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ABSTRACT 

 

 

Coalbed methane (CBM) reservoirs have generated large and unerring interest in the 

last 20 years or so due to its potential as one of the most efficient unconventional 

source of energy. Hydrocarbon reservoirs are known to react to changes in their 

properties, particularly permeability. Therefore, it is important to study the effect of 

permeability changes towards primary production of CBM. The production rates of 

two CBM fields outside Malaysia and one coal field from Sarawak will be simulated 

and analysed, with permeability being the manipulated variable. Simulation will be 

performed using the ECLIPSE E100 model, with several assumptions made. The 

corresponding results will then be analysed. From the result, it is clear to see that 

permeability enhances the production of methane gas from CBM fields. An increase 

in permeability leads to higher production rates and a prolonged maximum 

production time. High reservoir pressure, Langmuir pressure, and permeability are 

favourable for CBM production. 
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1.0 INTRODUCTION 

1.1 Background 

 

Coal bed Methane (CBM) is becoming an increasingly interesting field in the 

petroleum industry. In fact, gas from coalbeds were among the first gas reservoirs to 

be discovered and among the most recent to be exploited. Indeed it is relatively a 

new branch of petroleum engineering and the potential of harvesting the natural 

gasses found in coal beds is looking ever more likely. There continues to be a large 

interest in developing coal beds and extracting the natural gas contained within it, 

hence providing us with yet another source of energy. Coal bed methane has 

emerged as a significant source of energy from new discoveries of coal beds, not 

only in Malaysia, but also all over the world, especially in the United States of 

America and Canada.  

 

To put this into perspective, total coal gas production is estimated to be more than 

256 trillion cubic meters, whereas worldwide proven natural gas reserves are 185 

trillion cubic meters. Recovery of one-half the global coal gas resource would 

increase global natural gas reserves by 128 trillion cubic meters, a gain of about two-

thirds (Seidle, 2011). With production of over 31 billion cubic meters of CBM gas in 

the United States alone, and over 13 trillion cubic meters of proven reserves in 

Indonesia, CBM is set to be a large contributor to world gas resources as natural gas 

resources deplete. With more and more coal bed fields being discovered, and demand 

of energy ever increasing, the need to produce this unconventional gas seems more 

of a necessity. In 2009, CBM gas accounted for about 9% of total natural gas 

produced in the USA (Wang & Economides, 2009). Below is a graphical 

representation of the major coalbed methane resources around the world. 
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Figure 1: Major coal basins around the world 

 

Coal bed methane started out as a safety hazard when miners accidently tapped into 

methane resources when trying to mine out coal. This has resulted in several 

explosions, caused by unwanted production of methane (Fanchi, 2006). To counter 

this, pockets of methane which has been accidently produced are trapped using a 

bladder. Mining of coal beds also resulted in the release of methane gas, which is a 

greenhouse gas, into the atmosphere, thus contributing to global warming and 

negative environmental consequences. The benefits of coal gasses were not taken 

seriously until William Murdoch from Scotland recognized its usefulness as a 

combustible source of energy in the 1700’s.  

 

Coal bed methane can be classed as an unconventional source of hydrocarbons, in 

which the natural gasses are produced from seams and cleats of the coal. But it is 

only in the last generation or so that coal bed gasses, along with shale gas and tight 

formation gas, has been regarded as a useful source of hydrocarbons, albeit 
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unconventional. Prior to gas production, the CBM reservoir porosity is water-filled 

and permeability to gas remains zero. When enough water is produced, gas saturation 

increases and hence permeability of gas increases. It is only at this stage that the 

gasses in CBM reservoirs can be produced (Dacy, 2010). 

 

This research aims to deduce whether or not the coal bed methane in Sarawak should 

be produced or not based on the petrophysical properties of the coal alone. 

Petrophysical properties of the coal include its porosity and permeability.  

 

1.2 Problem Statement 

 

Malaysia does have potential coal fields which can be developed to be CBM fields. 

However, there hasn’t been much research regarding the producibilty of the 

coalfields. In general, more research has to be done regarding the effect of 

permeability towards production rates, and this can be significant since hydraulic 

fracturing of any reservoir has an enhanced effect on permeability. To gauge on this 

potentiality for a CBM field, the production rates should be comparable to that of 

renowned CBM producing fields. 

 

1.3 Project Objectives and Scope 

 

The objectives of this project will be the following: 

i. To study the changes in gas production rate when permeability of the 

reservoir changes 

ii. To compare and contrast between the production rates of two CBM fields 

which are outside Malaysia, and one coalfield from Sarawak. 

The CBM location in question are the San Juan Basin and the Powder River Basin, 

whereas the coalfield is a Sarawakian coalfield, Malaysia. The scope of study is 

limited to using only one simulation software and only published data will be used. 
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2.0 LITERATURE REVIEW 

2.1 Formation of coal 

 

Coal is a dual porosity organic sedimentary rock which mainly comprises of matrices 

and natural fractures and cleats. It is composed of solid matrix blocks bounded by a 

well-defined network of natural fractures, also known as cleats (Grattoni et al., 

2006). Coals are the preserved remains of organic materials that have been 

metamorphosed over geologic time by temperature and pressure into complex 

organic rocks. Coalbeds constitute both source rock and reservoir rock (Worthington, 

2011). Coal is a form of fossil fuel, in which plants and trees decay in marshy terrain 

and swampy areas millions of years ago by anaerobic thermal degradation of the 

cellulosic materials in the plants and trees (Shukla, n.d.). Layers upon layers of peat 

are compacted over time. As the coalification process continues, water is gradually 

compressed out of the peat. Physical and chemical processes brought about by 

compaction and elevated temperatures with prolonged burial at depths of up to 

several kilometers and over periods of up to several hundred million years then 

change the peat into coal through a process referred to as coalification or rank 

advance (Suárez-Ruiz & Crelling, 2008; Speight, 2008). 

