l l  contribu te  to greater permeability in  the 

coal and increased gas rates.

The th icke r coalbeds w i l l  also allow se lective  perfora ting  and 

therefore control over the s tim u la tion  treatment. Also, through 

se lective  pe rfo ra t ing , ways might be developed to control the expected 

increase in water flow.

Because s tr ip -m in ing is  the prevalent method o f mining western 

coa ls , less near-mine wells w i l l  be needed, but the v i rg in  seam wells 

w i l l  be allowed to produce fo r  a long time. Figure 19 shows the rank 

and extent o f the Rocky Mountain coal f ie ld s .

The steeper-dipping coals in the intermontane basins o f fe r  no real 

problem in coal demethanization.

Coal Degasification Models

The models used here are o f actual coal seams tha t are being studied 

fo r  app lica tion  o f demethanization programs in two Rocky Mountain basins.
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FIGURE 18
EST! MATED METHANE CONTENT WITH DEPTH 8  RANK 
(from KIM, 1977)
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They were selected on the basis o f coal thickness, number o f beds, 

depth, legal access ib il i ty ,and  closeness to a p ip e line , so tha t the 

wells could be properly tested.

The f i r s t  model is 3 coal seams - a l l  roughly 20-feet th ic k ,  at 

depths o f 2400 to 3300 fee t. The second model is  a s ing le coal seam, 

tha t is  20-feet th ick  a t a depth o f 2200 fee t. A ll the seams are sub- 

bituminous a t th e ir  respective depths.

Methods and Costs 

The methods fo r  d r i l l i n g  and completing wells and the estimated

costs in our coal seam models are presented.

D r i l l in g  and Completing a Multi-Seam Well

A fte r bu ild ing the loca tion and se tt ing  the surface casing, our

well w i l l  be a i r - d r i l l e d  to 3300 fee t.  The contract w i l l  be "tu rn - 

keyed" with most o f  the d r i l l i n g  expenses paid fo r  on a " f l a t  d o l la r /  

foo t"  basis. The "turnkey" equipment and services furnished by the 

contractor are l is te d  in a d r i l l i n g  contract. The estimated costs in 

Table 3 were furnished by Kansas-Nebraska's d r i l l i n g  department fo r  the 

f a l l ,  1977 and are based on a "turnkey" contract. The three 20-foot 

coal seams in the in te rva l between 2400 fee t and to ta l depth (TD) w i l l  

be cored. Lab tests on the cores w i l l  include adsorption isotherms, 

methane content, chemical analysis fo r  rank, v o la t i le s ,  and moisture 

content. These costs are under formation evaluation and are not usually 

covered under the "turnkey" contract. Porosity and permeability tests 

should be run on the cores fo r  frac tu re  treatment design. Upon reaching
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Table 3 DETAILED ESTIMATE FOR 
ITEM

1 Well - 3  20' seams

AUTHORITY FOR 
COMPLETED

EXPENDITURE FALL 1977

DRILLING CUSi
Roads and Location S 4 .non
Fuel, Comp. Rig, Boilers, etc.
Hauling, Move in ,  etc.
Contract D r i l l in g  ggnn' 8 t in  AO/ft BA Fsn

Daywork - -  with D r i l l  Pipe
Daywork - -  without D r i l l -P ip e
Completion Unit

Bits
Rentals, Down Hole and Surface
Mud

Chemicals and Additives
Liguid Mud and Brines
A ir  Compressor Rental, etc. f i . ,400

D is t r ic t  Expense 1 ,000
Contingencies m°z 4.,RAA
Cementing, Surface & Intermediate - , A00

Total D r i l l in g  Cost ab 43A

FORMATION EVALUATION
Rig Time ? d a v s  0 < 0 , OO O/day F ,onn
Coring AO ' n f  r n r p  ni un ÀA .000 f p s t i n n 10 .000
D r i l l  Stem iesting
Well Surveys
Logging T n d u r t i n n .  Opns i t y  , N p i i t r n n A nnn
Contingencies ? ,100

Total Formation Evaluation Costs .23:.100 --- ---------- . .

COMPLETION COSTS
Rlg_Time a-days.. @ S75Q/da*___________________ M O O
Rentals and Labor_________________________
Perforating 3 Ann

: Acidizing and Fracg.an noo gal foam fr^ r  0 .A4 nnn
Packers, BP, etc. .. ^ (S l6 ,bu0l
Trucking FQO

■ Cement and Eguipment 9 qnn
Wireline
Contingencies F ggo

Total Completion Cost 75 460
Total Intangible Cost -151 .995...  . . .

