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Summary
This paper presents the derivation of a general gas material balance
that has particular application to high-pressure gas reservoirs, [both
normal pressured and overpressured (geopressured)]. Its main ap-
plication is to calculate original gas in place and assist in calculating
remaining recoverable reserves from pressure/production data.

The form of the material-balance equation is (p/z)[1 2 c#e(p)(pi

2 p)] 5 (p/z)i(1 2 Gp/G), which includes a pressure-dependent
cumulative effective compressibility termc#e(p) that is defined in
terms of the following reservoir parameters: pore compressibility,
water compressibility, gas solubility, and total water associated
with the gas reservoir volume. “Associated” water includes connate
water, water within interbedded shales and nonpay reservoir rock,
and any limited aquifer volume.c#e physically represents the cu-
mulative change in hydrocarbon pore volume (PV) caused by
compressibility effects and encroaching water.

High pressure gas reservoirs typically have concave downward
p/z vs. Gp plots which may result in serious overestimation of
original gas in place and remaining recoverable reserves. The
proposed form of the gas material balance equation provides a
method to linearize thep/zvs.Gp plot, and thereby predict the true
original gas in place. A method is suggested to determine initial gas
in place by analyzing the behavior of cumulative effective com-
pressibility backcalculated from pressure/production data. The
c#e(p) function determined by this procedure, or estimated from logs
and geological maps when sufficient production data is not avail-
able, is then used to forecast pressure/cumulative behavior. Two
field examples are provided showing the application of the material
balance equation to high pressure gas reservoirs.

Introduction
High pressure gas reservoirs experiencing depletion drive typically
have downward curvingp/zvs.Gp behavior. Incorrect extrapolation
of early depletion data may result in serious overestimation of
original gas in place and remaining reserves.

Brunset al.1 work in 1965 was a result of a field study conducted
on a large moderately overpressured gas reservoir in the Texas Gulf
Coast area. Investments were made, and never needed, based on
linear extrapolation of the early fieldp/zvs.Gp performance to an
apparent original gas in place that was later found to be overstated
by about 200 Bscf. Fig. 5 in Ref. 1 (Run 20) shows the concave
downward curvature typical for the pressure response of a limited
external aquifer system that simulated the reservoir’s response.

This type of “limited” aquifer behavior, where pressure in the
reservoir and aquifer are virtually equal, led to the derivation of a
general material balance for high pressure gas reservoirs (see
Appendix, Ref. 2). The derivation includes pressure-dependent
rock and water compressibility (with gas evolving from solution).
All water and rock volumes associated with the reservoir and
available for expansion, including a limited aquifer volume, were
included in a cumulative effective compressibility termc#e(p). Rock
and water compressibilities were defined to account for cumulative
changes in volume to be multiplied by the cumulative pressure drop
(pi 2 p); instantaneous compressibilities are not used at all. The
final form of the material balance is similar to that published by
Ramagost and Farshad,3 except that they consideredc#e as a con-

stant. The general gas material balance as presented in this paper
defines a cumulative effective compressibilityc#e(p) as a function of
pressure.

Literature Review
Harville and Hawkins4 and Hammerlindl5 attribute the concave
downward shape ofp/z vs. Gp curves obtained in abnormally
pressured gas reservoirs entirely to pore collapse and formation
compaction. No definition of pore collapse is given in Ref. 4, but
a plot of backcalculated PV change indicated a system compress-
ibility change from 283 1026 psi21 at initial pressure to about 6
3 1026 psi21 at low pressures. This magnitude of PV change
implies associated water volume. The decreasing “system” com-
pressibility is expected for an overpressured reservoir with pres-
sure-dependent PV compressibility, and based on results presented
in this paper pore collapse is not a necessary condition for such
behavior.

The Anderson “L” reservoir performance presented by Duggan6

shows curvedp/z vs. Gp field behavior which was primarily
attributed to shale water influx with no evidence of reservoir pore
compaction. The water influx drive mechanism was supported by
the fact that several wells watered out. Wallace7 also concluded that
shale water influx is an important drive mechanism in abnormally
pressured gas reservoirs. Bass8 discounts shale water influx, and
attributes curvedp/zvs.Gp behavior to peripheral water influx from
a limited aquifer and formation compaction treated with a constant
PV compressibilitycf . For a limited aquifer, Bass defines a termFp

as the ratio of peripheral water PV to the PV of gas-bearing rock.
Roach9 and Ramagost and Farshad3 both use the termp/z[1 2

ce(pi 2 p)] for geopressured and abnormally pressured gas reser-
voirs. Both authors considerce a constant and they consider the
Anderson “L” example.

Bernard10 does not accept the rock collapse theory as the cause
for overpressuredp/zvs.Gp behavior, concluding that water influx
is the basic drive mechanism. He also usesp/z[1 2 c(pi 2 p)] where
c is a “catch-all” term for treating the effects of rock and water
compressibility, a small steady-state acting aquifer, and steady state
shale water influx. He further states that the termc is almost
impossible to quantify in terms of reservoir properties.

Begland and Whitehead,11 Prasad and Rogers,12 and Wang and
Teasdale13all present studies of overpressured gas reservoirs based
on computer models. Refs. 11 and 12 treatcf andcw as functions
of pressure, including the effect of solution gas in the water.
External water sources are also included in Refs. 12 and 13. The
differential forms of the material balance used in these references
correctly apply instantaneous compressibility in a history-matching
approach to determine initial gas in place. A direct plot of (p/z)[1 2
c#e(pi 2 p)] vs. Gp was not made because thec#e term had not been
defined.

Poston and Chen14 analyzed several abnormally pressured gas
reservoirs, and recognized that calculated values ofce. 303 1026

psi21 required to linearize the material-balance plot reflected the
influence of water influx.

Bourgoyne15 demonstrates that reasonable values of shale per-
meability and compressibilities treated as a function of pressure can
be used to match abnormal gas reservoir performance behavior. He
points out, however, that determiningkandcf of the shale necessary
for modeling this behavior is practically impossible.

Ambastha16uses Bourgoyne’s general material-balance equation
to develop a graphical matching technique based on a constant
effective compressibilityce. The example given in that paper shows
a lack of uniqueness in determining initial gas in place.

Copyright 1998 Society of Petroleum Engineers

Original SPE manuscript received for review 11 March 1997. Revised manuscript
received 24 November 1997. Paper peer approved 9 December 1997. Paper (SPE
22921) first presented at the 1991 SPE Annual Technical Conference and Exhibition
held in Dallas, 6–9 October.

3SPE Journal, March 1998



General Material Balance
The general form of the gas material balance is
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which reduces to
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when water terms and gas injection are neglected. The cumulative
effective compressibility termc#e(p) is pressure-dependent, consist-
ing of a cumulative PV compressibilityc#f(p), cumulative total water
compressibilityc#tw(p), and the total pore and water volumes asso-
ciated (i.e., in pressure communication) with the gas reservoir,

c#e~p! 5
Swic# tw~p! 1 c# f~p! 1 M@c# tw~p! 1 c# f~p!#

1 2 Swi
. . . . . . . . . . (3)

The formation and total water compressibility termsc#f and c#tw

account for cumulative changes in volume from initial pressure to
the current pressure.

The interbedded nonpay volume and limited aquifer contribu-
tions to pressure support are quantified in terms of theM ratio,

M 5
VpNNP 1 VpAQ

VpR
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (4)

An important aspect of the material balance for high-pressure gas
reservoirs is that the gas in solution in the connate and associated
water provide both pressure support and additional gas available for
production. The level of pressure support provided by the evolved
solution gas depends on the level of depletion, and it is shown that
this support is significant below about 1,500 psia. The solution gas
available for production also depends on the level of depletion, i.e.,
how much of the original solution gas has evolved [Rsw(pi) 2
Rsw(p)] and the quantity of this gas that is mobile.

