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Coalbedmethane (CBM) currently accounts for approximately 5% of U.S. annual gas production. The performance
prediction of CBM is very complex. It is highly affected by the complexity of porosity–permeability variation,
reduction due to formation compaction, enhancement due to matrix shrinkage, and the two-phase flow effects.
An additional complexity is added if the initial gas content, permeability, and porosity are not available. In this
paper an integrated model was developed to simulate the behavior of CBM. A developed generalized material
balance equation is used to account for the solubility of the methane in water, and the changes of porosity and
permeability with pressure depletion. The equation is formatted similarly to the conventional material balance
of oil reservoirs.
An optimization algorithm was also used with the integrated model. The model could be used as a history
matching tool to estimate the original gas-in-place (the adsorbed gas-in-place and the free gas-in-place), the
initial formation permeability, the gas and water relative permeability exponents, and the matrix shrinkage
coefficient that reflected the permeability changes.
The developedmodel was validated by use of different simulation cases generatedwith a commercial simulator.
The results showa goodmatch between the simulation cases and the integratedmodel. Themodelwas then used
to analyze the production data of different CBM formations (the Fruitland and the Upper Pottsville Formations,
USA). The model was used to match the production history data (gas and water rates) in order to estimate the
gas-in-place and the formation properties. These parameters were then used to predict the production
performance. The model can be run with different production control conditions such as the constant water
rate or the constant bottom-hole flowing pressure.
This model could be used as a helpful tool in CBM investment and development. It can also be used to obtain the
key reservoir parameters for newly discovered reservoirs such as gas-in-place, initial water-in-place, water
production rate, gas production rate, and the peak gas rate. With this information, an investor will better
determine the feasibility of a project. Also, this model can be used to optimize the dewatering rate (initial
water production rate) in order to optimize the time taken to reach the peak gas rate.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

According to the U.S. Energy Information Administration (EIA),
coalbed methane production in the U.S. in 2013 was 1.5 Tscf, nearly
5% of U.S. gas production that year (EIA, 2013). The CBM is considered
an unconventional resource where the coal is the source rock and the
reservoir rock for the methane (Gray, 1987). The performance predic-
tion of CBM reservoirs are challenging due to the complex interactions
of storage and transportation mechanisms. The coalbed formations
are characterized by their dual porosity: primary (micropores and
macropores) and secondary (cleats network) (Laubach et al., 1998).
The main difference between conventional reservoirs and the CBM is
that in CBM the primary porosity system contains the majority of the

gas-in-place as adsorbed gas in the coal matrix, while the cleat network
system is usually full of water and it provides the path for mass transfer
to the wellbore (Laubach et al., 1998; Shi and Durucan, 2004). As a
result, the production behavior of the CBM formations greatly differs
from conventional gas reservoirs (Gray, 1987). The production of CBM
formations contains three stages (Ahmed and Meehan, 2012; Gray,
1987). In the dewatering stage, the water produces from the formation
and the pressure in the cleat network decreases, which allows gas to de-
sorb from the coal matrix. Once the gas saturation in the cleat network
becomeshigher than the critical gas saturation, it begins toflow through
the cleat network to the producing wells. As the gas desorption from
the matrix continues, the gas flow increasing becomes more dominant
and it reaches its maximum value (peak gas stage). Finally, in the
decline stage, the gas flow decreases and the CMB behavior becomes
similar to the conventional gas reservoirs. Also, as the gas desorbs
from the coal surface the matrix shrinks. Matrix shrinkage increases
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cleat width, and the permeability increases (Harpalani and Schraufnagel,
1990).

This complicated behavior of CBM limits the use of common
methods, such as decline curves, to predict the gas recovery and the
well performance. Some of these decline curves analyses assume con-
stant operating conditions and static reservoir behavior, which are usu-
ally violated, that leads to incorrect results (Arps, 1945). Clarkson
explained that CBMwells violatemany of the conditions for Arps decline
curve analysis (Clarkson, 2013). In CBM wells, the Arps b-exponent is
not constant during the decline stage. The early performance decline
often appears to have exponential decline but in the end becomes
more hyperbolic. As a result, the uses of the Arps exponential model
early in the production history tended to underestimate gas reserves
(Clarkson, 2013). Also some of these decline curves faces some difficul-
ties in fitting models with higher number of unknowns. The numerical
reservoir simulators are therefore the best tools for predicting the
performance of the CBM reservoirs. The prediction of gas production
can be time consuming, expensive, and it can become unreliable if the
formation parameters are unavailable. Analytical models and history
matching can be used efficiently to estimate the reservoir parameters
and predict production performance.