TANGIBLE COST
Conductor Pipe 
Surface
Intermediate
Production ggnn1 (a.v r^g ) o 4 An/ft 14,RAn
Tubing g?nn' ( r ' b / r 11 Thg ) ra 2 n h /f t 6 4Qn
Well Heads K  ' " J ’ ; Z 1 Qng
Rods 2 000
Pumping Unit r nnn
Engine 1 50n
Miscellaneous 1 n00

Total Tangible Cost 3a 7R,n

LEASE EQUIPMENT 
Flow Lines
Separator or Production Unit
Heater Treater
Tanks
Construction Cost and Miscellaneous

Total Lease Equipment
Total Well Cost _ i l  86^745-----------------------



T-2028 58

TD, logs which can be run in an a i r - d r i l l e d  hole (induction , density, 

and pad-neutron) w i l l  be run. The above are a l l  in tang ib le  d r i l l i n g  

costs (IDCs) which would be expensed along with tangib le costs in  the 

event o f a dry hole in an a f te r - ta x  case. For a producing w e l l ,  I DCs 

are expensed. Production casing w i l l  be set deep enough below the 

lowest coal seam to create a sump in which the water co l le c ts .  This 

production casing w i l l  extend to surface and be cemented from TD to

above the uppermost coa l. A cement bond log w i l l  be run to check the

cement job. A fte r  the log and core data have been analyzed, a s tim ula tion 

treatment ( frac  job) w i l l  be designed. For our study an assumption that 

a 40,000 gal foam frac tu re  treatment w i l l  be s u f f ic ie n t  fo r  each seam.

The treatment w i l l  be through perforations and 100-mesh sand w ill be

added to prevent le a k -o f f .  The well w i l l  be swabbed to the top of perfo­

ra tions and any remaining frac sand w i l l  have to be blown out. Retr iev­

able bridge plugs w i l l  have to be placed below each o f the upper two

zones before they are stimulated.

A fte r  the bridge plugs are d r i l le d  out and the well has been 

cleaned out to TD, a water production s tr in g  consisting o f tubing and 

sucker rods w i l l  be run. The surface f a c i l i t i e s  w i l l  consist o f a pump- 

jack, engine, and evaporation p its  or storage tanks. A ll  tangib le cost 

items are l is te d  together and would normally be depreciated by any 

reasonable method.

D r i l l in g  and Completing a Single Seam Well

The single seam well w i l l  be a i r - d r i l l e d  to 2200 fe e t.  The same
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procedures fo r  the multi-seam well w i l l  be used here - core, lab tes ts , 

logs, casing program, and s tim u la tion treatment. Bridge plugs w i l l  not 

be needed. Table 4 shows a detailed cost estimate fo r  a sing le seam 

well d r i l le d  and completed a t 2200 fee t.

Assumptions

The fo llow ing assumptions were made to s im p lify  our economic 

models. S e n s it iv i ty  analysis w i l l  la te r  be run to be tter understand 

the more in f lu e n t ia l  parameters on our models, including some o f the 

assumptions :

1) The discount rate w i l l  be 20% annually, end o f the 
period, and a l l  cash flow w i l l  be discounted back 
to 1978.

2) The runs are made on a before-income tax basis so 
as to give a measure o f gross p r o f i t a b i l i t y .  An 
a f te r - ta x  run could include such unresolved compli­
cations as depletion allowances o f coal versus gas, 
tax c re d its ,  mining development costs expensed versus 
the tangib le and in tang ib le  costs o f  d r i l l i n g .

3) The price o f gas is  $1.50/MCF, even though coal bed 
gas is  not presently regulated by FERC o f the 
Department o f  Energy. In the Rockies, the price o f 
coal bed gas w i l l  be regulated by the a v a i la b i l i t y  
o f in te rs ta te  gas and w i l l  have the in te rs ta te  gas 
price o f g t least $1 «50/MCF.

4) A ll costs are as o f the f a l l ,  1977.

5) Operating expenses w i l l  be $250/well/month. This 
is  a normal maintenance charge on wells to cover 
both f ie ld  and o f f ic e  overhead.

6) A washout o f  price increases and escalation o f 
operating expenses w i l l  occur.