The termG is used for the initial free gas in place, and it is this
quantity that will be determined from the material balance plot
given by Eq. 2 when extrapolated to (p/z)[1 2 c#e(pi 2 p)] 5 0. This
condition is reached at a pressure when 12 c#e(p)(pi 2 p) 5 0, and
not whenp 5 0, i.e., additional gas may be produced afterGp

reaches original free gas in placeG. At pressures whereGp exceeds
G the correctedp/z term (p/z)[1 2 c#e(pi 2 p)] becomes negative.
If reservoir pressure could be brought to standard conditions (p 5
psc) the total gas would beG plus the total solution gas in placeGs,
(G 1 Gs).

The effect of connate water saturationSwi andM are important
to the magnitude ofc#e. With typical values ofc#f 5 cfi 5 4 3 1026

psi21 andc#tw 5 cwi 5 3 3 1026 psi21 for a high-pressured gulf
coast sandstone reservoir, the cumulative effective compressibility
is initially c#e 5 7.5 3 1026 psi21 for Swi 5 35% andM 5 0; and
c#e 5 15 3 1026 for Swi 5 35% andM 5 1. Fig. 1 shows the
percentage of true original free gas in place that would be over-
estimated by extrapolating earlyp/zvs.Gp data, indicating that the
overestimation is greater for larger initial pressure and higherc#e

values at initial conditions. For an initial pressure of 10,000 psia and
a c#e 5 10 3 1026 psi21 the extrapolation of early data gives an
estimate ofG that is about 25% higher than the true original free
gas in place. The sections below discuss the calculation ofc#f(p) and
c#tw(p) functions.

Cumulative PV Compressibility c#f . The material balance pre-
sented in this paper uses a cumulative PV compressibilityc#f

defined as

c# f~p! 5
1

Vpi
FVpi 2 Vp~p!

pi 2 p G. . . . . . . . . . . . . . . . . . . . . . . . . . (5)

The term in brackets is the slope of the chord from the initial
condition (pi, Vpi) to any lower pressure (p, Vp), as shown inFig.
2. This implies thatc#f is a function of both pressure and the initial
condition. The instantaneous PV compressibilitycf is defined as

cf~p! 5
1

Vp

Vp

p
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (6)

and is only a function of pressure. At initial pressure the two PV
compressibilities are equal:c#f(pi) 5 cf(pi). The instantaneous com-
pressibility functioncf(p) should be used in reservoir simulation and
differential forms of the material balance, while the cumulative
compressibility functionc#f(p) must be used with forms of the
material balance that apply the cumulative pressure drop (pi 2 p),
i.e., p/z vs. Gp plots.

The pressure dependence ofc#f is best determined by special core
analysis under appropriate reservoir conditions.Table 1 summa-
rizes the calculation ofc#f as a function of pressure using laboratory
data for a gulf coast sandstone.Fig. 3 shows howcf andc#f vary
as a function of pressure for this overpressured reservoir rock.

In the absence of pore collapsec#f is always greater than or equal
to cf. The cumulative PV compressibility remains higher than the
instantaneous compressibility because of an averaging effect that
reduces the pressure dependence ofc#f compared withcf. An
important consequence of this behavior is that a rock exhibiting
large PV change because of a high level of overpressure will
initially have and maintain a high cumulative compressibilityc#f

as shown in Fig. 3.

Fig. 1—Effect of pi and c#e on overestimating G.

Fig. 2—Cumulative PV compressibility as a chord slope.
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Pore collapse is defined as the condition when a rock’s instan-
taneous PV compressibility starts to increase at decreasing reservoir
pressure. Pore collapse provides greater pressure support when
collapse occurs at a high pressure. However, pore collapse is not
reflected by thec#e(p) function and will not therefore be seen on the
p/z vs. Gp plot at the pressure when pore collapse occurs. In fact,
pore collapse may not be identifiable at all on the cumulative
compressibility term. For example, the gulf coast sandstone in Fig.
3 exhibits pore collapse at 4,000 psia (about 5,000 psi less than
initial pressurepi). Despite the increase incf from 4 to 253 1026

psi21 in the pressure range 4,000 to 1,000 psia, the change inc#f

over the same pressure range is almost insignificant.Fig. 4 shows
a North Sea chalk sample from a reservoir with initial pressure of
7,000 psia exhibiting pore collapse at 6,000 psia. Here the effect
pore collapse is greater, causingc#f to increase from 6 to 203 1026

psi21 in the pressure range from 6,000 to 2,000 psia. In general,
however, pore collapse in and of itself does not have a significant
effect on thep/z vs. Gp plot.

In the absence of laboratory data, PV compressibilities can be
estimated from correlations presented by Hall17and by Von Gonten
and Choudhary.18Hall’s correlation (his Fig. 2) gives instantaneous
PV compressibility as a function of porosity, i.e., there is no
pressure dependence. Von Gonten develops correlations for instan-
taneous PV compressibilitycf as a function of net overburden

pressure (po), wherepo equals the overburden gradient times depth
minus reservoir pressure.

Cumulative Total Water Compressibility c#tw. The pressure sup-
port provided by water is made up of two components. First, the
water expansion with decreasing pressure, and second, the release
of solution gas and its expansion. The total or composite com-
pressibility effect is expressed as

c# tw~p! 5
1

Btw~pi!

Btw~p! 2 Btw~pi!

pi 2 p
. . . . . . . . . . . . . . . . . . . . . (7)

in terms of the total water formation volume factorBtw,

Btw~p! 5 Bw~p! 1
@Rswi 2 Rsw~p!#Bg~p!

5.615
. . . . . . . . . . . . . . . . (8)

Fig. 5 shows typical behavior forBw andBtw as a function of
pressure; the figure also shows the behavior ofc#tw(p) where it is
seen that little increase occurs before a pressure of about 1,500 psia,
and that, at pressures below 1,000 psia, there is a significant
increase inc#tw with a limiting relationshipc#tw } 1/p at low
pressures,

c# tw~p 3 0! > F 1

5.615

Tpsc

Tsc

Rswi

piBtwi
G1

p
. . . . . . . . . . . . . . . . . . (9)

TABLE 1—CALCULATION OF PORE VOLUME COMPRESSIBILITY FROM LABORATORY DATA

Reported Laboratory Data Calculations for pi 5 9,800 psia

po
(psia)

Vp
(cm3)

Vb
(cm3)

f
(%) cf

p
(psia)

pi 2 p
(psi)

Vpi 2 Vp
(cm3)

c# f
Eq. 5

200.0 3.420 20.530 16.70 16.50 9,800 0 0.000 16.50

1,000.0 3.379 20.489 16.49 13.70 9,000 800 0.041 14.99

2,000.0 3.337 20.447 16.32 11.40 8,000 1,800 0.083 13.48

3,000.0 3.303 20.413 16.18 9.10 7,000 2,800 0.117 12.22

4,000.0 3.276 20.386 16.07 6.90 6,000 3,800 0.144 11.08

5,000.0 3.257 20.367 15.99 5.00 5,000 4,800 0.163 9.93

6,000.0 3.243 20.353 15.93 3.80 4,000 5,800 0.177 8.92

7,000.0 3.230 20.340 15.88 4.10 3,000 6,800 0.190 8.17

8,000.0 3.213 20.323 15.81 7.30 2,000 7,800 0.207 7.76

9,000.0 3.177 20.287 15.70 16.80 1,000 8,800 0.243 8.07

9,500.0 3.144 20.254 15.50 25.80 500 9,300 0.276 8.68

All compressibilities in 1026 psi21.