 

2.2 Geologic Parameters of Coal 

 

The properties of a given coal can be related to three independent geological 

parameters, each of which is determined by some aspect of the coal’s origin. There 

are three parameters into which coal can be classified, which are Rank, Type and 

Grade. 

 

Rank is the degree of which the coal has undergone metamorphism, from plant 

debris to coal itself. This depends on the maximum temperature to which it has been 

exposed. Rank plays a direct role when determining how much methane can be 

stored within the coal. Darling (2011) explained that the higher the rank of the coal, 

the more methane it is able to store. Rank also plays an important role for gas 
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Source: Seidle, 2011 

content, permeability, and mechanical and physical properties of the coal (Rogers et 

al., 2007) 

 

Figure 2: Coal Rank 

Type of coal reflects the nature of the plant debris from which the original peat was 

derived, including the mixture of plant components (wood, leaves, algae, etc.) 

involved and the degree of degradation to which they were exposed before burial.  

 

Lastly, grade of a coal reflects the extent to which the accumulation of plant debris 

has been kept free of contamination by inorganic material (mineral matter), including 

the periods before burial. Therefore, a high grade coal would be relatively free of 
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mineral matter, and hence a high organic content (Ward, 2008, as cited in Suárez-

Ruiz & Crelling, 2008) 

 

2.3 Formation of methane in coal beds 

 

There are several ways in which methane is produced within the beds of coal. 

Methane is naturally produced when the peats were first laid and compacted, prior to 

becoming and transforming into coal. There are two methods in which gasses, 

particularly methane, are produced within the coal seams. 

 

 2.3.1 Biogenic methane 

 

Biogenic gasses are produced by anaerobic microorganism at low temperatures. 

After the oxygen has been depleted by aerobic microorganisms, sulfate reduction is 

the main form of respiration. Methane generation and accumulation in the coal seams 

and cleats become dominant only after sulfate in pore water sediment is depleted. 

Methane is produced by the anaerobic oxidation of organic matter (Rice and 

Claypool, 1981). However, in fresh water environments, methane is produced 

directly after the oxygen has been depleted (Rice and Claypool, 1981). 

 

 2.3.2 Thermogenic methane 

 

As the temperature at which the microorganisms are being exposed increases to 

above 122 , thermogenic methane begins to be produced. The temperature increase 

can be attributed by increased burial depth or increased geothermal gradient. At the 

same time, additional water, carbon dioxide and nitrogen are produced as 

coalification continues. As the temperature continues to increase up to 210 , 

generation of carbon dioxide exceeds the production of methane. However, at about 

250 , generation of methane is superior to the production of carbon dioxide, hence; 

more methane occupies the cleats of the coal. It is only at 300  when maximum 
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generation of methane occurs. At temperatures higher than 300 , production of 

methane is lower than the maximum rate (Rightmire, 1984). 

 

2.4 Storage of methane in coalbeds 

 

Gas in the coal can be present as free gas within the pores or just as an adsorbed 

layer in the internal surfaces of the coal micropores. Methane gas is adsorbed to the 

internal surface area of the coal due to the high pressure. Coalbed methane exists as a 

monomolecular layer on the internal surface of the coal matrix (Fanchi, 2006). The 

only way to produce these gasses is by reducing the pressure within the coal matrix 

until the gas can be desorbed. Coal has an immense structure of micropores and 

macropores, along with natural fractures or cleats where the methane gas can be 

stored. In a coal bed methane reservoir, the amount of gas that can be stored is 

usually much more than typical, conventional reservoirs. Although the porosity of 

coal may be small, the network of cleats can easily make for storage capacity. Most 

of the gas is stored by adsorption in the coal matrix. Hence, production is based on 

pressure depletion (Aminian, n.d.). The amount of gas stored in coals can be 

estimated using Langmuir’s equation: 

 

   
    

    
    (Eq. 1) 

 

Where: 

   = Gas storage capacity, SCF/ton 

P = Pressure, psia 

VL= Langmuir volume constant, SCF/ton 

PL= Langmuir pressure constant, psia 
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Meng et al (1996) also suggested that primary and secondary cleats are also a means 

for gas storage within the coal. Gas derived from coal is generally pure and required 

little or no processing. 

 

2.5 CBM reservoir and coal properties 

 

Unlike conventional reservoirs where there exist a source rock and cap rock, CBM 

differs in that the coal is both the source and cap rock. In fact, the gasses are 

produced within the coal itself and stored directly in it. Coal fails the definition of 

reservoir rock since pore volumes are much less than those normally accepted in 

conventional reservoirs. The main properties of the coal that describes it’s suitability 

to be produced is porosity and permeability. Micropores are the cavities and 

capillaries within the coal matrix, essential for gas storage in the adsorbed state 

(Singh, K.N., 2010).  

 

Furthermore, Tarek and Nathan (2012) stated that there are two main porosity 

systems, which are primary and secondary. The primary porosity is composed of 

micropores. These micropores are the main sites in which the methane gas is adsorb 

and stored. It should be noted that the surface area of these micropores can be 

astonishingly large. Secondary porosity is the system of macropores or coal seams, 

which consists of the natural fracture network of cracks and fissures which are 

inherent in all coals. Secondary porosity does not hold much gas as compared to the 

primary porosity. However, secondary porosity is important because it provides the 

permeability for fluid flow. They act as conduits for fluid flow. Macropores also 

indicates the natural space available in the cleat system. Macropores are insignificant 

when it comes to gas storage. An important property in gas storage is the micropores.  