7) A one-eighth roya lty  w i l l  be taken out o f gross 
production fo r  the o i l  and gas mineral r igh ts  
ro ya lty .  This is  the normal o i l  f ie ld  ro ya lty .
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Table 4 DETAILED ESTIMATE FOR AUTHORITY FOR EXPENDITURE FALL 1977
ITEM COMPLETED COSTS

I -  20 f t  7one 1100'. 2200' .3300'
DRILLING COST

Roads and Location 4.000 4.000 4.000
Fuel, Comp. Rio, Boilers , etc.
Hauling, Move in ,  etc.

. Contract D r i l l in g  SI 0 . 5 0 / f t 1 1 , 550 23.100 34.650
Daywork - -  with D r i l l  Pipe
Daywork - -  without D r i l l  Pipe
Completion Unit

Bits
Rentals, Down Hole and Surface
Mud

Chemicals and Additives
Liquid Mud and Brines
Air Compressor Rental, etc. 5. 500 5.000 6,400

D is t r ic t  Expense 1 , 000 1 .000 1 ,000
Contingencies ?, 455 3,550 4,855
Cementing, Surface & Intermediate 7, 500 7.500 7,500

Total D r i l l in g  Cost 77. 115 40.760 53.435

FORMATION EVALUATION
Ll.me— USOOn/riay____________________________ T ,000________ samp__________ samp

Coring ?Q' nf  rnring/f.pst.ing________________ 4,000______________________________
D r i l l  Stem Testing_________________ _____________________________________________
Well Surveys___________________________
Logging TnHurtinn, Qpnsify, Npntrnn_________5,000______________________________
Contingencies_________________________________i ^no______________________________

Total Formation Evaluation Costs_________________n ,? n o _______Ll^ZOII_______L I >200.

COMPLETION COSTS
Rig Time 3 days_0.-Z.5n/iiay____________________ ?,750_________ samp___________samp
Rentals and Labor
Perforating 1 ,500
Acidizing and Fracan.OOO n a l  fn a m  f r a r 18.000 __

Packers, BP, etc.
Trucking 500
Cement and Eguipment 7.500
Wireline
Contingencies 7,485

Total Completion Cost 77,335 7 7 ,3 3 5 7 7 ,3 3 5
Total Intangible Cost ...67,650 . . .. 80.795. .....93.970.

TANGIBLE COST 
Conductor Pipe
Surface
I n t e r m e d i a t e
P r o d u c t i o n  ( 4 k "  o<g) fa 4 5 0 / f t 4 ,0 5 0 9 ,9 0 0 14 850
T u b in g  (?  3/ 8 " Thqj'o ? 0 0 / f t 7 ,7 0 0 4 400 5 ,5 0 0
Well  Heads 1 ,000 1 000 1 ,000
Rods 1 000 1 500 7 000
Pumping U n i t 8 ,0 0 0 8 ,0 0 0 8 ,0 0 0
Engine 1 500 1 ,5 0 0 1 .500
M is c e l l a n e o u s 1 000 1 000 1 000

T o t a l  T a n g i b l e  C o s t IQ ,550 77 ,3 0 0 3 4 ,9 5 0

LEASE EQUIPMENT
Flow L in e s
S e p a r a to r  o r  P r o d u c t i o n  U n i t
H e a te r  T r e a t e r
Tanks
C o n s t r u c t i o n  C o s t  and M i s c e l l a n e o u s

T o t a l  Lease E qu ipm en t
T o t a l  W ell  C os t 87,300 . 108.095

COO;cx
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8) Production is  in MMCFPD, the BTU is  950, and the
maximum l i f e  o f  the f ie ld  is  50 years unless operating
costs exceed production revenue.

9) The production decline is  exponential and the e ffec ­
t iv e  decline is  4% per year.

10) Although the Rocky Mountain coals have roughly one-
th ird  the methane content because o f th e ir  rank, the 
seams are three times th icke r.  The Mmost l i k e ly "  
production rate fo r  the f i r s t  year w i l l  average 30 MCFPD 
per 20' seam. Compared to unpublished production rates 
from recently  completed w e lls , th is  i n i t i a l  average 
annual ra te is  conservative.

11) The water production,although i n i t i a l l y  high because 
o f our th icke r seams, w i l l  drop as production has
in the past and w i l l  be minimal a f te r  several months,

12) A 100% success ra t io  is  assumed as the coals have
been located by e a r l ie r  d r i l l i n g  and there are no 
mechanical problems with the wells.