Fig. 3—Cumulative and instantaneous cf vs. p for a sandstone
with pore collapse.

Fig. 4—Cumulative and instantaneous cf vs. p for a chalk with
pore collapse.
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Specifically at standard conditions (psc), c#tw is given by

c# tw~psc! 5 F 1

5.615

T
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Rswi

piBwti
2

1

pi
G. . . . . . . . . . . . . . . . . . . .(10)

To calculatec#tw, values ofBw, Rsw, andBg are tabulated with
pressure as shown inTable 2. These properties can be obtained
from correlations at pressures less than about 10,000 psia and
300°F. At more extreme conditions of pressure and temperature,
and for gases with high concentrations of nonhydrocarbons CO2,
N2, and H2S, we have used the Peng-Robinson19 equation of state
with volume translation and binary interaction coefficients that are
dependent on both temperature and salinity.20

Another approach for high pressures is simply to extrapolateBw

linearly andRswwith a flattening curvature toward a constant value.
Nonhydrocarbons can be treated by evaluatingRsw of each com-
ponent separately at its partial pressure, and summing the values for
all soluble components,

@Rsw~p!#TOTAL 5 O
j

@Rsw~yjp!#, . . . . . . . . . . . . . . . . . . . . .(11)

whereyj is the reservoir gas mole fraction of Componentj. Typ-
ically the only components with appreciable solubility are methane,
CO2, and H2S.

Associated Water Volume RatioM. The total compressibility
effect on the gas material balance depends on the magnitudes of
rock and total water compressibilities and on the total pore and
water volumes in pressure communication with the gas reservoir
(including connate water and the PV within the net pay).

Associated water and PVs external to the net pay include nonnet
pay (NNP) such as interbedded shales and dirty sands, plus external
water volume found in limited aquifers. Including these water
volumes in reservoir simulation is referred to as using a “gross”
model. In the proposed material balance equations this associated
volume is expressed as a ratio relative to the PV of the net pay
reservoir,

M 5 MNNP 1 MAQ, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(12)

where

MNNP 5
VpNNP

VpR
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(13)

and

MAQ 5
VpAQ

VpR
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(14)

In the simplest case whenM 5 0, there will be pressure support
only from connate water and the net pay PV. This is equivalent in
simulation to building a net model. The cumulative effective
compressibility termc#ewill then be expected to have values ranging
from 7 to 153 1026 psi21 for normal-pressure reservoirs, where
the larger values will generally result from high connate water
saturation.

Net pay compressibility effects alone can cause noticeable cur-
vature in thep/zvs.Gp plot with potential overestimation of initial
free gas in place (G) (see Fig. 1).

MNNP. The nonnet pay water volume ratioMNNP comprises in-
terbedded reservoir PV, including shales and poor quality rock, that
are assumed to be completely filled with water. With this definition
MNNP can be written in terms of the net to gross ratioRNG defined
as

RNG 5
hR

hR 1 hNNP
5

hR

ht
. . . . . . . . . . . . . . . . . . . . . . . . . . . . .(15)

Accounting for different porosities in the net pay and nonnet pay
MNNP is given by

MNNP 5
~fhA!NNP

~fhA!R

5
fNNP

fR
S1 2 RNG

RNG
D. . . . . . . . . . . . . . . . .(16)

Properties and thicknesses of the net pay and nonnet pay are readily
available from log analysis.

MAQ. Aquifers with sufficient permeability and limited areal ex-
tent can be treated as part of the total cumulative compressibility
term. The water volume ratio of the aquiferMAQ can be determined
using geological maps and well control to define areal extent, and
electric logs to define the gas/water contact. In general,MAQ is
defined as

MAQ 5
~fhA!AQ

~fhA!R

, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(17)

and for a radial aquifer geometry quantified in terms of the aquifer
to reservoir radiusrAQ/rR, the aquifer volume ratio can be expressed

MAQ 5
~fh!AQ

~fh!R
FSrAQ

rR
D2

2 1G . . . . . . . . . . . . . . . . . . . . . . .(18)

Brunset al.1 show that limited aquifers withrAQ/rR ratios up to 5
have the samep/z vs. Gp behavior for permeabilities 100 md and
higher. This implies that the transient effects in the aquifer have

Fig. 5—Cumulative total water compressibility, c# tw, vs. p.

TABLE 2—COMPARISON OF cf FOR NORMAL PRESSURE
AND OVERPRESSURED CONDITIONS

Sample

Initial
Porosity

(%)

Normal
Pressure

cfi
(psi21)

Over-
Pressured
cfi (psi21)

Gulf coast sandstones

Sample 1 13 4.8 6.4

Sample 2 20 4.4 16.5

North Sea chalk

Sample 9 (pore collapse) 32 18.3 7.9

Sample 10 (pore collapse) 30 20.1 7.4

Von Gonten

Sample 9A 11 3.0 6.0

Sample 4A 22 4.6 9.2

Sample 7A 26 5.9 7.2

Sample 3A 28 8.6 10.6

Sample 6A 25 7.8 8.6

Normal Pressured is 0.5 psi/ft 3 Depth; Overpressured is 0.8 psi/ft 3 Depth. Depth
Used is 10,000 ft.
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negligible effect on reservoir performance and the aquifer can be
treated as part of the cumulative effective compressibility term.
Values ofMAQ used in the definition ofc#e may be as high as 25,
[MAQ ' (rAQ/rR)2 2 1], in reservoirs with moderate permeability.
With higher permeabilities, limited aquifers can includerAQ/rR

ratios greater than 5 and still be treated as part of the cumulative
effective compressibility term.

When the aquifer is sufficiently large and requires treatment with
either superposition or the Schilthius infinite aquifer model, thec#e

term should still be used, but it will only contain the effect of net
pay and nonnet pay volumes; i.e.,M 5 MNNP.

Cumulative Effective Compressibility c#e. Total cumulative ef-
fective compressibility represents all available pressure support
from rock and water. The equation forc#e is

c#e~p! 5
Swic# tw~p! 1 c# f~p! 1 M@c# tw~p! 1 c# f~p!#

1 2 Swi
. . . . . . . . .(19)

For a specific reservoir a family ofc#e(p) curves can be generated
for severalM values. These curves will have specific characteristics
depending on the pressure dependence of rock and water com-
pressibilities. Thec#tw(p) curves are relatively constant at high
pressure, increasing slightly as pressure decreases, then rising
sharply at low pressure around 1,000 psia. Typically, a constant PV
compressibilitycf can be assumed and thec#e(p) curves will then
have the same character as thec#tw(p) curve.Fig. 6 illustrates an
example ofc#e(p) curves at variousM ratios for a typical gulf coast
reservoir withpi 5 9,000 psia,T 5 200°F,gg 5 0.7 (air5 1), and
a constantc#f 5 3.2 3 1026 psi21.

For overpressured reservoirs exhibiting a pressure-dependent
c#f(p), the family of c#e(p) curves at high pressures will tend to
decrease with depletion. In the absence of pore collapsec#f(p)
decreases to a constant value at lower pressure and thec#e(p) curves
at lower pressure are dominated by the increasingc#tw(p) function.
If pore collapse occurs, but not early in depletion, the pore collapse
is almost insignificant because thec#f(p) function does not start
increasing until low pressures because it represents a cumulative
PV change, and, when thec#f(p) function finally starts to increase
it will be masked by thec#tw(p) function which is increasing as 1/p.
Fig. 7 illustrates this point for a gulf coast overpressured reservoir
with pi 5 9,000 psia,T 5 300°F, andgg 5 0.71 (air5 1). Although
pore collapse occurs at approximately 3,500 psia (Fig. 3),c#f does
not start increasing until 2,000 psia. The increase is insignificant
relative to the increase inc#tw(p) at lower pressures.

