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Abstract :
This paper presents the derivation of a general gas material balance that
has particular application to high pressure gas reservoirs. The material
balance is valid for both normal-pressure and over-pressured (geo-
pressured) reservoirs. Its main application 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

®21-3,@)p,-p)] = (p/2),(1-G,/G)

which includes a pressure-dependent cumulative  effective
compressibility term &,(p) that is defined in terms of the following
reservoir  parameters: (1) pore compressibility, (2) water
compressibility, (3) gas solubility, and (4) total water associated with
the gas reservoir volume. "Associated” water includes connate water,
water within interbedded shales and non-pay reservoir rock, and any
limited aquifer volume. &, physically represents the cumulative change
in hydrocarbon pore volume caused by compressibility effects and
encroaching water.

High pressure gas seservoirs typically have curved p/z-G, plots
(concave downward). Incorrect extrapolation of carly data may result
In serious overcstimation of original gas in place and remaining
recoverable rescrves. The proposed form of the gas material balance
equation provides a method to linearize the p/z-G, 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 compressibility backcalculated from pressure-production data.
The &,(p) function determined by this procedure, or estimated from logs
and geological maps (when sufficient production data is not available),
is then used to forecast pressure-cumulative behavior.

For most reservoirs ¢, is fairly constant through most of depletion.
The ma tude of &,(p) at initial pressure usually ranges from 15 to
100(10%) psi”, depending mostly on the volume of water associated
with the gas reservoir. As defined in this paper, all components of &,
represent cumulative volume changes; i.c., instantancous water and
rock compressibilities are not used directly.

References and illustrations at end of paper.

We show that the effect of pore collapse on high pressure gas
reservoirs is generally positive, providing additional pressure support.
There is not a clear discontinuity in the behavior of p/2-G, where pore
collapse occurs, and pore collapse tends to flatten or increase p/z-G, at
lower pressures.

¢, may increase significantly at lower pressures because of gas
solubility effects. An example is given for a large gas reservoir with
high-CO, content that requircs an increasing &, term at lower pressures
to linearize the p/z-G, plot; the increasing &, behavior is substantiated
by calculations based on gas solubility effects.

The proposed gas material balance is applicable (and should be
applied) to any high pressure gas reservoir with an appreciable volume
of associated water. Numerous field cxamples are provided showing the
application of the material balance equation to high pressure gas
TeSCIVoirs.

Introduction

High pressure gas reservoirs experiencing depletion drive typically have
downward curving p/z-G, behavior. Incorrect extrapolation of early
depletion data may result in scrious over estimation of original gas in
place and remaining reserves. Bruns et al.! 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 field p/z-G,
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
conventional 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 in 1969
of a general material balance for high pressure gas reservoirs. 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 cffective
compressibility term &,(p). Rock and water compressibilities were
defined to account for cumulative changes in pore volume to be
multiplied by the cumulative pressure drop (p-p); instantancous
compressibilities are not used at all. The final form of the material
balance is similar to that published by Ramogast and Farshad?, except
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that Ref. 2 considered &, as a constant. The 1969 derivation as
presented in this paper defines a cumulative effective compressibility
&.(p) as a function of pressure expressed in terms of reservoir properties
and volumes.

Literature Review

Harville and Hawkins® and Hammerlindl* attribute the concave
downward shape of p/2-G, curves obtained in abnormally pressured gas
reservoirs entirely to pore collapse and formation compaction. No
definition of pore collapse is given in Ref. 3, but a plot of
backcalculated pore volume change indicated a system compressibility
change from 28(10% psi’ at initial pressure to sbout 6(10% psi! at low
pressures. This magnitude of pore volume change implics associated
water volume. The decreasing "system” compressibility is expected for
an overpressured reservoir with pressure dependent pore volume
compressibility, and based on results presented in this paper pore
collapse is nof a necessary condition for such behavior.

The Anderson "L" reservoir performance presented by Duggan’®
shows curved p/z-G, ficld 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 scveral
wells watered out. Wallace®, in a 1969 paper, also concluded that shale
water influx is an important drive mechanism in abnormally pressured
gas reservoirs. Bass’ discounts shale water influx, and attributes curved
p/z-G, behavior to peripheral water influx from a limited aquifer and
formation compaction treated with a constant pore volume
compressibility ¢;. For 2 limited aquifer Bass defines a term F, as the
ratio of peripheral water pore volume to the pore volume of gu-%caring
rock.
Roach® and Ramagost and Farshad? both utilize the term p/z[1-
¢.(pr-p)] for geopressured and abnormally pressured gas reservoirs. Both
authors consider ¢, a constant and they consider only the Anderson "L"
example.

Bernard® does not accept the rock collapse theory as the cause for
overpressured p/z-G, behavior, concluding that water influx is the basic
drive mechanism. He also uses p/z{1-c(p;-p)] where c is a "catch-all®
approximation 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 term ¢ is virtually impossible to quantify in
terms of reservoir properties.