13) In the trip le-seam model, the production rates are
add it ive . In practice th is  ra re ly  happens,

Computer Runs - P0G0 

The economic evaluation was run with a computer program w rit ten  

by Petroleum Software In ternationa l L td . The program " P r o f i t a b i l i t y  

o f Oil and Gas Opportunities" (P0G0) has the c a p a b i l i t ie s  to handle 

most o i l  and gas models.

A sample input sheet (Table 5) is  shown fo r  1 well w ith a 20-foot 

seam, producing an i n i t i a l  average annual rate o f 30 MMCFPD (QGASI =

.030, PRDTM = DAY). The operations costs are $250/wel1/month fo r  

50 years (0EXDWM = 50 * 250) and the well's to ta l cost is $108,095 (TANGA = 

27.3, INTANGA = 80.795). As stated in  the assumptions, the maximum 

f ie ld  l i f e  is 50 years (MAXLIF = 50), the discount rate is  20 percent
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Table 5 - Sample Computer Input Sheet

COAL6

100 COAL DEMETHANIZATION 1 WELL, 1 -2 0  FOOT SEAM
101 30 MCFPD IN IT IA L L Y , OP. C0ST=$250/W ELL-M0NTH
102 TOTAL C 0S T/W E LL=$108 ,095
119 $DATA
122 FEDTX=NIL
124 OUTPUT=ANNL, WIDTH=WIDE
134 MAXLIF~50
138 PVINC=ANEP, P V IC P C = .20
162 PRDTIM=DAY
217 BTU=950
250 DECG-EXP
252 Q G A SI=*030
254 DECPCG=,04
256 OGASF-♦005
370 P R R E S =50*1 ,5
475 R 0 Y = 5 0 *0 ,1 2 5
617 0EXDW M=50*250,
700 IN T A N = 1 *8 0 ♦ 7 9 5 ,4 9 * 0
715 T A N G A = 1 *2 7 .3 ,4 9 *0
999 SEND
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(PVICPC = .20), the c a lo r i f i c  value o f the gas is 950 (BTU = 950), 

the e f fe c t ive  decline is  4 percent/year (DECPCG = .04, DECG = EXP) 

and the c u to f f  production rate is 5 MCFPD (QGASF = .005). The price 

is a nonescalating $1.50/MCF fo r  50 years (PRRES = 50 * 1.5) and 

the ro ya lty  is  one-eighth fo r  50 years (ROY = 50* 0.125). The 

economic analysis is  on a before-tax basis (FEDTX = NIL).

A sample p r in t -o u t  (Table 6) shows the year, number o f w e lls , 

average da ily  production ra te , gross yearly  production, a f t e r ­

ro ya lty  yearly  production, and the price/MCF adjusted fo r  Btu-values 

on the f i r s t  page. The l i f e  o f  the well ends in 37 years when the 

operating costs exceed the production revenue. On the second page of 

Table 6, the year, the net reserves revenue before ro y a lty ,  the 

to ta l net revenue a f te r  ro ya lty ,  the net operating expenses per year, 

and the net operating income are presented in the f i r s t  ten columns.

In the la s t  seven columns the net cap ita l investments, the net cash 

flow , the cumulative net cash flow,and the discounted cumulative 

net cash flow are l is te d .  In the summary, the in te res ts  in the w e ll ,  

the reserves, and pro jec t l i f e  are presented. The net present value 

(NPV) o f discount rates o f 0, 5, 10, 15, 20, 30 percent and our input 

rate o f 20 percent are given. The ra te o f re tu rn , payout, and various 

other net p r o f i t  ind ica tors are also l is ted.
r>

Using 57,600 fo r  a conversion fac to r  o f  cc/g to f t  o f gas per 

acre-foo t o f  coal, the to ta l produced reserves o f 209 MMCF, and a 50 

percent recovery fa c to r ;  the to ta l acreage drained by th is  well in 

37 years is 73 acres, which is  reasonable.
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209 MMCF .  73 acres
50% 57,600 f t 3g 5cc (20 f t )  

a c re - f t (cc )  g

A ll computer runs are l is te d  in Table 7 with th e i r  input data 

and the net present value at 20 percent.