 

Permeability is the other important property of the coal to determine its potentiality. 

It is also an important economic indicator. The flow rate of gas from coal is 

determined by the complete network of natural cleats and fractures, whether natural 
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Source: Tarek & Nathan, 2012 

of artificial. Coal beds have two major cleat systems, which are face cleats and butt 

cleats (Singh, K.N, 2010) as shown in the figure below.  

 

                  Figure 3: Methane Flow Dynamics 
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Source: http://spec2000.net/17-speccbm.htm 

 

Figure 4: Primary and Secondary Cleats system 

 

Furthermore, coal fractures can be classified into two types, which are endogenetic 

fractures and exogenetic fractures. Endogenetic fractures are created from tension 

due to the dewatering of the coal and causing shrinkage. On the other hand, 

exogenetic fractures are due to natural plate movements of the earth and tectonism 

(faults and folds). Worthington (2011) further stated that one of the main challenges 

in evaluating coal formations is the effectiveness of the cleats system, hence stressing 

the importance of the natural network of cleats and fractures when it comes to 

producing gasses from coal beds. Optimum CBM production from coal should be 

higher than 3.0 millidarcy. However, Chow et al (2011) reported that permeability in 

the range of 1md to 10 md is considered fairly good, whilst anything above 10md is 

considered excellent. 

 

The measurement of permeability can be fairly difficult to determine due to the 

compressible nature of the gas itself during conduction of the experiment. Gas is a 
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compressible fluid, hence during experimentation gas compression can somewhat 

distort the data. At low gas pressures, there can be few molecules of gas occupying 

some of the smaller pores. When this happens, there can be a noticeable 

overestimation of the permeability. This is known as gas slippage, or Klinkenburg 

effect. This can be corrected by constructing a simple graph of Permeability vs. 1/p , 

whereby the y-intercept is the Klinkenburg Permeability (Glover, P., nd.). If the input 

Pi and the output pressure is Po then the permeability can be plotted as a function of: 

 

 

   
 

 

     
   (Eq. 2) 

 

The points should lie on a straight line and the intercept of this straight line with the 

y-axis should be the Klinkenburg Permeability, and hence giving us a more accurate 

reading of the permeability. Klinkenburg permeability, in simple terms defines the 

permeability at which the gas is compressed by infinite pressure and hence becomes 

a near perfect liquid. 

  

Ham & Kantzas (2010) discussed that coal is the hardest reservoir rock to evaluate. 

This is because: 

i. Coal is friable 

ii. Low porosity in the connected fracture network, which can 

cause issues when conducting lab experiments 

iii. Permeability of coal is stress-dependent, hence care must be 

taken when handling the coal samples 

iv. There can be a variety of gasses adsorbed on coal, which can 

be difficult to obtain the true value of its permeability, hence 

can cause disparities in obtained data between samples. 

 

When coal samples are obtained, complex interactions of stress and chemistry have a 

strong effect on the properties of coal (Chen, D. et al, 2010) 
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The quantity of stress applied to core samples can also have drastic effect on the 

properties of the coal. The rise in effective stress can lead to a decrease in 

permeability which is counteracted by coal shrinkage due to gas desorption (Connell 

et al, 2010). Wang (2010) also stated that when pore pressure is kept constant, 

increasing effective stress cause a reduction in permeability attributed to cleat 

closure. 

 

Coal matrix is also elastic and deformable; hence changes in its volume can affect 

the dimensions of the natural fractures. Existence of CO2 can have an effect on the 

coal in that it induces swelling or shrinkage, hence affecting the porosity and 

permeability of the coal (Grattoni et al, 2006).  

 

2.6 CBM Production 

Gas production from CBM wells will not initiate until coal reservoir pressure falls 

below the point where the actual gas content of the coal is in equilibrium with the 

isotherm (Koenig et al, 1990). In other words, no gas will be produced when a 

certain minimum reservoir pressure is reached. Furthermore gas content of the 

reservoir will produce only water initially. Gas will then start to be produced when 

the reservoir pressure reaches the saturation point on isotherm, eventually expelling 

gas from the coal, or desorption of coal. Therefore, it is important to produce CBM 

gas at as low a pressure as possible (Schraufhagel, 1990). 
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3.0 METHODOLOGY 

The basic flow of the research would be: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The effect of permeability towards CBM production will be studied and simulated 

using ECLIPSE software, using the E100 model. It should be noted that only primary 

production will be simulated. Three different fields will be selected for this 

simulation, in which two fields are CBM fields outside of Malaysia, and one field is 

a coalfield from Sarawak. It should also be noted that the coalfield in Sarawak is not 

Collect published reservoir data from San Juan 

Basin, Powder River Basin, and Sarawak 

Coalfield 

Run simulation using ECLIPSE, E100 model 

Analyse results of each field with respect to 

changes in permeability values 

Compare changes in production rates between 

each field with respect to changes in reservoir 

properties 

Report writing and completion 

Figure 5: Project activities and flow 
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yet classified as a CBM producing field. However, research is still underway to 

determine if it has the potential to be a CBM field. The two CBM locations outside 

Malaysia are the San Juan Basin and the Powder River Basin. These two basins are 

currently undergoing Enhanced CBM (ECBM) production. 