The Material Balance Equation (MBE) describes the production
behavior of the oil and gas reservoirs. Material balance equations are
used to define theperformance of oil and gas reservoirs. For convention-
al oil reservoirs, it has the following form:

N Bt−Btið Þ þ G Bg−Bgi
� �þNBti

cw swi þ cf

1−swi

� �
ΔP

¼ Np Bt þ Bg Rpo−Rsoi
� �� � ð1Þ

And for gas reservoirs,

G Bg−Bgi
� �þ GBgi

cw swi þ cf

1−swi

� �
ΔP ¼ GpBg þWpBw ð2Þ

To derive these equations, it is assumed that the reservoir tempera-
ture is constant; there is equilibrium reservoir pressure (the porosity,
the permeability, and the fluid saturations are the same throughout
the entire reservoir); there is a constant reservoir bulk volume; the
fluid and reservoir rock are nonreactive; and reliable production, pres-
sure and the pressure-volume-temperature (PVT) data are available
(Craft et al., 1959).

Various forms of MBEs for CBM and shale gas formations have been
developed (Ahmed and Meehan, 2012; Clarkson and McGovern, 2001;
King, 1993; Seidle, 1999;Williams-Kovacs et al., 2012). These equations
account for the assumptions of the material balance equation for con-
ventional reservoirs with considering the adsorbed gas. Also, it assumes
equilibrium between the free gas in the pores and the adsorbed gas on
the matrix. These equations account for the formation compressibility
and the fluid compressibility effects; however, they do not account for
matrix shrinkage and methane-in-water solubility.

Different authors discussed the effect of matrix shrinkage on forma-
tion permeability, especially when the formation pressure is depleted
(Clarkson et al., 2010; Harpalani and Schraufnagel, 1990; Liu and
Harpalani, 2013; Palmer, 2009; Shi andDurucan, 2005). The gas desorp-
tion shrinks the coal matrix and increases cleat width, which in turn in-
creases the absolute permeability. Also, matrix shrinkage improves
relative permeability to gases. As the volume of cleat network increases,
while the water volume is constant, the water saturation decreases and
relative permeability to gases increases.

This paper presents amodel that can be used as a prediction or a his-
tory matching tool for CBM performance. It can be used to match the
production data to estimate the formation properties, which can then
be used to predict future reservoir performance.

2. Model description

The objective of themodelwas to historymatch and predict the per-
formance of the CBM formations. First, a forward model was developed
for the rate-time performance prediction of the well. In case the forma-
tion parameters were not available, the model was inverted in order to
use the rate time production history to obtain the reservoir properties
that will be used to predict the future performance (Fig. 1).

The developed model assumes that each well is treated individually
and the estimated parameters, gas content and pore volume, will give
the values for the drainage area of the well. Well interferences were
neglected in this work.

2.1. The generalized material balance equation (GMBE)

The aim of the GMBE is to predict the CBM performance with
pressure depletion by predicting the water saturation in the reservoir,
the incremental water and gas production with a drop in pressure.

A GMBE is developed in order to account for the porosity variation
due to matrix shrinkage and formation compressibility, and the solubil-
ity of methane in water. The tank model concept was used to develop
the GMBE (Fig. 2). It is based on a volumetric balance where the pore
volume at any pressure or time is equal to the summation of free
water and gas volumes. This means that the change in the pore volume
is equal to the summation of changes in the free water volume and free
gas volume with pressure depletion.

ΔVp ¼ ΔWf þ ΔGf ð3Þ

The reservoir pore volume changes due to formation compaction
and matrix shrinkage. According to Clarkson et al. (2010), Liu and
Harpalani (2013), Palmer (2009), and Shi and Durucan (2005), the
change in porosity, Δ ∅, can be calculated as follows:

Δ∅ ¼ ∅i c fΔP−csΔP�� � ð4Þ

Where,

ΔP� ¼ Pi

Pi þ PL
−

P
Pþ PL

� �
; and ΔP ¼ Pi−P ð5Þ

cf is the formation compressibility. cs is thematrix shrinkage coefficient,
which is a function of the formation mechanical properties and the gas
properties. The historymatching technique can be used to determine cs.

The absolute permeability can be predicted as a function of porosity
(Zhou et al., 2013) as follows:

k
ki

¼ ∅
∅i

� 	3

ð6Þ

By assuming a constant bulk volume, the change in the pore volume
can be calculated as follows:

ΔVp ¼ Vpi cfΔP−csΔP�� � ð7Þ

The water volume in the reservoir changed due to water expansion
and production.

ΔWf ¼ WiBwi− Wi−Wp
� �

Bw ð8Þ

The change in the free gas volume is described by Eqs. (9)–(12). It is
equal to the difference between the initial free gas in the reservoir and
the current residual free gas.

ΔGf ¼ Gfi−Gfr ð9Þ
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