"Most L ik e ly 11 Runs 

Using a "most l i k e ly "  average f i r s t  year production o f 30 MCFPD/ 

seam, the single-seam and the trip le-seam wells both have negative 

net present values (NPV) a t 20% before income tax (BFIT). These 

are -$57,300 and -$34,500 fo r  the single and trip le-seam wells respec­

t iv e ly  (Runs 6 and 1 on Table 7). Based on these i n i t i a l  f ig u re s , 

the prospects fo r  coal bed gas wells are poor; but i t  must be remembered 

.that these are "exp loratory" wells and th e i r  costs w i l l  be 20-30% 

higher than a "development" w e ll.  I t  is  not uncommon in the petroleum 

industry fo r  the discovery "w ildcat" in a f ie ld  to never payout 

because o f the high costs o f additional precautions and the additional 

evaluation needed. By d r i l l i n g  additiona l gas w e lls , economies o f 

scale and be tte r methods w i l l  hopefully make the additiona l wells 

economical and help payout the o r ig in a l "d iscovery."

S e n s it iv i ty  Analysis - Economics 

The factors involved in making a commercial coal bed gas well are 

numerous, from the reservo ir  parameters to the d r i l l i n g  and completing 

o f  the w e lls . Models have been developed to s im p lify  most o f these 

factors based on the present "o ilpa tch" technology and experience o f 

producing eastern U.S. coal bed gas w e ll.  By using s e n s i t iv i t y  analysis
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the parameters which w i l l  a f fe c t  our economics the most can be 

determined. S e n s it iv i ty  analysis w i l l  cover the fo llow ing para­

meters :

1. Rate
2. E ffec t ive  Decline
3. Depth
4. Economies o f Scale
5. Operating Costs
6. Price

Rate

By increasing the i n i t i a l  average annual rate ( IAAR) o f our 

single-seam model a t 2200 fe e t,  the net present value increases 

(Figure 20). For lAARs o f 15, 30, 45, 60, and 75 MCFPD, respective 

NPVs o f -$95,200, -$67,300, -$39,500, -$11,600, and +$16,300 are 

calculated. At a rate o f 66 MCFPD our model w i l l  reach a 20% rate 

o f  return (ROR) before tax.

For the trip le-seam model, lAARs o f 30, 45, and 60 MCFPD re su lt  

in respective NPVs o f -$34,500, +$49,100, and +$132,700 (Figure 21). 

The breakeven po int is  36 MCFPD per seam or 108 MCFPD fo r  a $187,000 

w e ll.  The slope o f  the l in e  is  much steeper in the trip le-seam case 

as the well is  producing three times the i n i t i a l  ra te .

The steep slope fo r  both analyses indicates tha t the net present 

value is  very sensitive  to the i n i t i a l  average annual ra te . Because 

a l l  the v e r t ic a l axes (Net Present Value) are on the same scale, the 

slope o f  the l in e  w i l l  ind ica te  s e n s i t iv i t y .  w

The rate w i l l  be mainly a function o f coal rank, gas content,
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FIGURE 20
VARYING RATES 

NPV (a) 20% vs. l.A.A.R

Well -  20ft. seam 
@  2200'

66 MCFPD i -

Breakeveh Point for
20% ROR

67,3
©  Computer Run
See Table 7

INITIAL AVERAGEi ANNUAL RATE (MCFPD)
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FIGURE 21
VARYING RATES 

NPV@ 20%  vs. l.A.A.R.

I Well, 3 - 2 0 ft. seams 
@ 3300

m

i I : 36 MCFPD ZBrea
/o ROR BFIT

EIC
(even :Ptr@

50 I INITIAL AVERAGE ANNUAL RA
(90)

E7SEAM (MCFPD)
PER WELL (45)

PER SEAM 15
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permeability , desorption ra te , and frac tu re  treatment effectiveness 

as covered e a r l ie r  in the technical evaluation o f th is  report. The 

p ro b a b i l i ty  o f the rates being near these "most l i k e ly "  values is 

good but w ith production rates dependent on so many variab les, the 

range could be very wide, say from 0 to 100 MCFPD.

E ffec t ive  Decline

Using 60 and 70 MCFPD as the IAAR on the single-seam model, 

the s e n s i t iv i t y  o f  the e f fe c t iv e  declines can be analyzed.

Assuming the e f fe c t ive  decline is  2 percent higher (6 percent) 

than our "most l i k e ly "  e f fe c t ive  decline o f 4 percent the net present

values w i l l  decline (Figure 22). The inverse is  true using an e ffe c ­

t iv e  decline o f  2 percent, where the NPVs improve.

The e f fe c t ive  declines could eas ily  be in the ranges presented 

here. Although the e f fe c t ive  decline does a f fe c t  our cash flow , i t  

is  less sens it ive  than the e f fe c t  o f varying rates.