 

For this study, it is solely concentrated on primary CBM and how petrophysical 

properties of the coal itself affect production of methane gas. For this simulation, 

there will be no injection of any fluid into the well for pressure maintenance, hence 

only primary CBM is considered for all three wells. To ensure that the data obtained 

from these simulations are comparable, a few constant variables were identified. The 

variables that are kept equal for all fields are as below: 

i. Target production rate of 500 Mscf/d 

ii. Bottomhole pressure limit at 40 psia 

iii. No skin taken into consideration, with wellbore diameter of 1 ft 

 

Furthermore, the model will be of size 165ft x 165ft x coal seam thickness, as shown 

in figure 6. The production well is positioned at the center of the model for 

maximum and equal coverage. The model also contains independent zones with 

separate initial conditions and employs non-equilibrium initialization. The only data 

that are changed are the reservoir characteristics itself which differ from field to 

field.  
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Figure 6: Simulation Model on ECLIPSE 

 

Simulation is run several times for each field with different permeability values 

(manipulated variable), which will differ from case to case. The results will then be 

compared, first within the same field and the analysis of how permeability affects 

production of CBM. Secondly, the fields will be inter-compared.  

 

To further ease the simulation process, a few assumptions were made. Firstly, it is 

assumed that only methane gas exists and no injection fluids were injected, hence, no 

injector well. Secondly, it is assumed that gas diffusion between the coal matrix and 

the natural fracture system occurs instantaneously. Thirdly, it is assumed that the 

reservoir pressure is uniform throughout; hence the model would also have equal 

pressure everywhere. Fourth, coal matrix shrinkage effects which are due to the 

production of the gas are completely neglected. 

 

The simulation will be divided into three different cases, where case 1 is the San 

Juan Basin, case 2 is the Powder River Basin, and case 3 is the Sarawak Coalfield. 

The properties of each location are given in tables 1, 2 and 3. 
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Case 1: San Juan Basin 

Table 1: Case 1; Base Case Data, San Juan Basin 

Coal seam thickness 29.527 ft. 

Top of coal seam 4112.8 ft. 

Permeability 3.65md 

Porosity of natural fracture system 0.1 % 

Effective coal compressibility 1.0 x 10
-6

 psia
-1

 

Reservoir temperature 113 F 

Reservoir pressure 1109.5 psia 

Water saturation 59.2% 

Coal density 89.5 lb/ft
3
 

Coal moisture content 6.72 % 

Coal ash content 15.6 % 

Langmuir pressure 4688.5 psia 

Langmuir volume 486 scf/ton 

Source: (Syahrial & Lemigas, 2005) 

The permeabilities will be the manipulated variable with values ranging from 3.65md 

to 100md. 
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Case 2: Powder River Basin 

Table 2: Case 2; Base Case Data, Powder River Basin 

Coal seam thickness 64 ft 

Top of coal seam 557 ft. 

Permeability 632md 

Porosity of natural fracture system 2 % 

Effective coal compressibility 1.0 x 10
-6

 psia
-1

 

Reservoir temperature 65 F 

Reservoir pressure 152.5 psia 

Water saturation 50% 

Coal density 83.34 lb/ft
3
 

Coal moisture content 27.49 % 

Coal ash content 4.40 % 

Langmuir pressure 394 psia 

Langmuir volume 116.8 scf/ton 

(Source: Mavor et. al, 2003) 

The permeability values used for this case will range from 632md to 750md. 

Furthermore, since coalbed compressibility data was not available for this field, the 

value was assumed to be equal to 1.0 x 10
-6

 psia
-1

. The same can be said with water 

saturation; hence it is estimated to be at 50 % saturated with water. 
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Case 3: Sarawak coalfield 

Table 3: Case 3; Base Case Data, Sarawak Coalfield 

Coal seam thickness 24.25 ft 

Top of coal seam 660 ft 

Permeability 14.42md 

Porosity of natural fracture system 3.6 % 

Effective coal compressibility 1.0 x 10
-6

 psia
-1

 

Reservoir temperature 75 F 

Reservoir pressure 200 psia 

Water saturation 050% 

Coal density 83.34 lb/ft
3
 

Coal moisture content 23.25% 

Coal ash content 5.95% 

Langmuir pressure 1024.5 psia 

Langmuir volume 714.29 scf/ton 

(Source: Chen et. al, 2011) 

Due to unavailability of published data regarding initial reservoir pressure and 

temperature, the values used are estimates. Furthermore, water saturation data for the 

coal was also unavailable, hence it is assumed to be 50% saturated with water. The 

permeabilities will be manipulated from 14.42 md to 100md. 
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3.1 Gantt Chart 

Table 4: Project Gantt Chart 

 

 

 

 

No. Details/Week 1 2 3 4 5 6 7   8 9 10 11 12 13 14 15 

                  

M
id

te
rm

 B
reak 

                

1 Continue consultation with Supervisor                               

2 Research for published reservoir data to be used in Simulation                               

3 Perform simulation using ECLIPSE, E100                               

4 Consult supervisor regarding obtained results                               

5 Start work on Progress Report and Submission                               

6 Conduct further simulation work if needed                               

7 Preparation for Pre-Sedex                               

8 Start write-up of Draft Report and consultation with supervisor                               

9 Submission of draft report                               

10 Make necessary amendments to draft report                               

11 Start write-up of technical paper                               

12 Submission of Dissertation (Soft Bound) and Technical Paper                               

13 Oral Presentation                               

14 Submission of Dissertation (Hard Bound)                               



28 
 

Key Milestones: Week 3 – Find published CBM reservoir data 

   Week 5 – Perform Simulation 

   Week 12 – Submission of Dissertation and Technical Report 

   Week 13 – Oral Presentation 

   Week 15 – Submission of Dissertation (Hard Bound) 

 

Tools and material needed for research: 

i. ECLIPSE software 
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4.0 RESULTS AND DISCUSSION 

4.1 Case 1: San Juan Basin 

Case 1a: San Juan Basin (Base Case, k=3.65md) 

 

Figure 7: Field production rates, Permeability 3.65md 

 

Figure 8: Field production totals, Permeability 3.65md 
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Case 1b: San Juan Basin (k=20md) 