The next example is a North Sea chalk (Fig. 4) that shows pore
collapse at a pressure only 1,000 psi below initial pressure of 7,000
psia. The c#f(p) function increases almost simultaneously with
instantaneouscf, and the effect ofc#f(p) on c#e(p) is shown inFig. 8.
Although c#f(p) has an impact onc#e(p) at moderate and high

pressures for this example, thec#tw(p) function still dominates the
behavior ofc#e(p) at pressures less than 1,500 psia.

Estimating Gas-in-Place.A method is proposed for estimating
the initial (free) gas in placeG based on historical pressure/
cumulative data. The procedure also determines the water volume
ratioM and thec#e(p) function. First, a plot ofp/zversus cumulative
gas productionGp should have the characteristic concave down-
ward shape of a high-pressure reservoir influenced by associated
water and PV compressibility.

A range of values forG should then be assumed, with the largest
value based on an extrapolation of the early depletion data, and the
lowest value being somewhat larger than the currentGp. For an
assumed value ofG, calculate for each measuredp/z andGp data
the c#e value from the rearranged material balance, Eq. 2,

~c#e!backcalculated5 F1 2
~p/z!i

~p/z!S1 2
Gp

GDG 1

~pi 2 p!
. . . . . . . . . .(20)

At this point, a plot can be made of backcalculatedc#e as a
function of pressure given the assumedG. Using reservoir rock and
water properties, a family ofc#e(p) curves at variousM values can
be generated independently to match against the backcalculatedc#e

values. The data should honor the shape and magnitude of onec#e(p)
curve, where this match yieldsG, theM value, and ac#e(p) function
that can be used to forecast futurep/z vs. Gp behavior. This
procedure gives a sound physical significance to the estimation of
G as opposed to a pure statistical best fit that may lead to unrealistic

Fig. 6—Cumulative effective compressibility vs. p at various M
ratios.

Fig. 7—Cumulative effective compressibility vs. p for a sand-
stone w/pore collapse.

Fig. 8—Cumulative effective compressibility vs. p for a chalk
w/pore collapse.
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solutions. The Field Examples section discusses criteria for match-
ing field data, and the expected behavior ofc#e(p).

Characteristics of p/z vs. Gp Plots for
High-Pressure Reservoirs
PV reduction, water expansion, and solution gas evolution, ex-
pressed in terms ofc#e(p) in the general material balance equation,
provide pressure support for all reservoirs during depletion. The
reservoir does not have to be overpressured or geopressured. The
termc#e(p)(pi 2 p) determines whether the conventionalp/zvs.Gp

plot yields a straight line. For most low-pressure reservoirs this term
is small and is often neglected because a straight-linep/zvs.Gp plot
is obtained. Reservoirs undergoing depletion with initial pressure
exceeding 5,000 psia are automatically candidates for being treated
with the complete material balance equation.

Fig. 9 presents three generatedp/zvs.Gp curves for a gulf coast
overpressured sandstone reservoir usingM 5 0 (i.e.,c#e(p) 5 [c#f(p)
1 Swic#tw(p)]/(1 2 Swi). Curve A accounts for PV reduction,
including pore collapse at about 4,000 psia. Curve B uses the same
c#f(p) function as Curve A down to 4,000 psia (where pore collapse
occurs) and thereafter uses a constant instantaneous compressibility
of 4 3 1026 psi21. Plots of p/z vs. Gp for A and B are almost
identical, showing only a slight separation at pressures less than
3,500 psia. This clearly shows the limited effect of pore collapse on
thep/zvs.Gp plot when collapse occurs late in depletion. Curve C
assumes that the initial PV compressibility of 133 1026 psi21

remains constant throughout depletion. The difference between the
two p/zvs.Gp Curves A and C is a result of the actual decrease in
PV compressibility. Including an external water volume quantified
with M 5 2 produces more curvature in thep/zvs.Gp plots, but the
separation between curves with and without pore collapse is still
very small (not shown).

Another example relates to a North Sea chalk reservoir where
pore collapse occurs just below initial pressure.Fig. 10 presents
generatedp/zvs.Gp plots forM 5 0 with pore collapse (Curve A)
and with no pore collapse (Curve B). The effect of pore collapse
is more significant than in the previous example because it occurs
at a relatively high pressure.

Field Examples
Ellenburger Gas Reservoir. This field example is for a normal
pressured (0.5 psi/ft) 1,600-ft-thick, dry gas reservoir with initial
reservoir pressure of 6,675 psia at 200°F. Average porosity is about
5% with connate water saturation in the pay of about 35%. Per-
meability is high because of an extensive microfracture system that
results in a high degree of interwell pressure communication and
almost instantaneous pressure buildup to static conditions. Initial
CO2 concentration was about 28 mol%, and a gradual increase in
CO2 concentration to 31 mol% at the present time has been

observed. The reservoir has produced about 3.1 Tscf, and currently
has an average fieldwide bottomhole pressure of approximately
1,000 psia. Thep/z vs. Gp plot shows a characteristic concave
downward behavior, with an initial gas in place estimate of more
than 4.4 Tscf using early data (Fig. 11). Thep/zvs.Gp data at low
pressures has started flattening.

The procedure outlined earlier for determining initial free gas in
place G was used for this reservoir.Fig. 12 shows a plot of
backcalculatedc#e vs. pressure for a range ofG from 3.0 Tscf to 3.6
Tscf. Another plot ofc#e(p) was generated independently from rock
and fluid properties by use of an equation of state for several values
of M with Swi 5 0.35,c#f 5 6.5 3 1026 psi21 (from Hall17), and
c#tw(p). Fig. 13shows the best-fit of data on thec#e(p) curve forM 5
3.3, corresponding to an initial free gas in placeG 5 3.15 Tscf.

The total water volume including connate and associated waters
is given by

W5
1

5.615

GBgi

Btwi

~Swi 1 M!

~1 2 Swi!
, . . . . . . . . . . . . . . . . . . . . . . . .(21)

which yields 8.45(109) STB. The initial solution gas in placeGs is
equal toW times the initial solution gas/water ratioRswi,

Gs 5 WRswi. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(22)

Because of the high CO2 concentration in this reservoir, the solution
gas/water ratio (Rswi 5 67.5 scf/STB) is about three times larger
than for hydrocarbon gas systems. This yields a solution gas in
place ofGs 5 0.55 Tscf and a total initial gas in place ofG 1 Gs

5 3.70 Tscf. Fig. 11 shows thep/zvs.Gp forecast using theM value
determined from the match to calculate thec#e(p) function fromSwi,
M, c#f, andc#tw(p). Also shown on this figure is the plot of (p/z)[1 2

Fig. 9—Effect on p/z vs. Gp with and without pore collapse,
sandstone.

Fig. 10—Effect on p/z vs. Gp with and without pore collapse,
chalk.

Fig. 11—Pressure vs. cumulative production, Ellenburger gas
reservoir.
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c#e(p)(pi 2 p)] vs. Gp for historical performance data and for the
forecast, where it is seen that the current cumulative gas produced
equals the original free gas in place.

The associated water volume given byM 5 3.3 consists of
nonnet pay and an external limited aquifer. Log analysis indicates
a net-to-gross ratioRNG 5 0.5, fR 5 0.05, andfNNP 5 0.03,
yielding MNNP 5 0.6. External water is known to exist but has not
been mapped because of lack of well control. The calculated aquifer
water volume ratioMAQ 5 2.7 (3.32 0.6), or an equivalentrAQ/rR

5 1.9, seems reasonable for a limited aquifer.