Depth

Using the single-20-foot-seam model a t 2200 fee t and estimating 

costs fo r  completing the same zone at 1100 fee t and 3300 fee t (Table 4), 

the rates a t which a 20% ROR is  obtained can be calculated (Figure 23). 

The breakeven points fo r  the lAARs o f 55, 66, and 77 MCFPD are lower 

fo r  the seams at 1100, 2200, and 3300 fe e t,  respective ly  as the wells

are less cos tly  a t the shallower depths,

The depths o f coal seams can o f course, cover a wide range. For
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FIGURE 22 
VARYING EFFECTIVE DECLINE 
NPV(g) 20% vs. Effective Decline 
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FIGURE 23
VARYING DEPTHS 

NPV a 20% vs. l.A.A.R.

a 1100,2200, & 3300ft.
I Well — 20ft. seam

BreakwerrPointrof  ̂
55,66,77 MCFPD l.A .A .R .-^ -

V

(MCFPD)
75 i- 90
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the well operator t ry in g  to produce virgin-seam gas w e lls , the 

greater the depth (down to the maximum gas content depth o f 3500 to 

5000 fe e t ) , the be tte r the gas saturation. The increased costs o f 

d r i l l i n g  deeper holes at these shallow depths increases l in e a r ly .

I f  the "most l i k e ly "  rate o f 30 MCFPD holds true, i t  w i l l  not 

be economic to d r i l l  and complete a 20 foo t seam. The depth o f the 

well d i re c t ly  a ffec ts  the cost and the net present value w i l l  be 

less w ith the increased costs.

Economies o f Scale

By d r i l l i n g  more w e lls , the average cost/we ll w i l l  decline. 

Additional wells do not have to be cored and tested and savings on 

d r i l l i n g  costs can be as high as 20-30%. For 25 w e lls , a 25% saving 

per well on d r i l l i n g  costs w i l l  be assumed. The 4-well program's 

d r i l l i n g  costs w i l l  equal the 1-well cost (Tables 8 & 9). For 4 and 

25 w e lls , cores w i l l  be taken on 2 and 4 wells respective ly . The 

cost/well in a 25-well program w i l l  be roughly 85% o f the 1-well cost.

Using the "most l i k e ly "  case (IAAR = 30 MCFPD) on the " t r i p l e ­

seam" w e ll ,  the p ro jec t looks increasing ly be tte r w ith the lower 

costs (Figure 24). The rate o f return o f 20% (BFIT) is  reached i f  

well costs can be cut to $150,000 per w e ll .  The size o f the pro ject 

w i l l  be based la rge ly  on operator s ize, acreage pos it ion , cash f low , 

and success ra t io .

The curve o f the l in e  indicates tha t the net present value is  

affected more in the lower range o f savings per increased number o f
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T- Mp e DETAILED ESTIMATE FOR AUTHORITY FOR EXPENDITURE
ITEM COMPLETED COST 1 Well Cost

4 Wells - 3 Spams 33001    4-MfiU s------------------------- - ■— XAveraqe.)----------
DRILLING COST

Roads and Location________________________________________________■_______Samp 1 wpI I
Fuel, Comp. Rig, Boilers, etc._________________________________________________________
Hauling, Move in ,  etc.______________________________________________________________
Contract D r i l l in g  3300' 0 / f t

Daywork - -  with D r i l l  Pipe
Daywork - -  without D r i l l  Pipe
Completion Unit

Bits
Rentals, Down Hole and Surface
Mud

Chemicals and Additives
Liquid Mud and Brines
Air Compressor Rental, etc.

D is t r ic t  Expense
Contingencies
Cementing, Surface & Intermediate

Total D r i l l in g  Cost_____________________________ S?13,74n  S s i  4?g

FORMATION EVALUATION (For a l l  4 wells-Core 2)
R i g j jme 4 days O TOOn/Hay__________________ 12,000
Coring 120^ of rnre plug 510,000 testing 20,000
D r i l l  Stem lesting
Well Survevs
Logging (4 wells 0 SB,000)__________________ 20,000
Contingencies___________________________________ g ?nn

Total Formation Evaluation Costs_______________________  la^onn

COMPLETION COSTS
Rig Time    Same as. 1 well
Rentals and Labor
Perforating
Acidizing and Frac
Packers, BP, etc.
Trucking
Cement and Equipment
Wi r e l ine
Contingencies

Total Completion Cost m i J040________________________ yq 4^0____
Total Intangible Cost____________________________gyp ymn_______________________ 14?,195