 

Figure 9: Field production rates, permeability 20md 

 

 

Figure 10: Field production totals, permeability 20md 
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Case 1c: San Juan Basin (k=40md) 

 

Figure 11: Field production rates, permeability 40md 

 

 

Figure 12: Field production totals, permeability 40md 
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Case 1d: San Juan Basin (k=60md) 

 

Figure 13: Field production rate, permeability 60md 

 

 

Figure 14: Field production totals, permeability 60md 
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Case 1e: San Juan Basin (k=80md) 

 

 

Figure 15: Field production rates, permeability 80md 

 

 

Figure 16: Field production totals, permeability 80md 
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Case 1f: San Juan Basin (k=100md) 

 

Figure 17: Field production rates, permeability 100md 

 

 

Figure 18: Field production totals, permeability 100md 
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Table 5: Analysis of results, San Juan Basin 

No. 
Permeability 

(md) 
Analysis 

1 3.65 i. Maximum water production rate of 5 STB/day at one day, 

thereafter water production decreases rapidly. At about 10 

days, rate of decline of water production decreases, 

resulting in a more leveled production rate 

ii. Gas production reached a plateau of 500 Mscf/day which 

continued for two days. This is due to the maximum 

production limit set during running of the simulation. 

Production decline rate reduces after about 12 days where it 

starts to leveled out due to reduction in reservoir pressure  

iii. Initial rapid water production rate can be attributed to the 

water saturation of the coal formation 

iv. Cumulative water and gas production is rather steep in the 

first ten days of production 

v. After 10 days, cumulative production slows down. After 

100 days, cumulative production for gas is at 4300 Mscf, 

whereas cumulative water production is almost 32 STB. 

2 20 i. Water production peaked at about 6.6 STB/day and then 

drops after one day. The water production rate decreases 

steeply until about 10 days. Thereafter, water production 

rates starts to level out. 

ii. Production of methane gas peaked and plateaued for a 

longer period, which is about six days compared to only two 

days in the previous case. After this plateau period, gas 

production dropped immediately and rather steeply, similar 

to the water production rate. 

iii. Gas production decline rate reduces at the critical time of 14 

days, which is two days longer than the previous case. 

iv. Both water and gas cumulative production is substantial in 

the first 10 days. 

v. Water cumulative production is at 34 STB whereas gas 

production is at 4600 Mscf after 100 days. 
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3 40 i. Maximum water production rate increases to 7.8 STB/day. 

After this maximum production, water production rate 

rapidly decreases until it reaches a critical point at 11 days, 

at which point, rate of decline reduces. 

ii. Gas production at 500 Mscf/day is also prolonged to 6.5 

days, after which it decreases in production rate. Critical 

point is about 14 days 

iii. Cumulative production of gas remains unchanged at 4600 

Mscf, whereas for water, it increases slightly to 34.2 STB 

4 60 i. Water production rate peaked at 8.6 STB/day, thereafter 

decreases rapidly until about 10 days when the production 

rate starts to level out. 

ii. Methane gas production at 500 Mscf/day continued for over 

7 days. Critical point of production is at 13 days where rate 

of production eventually starts to level out. 

iii. Initial rapid water and gas cumulative production can be 

seen from the graph as both have higher saturations and 

higher reservoir pressure. After 8 days, water cumulative 

production starts to slow down, whereas for gas it is after 11 

days. 

iv. Total water production after 100 days is 35 STB and for gas 

it is 4600 Mscf, which is equal as in the previous case. 

5 80 i. Water production rate maximizes at 1 day at a rate of 9.2 

STB/day. After this period, water production reduces. Rate 

of production decline eventually reduces at 10 days 

ii. Methane gas production continued at a rate of 500 Mscf/day 

for 7 days and then reduces in production rate. After 14 

days, rate of decline reduces and eventually ends at zero 

production rate. 

iii. Cumulative production of gas remains unchanged, at 4600 

Mscf. On the other hand, water total production increases 

slightly to 35.3 STB. 

6 100 i. Maximum water production rate is at 9.6 STB/day and after 
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one day, production rapidly decreases. After a critical point 

of 10 days, water production starts to level out and 

eventually ends at zero production. 

ii. For methane gas, the plateau period of production remains 

unchanged at 7 days, whereas the critical point is at 14 days. 

iii. Cumulative production of water increases to 35.5 STB and 

for gas, total production remains unchanged at 4600 Mscf. 

 

It can be seen that there are common trends with all the graphs. Firstly, both water 

and gas production rate spiked very quickly. This can be attributed to the 

instantaneous diffusion of fluids from coal matrix into the fractures of the coal. After 

this spike, all results showed a decline in production ate and then eventually evened 

off to zero production. Furthermore, when permeability increases, the period of 

which maximum gas production occurs in prolonged. In other words, the higher the 

permeability, the longer the maximum production period. 

 

From the cumulative production graphs, it can be said that when permeability rises, 

total production also raises. However, there is an exception for the gas production in 

which at 20md and above, the total production remains constant at 4600 Mscf. At 

permeabilities of 20md and above, the gas diffuses out of the coal and into the well 

more quickly, hence resulting in faster depletion of the total gas content of the coal, 

resulting in greater cumulative gas production. Due to this, the limiting factor is the 

Langmuir volume, which is the maximum gas content of the coal. The high 

permeability results is faster production of gas, which in turn results in faster 

depletion of the gas content, hence resulting in equal production totals of coal 

reservoirs at permeabilities of 20md and above. 