Anderson “L”. This reservoir has been studied by several authors
and it is perhaps the best recognized example of a high-pressure gas
reservoir with concave downwardp/z2 Gp behavior (Fig. 14). The
reservoir was abandoned after producing 55 Bscf, but pressure tests
of public record were discontinued after 40 Bscf had been pro-
duced.

Different analyses by other authors have indicated original free
gas in place between 65 to 75 Bscf.Fig. 15 shows backcalculated
c#e vs. pressure for values ofG equal to 65, 72, and 90 Bscf. The
72 Bscf volume is chosen based on a best-fit match with thec#e(p)
function calculated usingM 5 2.25,Swi 5 0.35,c#f 5 3.2 3 1026

psi21, and ac#tw(p) function from equation of state results. Although
the first four data do not fall on the slightly increasingc#e(p) curve,
data at pressures below this value do follow the trend down to the
last pressure datum near 3,000 psia.

The 90 Bscf estimate produces unrealistically lowc#e values,
lower than would be calculated using the net reservoir PV and

connate water compressibilities. The lowest estimate of 65 Bscf
gives a shape forc#e(p) that cannot be accounted for using normal
c#f(p) andc#tw(p) functions.

The forecastedp/z vs. Gp performance (Fig. 14) is calculated
with the match determined above. Total gas in place of is 76 Bscf,
which includes 72 Bscf of original free gas plus 4 Bscf of solution
gas.

Conclusions
1. A general form of the material balance equation for gas

reservoirs has been presented. This equation has particular appli-
cation to high-pressure reservoirs. A cumulative effective com-
pressibility termc#e(p) has been defined in terms of pressure-
dependent PV and total water cumulative compressibilities,c#f(p)
andc#tw(p), and the total volume of water associated with the net pay
reservoir expressed as a ratioM.

2. The general material balance equation applies to all high-
pressure reservoirs, both normal pressured and abnormally pres-
sured (overpressured and geopressured).

3. The effect of a limited aquifer can be included as part of the
M term for most depletion-type reservoirs. Using the water volume
ratio M in the cumulative effective compressibility term, together
with normal values ofc#f and c#tw, explains the “large”c#e values
commonly reported for high-pressure gas reservoirs when linear-
izing the material balance equation. In fact, large values ofc#e

backcalculated from field performance data indicate that associated
water influx is a dominant drive mechanism.

4. Only cumulative compressibilities (c#f andc#tw) can be used in
the general gas material balance equation because they are applied

Fig. 12—Backcalculated c#e vs. p at various original gas in place
(OGIP) values, Ellenburger gas reservoir.

Fig. 13—Matching backcalculated c#e to generated c#e curves,
Ellenburger gas reservoir.

Fig. 14—p/z vs. cumulative production, Anderson “L” reservoir.

Fig. 15—Backcalculated c#e vs. p at various OGIP, Anderson “L”
reservoir.
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against the cumulative pressure drop (pi 2 p) in p/z vs. Gp plots.
A method is given for calculating cumulative total water and PV
compressibilityc#tw(p) andc#f(p).

5. A method is proposed for estimating the original free gas in
place from production data. This method uses backcalculated
cumulative effective compressibilityc#e which is plotted against
pressure and compared with expectedc#e(p) behavior calculated
solely from rock and water properties for a range of values of the
associated water volume ratioM.

6. Pore collapse, in and of itself, does not contribute significantly
to pressure support in overpressured gas reservoirs. In fact, pore
collapse has little effect unless it occurs early in depletion at a
relatively high pressure. The effect of pore collapse, if present, is
a positive effect and tends to flatten thep/z vs. Gp curve, not
bending the curve downward as has been implied by others.

7. Gas found initially in solution in the connate and associated
water is an important component of pressure support late in depletion
(below 1500 psia) and may contribute additional producible volumes
of gas. Typically, the solution gas in placeGs represents 2 to 10% of
the original free gas in place, the value depending primarily on total
water volume (M 1 Swi)/(1 2 Swi) and the initial solution gas/water
ratio Rswi. Gas reservoirs with high CO2 concentration (.20 mol%)
can have even higher solution gas in place,Gs.

Nomenclature
A 5 area, ft2 [m2]
B 5 formation volume factor, reservoir per standard volume
c 5 instantaneous compressibility, 1/psi [1/kPa]
c# 5 cumulative compressibility, 1/psi [1/kPa]

G 5 original free gas-in-place, Bscf [std m3]
Gp 5 cumulative gas production, Bscf [std m3]
Gs 5 initial solution gas in place, Bscf [std m3]
Gx 5 early overestimate ofG, Bscf [std m3]

Ginj 5 cumulative gas injection, Bscf [std3]
h 5 thickness, ft [m]

M 5 volume ratio, dimensionless
RNG 5 net to gross ratio, dimensionless

p 5 reservoir pressure, psia [kPa]
pi 5 initial reservoir pressure, psia [kPa]
po 5 net overburden pressure, psia [kPa]
rR 5 radius of reservoir, ft [m]

rAQ 5 radius of aquifer, ft [m]
Rsw 5 solution gas water ratio, scf/STB [std m3/m3]
Swi 5 initial water saturation, fraction

T 5 reservoir temperature, °R [K]
V 5 volume, ft3 [m3]

Vp 5 PV, cm3 and ft3 [m3]
Vb 5 bulk volume, cm3 [m3]
W 5 total water in place, bbl [m3]

We 5 cumulative water influx, bbl [m3]
Winj 5 cumulative water injection, bbl [m3]
Wp 5 cumulative water production, bbl [m3]

z 5 gas compressibility factor, dimensionless
f 5 porosity, fraction

Subscripts
A 5 associated water

AQ 5 limited aquifer
e 5 effective
f 5 PV (“formation”)
g 5 gas
t 5 gross interval thickness
i 5 initial

inj 5 injection
NNP 5 nonnet pay

R 5 reservoir
sc 5 standard conditions
tw 5 total water
w 5 water
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Appendix A—Derivation of General Gas
Material Balance
The derivation that follows is based on the following assumptions:

1. Any pressure change caused by production or injection into the
reservoir will be felt immediately throughout the total system
including (a)net pay reservoir(R); (b) nonnet pay(NNP), includ-
ing interbedded shales and poor quality rock assumed to be 100%
water-saturated; and (c)limited aquifer(AQ), when present, also
assumed to be water-saturated. The nonnet pay and aquifer volumes
are referred to as “associated” water volumes and both contribute
to water influx during depletion.

2. Simple modifications to the material balance equations can be
made to generalize for nonnet pay that has an initial free gas
saturation.

3. All water in the system is initially saturated with solution gas.
Practically, the assumption of equal pressure throughout the

system is reasonable, and any transient effects caused by a large
aquifer may be treated by a conventional water influx term (We) as
shown below.

For the sake of brevity we have chosen to omit explicit reference
to pressure dependence—i.e.,c#e, c#f, andc#tw should actually read
c#e(p), c#f(p), andc#tw(p).