Begland and Whitchead'®, Prasad and Rogers', and Wang and
Teasdale'? all present studies of overpressured gas rescrvoirs based on
computer models. Refs. 10 and 11 treat ¢; and c, as functions of
pressure, including the effect of solution gas in the water. Exiemnal
water sources are also included in Refs. 11 and 12. The differential
forms of the material balance used in these references correctly apply
instantancous compressppility in a history matching approach to
determine initial gas in place. A direct plot of (p/z){1-S,(p;-p)] versus
G,wnotmdebecauscthcé,tcnnhaduotbemdcﬁned.

Poston and Chen'® analyzed several abnormally pressured gas
rescrvoirs, and recognized that calculated values of ¢, > 30(10°%) psi!
required to lincarize the material balance equation reflected the
influence of water influx.

Bourgoyne! demonstrates that reasonable values of shale
permeability and compressibilitics treated as a function of pressure can
be used to match abnormal gas reservoir performance behavior. He
points out, however, that determining k and ¢, of the shale nccessary for
modelling this behavior is virtually impossible.

Ambastha'® uses Bourgoyne's general material balance equation to
develop a graphical matching technique based on a constant effective
compressibility ¢,. The example considered shows a lack of uniquencss
in determining initial gas in place.

General Material Balance
The general form of the gas material balance derived in Appendix A is:
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which reduces to Eq. 1 when water terms and gas injection can be
neglected. The cumulative effective compressibility term &,(p) is
pressure dependent consisting of & cumulative pore volume
compressibility &(p), cumulative total water compressibility &_(p), and
the total pore and water volumes associated (i.e. in pressure
communication) with the gas reservoir,

S uulP)+E(P) *ME,(P) <E/P] -

i = b

The formation and total water eompmsi!;ility terms & and &, account
for cumulative changes in pore volume from initial pressurc to the
current pressure.

~ The interbedded non-pay volume and limited aquifer contributions
to pressure support arc quantified in terms of the M ratio,

Ve (NON-NET PAY)+ V _,, (LIMITED AQUIFER)

4
V. (NET PAY RESERVOIR) @

M=

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 evoived
solution gas depends on the level of depletion, and it is shown that this
support is significant below about 1500 psia. The solution gas available
for production also depends on the level of depletion, i.c. how much of
the original solution gas has evolved [R_(p)-R..(p)] and the quantity of
this gas that is mobile.

The term G is used for the initial free gas in place, and it is this
quantity that will be detcrmined from the material balance plot given by
Eq. 1 when extrapolated to (p/2){1-5,(p;-p)1=0. This condition is
reached at a pressure whea &,(pXp-p)=0, and not when p=0, ic.
additional gas may be produced after G, reaches original free gas in
place G. At pressurcs where G, exceeds G the corrected p/z term
(p/2)[1-8,(p;-p)] becomes negative. If pressure could be brought to
standard conditions (p=p,.) the total gas produced would be G plus the
total solution gas in place G,, G,(@p,)=G+G,.

The effect of connate water saturation S,; and M are important to
the magnitude of &, With typical values of &=cs=4(10) psi’ and
8. =c,=3(10% psi' for a high-pressured Gulf Coast sandstonc
reservoir the cumulative effective compressibility is initially &,=7.5(10
¢ psi! for $,=35% and M=0; and &,=15(109 for S,=35% and
M=1. Fig. 1 shows the percentage of true original frec gas in place
that would be overestimated by extrapolating carly p/z-G, data,
indicating that the overestimation is greater for larger initial pressure
and higher &, values at initial conditions. For an initial pressure of
10,000 psia and & &,=10(10% psi’' the extrapolation of carly data gives
an estimate of G that is about 25 percent higher than the true original
free gas in place. The sections below discuss the caiculation of E(p) and
&w(p) functions.

Cumulative Pore Volume Compressibility &. The material balance
presented in this paper uses a cunulative pore volume compressibility
& defined as

o 1 | V-V,
- 152
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The term in brackets is the slope of the chord from the initial condition
(P V) to any lower pressure (p, V), as shown in Fig. 2. This implies
that ¢, is & function of both pressure and the initial condition. The
instantancous pore volume compressibility ¢, is defined as

clp) =

and is only a function of pressure. At initial pressure the two pore
volume compressibilitics are equal: E{p)=cdp,). The instantancous
compressibility function ¢{p) should be used in reservoir simulation and
differential forms of the material balance, while the cumulative
compressibility function &(p) should be used with forms of the material
balance that apply the cumulative pressure drop (p-p), i.c. p/z vs G,
plots. :

The pressure dependence of & is best determined by special core
analysis under appropriate reservoir conditions. Table 1 summarizes the
calculation of & as a function of pressure using laboratory data for a
Gulf Coast sandstone. Fig. 3 shows how ¢, and &, vary as a function of
pressure for this overpressured reservoir rock.

In the absence of pore collapse & is always greater than or equal
to ¢;. The cumulative pore volume compressibility remains higher than
the instantancous compressibility because of an averaging effect that
reduces the pressure dependence of & compared with ¢;. An important
consequence of this behavior is that a rock exhibiting large pore volume
change because of a high level of overpressure (and consequently with
a high initial ¢ value dropping rapidly to a "normal” value) will
initially - have -and maintain a high cumulative compressibility & as
shown in Fig. 3.