 

To see the trends of gas production rate and cumulative volume as permeability 

increases, the sequences of production rates and cumulative production with 

increasing permeability is illustrated in figure 19, 20 and 21. 
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Case 1: San Juan Basin Trends 

                                                   

 

 

               

 

 

 

Figure 19: Production rate trends, (Early Production) 

3.65md 20md 40md 60md 80md 100md 

3.65md 20md 40md 60md 80md 100md 

Figure 20: Production rate trends, (Decline) 
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3.65md 20md 40md 60md 80md 100md 

Figure 21: Cumulative gas production trends 
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4.2 Case 2: Powder River Basin 

Case 2a: Powder River Basin (Base Case, k=632md) 

 

Figure 22: Field production rate, permeability 632md 

 

 

Figure 23: Field production totals, permeability 632md 
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Case 2b: Powder River Basin (k=650md) 

 

Figure 24: Field production rates, permeability 650md 

 

 

Figure 25: Field production totals, permeability 650md 
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Case 2c: Powder River Basin (k=670md) 

 

Figure 26: Field production rates, permeability 670md 

 

 

Figure 27: Field production totals, 670md 
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Case 2d: Powder River Basin (k=700md) 

 

Figure 28: Field production rates, permeability 700md 

 

 

Figure 29: Field production totals, permeability 700md 
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Case 2e: Powder River Basin (k=720md) 

 

Figure 30: Field production rates, permeability 720md 

 

 

Figure 31: Field production totals, permeability 720md 
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Case 2f: Powder River Basin (k=750md) 

 

Figure 32: Field production rates, permeability 750md 

 

 

Figure 33: Field production totals, permeability 750md 
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Table 6: Analysis of results, Powder River Basin 

No. 
Permeability 

(md) 
Analysis 

1 632 i. Both water and gas production increases very rapidly. 

Water production reached a maximum rate of 3.7 STB/day. 

After this maximum production, production rate decreases 

gradually, until about 2.4 days, where water production rate 

drops rapidly. This goes on for one day, after which point 

water production rate reduces in its rate of decline. 

ii. Methane gas production reaches maximum production and 

continues for about 0.8 days, thereafter decreasing in 

production rate rapidly. Gas rate eventually starts to level 

off at 3.7 days. 

iii. Total water production is about 9.25 STB after 20 days, 

whereas total gas production is 1240 Mscf. 

2 650 i. Both water and gas production rate peaked at one day. 

Maximum water production rate is around 3.62 STB/day. 

On the other hand, the maximum gas production rate of 500 

Mscf/day continued for about 0.8 days, similar as in the 

previous case. 

ii. From closer observation, water production rate drops slowly 

during the plateau production rate of gas. Water production 

rate then increases slightly when gas production rate 

reduces rapidly. This can be attributed to the relative 

permeabilities of each fluid. As the rate at which the gas 

bubble reduces, the relative permeability of water to gas 

increases, hence water is the preferred production fluid, 

therefore resulting in a slight increase in the water 

production rate. 

iii. At 2.4 days, both water and gas production rates drop 

rapidly, after a mild drop of methane gas production. Zero 

production occurs at 6.4 days. 

iv. Cumulative production of water drops to 9.1 STB, whereas 

cumulative gas production remains unchanged at 1240 
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Mscf. 

3 670 i. Water production maxed at 3.62 STB/day, same as in the 

previous case. Gas production also remains unchanged, both 

in production rate and plateau period. 

ii. However, the dip in production rate of water after one day 

is greater than the previous case. The subsequent temporary 

rise of water production is also steeper as compared to the 

previous case. This is also caused by the changes in the 

relative permeability of water and gas phase. As gas 

production rate drops, the relative permeability of water 

increases, causing a short rise in production rate of water. 

The higher permeability of the coal formation also plays a 

role in this phenomenon. 

iii. Total water production drops to 8.9 STB, so does the total 

gas production which drops to just under 1240 Mscf. 

4 700 i. Both water and gas production rates starts of according to 

the trend in which both fluids spiked rapidly. However, one 

major difference that can be observed is that water 

production only peaked at almost 2.4 days, that is after the 

methane gas production rate has dropped to below its 

maximum production rate. 

ii. When methane gas production rate drops, this paves the 

way for more water to be produced, hence the slight 

increase at 2.2 days. 

iii. Maximum production rate is still 3.62 STB/day, however it 

took a longer time to reach that point. 

iv. At almost 2.4 days, both production rates drop rapidly. 

v. Total production of water drops to 8.7 STB and total water 

production drops to 1200 Mscf. 

5 720 i. The production rates follow the trend of the previous case, 

where maximum water production rate only occurs after the 

methane gas production rate has dropped. However, the 

difference from the previous result is that water production 
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rates actually drops below the gas production rate, which 

occurred at 1.6 days. The causes of this is the same as the 

previous case where relative permeability of water is higher 

at this point, with the addition of the higher permeability of 

the coal formation. 

ii. Maximum water production rate increases slightly. Both 

water and gas production rate drops rapidly at 2.4 days and 

zero production occurs at 7.6 days. 

iii. Cumulative production of water drops to just under 8.6 STB 

whereas gas total production is at 1220 Mscf. 

6 750 i. The final case with permeability 750md is similar to the 

previous two results, where maximum production rate of 

water occurs when methane gas producing rate is dropping.  

ii. After one day, water production rate drops as gas 

production rate is maintained at 500 Mscf. However, water 

production rate rises again when gas rate drops. Again, this 

is due to the relative permeability of water which rises when 

gas production rate drops. The water is somewhat released 

from the formation when methane production rate reduces, 

hence an increase in the relative production of water.  

iii. After almost 2.4 days, both fluids drop in production rate 

and zero rate is at 5.4 days. Maximum water production rate 

is 3.62 STB/day. 

iv. Maximum water produced drops to 8.4 STB and total 

produced gas remains unaltered. 