Derivation. The volumetric balance at any pressure states that the
total PV (VpR 1 VpA) equals the net reservoir PV occupied by gas
and water (VgR1 VwR) plus the associated (nonnet pay and aquifer)
PV which also is occupied by gas and water (VgA 1 VwA):

~VpR 1 VpA! 5 ~VgR 1 VwR! 1 ~VgA 1 VwA! . . . . . . . . . . .(A-1)

The net-pay reservoir PVVpR is given by the initial volumeVpRi

less the change in PVDVpR,

VpR 5 VpRi 2 DVpR, . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(A-2)

VpRi 5 VgRi 1 VwRi, . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(A-3)

VpRi 5 GBgi 1
GBgi

1 2 Swi
Swi ,

and

DVpR 5
GBgi

1 2 Swi
c# f~pi 2 p!; c# f 5 ~c# f!R, . . . . . . . . . . . . .(A-4)

yielding

VpR 5 GBgi 1
GBgi

1 2 Swi
Swi 2

GBgi

1 2 Swi
c# f~pi 2 p! . . . . . . . .(A-5)

PV of the associated rock is given by the initial PV less the
change in PV, i.e.,

VpA 5
GBgi

1 2 Swi
M 2

GBgi

1 2 Swi
Mc# f~pi 2 p!. . . . . . . . . . . . .(A-6)

The net reservoir gas volume is given by the sum of unproduced
free gas, gas released from solution, and any injected gas,

VgR 5 ~VgR!Unproduced
Free Gas

1 ~VgR!Released
From Solution

1 ~VgR!Injected, . . . . (A-7)

resulting in

VgR 5 @G 2 ~Gp 2 WpRsw!#Bg

1
GBgi

1 2 Swi

Swi

Bwi
~Rswi 2 Rsw!

Bg

5.615
1 GinjBg . . . . . . .(A-8)

pressure/volume/temperature propertiesBg andRsware evaluated at
current reservoir pressure. ValueGp for a gas condensate is the wet
gas volume calculated by adding separator gas to liquid condensate
converted to an equivalent surface gas volume. Also, the two-phase
Z-factor must be used to calculatedBg for gas condensate reser-
voirs. Strictly speaking the cumulative water production termWp

represents “free” water production and not the water condensed out
of solution from the produced gas wellstream.

The gas volume in the associated PV is a function of the amount
of gas that has come out of solution,

VgA 5
GBgi

1 2 Swi
M

1

Bwi
~Rswi 2 Rsw!Bg

1

5.615
. . . . . . . . . . . .(A-9)

The water volume in the net-pay reservoir equals the unproduced
initial water plus injected water plus water encroachment from an
external aquifer,

VwR 5 ~VwR!Unproduced1 ~VwR!Injected1 @~VwR!Encroachment#,

. . . . . . . . . . . . . . . . . . . . . . . . . .(A-10)

yielding

VwR 5 S GBgi

1 2 Swi

Swi

Bwi
Bw 2

WpBw

5.615D 1 5.615WinjBw 1 5.615W.

. . . . . . . . . . . . . . . . . . . . . . . . . .(A-11)

The aquifer encroachment termWe represents any external water
volume that is not already included in theM term. Later in the
derivation, we show the conditions required so that water encroach-
ment (treated rigorously by the method of superposition) can be
included as part of theM term used in the cumulative effective
compressibilityc#e.

The water volume in the associated PV is given by simple
expansion,

VwA 5
GBgi

1 2 Swi
M

1

Bwi
Bw . . . . . . . . . . . . . . . . . . . . . . . . . .(A-12)

Inserting the appropriate equations above in Eq. A-1, rearranging,
and grouping terms yields,

G~Bg 2 Bgi! 1
GBgi

1 2 Swi
HSwiF~Bw 1 ~~Rswi 2 Rsw!Bg!/5.615!

Bwi
2

Bwi

Bwi
G

1 c# f~pi 2 p! 1 MF~Bw 1 ~~Rswi 2 Rsw!Bg!/5.615!

Bwi
2

Bwi

Bwi
G

1 Mc# f~pi 2 p!J
5 ~Gp 2 WpRsw 2 Ginj!Bg 1 5.615SWp 2 Winj 2

We

Bw
DBw .

. . . . . . . . . . . . . . . . . . . . . . .(A-13)

Defining the total water/gas formation volume factorBtw,

Btw ; Bw 1
~Rswi 2 Rsw!Bg

5.615
. . . . . . . . . . . . . . . . . . . . .(A-14)

Noting thatBtwi 5 Bwi, and defining the cumulative total water/gas
compressibilityc#tw,

c# tw ;
~Btw 2 Btwi!

Btwi

1

~pi 2 p!
. . . . . . . . . . . . . . . . . . . . . . .(A-15)

Now, defining a cumulative effective compressibilityc#e,

c#e ;
Swic# tw 1 c# f 1 M~c# tw 1 c# f!

1 2 Swi
. . . . . . . . . . . . . . . . . .(A-16)
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gives

G~Bg 2 Bgi! 1 GBgi@c#e~pi 2 p!#

5 BgFGp 2 Ginj 1 WpRsw 1
5.615

Bg
~WpBw 2 WinjBw 2 We!G .

. . . . . . . . . . . . . . . . . . . . . . . . . .(A-17)

Dividing through byGBgi and expressingBg 5 (psc/Tsc)(zT/p) gives
the final form of the material balance

p

z
@1 2 c#e~pi 2 p!# 5 Sp

zD
i
H1 2

1

GFGp 2 Ginj 1 WpRsw

1
5.615

Bg
~WpBw 2 WinjBw 2 We!GJ .

. . . . . . . . . . . . . . . . . . . . . . . . . .(A-18)

Thep/zvs. cumulative plot, including all terms, would consider
(p/z)[1 2 c#e(pi 2 p)] vs. the entire production/injection/encroach-
ment termQ

p

z
@1 2 c#e~pi 2 p!# 5 Sp

zD
i

2
~p/z!i

G
Q, . . . . . . . . . . . . . .(A-19)

with

Q 5 Gp 2 Ginj 1 WpRsw 1
5.615

Bg
~WpBw 2 WinjBw 2 We! ,

. . . . . . . . . . . . . . . . . . . . . . . . . .(A-20)

where the intercept is given by (p/z)i and the slope equals (p/z)i/G.
SettingGinj 5 Winj 5 Wp 5 We 5 0 gives the common form of the
gas material balance,

p

z
@1 2 c#e~pi 2 p!# 5 Sp

zD
i
S1 2

Gp

GD. . . . . . . . . . . . . . . .(A-21)

Treating Limited Aquifers in c#eTerm. The material balance thus
far has considered any associated water volume expressed in terms
of the M parameter. In factM may include a limited aquifer with
up to 25 times the reservoir PV for a system permeability greater
than about 100 md, and even larger aquifer volumes for higher
permeabilities. The condition that determines when a limited aqui-
fer can be treated as part of thec#e term is outlined below. We start
with the general material-balance equation including a water en-
croachment termWe and ac#e term that considers only nonnet pay.

p

z
@1 2 c#e~pi 2 p!# 5 Sp

zD
i
S1 2

Gp

G
1 5.615

We

GBg
D . . . . . .(A-22)

and

c#e 5
Swic# tw 1 c# f 1 ~VpNNP/VpR!~c# tw 1 c# f!