Pore collapse is defined as the condition when a rock's
instantancous pore volume 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 the &,(p) function and will not therefore be
seen on the p/z-G, 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 4000 psia (about 5000 psi less than initial
pressure p,). Despite the increase in ¢ from 4 to 25(10% psi! in the
pressure range 4000 to 1000 psia, the change in & over the same
pressure range is almost insignificant. Fig. 4 shows a North Sea Chalk
sample from a reservoir with initial pressure of 7000 psis_exhibiting
pore collapsc at 6000 psia. Here the effect of pore collapse is greater,
causing & to increase from 6 to 20(10° psi! in the pressure range from
6000 to 2000 psia. In general, however, pore collapse in and of iself
does not have a significant effect on the P/2-G, plot.

In the absence of Isboratory data, pore volume compressibilities
can be estimated from correlations presented by Hall'® and by Von
Gonten and Choudhary”. Hall's correlation (his Fig. 2) gives
instantancous pore volume compressibility as a function of porosity, i.e.
therc is no pressure dependence. The Hall correlation is probably
adequate for normal pressured reservoirs. Von Gonten develops
corrclations for instantancous porc volume compressibility ¢, as a
function of net overburden pressure (p,), where p, cquals the
overburden gradient times depth minus reservoir pressure.

Table 2 gives example values of initial pore volume compressibility
¢(p,) for overpressured and normal pressured reservoir conditions.
Ty&ically there are not large differences in ¢ values for these two
conditions.

Cumulative Total Water Compressibility &,,. The pressurc support
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 compressibility effect is
expressed as
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- 1 Bn(p)-Bn(P»)
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® 5%~ h @
in terms of the total water formation volume factor B..
~R B
B () = B,(p) + R.-R.@)] P %)

5.615

Fig. 5 shows typical behavior for B, and B,, as a function of pressure;
the figure also shows the behavior of &,(p) where it is seen that little
increase occurs before a pressure of about 1500 psia, and that at
pressures below 1000 psia there is a significant increase in &, with a
limiting reiationship &,, o 1/p at low pressures,

- v T Rty ©®
Cup0) = [““s.ms"ﬁ‘p,aJ P

p .
Specifically at standard conditions (p,), &, is given by

- 1 T R 1
Sm(P) [sms T.pB. pi]

To calculate &, values of B, R,., and B, arc tabulated with
pressurc as shown in Table 3. These properties can be obtained from
corrclations 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 CO,, N,, and H,S, we
have used the Peng-Robinson'® cquation of state with volume
translation, and using binary interaction coefficients that are dependent
on both temperature and salinity'®.

Another approach for high pressures is simply to extrapolate B,
linearly and R,, with a flattening curvature towards a constant value.
Nonhydrocarbons can be treated by evaluating R, of each component
separately at its partial pressure, and summing the values for all soluble
components

R.Plrorn = Y RGP
i

¥; is the reservoir gas mole fraction of component j. Typicaily the only
components with appreciable solubility are methane, CO,, and H,S.

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

Associated water and pore volumes external to the net pay include
non-net 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 pore volume of the net-pay reservoir,

M= MNNP + MAQ ......................... (12)
where
Vv, (o)
M, = m(INTERBEDDED NONNET PAY) (13)

V. (NET PAY)



V.o (AQUIFER)
M, = i e 4
"R VL (NETPAY) a

In the simpiest case when M =0 there will be pressure support only
from connate water and the net-pay pore volume. This is equivalent in
simulation to building a net model. The cumulative effective
compressibility term &, will then be expected to have values ranging
from 7 to 15(10% psi’ for normal-pressure reservoirs, where the larger
values will generally result from high connate water saturation. Even
larger values can be obtained in some overpressured reservoirs (see
Table 2).

Met-pay compressibility effects alone can cause noticeable
curvature in the p/z-G, plot with potential overestimation of initial free
gas in place (G) (see Fig. 1).

M- The non-net pay water volume ratic My, is comprised of
interbedded reservoir pore volume, including shales and poor quality
rock, that are assumed to be completely filled with water. With this
gc?nition Moo can be written in terms of the net-to-gross ratio NGR

efined as

NGR=_M . M (15)
hythye Do

Accounting for different porositics in the net pay and non-net pay My
is given by

. Ofye _

4w [ 1-NGR
Mo = T . Som (INGR) a#

Propertics and thicknesses of the net pay and non-net pay are readily
available from log analysis.

If the non-net pay pore volume is known to have an initial gas
saturation, albeit immobile, the material balance is readily modified to
account for this fact; the term My +8&,) is replaced by
MuaplS+S, ] and the initial gas volume is included in the total
original free gas in place G.