 

It can be observed that for all permeability values, both gas and water is initially 

produced at high rates, until a certain point is reached, thereafter production rate 

drops. However, as permeability values rises, water production rates drops slightly, 

and starting at 650md until 750md, water production rate does not change at all. This 

can be attributed to the extremely high permeability values of the coal formation. 

Furthermore, relative permeability of water to gas plays a large role in this case. 

When the gas production rate starts to drop, relative permeability of the water rises, 
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hence water production rate starts to increase again. This can be seen for all cases 

except for the base case (k=632md). 

 

Another unusual characteristic of this high permeability coal formation is that water 

cumulative production drops as the permeability values increases. This can be 

attributed to the relative permeability of the fluids. For example, at 670md, the drop 

in water production rate is small as compared to the drop in water production rate at 

750md during the plateau period of methane gas production. At lower permeabilities, 

i.e. 650md, water relative permeability drops when methane production rate is at a 

plateau. As relative permeability of gas reduces, production rate of the gas also drops 

and relative permeability of water rises, hence an increase in production rate of 

water. At higher permeabilities, i.e. 750md, this has a magnified effect on the 

producibility of the fluid with higher relative permeabilities. So, using the 750md 

case as an example, when methane gas is produced at a plateau rate, water 

production rate decreases due to lower relative permeability of water. Coupled with 

the higher permeability of the reservoir, the reduction in production rate is 

magnified, therefore, resulting in less cumulative production of water when 

permeability is higher. 

 

To give a clearer insight into the trends of production rate and cumulative production 

with respect to changes in permeability, the following figures are presented. 
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Case 2: Powder River Basin Trends 

 

                                  

 

 

 

                 

 

 

 

Figure 34: Production rates trend, (Early Production) 

632md 650md 670md 700md 720md 750md 

632md 650md 670md 700md 720md 750md 

Figure 35: Production rate trends, (Decline) 
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632md 632md 632md 632md 632md 632md 

Figure 36: Cumulative gas production trend 
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4.3 Case 3: Sarawak Coalfield 

Case 3a: Sarawak Coalfield (Base Case, k=14.42md) 

 

Figure 37: Field production rates, Permeability 14.42md 

 

 

Figure 38: Field production totals, Permeability 14.42md 
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Case 3b: Sarawak Coalfield (k=20md) 

 

Figure 39: Field production rates, Permeability 20md 

 

 

Figure 40: Field production totals, Permeability 20md 
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Case 3c: Sarawak Coalfield (k=40md) 

 

Figure 41: Field production rates, Permeability 40md 

 

 

Figure 42: Field production totals, Permeability 40md 
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Case 3d: Sarawak Coalfield (k=60md) 

 

Figure 43: Field production rates, Permeability 60md 

 

 

Figure 44: Field production totals, Permeability 60md 

 

 

 



56 
 

Case 3e: Sarawak Coalfield (k=80md) 

 

Figure 45: Field production rates, Permeability 80md 

 

 

Figure 46: Field production totals, Permeability 80md 
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Case 3f: Sarawak Coalfield (k=100md) 

 

Figure 47: Field production rates, Permeability 100md 

 

 

Figure 48: Field production totals, Permeability 100md 
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Table 7: Analysis of results, Sarawak Coalfield 

No. 
Permeability 

(md) 
Analysis 

1 14.42 i. As with other production rates from previous fields, both 

water and gas production rates increases rapidly over a 

one day period. This can be attributed by the 

instantaneous diffusion rates between coal matrix to the 

natural fractures of the coal. However, one major 

difference of this coalfield to other fields mentioned 

above is that the target production rate of 500 Mscf/day 

is not reached. Instead, the maximum gas production 

rate is only at 186 Mscf/day. This is due to the low 

initial reservoir pressure and the high Langmuir 

Pressure. 

ii. Maximum water production rate is at 2.1 STB/day. 

iii. After the initial spike in production rates, both fluids 

drop in rate dramatically. For water, the decline rate 

reduces at about 10 days, after which point the 

production rate starts to level off. 

iv. The same can be said for the gas production rate, 

however, the leveling-off period is at 14 days. 

v. Maximum produced gas is just under 1800 Mscf, 

whereas maximum produced water is 45.5 STB. 

2 20 i. A rise in the permeability of the coal formation results in 

a rise of the gas production rate, albeit still well below 

the target production of 500 Mscf/day. Gas production 

rate reached a peak of 240 Mscf/day, likewise, 

maximum water production rate increases to 2.7 

STB/day. 

ii. As time goes by, both production rates dwindled down 

significantly until it reaches zero production rate as the 

reservoir pressure declines. However, at around 114 

days, there is a slight raise in the production of water. 

Due to the low reservoir pressure at this point, the 
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relative permeabilities of each fluid plays a role in the 

production rates. The reduction in the gas saturation and 

the subsequent rise in the water production rate can be 

due to the increase of the relative permeability of water. 

iii. Total produced gas remains unchanged at just under1840 

Mscf. For water, totals production increased to 46.5, 

which can be attributed to the slight rise in production 

rate at the latter stages of production. 

3 40 i. When permeability is increased to 40 md, the target rate 

of gas production of 500 Mscf/day is almost met. 

Maximum gas production rate reached 395 Mscf/day. 

The increase in permeability allows more transport of 

gas through the coal fractures, hence an increase in its 

production rate. 

ii. Water maximum production rate also increased to 4.5 

STB/day 

iii. The same phenomenon as the previous case can be seen 

during the latter stages of production, where water 

production rate increases slightly. A closer look at the 

graph shows that water production rates alternates 

between a rise and drop in production rate, as seen 

between days 62 through 104. 

iv. Furthermore, gas production rate drops more rapidly 

than the water production rate from day 4 until day 16. 

v. Maximum cumulative gas production is still unchanged 

at just under 1840 Mscf, whereas cumulative water gas 

production increases to over 48 STB. 