1 2 Swi
. . . . . . . . . . . . .(A-23)

The water encroachment term calculated by superposition is ex-
pressed,

We 5 B O
j

QD~Dtj!DDpj , . . . . . . . . . . . . . . . . . . . . . . . .(A-24)

whereQD(tD) is the dimensionless cumulative influx given as a
function of dimensionless timetD and aquifer to reservoir radiusrD

5 rAQ/rR. ValueDpj is given bypj 2 pj21 (in the limit for small
time steps), andDtj 5 t 2tj21. Assuming that permeability is
reasonably high and the ratiorAQ/rR is not too large,QD for the
smallest time step will approach the limiting valueQD

`, and the

summation can be closely approximated by

O
j

QD~Dtj!DDpj < QD
`~pi 2 p!, . . . . . . . . . . . . . . . . . . .(A-25)

giving a simple expression forWe that is independent of time and
only dependent on reservoir pressure,

We 5 BQD
`~pi 2 p!; We~bbl! . . . . . . . . . . . . . . . . . . . . .(A-26)

B 5
2p

5.615
frR

2h~c# tw 1 c# f!,

QD
` 5

1

2FSrAQ

rR
D2

2 1G. . . . . . . . . . . . . . . . . . . . . . . . . . .(A-27)

ExpressingWe in terms of aquifer PVVpAQ,

We 5 p~rAQ
2 2 rR

2!fh~c# tw 1 c# f!~pi 2 p!;

and

We~ft
3! 5 VpAQ~c# tw 1 c# f!~pi 2 p!. . . . . . . . . . . . . . . . . . .(A-28)

The material-balance equation can then be written

p

z
@1 2 c#e~pi 2 p!# 5 Sp

zD
i
S1 2

Gp

GD 1 Sp

zD
i

We

GBg
5.615

. . . . . . . . . . . . . . . . . . . . . . . . . .(A-29)

and simplified in a form where thec#e term includes the aquifer
contribution to pressure support,

Sp

zD
i

We

GBg
5 Sp

zD
i

We

G

Tsc

PscT

p

z
5

p

z

We

GBgi
;

GBgi 5 VpR~1 2 Swi! 5
p

z

VpAQ~c# tw 1 c# f!~pi 2 p!

VpR~1 2 Swi!
.

. . . . . . . . . . . . . . . . . . . . . . . . . .(A-30)

Rearranging, we arrive at the general form of the material
balance (without water production and gas/water injection terms):

p

z
@1 2 c#e~pi 2 p!# 5 Sp

zD
i
S1 2

Gp

GD, . . . . . . . . . . . . . . .(A-31)

where

c#e 5
Swic#w 1 c# f 1 ~~VpNNP/VpR! 1 ~VpAQ/VpR!!~c#w 1 c# f!

1 2 Swi

. . . . . . . . . . . . . . . . . . . . . . . . . .(A-32)

M ;
VpNNP 1 VpAQ

VpR
5

VpA

VpR
, . . . . . . . . . . . . . . . . . . . . .(A-33)

and

c#e 5
Swic# tw 1 c# f 1 M~c# tw 1 c# f!

~1 2 Swi!
. . . . . . . . . . . . . . . . . . . .(A-34)

SI Metric Conversion Factors
°F (°F232)/1.8 5 °C

in.3 3 1.638 706 E101 5 cm3

ft3 3 2.831 685 E202 5 m3

psi 3 6.894 757 E100 5 kPa
SPEJ
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Discussion of Application of Material
Balance for High-Pressure Gas Reservoirs

M.P. Walsh, SPE, Consultant

Introduction
I enjoyed reading “Application of a General Material Balance for
High-Pressure Gas Reservoirs” by Fetkovichet al.1 They did an
excellent job of establishing the limitations of conventional iso-
thermal compressibilities in material-balance calculations and the
need to account for the pressure-dependent effects of rock and
water compressibilities in high-pressure gas reservoirs. They ad-
dressed this limitation by introducing a new, pressure-dependent
parameter, namely, the cumulative compressibility. They ulti-
mately developed a viable method, centered around the new cu-
mulative compressibility, to estimate effectively the original gas in
place (OGIP) in gas reservoirs where the effects of rock and water
compressibility are obviously important.

I compliment the authors on their interest in this problem and
their ingenuity. My associates and I, too, have examined this
problem; however, we routinely use a slightly different solution
technique. Our method is analogous to the popular work of Havlena
and Odeh2 and, attractively, does not require the use of any
isothermal compressibilities. Those familiar with the work of
Havlena and Odeh will find our development straightforward,
tractable, easy to implement, and possibly preferable.

Mathematical Development
Our approach is based on the linearized form of the applicable
material-balance equation,

F 5 GfgiEg 1 WEw 1 VpEf 1 We. . . . . . . . . . . . . . . . . . .(D-1)

Our nomenclature purposely follows Havlena and Odeh’s2 to
minimize the introduction of new variables and terminology. The
rock expansivity,Ef, is expressed in units of pore volume (PV)
change per unit PV. For the case of a strictly undersaturated gas in
a system containing gas-saturated water,F is given by

F 5 GpBg 1 Wp~Bw 2 RswBg!. . . . . . . . . . . . . . . . . . . . . .(D-2)

The expansivities are measured directly from laboratory expansion
tests or can be evaluated from the following expressions:

Eg 5 Bg 2 Bgi, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(D-3)

Ew 5 Btw 2 Btwi, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(D-4)

and Ef 5
Vpi 2 Vp

Vpi
, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(D-5)

where Subscripti denotes the initial condition. The expansivities
are, of course, functions of pressure. More general expressions of
Eqs. D-1 through D-3 can be found elsewhere.3-7

Btw in Eq. D-4 is the two-phase water/gas formation volume
factor (FVF) and is related toBw andRsw by

Btw 5 Bw 1 Bg~Rswi 2 Rsw!. . . . . . . . . . . . . . . . . . . . . . . .(D-6)

Eqs. D-4 and D-6 provide a convenient and reliable means to
estimateEw andBtw without direct measurement becauseBw andRsw

can be reliably obtained from correlation andBg is invariably
known.

If laboratory rock compressibility tests are conducted,Ef is
evaluated from Eq. D-5. The quantity (Vpi 2 Vp)/Vpi is invariably
available from such tests, as illustrated by Fetkovichet al.1 As a

last resort,Ef can be approximated from

Ef 5 cf~pi 2 p!, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(D-7)

wherecf is the rock compressibility that is obtained from correlation
and is treated as a constant. Application of Eq. D-7 is not preferable,
as Fetkovichet al. point out, inasmuch as it ignores the pressure
dependence of the rock isothermal compressibility.

Notice that no isothermal compressibilities—neither instanta-
neous nor cumulative—are needed in our development. Instanta-
neous compressibilities are avoided because they limit the gener-
ality. Cumulative compressibilities are not needed because the more
popular two-phase FVF or expansivity can be used alternatively.

Eq. D-1 requires slight manipulation before it can be cast into its
final form. The system PV is

Vp 5 GfgiBgi 1 WBwi. . . . . . . . . . . . . . . . . . . . . . . . . . . . .(D-8)

W is related toGfgi andM by

W5
GfgiBgi~Swi 1 M!

~1 2 Swi!Bwi
, . . . . . . . . . . . . . . . . . . . . . . . . . .(D-9)

whereM is VpA/VpR. Eq. D-9 assumes the system is divided into
reservoir and associated segments, the associated PV is saturated
with water, and the reservoir PV contains gas and water at an
average water saturation ofSwi. Substituting Eqs. D-8 and D-9 into
Eq. D-1 yields

F 5 GfgiEt 1 We, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(D-10)

whereEt is the total expansivity defined by

Et 5 Eg 1 EwFBgi~Swi 1 M!

Bwi~1 2 Swi!
G 1 EfFBgi~1 1 M!

~1 2 Swi!
G. . . . . .(D-11)

Eq. D-10 agrees with Eq. A-13 in the authors’ paper if Eqs. D-3,
D-6, and D-7 apply andcf is replaced byc# f. In the absence of water
encroachment from outside the system, Eq. D-10 reveals that a plot
of F vs. Et yields a straight line that emanates from the origin and
whose slope isGfgi. The F-vs.-Et plot is analogous to theF-vs.-
(mEgBti/Bgi) plot described by Havlena and Odeh.2 Once Gfgi is
determined,W is given by Eq. D-9 and the total OGIP is

G 5 Gfgi 1 WRswi, . . . . . . . . . . . . . . . . . . . . . . . . . . . . .(D-12)

where the productWRswi represents the solution gas,Gs. [Note that
we useG andGfgi to denote the OGIP and original free gas in place
(GIP), respectively, whereas Fetkovichet al. useG to denote the
original free GIP.]