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

M‘ =

4

and for a radial aquifer geometry quantified in terms of the aquifer-to-
reservoir radius rag/ra, the aquifer volume ratio can be expressed

My, = _:%‘_:. [(x'm/r.)2 - l]

Bruns et al.! show that limited aquifers with r,y/r, ratios up to 5 have
the same p/2-G, behavior for permeabilities 100 md and higher. This
implics that the transient effects in the aquifer have negligible effect on
reservoir performance and the aquifer can be treated as part of the
cumulative effective compressibility term. Values of M,, used in the
definition of &, may be as high as 25 M4 =(r,o/ry)*1] in reservoirs
with modcrate permeability. With higher permeabilitics limited aquifers
can include r,/r, ratios greater than 5 and still be treated as part of the
cumulative effective compressibility term.
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When the aquifer is sufficiently large and requires treatment with
cither superposition or the Schilthius infinite aquifer model, the &, term
should still be used but it will only contain the effect of net pay and
non-net pay volumes, i.e. M=Mp-

Cumulative Effective Compressibility &, Total cumulative effective
compressibility represents all available pressure support from rock and
water. The equation for €, is

S _Z_ (P)+S{p)+ME () +S(p)] 19

<) = S

For a specific reservoir a family of &(p) curves can be generated for
seversl M values. These curves will have specific characteristics
depending on the pressurc dependence of rock and water
compressibilitiecs. The &,(p) curves are relatively constant at high
pressure, increasing slightly as pressure dgcreases, then rising sharply
at low pressure around 1000 psia. Typically a constant pore volume
compressibility ¢, can be assumed and the &,(p) curves will then have
the same character as the &,(p) curve. Fig. 6 illustrates an example of
3(p) curves at various M ratios for a typical Gulf Coast reservoir with
pﬁl9000 psia, T=200°F, v,=0.7 (air=1), and a constant &=3.2(10
psit.

For overpressured reservoirs exhibiting a pressure-dependent(p),
the family of &,(p) curves ar high pressures will tend to decrease with
depletion. In the absence of pore collapse &(p) decreases to a constant
value at lower pressure and the &.(p) curves at lower pressure arc
dominated by the increasing &,.(p) function. If pore collapse occurs, but
not early in depletion, the pore collapsc is almost insignificant because
(a) the &{p) function docs not start increasing until low pressures
because it represents a cumulative pore volume change, and (b) when
the &(p) function finally starts to increase it will be masked by the
&.(p) function which is increasing as 1/p.-Fig. 7 illustrates this point
for a Gulf Coast overpressured reservoir with p,=9000 psia, T=300°F,
and %,=0.71 (air=1). Although pore collapse occurs at 4000 psia (Fig.
3), & does not start increasing until 2000 psis. The increase is
insignificant relative to the increase in &,.(p) at lower pressures.

The next example is & North Sea chalk (Fig. 4) that shows pore
collapse at a pressurc only 1000 psi below initial pressurc of 7000 psia.
The &(p) function increascs almost simultancously with instantancous
¢, and the effect of &(p) on &,(p) is shown in Fig. 8. Although &(p)
has an impact on &,(p) at moderate and high pressures for this example,
the &,(p) function still dominates the behavior of Z,(p) at pressures less
than 1500 psia.

Estimating Gas-In-Place. A method is proposed for estimating the
initial (free) gas in placc G based on historical pressure~cumulative
data. The procedure also determines the water volume ratio M and the
&,(p) function. First, a plot of p/z versus cumulative gas production G,
should have the characteristic concave downward shape of & high-
pressure reservoir influenced by associated water and pore volurne
compressibility.

A range of values for G 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 current G,. For an
assumed value of G, calculate for each measured p/z and G, data the &,
value from the rearranged material balance equation (Eq. {),

-(p/z)‘(l-%)]__l__ R i)

(p/2) (®;-p)

At this point, a plot can be made of backcalculated &, as a function
of pressure given the assumed G. Using reservoir rock and water
propertics, a family of &,(p) curves at various M values can be
generated to match against the backcalculated &, values. The data should

Chucxeacnar = [1
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honor the shape and magnitude of one &,(p) curve, where this match
yiclds G, the M value, and a &,(p) function that can be used to forecast
future p/z-G, behavior. This procedure gives a sound physical
significance to the estimation of G as opposed to & pure statistical best-
fit that may lead to unrealistic solutions. The Field Examples section
discusses criteria for matching field data, and the expected behavior of

&,(p).

Characteristics of p/z-G, Plots for High-Pressure

Reservoirs

Pore volume reduction, water expansion, and solution gas evolution,
expressed in terms of &,(p) in the general material balance equation,
provide pressure support for all reservoirs during depietion. The
reservoir does not have to be overpressured or geopressured. The term
E,(p)pi-p) determines whether the conventional p/z-G, plot yields a
straight line. For most low-pressure reservoirs this term is smail and is
often neglected because a straight-line p/z-G, plot is obtained.
Reservoirs undergoing depletion with initial pressure exceeding 5000
psia are automatically candidates for being treated with the complete
material balance equation,