4 60 i. The target gas production rate of 500 Mscf/day can 

finally be reached when permeability is increased to 

60md, which is also the maximum production rate. For 

water, production rate increases to 6 STB/day. After the 

peak is reached, both production rates decreased 

significantly until production rate is zero. However, 
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there is a slight increase in the water production rate 

from day 44 to 52. After this period, production 

alternates from increasing to decreasing production 

rates. 

ii. Total production of gas remains at 1840 Mscf, whereas 

total production of water is at 49.5 STB. 

5 80 i. Target gas production rate is also met when permeability 

is increased further to 80md. 

ii. However, water production rate reached a maximum of 

5.7 STB/day, a slight decrease from the previous case. It 

can also be seen that water production initially drops 

slowly after the peak production. It is only after two 

days that water production rates declines rapidly. 

iii. A recognizable trend is that zero production of the fluids 

is getting earlier as permeability increases. This is 

logical since the higher permeability allows faster 

production of the fluids, hence resulting in a faster 

depletion time. 

iv. Total gas produced is still at 1840 Mscf, whereas total 

water produced increases slightly to just under 51 STB.  

6 100 i. At a permeability of 100md, the production rate of 500 

Mscf continued for about two days, whereas maximum 

water production rate is at 7.6 STB/day, an increase 

from the previous case. 

ii. As a result from the higher permeability, the time to zero 

production is decreased, this is about 27 days. Again, 

this is due to the higher permeability of the reservoir 

which results in a more rapid depletion of the reservoir 

pressure. 

iii. However, after 27 days, water production rate is highly 

unstable. This can be due to the rise and fall of the 

relative permeability of water as gas saturation 

decreases. 
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iv. Once again, gas production is unchanged at 1840 Mscf, 

whereas total water production decreases to about 48 

STB. 

 

The unavailability of data regarding the reservoir pressure of this Sarawakian 

coalfield makes this simulation a lot harder to interpret, and the results may not be as 

reliable as the other two coalfields. The astonishingly high Langmuir pressure also 

makes this simulation highly debatable. Nevertheless, the results showed that with 

the base case permeability of 14.42md, the target gas production rate cannot be 

reached unless the permeability is increased to 60md. A trend among the results is 

that production rate reaches zero much quicker as the permeability rises. This is 

understandable since the greater the permeability, the faster the fluids are produced 

from the reservoir, and without any pressure maintenance, the reservoir pressure 

depletes much faster.  

 

The trends with respect to increasing permeability can be seen clearly in figures 49, 

50 and 51. 
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Case 3: Sarawak Coalfield Trends 

 

            

 

 

 

       

 

14.42md 20md 40md 60md 80md 100md 

Figure 49: Production rates trend, (Early Production) 

14.42md 20md 40md 60md 80md 100md 

Figure 50: Production rates trend, (Decline) 
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14.42md 20md 40md 60md 80md 100md 

Figure 51: Cumulative gas production trend 
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Further studies have to be conducted on the reservoir characteristics itself, including 

in-situ Langmuir pressure and concentration, reservoir pressure and reservoir 

temperature. Given these data are accurate, then the simulation would be much more 

reliable to comprehend with. 

 

All three coalfields have specific characteristics which have a direct effect on the 

production rates and production periods. Permeability, for example, generally gives 

an improved production rate, or in this case, a prolonged period of production at the 

target rate of 500 Mscf/day. This is clearly seen between the base cases of the 

Fruitland formation and the Fort Union formation, where the permeability of the 

Union Fort formation is 170 times greater than the permeability of the Fruitland 

formation. Water production also increases when permeability is increased. Indeed, 

the relative permeabilities of each fluid during each phase in very important during 

production. The higher the relative permeability of a certain fluid, the higher its 

tendency to be produced.   

 

Apart from this, initial reservoir pressure and Langmuir volume also plays vital roles 

in the production profile of the fields. The larger the Langmuir volume, the greater 

capacity for coal storage. However, Langmuir pressure has an adverse effect of gas 

production. Higher Langmuir pressure means a high pressure is required for the gas 

to be adsorbed on the internal surface of the coal. Therefore, in coal with high 

Langmuir pressure, the methane content is less, and hence production rates will 

deplete much faster. 

 

All in all, the whole characteristic of the coal formation is important when 

understanding the production trends and profiles of each field. However, 

permeability has the most profound effect in production rates since it is permeability 

that allows the fluids in the reservoir to flow out, into the wellbore and thereafter, up 

to surface. 
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5.0 CONCLUSION AND RECOMMENDATION 

 

The research on permeability and its effect towards the production rates of gas in 

CBM wells have given great insight into the properties of coal and how they relate to 

pressure. It can be concluded that: 

i. Permeability has an enhanced effect on methane gas production rate. 

ii. An increase in permeability leads to higher production rate and a prolonged 

production period at the maximum production rate 

iii. Sarawak has the potential to produce CBM, however further research into the 

coal formation must be conducted 

iv. High reservoir pressure, Langmuir volume, and permeability are favorable for 

CBM production 

 

Among the recommendations that can be made as a follow-up to this project are: 

i. Simulation should also be run for higher permeabilities and how they 

affect production of CBM 

ii. More studies should be conducted to see the effect of skin and porosity on 

production performance 

 

More studies should be conducted to see the effect of skin and porosity on 

production performance 
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7.0 APPENDIX 

 

Figure 52: SEM of coal macropores 

 

 

Figure 53: General Schematic of CBM Production 