TANGIBLE COST
Conductor Pjpe_____________________________________________________________ Same-as-1 we l l
Surrace__________________________________________________________________________________
Intermediate______________________________________________________ j ______________________
Producti on_______________________________________________________________________________
Tubing____________________________________
Well Heads _________________________________________________________________________
Rods______________________________________________________________________________________
Pumping Unit_____________________________________________________________________________
Engi ne______________________________________________________________
Miscellaneous_____________________

Total Tangible Cost i m  non_________________________p/i izn

LEASE EQUIPMENT
Flow Lines_______________________________________________________________________________
Separator or Production Unit____________________________________________________________
Heater Treater___________________________________________________________________________
Tanks____________________________________________________________________________________
Construction Cost and Miscellaneous

Total Lease Equipment
Total Well Cost .____________________________$711,780_______________________ $177,945-



T-2028 77

TaMo q ' DETAILED ESTIMATE FOR AUTHORITY FOR EXPENDITURE , „  r *
Table d HEM COMPLETED COST 1 Well Cost

WpIU - 3 seams 3300'.  25 Wel l s--------------:-------------- l Av-er age).
DRILLING COST Economies of Scale - 75% of 1-well cost of $53,435

Roads and Location______________________________________________________________
Fuel, Comp. R io , Boilers, etc.____________________________________________________
Hauling, Move in ,  etc.___________________________
Contract D r i l l in g __________________________________________________________________

Daywork - -  with D r i l l  Pipe
Daywork - -  without D r i l l  Pioe
Completion Unit

Bits
Rentals, Down Hole and Surface

Chemicals and Additives
Liquid Mud and Brines
Air Compressor Rental, etc.

D is t r ic t  Expense
Contingencies
Cementing, Surface & Intermediate

Total D r i l l in g  Cost t i . n m rqnn   $ 4n.n?H

FORMATION EVALUATION (Core 4)
Rio Time _R days 0 $3 .OOD/day________________ 34,ODD
Coring ?4n1 nf r n r e  pi us $30,000 t e n t i n g 40 ,000
D r i l l  Stem Testing
Well Surveys
Logging w e l l n  0 $5,000 135 ,000
Contingencies 18 ,000

Total Formation Evaluation Costs 307 .000 8 - 3 1 6

COMPLETION COSTS
Rig Time___________________________________________________________________kamp 1 vjpI I
Rentals and Labor____________________
Perforati ng______________________________________________________________________________
Acidizing and Frac_______________________________________________________________________
Packers, BP, etc.________________________________________________________________________
Trucking_________________________________________________________________________________
Cement and Equipment____________________________________________________________________
Wireline___________
Contingencies_____

Total Completion Cost 
Total Intangible Cost

,500- 
3 MR.inn 1 3 3 . R 5 ?

TANGIBLE COST
Conductor Pipe_________________________________________________ __________ Same.-as-1 wel l
Surface________________________________________________________ _________________________
Intermediate_____________________________ _______________________________________________
Production_____________________________________________________________________ _________
Tubing__________________________________________________
Well Heads_______________________________________________________________________________
Rods______________________________________________________________________________________
Pumping Unit______________________________
Engine_________________  ;_________________________ ______
Miscellaneous________________________________   •_____________ ______

Total Tangible Cost WbW,/5u j4 , /b ü

LEASE EQUIPMENT
Flow Lines_______________________________________________________________________________
Separator or Production Unit____________________________________________________________
Heater Treater_______________________________________ ____ _______________________________
T a n k s ________________________________________________________
Construction Cost and M i s c e l l a n e o u s _________________________________________

Total Lease Equipment_____________________________________________
Total Well Cost -133,602.
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FIGURE 24
ECONOMIES of SCALE

NPV a 20% vs. )  Cost /  Wei I

for I triple seam wel I (cD 3300 
producing 30 MCFPD/seam

50

U -

25 <u

CL

" Most Likely Well : 
@ 5150,000/Wel I 
_= 20% Rate of Return

674

25 wel Is

4 wells25 25.7

well 34.5

50

COST/WELL (#M)
: I : I ;___

150 200100 125 175
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wells (1 to 25) versus an upper range (25 to 50 wells) where the 

slope is  less.

Operating Costs

I f  a large number o f wells are d r i l le d  in an area, the cost/well 

fo r  maintenance w i l l  drop. I f  water production is  greater than 

expected or the water more sa line , operating costs w i l l  r ise .