Fig. 9 presents three generated p/z-G, curves for a Gulf Coast
overpressured sandstone reservoir
&) =[Ap)+S. 2. (P)V/(1-S,). Curve A accounts for porc volume
reduction including pore collapse at about 4000 psia. Curve B uses the
same &(p) function as Curve A down to 4000 psia (where pore collapse
occurs) and thereafter uses a constant instantancous compressibility of
4(10) psi'. p/z-G, plots for A and B arc almost identical, showing
only a slight scparation at pressures less than 3500 psia. This clearly
shows the limited cffect of pore collapse on the p/z-G, plot when
collapse occurs late in depletion. Curve C assumes, unrealistically, that
the initial pore volume compressibility of 13(10°%) psi? remains constant
throughout depletion. The difference between the two p/z-G, curves A
and C is a result of the actual decreasc in pore volume compressibility.
Including an external water volume quantified with M=2 produces
more curvature in the p/z-G, 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 generated
p/z-G, plots for M=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 ficld cxample is for a normal
pressured (0.5 psi/R) 1600-foot thick, dry gas reservoir with initial
reservoir pressure of 6675 paia at 200°F. Average porosity is about
5.0% with connale water saturation in the pay of about 35%.
Permeability is high because of an extensive microfracture systcm that
results in a high degree of interwell pressure communication and almost
instantancous pressure buildup to static conditions. Initial CO,
concentration was about 28 mol-%, and & gradual increase in CO,
concentration o 31 mol-% has been observed. The reservoir has
produced about 3.1 Tscf and currently has an average ficldwide
bottomhole pressure of approximately 1000 psia. The p/z-G, plot shows
a characteristic concave downward behavior, with an initial gas in place
estimate of more than 4.4 Tscf using carly data (Fig. 11). The p/z-G,
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
backcalculated &, versus pressure for & range of G from 3.0 Tscfto 3.6
Tscf. Another plot of &,(p) was generated for several values of M using
S.=0.35, &=6.5(10%) psi" (from Hall'), and &.(p) calculated from
equation of state results. Fig. 13 shows the best-fit of data on the &,(p)
%un;_e for M=3.3, corresponding to an initial free gas in place G=3.15

scf.

using M=0 (i.c.

M.J. FETKOVICH, D.E. REESE, AND C.H. WHITSON 5

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

_ 1 GB,(S,+M)
- SeI5 B, (-5

which yiclds 8.45(10% STB. The initial solution gas in place G, is equal
to W times the initial solution gas-water ratio R,

G, = WR,

Because of the high CO, concentration in this reservoir the solution gas-
water ratio (R,,;=67.5 scf/STB) is about three times larger than for
hydrocarbon gas systems. This yields a solution gas in place of
G,=0.55 Tscf and a total initial gas in place of G+G,=3.70 Tscf. Fg
11 shows the p/z-G, forecast using the M value determined from the
match to calculate the &,(p) function from'S,, M, &, and &.(p). Also
shown on this figure is the plot of (p/z)[1-,(pXp;-p)] versus G, for
historical performance data and for the forecast, where it is scen that
the current cumulative gas produced equals the original free gas in
place.

The associated water volume given by M=3.3 consists of non-net
pay and an external limited aquifer. Log analysis indicates a net-to-
gross ratio NGR=0.5, ¢, =0.05, and ¢y, =0.03, yiclding My =0.6.
External water is known to exist but has not been mapped due to lack
of well control. The calculated aquifer water volume ratio Myy=2.7
(3.3-0.6), or an equivaleat fag/Ta=1.9, scems reasonable for a hmited
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 downward p/z-G, behavior (Fig. 14). The
reservoir was abandoned after producing s§ Bscf, but pressure tests of
public record were discontinued after 40 Bscf had been produced.
Different analyses by other authors have indicated original free gas
in place between 65 to 75 Bscf. Fig. 15 shows backealculated &, versus
pressure for values of G equal to 65, 72, and 90 Bscf. The 72 Bscf
volume is chosen based on a best-fit match with the &,(p) function
calculated using M =2.25, S,=0.35, &=3.2(10% psi', and a & (p)
function from equation of state results. Although the first four data do
not fall on the slightly-increasing ¢,(p) curve, data at pressures below
this valuc do follow the trend down to the last pressure data near 3000

in.
w The 90 Bscf estimate produces unrealistically low &, values, lower
than would be caiculated using the net reservoir pore volume and
connate water compressibilitics. The lowest estimate of 65 Bscf gives
a shape for &,(p) that cannot be accounted for using normal E{p) and
&u{p) functions.

The forecasted p/2-G, performance (Fig. 14) is calculated using the
match determined above. Total gas in place of 76 Bscf which includes
72 Bscf of original free gas plus 4 Bscf of solution gas.

Cajun Field. This reservoir was originalliy’ reported by Stelly and
Farshad® and recently analyzed by Ambastha®. Initial pressure is 11450
psia at 13,300 ft (0.86 psi/ft). Connate water saturation is reported as
22%. Production data is reported to a pressure of 6850 psia and a
cumulative of 145 Bscf,

Using the p/z-G, data shown in Fig. 16, backcaiculated values of
&, are shown in Fig. 17. The range of values for G are the same as
considered by Ambastha: 410 to 760 Bscf. The 760 Bscf estimate yields
unacceptably low &, values, less than 2(10% psi'. Values lower than
565 Bscf produce &,(p) functions that increase more steeply than would
be expected from &.(p) behavior. The expected magnitude and shape
of cumulative effective compressibility is exhibited by the
backcalculated &, values for an assumed G of 650 Bscf. This
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corresponds to M=0.2 using S,=0.22, &=4(10% psi’, and &.(p)
from correlations.

Gulf Coast Reservoir C. This example is taken from Bernard (his Fig.
1) and represents & high-pressure, overpressured gas reservoir taken to
s low abandonment pressure. The p/z-G, plot (Fig. 18) shows
significant concave downward character with an extrapolation of carly
data giving an initial free gas in place of 380 Bscf. Depletion from
p:=11500 psia to about 1200 psia produced 180 Bscf, verifying that the
carly-data extrapolation of 380 Bscf was incorrect.