Because material balance demands a straight line, this require-
ment yields a very simple criterion to determineM; namely,M 5
the value needed to obtain a straight line. This solution procedure
is completely analogous to the method used by Havlena and Odeh
to determine the gas-cap size in initially saturated oil reservoirs.M
affects the shape of theF-vs.-Et plot becauseEt is a weak function
of M (see Eq. D-11).Fig. 1 schematically shows howM affects the
shape of aF-vs.-Et plot. If M is too low, the data curve upward; if
M is too high, the data curve downward. The accuracy of the routine
can be enhanced by measuring the departure from linearity in terms
of standard linear regression quantities, such as the correlation
coefficient, standard error, or root-mean-square error. Our experi-
ence with this routine reveals it to be fast, reliable, and unambiguous.

Incidentally, it may appear that there is an even better way to
solve this problem upon close inspection of Eq. D-1 and the(SPE 51360)
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supplemental equations. Substituting Eq. D-8 into Eq. D-1, assum-
ing no water encroachment, and rearranging yields

F

~Ew 1 BwiEf!
5 Gfgi

~Eg 1 BgiEf!

~Ew 1 BwiEf!
1 W. . . . . . . . . . . . . .(D-13)

This equation reveals that a plot ofF/(Ew 1 BwiEf) vs. (Eg 1
BgiEf)/(Ew 1 BwiEf) yields a straight line whose slope isGfgi andy
intercept isW. This is obviously a superior approach because it
solves forGfgi andW simultaneously. This approach is analogous
to Havlena and Odeh’s plot ofF/Eo vs.Eg/Eo to determine OGIP and
original oil in place in a gas-cap reservoir simultaneously. This was
how we initially approached this problem. Unfortunately, because
the net expansion of the initial water phase is so much less than the
net expansion of the initial free gas phase, this method is not always
reliable.

We have also successfully solved Eq. D-10 directly with multiple
regression analysis. This approach is equivalent to finding the best
plane through the data points in three-dimensional space, where the
axes (x, y, z) are defined by {Eg 1 EwBgiSwi/[Bwi(12 Swi)] 1
EfBgi/(1 2 Swi)}, { EwBgi/[Bwi(12 Swi)] 1 EfBgi/(1 2 Swi)}, and F,
respectively. This more sophisticated approach allows us to solve
for M andGfgi simultaneously. Indeed, this approach is mathemat-
ically preferable; however, it departs from the popular straight-line
techniques of Havlena and Odeh. Also, it is more complicated,
requires a more lengthy mathematical development, and does not
appreciably improve the accuracy of the OGIP estimates. Accord-
ingly, its presentation is purposely omitted.

Example
To illustrate our method and to make direct comparison with the
authors’ work, we purposely consider the Anderson “L” reservoir
as an example. This example was studied by the authors.Fig. 2
shows the plot ofF vs. Et. Eg andEw were evaluated fromBg, Bw,
andRsw data given by Fetkovichet al.8 Ef was computed with Eq.
D-7 with cf 5 3.2 3 1026 psi21, as assumed by the authors. We
purposely used the same data as the authors so that a direct
comparison of the two methods could be made. The straightest line
was obtained withM 5 0.51. A least-squares fit of the data yielded
a line with a slope of 73.1 Bcf. The least-squares line is included
in Fig. 2.Table 1summarizes the results. The comparison in Table
1 reveals that both methods yield very nearly identical results,
except our method estimates less associated water than the authors’.
Most importantly, the OGIP estimates are very close (74.6 vs. 76
Bcf). We suspect our method may be slightly more accurate
because it is easier to find the straightest line while varying onlyM
than to find the best match of twoc#e-p curves—one of which is a
function of M and the other of which is a function ofG—while
varying bothM and G simultaneously. Simply put, the authors’

method involves a trial and error optimization of two variables,
whereas our method requires optimization of only one variable.
Convergence is less ambiguous in our case. Notice, for instance,
how well the straight line matches the data in Fig. 2, and then notice
the scatter of the open circles with the curve in Fig. 15 of the
authors’ work. Because the goal is to estimate the OGIP, we do not
consider this difference a material shortcoming in the authors’
work. The linearity of the data in Fig. 2 gives us confidence that the
model is applicable and the OGIP estimate is good.

Summary
In summary, the advantages of our method are as follows:

1. No range of OGIP estimates needs to be presumed.
2. No family of backcalculatedc#e-p curves as a function of the

OGIP needs to be computed.
3. No family of c#e-p curves as a function ofM needs to be

computed.
4. No subjective matching ofc#e-p curves is necessary.
5. It is completely analogous to the popular work of Havlena and

Odeh.
6. Only one plot (F vs. Et) instead of two plots (p/z vs. Gp and

c#e vs. p) is required.
Another advantage of our method is that its extension to gas-

condensate systems is trivial if one adopts more general definitions
of F andEg (see Walshet al.3,4 and Walsh5-7).

Although we believe our method is simpler, we openly admit that
there is nothing wrong with the method of Fetkovichet al. As our
example illustrates, both methods yield comparable OGIP esti-
mates; thus, the choice is purely a matter of preference.

Nomenclature
Bg 5 gas FVF, res bbl/1,000 scf
Btw 5 two-phase water/gas FVF, res bbl/STB
Bw 5 water FVF, res bbl/STB

Fig. D-1—Effect of M on shape of F-vs.-Et plot.

Fig. D-2—F-vs.-Et plot for Anderson L reservoir.

TABLE D-1—COMPARISON OF RESULTS

Walsh
Fetkovich,

et al.

Gfgi, Bcf 73.1 72

Gs, Bcf 1.5 4

G, Bcf 74.6 76

W, MMSTB 46.0 137

Associated water, MMSTB 27.3 118

M 0.51 2.25
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c#e 5 cumulative effective isothermal compressibility, Lt2/m,
psi21

cf 5 instantaneous rock (formation) isothermal compress-
ibility, Lt 2/m, psi21

c# f 5 cumulative rock (formation) isothermal compressibility,
Lt2/m, psi21

Ef 5 rock (formation) net expansivity, res bbl/res bbl
Eg 5 gas phase net expansivity, res bbl/1,000 scf
Et 5 total net expansivity, res bbl/1,000 scf
Ew 5 water phase net expansivity, res bbl/STB
F 5 total fluid withdrawal, L3, res bbl
G 5 OGIP, L3, 1,000 scf

Gfgi 5 original free GIP, L3, 1,000 scf
Gp 5 cumulative net gas produced, L3, 1,000 scf
Gs 5 original dissolved GIP, L3, 1,000 scf
M 5 ratio of associated and reservoir PV’s, dimensionless
p 5 pressure, m/Lt2, psia

Rsw 5 dissolved gas/water ratio, 1,000 scf/STB
Swi 5 reservoir initial water saturation, dimensionless
Vp 5 system (reservoir1 associated) PV, L3, res bbl

VpA 5 associated PV, L3, res bbl
VpR 5 reservoir PV, L3, res bbl
W 5 original water in place, L3, STB
We 5 encroached water, L3, res bbl
Wp 5 cumulative net water produced, L3, STB

Subscripts
A 5 associated
f 5 formation (rock)
g 5 gas
i 5 initial condition

R 5 reservoir
w 5 water
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SI Metric Conversion Factors
bbl 3 1.589 873 E201 5 m3

ft3 3 2.831 685 E202 5 m3

psi 3 6.894 757 E100 5 kPa
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