For the trip le-seam well producing a "most l i k e ly "  rate o f 30 MCF/ 

seam in a 20-well program, a 20% ROR could be reached with approximate 

operating costs o f $143/month/wen (Figure 25).

The very shallow slope on th is  economic parameter indicates tha t 

the net present value is  not very sensitive  to operations costs.

Price

By ra is ing  prices (through market demand i f  th is  gas remains 

unregulated), the lower rate wells begin to be economical (Figure 26). 

Higher prices from in tra s ta te  p ipelines or commercial users could also 

ease some o f the lower-rate wells in to  commercialabi1i t y .  Using the 

various rates fo r  our s in g le-20-foot-seam at 2200 fe e t,  the 30, 45, 

and 60 MCFPD wells w i l l  make a 20% ROR at the approximate gas prices 

o f $3.30, $2.20 and $1. 66/MCF, respective ly .

The changing slopes ind ica te tha t the NPV is  more sensitive  to 

prices at higher rates than lower rates.
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FIGURE 25 
VARYING OPERATIONS COST 
NPV(p)20% vs. Operations Cost

Well of 25 Well Program 
for I triple seam well a 3300' 
Producing 30 MCF/ seam

Od. Cost = $143 .0

HOPE RATI NG COST for I WELL: ( 8 /  Month )7H
• • 1 . • | . 1 ............ ;______ < I .................  j ■ j - • - ; - 1 ■

150 250 350
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FIGURE 26
VARYING PRICES

NPV @ 2 0 %  vs. Price/MCF 

Well -  20ft. Seam @ 2200

: PRICE ($/MCF)
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Economic Overview 

Degasi f ic a t io n  o f coal beds in the ta rget areas/models reviewed 

here is not economically feas ib le  with the expected price o f $1.50/ 

MCF and the projected costs to d r i l l  and complete. This is  also 

based on extrapo la ting a "most l i k e ly "  i n i t i a l  average annual rate 

o f 30 MCFPD, an empirical ra te , from eastern coal seams fo r  one w e ll.

Recent work in the southeastern United States may ind icate sub­

s ta n t ia l ly  higher i n i t i a l  ra tes, but the data are in s u f f ic ie n t  at 

th is  time. The i n i t i a l  rate is  the most sens it ive  parameter in our 

economic analys is , and is  a function o f gas content, desorption ra te , 

permeability , and frac tu re  e ffec tiveness. Besides higher production 

ra tes, reduced costs through economies o f scale would help the pro­

f i t !  b i l  i t y  o f  the w e ll.  Better technological methods could be devel­

oped with time, to increase rates and lower costs. Deeper wells w i l l  

increase the cost o f  d r i l l i n g ,  which w i l l  require a higher i n i t i a l  

average annual ra te to obtain the desired rate o f re tu rn .

The price has a varying s e n s i t iv i t y  on the net present value, 

increasing a t higher gas rates and becoming less sens it ive  a t lower 

rates. Economic incentives by government, i . e .  price supports, tax 

cred its  (Wall S treet Journal, December 5, 1977) or ERDA grants, would 

encourage more than near-mine degasif ica tion  in the Rockies. From 

the additional knowledge obtained in western coals, be tte r and less 

cos tly  methods could be developed.

The e f fe c t ive  decline is  less sensitive  to the net present value 

than, those variables l is te d  above. In the expected low range o f
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declines, the wells w i l l  have a f ie ld  l i f e  o f greater than 20 years 

with our "most l i k e ly "  rate o f 30 MCFPD or more.

The least sensitive  o f the tested variables was the operations 

costs, but i t  should not be ignored, A fte r a well is completed, the 

only things the f ie ld  personnel can do to help the cash flow is to 

maintain the gas production rate and lower the operations costs.
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CONCLUSION

Although the degasif ica tion  o f the coal seams in our target 

areas/models are not economically feas ib le  with our proposed assump­

t ions , price increases, cost savings, or tax c red its  could make the 

models marginally economic. Additional western experience could 

bring the d r i l l i n g  and completion costs down. From unpublished 

production data on recently completed wells in Alabama, the empirical 

i n i t i a l  average annual rate is  conservative.

Degasification wells of v irg in  coal seams might only breakeven 

or be marginally economic. But i f  wells are d r i l le d  ahead of 

underground mining resu lt ing  in increased coal production, the degasi­

f ic a t io n  program w i l l  more than pay fo r  i t s e l f .

84
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