Fig. 19 shows backcalculated &,(p) for values of G from 160 to
240 Bscf. The only curve that produces an approximately constant &, at
high pressures is G=160 Bscf, a value 30 Bscf less than the volume
aiready produced. The curve for G=240 Bscf has a downward sioping
&,(p) that becomes negative, also an unrealistic solution. The G=200
Bscf curve has & downward sloping &,(p) function that can be explained
by a pressurc-dependent pore volume compressibility. A highly
overpressured formation can readily have a pressure-dependent E(p)
function, i.c. one that decreases with depletion.

Reservoir data was not presented by Bernard® for this field
example, but making some assumptions about typical Gulf Coast
reservoir properties we matched the & (p) backealculated behavior using
G =185 Bscf, and a &{p) function that decreased lincarly by & factor of
about 2 from initial conditions to abandonment pressurc. The
backcalculated &,(p) behavior at 2000 psia started increasing, indicating
that pore collapse could have occurred carlier in depletion.

Duck Lake Field. Casor® presents production performance data from
the Discorbis 1 reservoir in the Duck Lake ficld of southern Louisiana.
This high-pressure gas reservoir was waterflooded for more than 10
years after first being depleted to about 1000 psia. Fig. 20 shows the
p/z-cumulative plot for data prior to the waterflooding project, showing
typical concave downward curvature.

Cason reports an initial gas in place of 680 Bscf using traditional
water influx analysis. Based on the high reservoir permeability
(k=1,750 md) we established that the reservoir performance could be
analyzed with the general material balance where the external aquifer
was treated as part of the &, term. Using G=680 Bscf, ,(p) was
backcalculated from the general material balance as shown in Fig. 21.
The &,(p) behavior is flat throughout depletion. This behavior should be
compared with the dashed line representing the expected &,(p) behavior
based on Eq. 3 using a constant &=3.4(10% psi’', M=4.8, and an
appropriate & (p) function. The dashed curve has significant increasc
in &(p) already at 2000 psia, and the morc-or-less constant &,(p)
behavior backcalculated from production data can not be readily
explained. It is expected, however, that conventional water influx
analysis which assumes constant water and pore volume compressibility
will yield an estimate of initial gas in place that reflects a constant &,
when backealculated from the general gas material balance.

Using a smaller estimate of G=625 Bscf yiclds backcalculated
&,(p) behavior that is very similar to &,(p) calculated from Eq. 3 using
a constant &=3_4(10*) psi', M=6.5, and &.,(p) function. Cumulative
production at abandonment was about 650 Bscf, indicating that about 25
Bscf of the total produced gas came from solution. Based on G=625
Bscf, R, =20.6 5c{/STB, $_,=0.18, and M =6.5 the initial solution gas
in place is G, =65 Bscf.

Conclusions

1. A general form of the material balance equation for gas reservoirs
has been presented. This equation has particular application to high-
pressure reservoirs. A cumulative effective compressibility term &,(p)
has been defined in terms of pressurc-dependent pore volume and total
water cumulative compressibilities, &{p) and &,(p), and the total
volumh: of water associated with the net pay reservoir expressed as 2
ratio M.
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2. The gencral material balance equation applies to all high-pressure
reservoirs, both normal pressured and abnommally pressured
(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 of & and &, cxplains the “large” &, values commonly reported
for high-pressure gas reservoirs when lincarizing the material balance
cquation. In fact, large values of &, backecalculated from field
performance data indicate that associated water influx is a dominant
drive mechanism.

4. Only cuwnulative compressibilities (&, and &,) can be used in the
general gas material balance equation because they are appiied against
the cumulative pressure drop (p;-p) in p/z-G, plots. A method is given
for calculating cumuiative total water and pore volume compressibility

Ew{p) and E4p). »

5. A method is proposed for estimating the original free gas in place
from production data. This method uses backcalculated cumulative
effective compressibility &, which is plotted versus pressure and
compared with expected &,(p) behavior calculated from rock and water
propertics for a range of values of the associated water volume ratio M.

6. In lLicu of laboratory data for pore volume compaction we
recommend Hall's' correlation for normal-pressured reservoirs, and
Von Gonten’s” correlation for abnormally-pressured reservoirs.

7. Pore collapse in and of iself does not contribute significantly to
pressure support in overpressured gas reservoirs. In fact, pore collapsc
has little effect unless it occurs carly in depletion at a relatively high
pressurc. The effect of pore collapse, if present, is a positive effect and
tends to flatten the p/z-G, curve, not bending the curve downward as
has been implied by others.

8. 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 place G, represents 2 to 10 percent of the
original free gas in place, the value depending primarily on total water
volume (M +8,)/(1-S,) and the initial solution gas-water ratio R,;. Gas
reservoirs with high CO, concentration (>20 mol-%) can have even
higher solution gas in place, G,.

Nomenclature

area, fi? [m?]

formation volume factor, reservoir per standard volume
instantaneous compressibility, 1/psi [1/kPxa]
cumulative compressibility, 1/psi [1/kPs]
original free gas-in-place, Bscf [std m’}
cumulative gas production, Bscf [std n’
initial solution gas in place, Bscf [std m’]
carly overestimate of G, Bscf {std m’]
cumulative gas injection, Bscf [std %]
thickness, ft [m] -

volume ratio, dimensioniess

net-to-gross ratio, dimensioniess

reservoir pressure, psia [kPa]

initial reservoir pressure, psia [kPa]

net overburden pressure, psia [kPa]

radius of reservoir, ft [m}]

radius of aquifer, ft [m]

solution gas water ratio, SCF/STB [std m*/m"]
initial water saturation, fraction

reservoir temperature, *R [K]

~

LU T T I T

{EFePEZETan0QO W

Wwanun

| 7]
s



SPE 22921

\Y = volume, #* [m*]

\/ = pore volume, cm® and f* {m’}

V: = bulk volume, cm® [m"]

w = total water in place, bbl {m?]

w, = cumulative water influx, bbl {m’]
W = cumulative water injection, bbl [m®]
w, = cumulative water production, bbl {m?)
z = gas compressibility factor, dimensionless
¢ = porosity, fraction

Subscripts

A = associated water

AQ = limited aquifer

e = effective

f = pore volume ("formation™)

g = gas

GROSS = gross interval thickness

i = initial

inj = injection

NNP = non-net pay

R = reservoir

sc = standard conditions

tw = total water

w = 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. Non-Net Pay ("NNP") including interbedded shales and poor
quality rock assumed to be 100% water saturated.

¢. Limited Aquifer ("AQ"), when present, also assumed to be water
saturated.
The non-net 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 non-net pay that has an initial free gas
saturation.

3. All water in the system is initially saturated with solution

gas.
Fig. 22 shows a schematic of the reservoir/associated water system.

Practically, the assumption of equal pressure throughout the
system is reasonable, and any transients cffects caused by a large
aquifer may be treated by a conventional water influx term (W) as
shown below.

For the sake of brevity we have chosen to omit explicit
refercnce to pressure dependence - i.e. §,, &, and &, should actually
read &,(p), 3dp), and &.(p).
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Derivation. The volumetric balance at any pressure states that the total
pore volume (V,+V,,) equals the net reservoir pore volume occupied
by gas and water (V3 +V,,) plus the associated (non-net pay and
aquifer) pore volume which also is occupied by gas and water
Vaat Vo

(VatV,) = (VaeV ) + (V‘A#V_‘)
The net-pay reservoir pore volume V<’ is given by the initial volume
A

Vi less the change in pore volume AV,
V'. =V 'ﬁ-—AV F R (A2)
V..i = V‘*. +V o
GB.  rrreresesesesaeaann (A3)
Vo =GB+ I-S'. S,
GB_. -
AVﬂ = 1-3.‘ cf(pi_P) H c’ - (‘c.l')l ............. (A4)
yiclding
GB_ GB. _
V" = GB.. + £S LS (PP e (AS)

1S, = 15,

Pore volume of the associated rock is given by the initial pore volume
leqs the change in pore volume,

Va = V-4V, (A6)
GB,
V. .=_2M ... .. i e e A
w " T A7
AV, = — "‘ MEPP) ;8 =@)y --vvvvvcnen- (A8)
yiclding
GB, GB_
V., = M-~ EMTAp~p) - (A9)

L =3 1-§

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

v.’ - N’)UF:‘G-_‘ + w,)::ﬁﬁm + (v')w ..... (A10)
(V,)g:.:‘ = [G—(G'-W’R_)]B‘ .............. (All)
GB, S_ 1
. 8 S -
(V’m IS, .B: (R.-. R”) B‘m ...... (Al12)
(V’)w = qu' B' ....................... (Al3)
resulting in
V' = [G—(G'-W,R“)]B'
GB. S.° B e (A14)

[ - - &

+ s, .B:(R"‘ R“)m + G, B,
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PVT propertics B, and R, arc evaluated at current reservoir pressure.
G, 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 calculated B,
for gas condensate reservoirs. Strictly speaking the cumulative water
production term W, represents “free” water production and not the
water condensed out of solution from the produced gas wellstream.

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

GB._ 1 1
vV, = EM. . ~RIB —— ... AlS
w1 M ReRB s (A13)

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

Vee ® Veduresoms * Vethisot * [(Ve)burmsma] -+ - - (AL6)

Vvt * ﬁi: .;i.B' SWB (A1T)

(Veims = SEISW B, oo (A18)

Vdoaaa = SOISW, (A19)
yielding

V= iz: .;.38, + 5.61S(W_B+W-WB) ..... (A20)

The aquifer encroachment term W, represents any external water
volume that is not already included in the "M" term. Later in the
derivation we show the conditions required so that water encroachment
(treated rigorously by the method of superposition) can be included as
part of the M term used in the cumulative effective compressibility &,.

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

v, = CBa M lB, o (A21)
1S, B.
Combining terms gives
GB, GB, GB, GB,
) 5 - | A » M- » M" -
GB, + 5o 5=~ TPt T M T MeeP

GB, S, R,.-RUB,
1-S_.B, 5615

, OB, 1 (R-RJB,
1S, B, 5615

- GB, - (G,-W,R B, + G_B, +

GB, S._

15,8, ~

GB.
By M ls
is. B. "~

+ 5.615(W B +W -WB) +

(A22)

Changing signs and grouping terms yiclds
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B . RaRB,
GB_ v 38615 B, =
G(Bl-Bi) M l_s: s-i B“ _F‘: + cf(p&‘p)
~R B
B'¢__.__(R"5‘ 61;) : B. (A23)
M = =] MEep

w
= (G,-WR_-G_)B, + 5.615 [w,-w._.-_.] B,

B,
Defining the total water-gas formation volume factor B,_,
R,-RB,
e (A24)
Bo = B v —5515
and noting that B, =B, gives
GB, B.-B..| -
G(B,-B,) + 1-3:. {sn’[ WB-.'“} +¢(p,~p)
+ M B&—Blu + ME,(P,‘P) ..... (A25)
Bni
w‘
= (G,~-W,R_-G)B, + 5615 W’-Wi-_a_-. B,
Defining the cumulative total water-gas compressibility &,
som BoBd 1 (A26)
Bg.' (P;"P)
gives
s‘\Ew‘.'Ef
G(B,-B,) + GB, W@‘-p)
. Mﬁ-sﬁr) @s*v)] ...... (A27)
-
G -W w.
= (G,-WR_-G )B +5.615 W’—Wi-.B... B,
Defining an cumulative effective compressibility ¢,
3, m SuCmtErM@E) (A28)
1-8
gives
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G(B,-B,) + GB,[E,(p;-p)]
. (A29)

5.615
= B, [Gv "G+ WR_+ B (W,B,-W_B, - W.)]
s

Dividing through by GB, and expressing B, =(p,/TJ(T/p) gives the
final form of the materia] balance

@2 [1-50-p) -

1 5.615
®/2); {1 -_G.[c;,-c;,_i +WR, + 253 ,B,-w_.B,-w,)] }
¢ (A30)

The p/z-cumulative plot including all terms would consider ®/2)[1-8,(p;-
p)] versus the entire production/injection term Q

®/2);

C1-5,0:-p)] = (/2), - =

with

5.615

Q= G, -G+ WR +Z2“(W,B -W_B_-W) ... (A3)
f

where the intercept is given by (p/z), and the slope equals (p/z)/G.

Setting G =W, =W,=W,=0 gives the common form of the gas
material bal y
- G
@1 -50,-p)] = /), [1°‘E;"‘] ............. (A33)

Treating Limited Aquifers in ©, Term. The material balance thus far
has considered any associated water volume expressed in terms of the
M parameter. In fact M may include a limited aquifer with up to 25
times the reservoir pore volume for a system permeability greater than
about 100 md, and cven larger aquifer volumes for higher
permeabilities. The condition that determines when a limited aquifer can
be treated as part of the &, term is outlined below. We start with the
general material balance equation including a water encroachment term
W, and a &, term that considers only non-net pay.

- G Wl ... A34
@[t -5, = @/, [1-_6_»*5.515@:] (a34
| Sty - Cared (A35)
c =
. s,

The water encroachment term calculated by superposition is expressed,
W, = B Y Qy(4t), Ap,
i

where Qu(ty) is the dimensionless cumulative influx given as a function
of dimensionless time t, and aquifer-to-reservoir radius o =Tpg/Tx- AP
is given by p-p;y (in the limit for small time steps), and Ay =tt,.
Assuming that permeability is reasonably high and the ratio Tag/Ty is nOt
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too large, Q, for the smallest time step will approach the limiting value
Q3. and the summation can be closely approximated by

Y QA Ap = Q@R (A37)
1

giving a simple expression for W, which is independent of time and
only dependent on reservoir pressure,

W, = BQy(p-p) ; W,bbD) - - - (A38)

2r .2 -
B = 3 615¢r,h(5~+cf)

- r
Q5 = Uy -1)
Ty
Expressing W, in terms of aquifer pore volume V.,
W, = t(r}a-ri).»h@"*é',)(pi-p) 7 W (R

= VogCr*€)p;-P)
The material balance equation can then be written:

®2) [1-5,(p,-p)] = (p/), [1 f.] +(p/z)‘_G_B'.5615 .. (A4D)

and simplified in a form where the &, term includes the aquifer
contribution to pressure support,

(A .y (p/z) ——-(p/Z)

'GB G P.T
w,
(p/z)‘.éi. = (p/z)__. ;GB, = V(1-8) ........ (A42)
VoaoCu*dp-p)
N PAQ e 24 £
(P"z).GB = (p/2) R

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

(p/2) [1-< (p;-P)] = (pl2), [1-%] .............. (A43)
where
v v

SuEv*E‘ M* e @'*0)
. Ve Va ] d (A44)
* 1-S

\' +V v
Mm B M, M e (A45)

Va V.

S Bu +5+ MG, +3)
. a-sy

ol
:
:
.
.
.
:
.
>
8
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POOR QUALITY RESERVOIR ROCK
(CONTAINING SOLUTION GAS)

2.
LIMITED AQUIFER
CONNATE WATER (CONTAINING SOLUTION GAS)
(CONTAINING SOLUTION GAS)

EXTERNAL "LARGE*® AQUIFER WITH TRANSIENT ENCROACHMENT
BEHAVIOR

Fig. 22 General Material Balance Schematic



