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A Generalized Approach to Reservoir 
Material Balance Calculations 
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Petroleum Recovery Research Institute 

Abstract 
This work completes the search for a generalized material 

balance equation. No resttictions are placed on reservoir fluid 
compositions. Unlike the conventional material balance equa
tion, the new equation specificaily accounts for volatilized-oil 
and, therefore, is uniquely applicable to the full range of fluids, 
including volatile-oils and gas-condensates. Equally important, 
the new material balance equation retains the same simplicity 
\Vith v.•hich the conventional material balance equation has 
become known. The new, generalized material balance equation 
is featured here by showing how it is used to predict re.servoir 
performance and estimate reserves in example yolatile-oil and 
gas-condensate reservoirs. In comparison, the conventional 
material balance equation is shown to lead to erroneous results. 
The new, generalized material balance equation leads to an 
improved method of reservoir performance analysis. 

lntroduction 

Material balance calculations are a useful 1nethod of reservoir 
perfom1ance analysis. They are routinely used co estimate oil and 
gas reserves and predict future reservoir performance. 
Schilthuis(ll, in 1936. v..·as among the first co fonnulate and apply 
material balances. Inherent in his and others' use of material bal
ance.s \\'ere the following assumptions: ( l) at most, there are t\vo 
hydrocarbon phases; oil and gas, (2) at most, chere are two hydro
carbon components: stock-tank oil and separator (surface) gas, (3) 
the reservoir oil-phase consists of scock-tank oil and separator
gas, (4) the reservoir gas-phase consists of only separator-gas and 
no stock-tank oil, and (5) there are no compositional gradients 
\Vithin the system. Assumptions l and 2 define the popular [\VO

hydrocarbon-component forrnulacion. A.ssumption 3 effectively 
accouncs for the effects of dissolved- or solution-gas. Assun1ption 
4 ignores the possibility of volatilized-oil and. therefore, restricrs 
application to black-oil.s and dry-gases and precludes application 
to volatile-oils, gas-conden.sates, or wet-gases. Volatilized-oil is 
the stock-tank oil concent of the free reservoir gas-phase. 
Assumption 5 n1eans that the system is effectively treated as a 
tank \Vith no gradients; accordingly, Coats(2l and others have 
sametimes referred to this type of mode! as a tank or zero-dimen
sional model. Despite their apparent oversimplicity, early tank 
medels found widespread use in reservoir engineering applica
tionsfl-J6l. 

As time progressed, more soph1sticated material balance med
els evolved, each striving for greater generality. Eventually, fol
lov.·ing the advent of digital computers, the n1aterial balance equa-
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tions \vere discretized and the first generation of multi-dimension
al, black-oil, finite-difference reservoir simulators were developed 
in the 1960's(l7-19l_ These medels, like their zero-dimensional 
counterparts, could effectively simulate black-oil and dry-gas 
reservoirs bur could not mode! volatile-oil and gas-condensate 
reservoirs. To address rhis limitation, Cook et a1_(201 in 1974 intro
duced a volatile-oil, finite-difference simulator. Their fonnulation 
retained the si1nplicity of t\VO hydrocarbon con1ponents, bu[ 
allo\ved for volatilized-oil. Consequently, their fonnulation was 
applicable ro the full range of reservoir f1uids. The resulting for
mulation was applicable to the full range of reservoir f1uid.s. 
Coats(21) liJter, in 1986, veritied rhe applicability of the black- and 
volatile-oil approaches in reservoir simulation by showing agree
ment v.·ith a fully-compositional, equation-of-state (EOS) reser
voir simulator. 

Though finite-difference reservoir simulators have evolved 
from black- to voliJtile-oil medels. zero-dimensional n1aterial bal
ance medels have not made commensurate advancements. 
Applicarion of l\Vo-hydrocarbon-component, zero-dimensional 
rnaterial balance medels is still restricted ro black-oil or dry-gas 
reservoirs. As volatile-oil and gas-condensate reservoir exploita
tion increases, there is an increased need to address this limitation. 
This \VOrk addresses this limitation and rhis paper is the first to 
develop and apply a generalized material balance equation to trear 
the full spectrum of reservoir fluids. This new approach is more 
general than previous approaches(l.J-16!, is simpler than alternati\•e 
approaches(22·27J, and leads to a deeper and more unified under
standing of reservoir perfom1ance. 

Mathematical Development 
As derived in Appendix A, the generalized material balance 

equation ignoring the effects of \Vater intlux is 

N(B0;( 1 -R,R,)-(B9 -R,,130 ) R,; -(B0 - R
5
B9)) 

+ Nµ(B 0 (1 -R,Rps)+(Rp5 -R,) B
9

) = O 
...... (1) 

where N and NP are the original oil in-place (OOIP) and produced 
oil (expressed in stock-tank mj or stb). respectively, and RP, is the 
cumulative produced gas-oil ratio (expressed in std mJ/stock
tank mJ or scf/stb). See the nornenclature for a definition of the 
ren1aining variables. The oil saturation as a function of the frac
tional oil recovel)' NifN is given by: 

S,=(1-s",{(1- ~l~;,~'~B;o~Boj ································ .(2) 
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TABLE 1: Fluid property data for example gas-condensate. 

Bo B 
res m~ per 

As Rv 
p res m3 per std m3per stock-lank m3 

f'o µg 
MPa stock-lank m3 10J std m3 stock-tank m3 ner 106 std m3 mPa-s mPa-s 

40 0 4.382 4.07 1077 928 0.0612 0.0612 
38.3 4.441 4.12 1077 928 0.0620 0.0620 
36.5 2.366 4.15 
33.1 2.032 4.26 
29.6 1.828 4.43 
26.2 1.674 4.77 
22.7 1.554 5.33 
1 9.3 1.448 6. 11 
15.9 1.360 7.35 
12.4 1.279 9.42 
9.0 1.200 13.02 
5.5 1 . 1 31 20.70 

whelt! s" is C\.p!e!-.sl!d in tractional pu1e volume (PV) unils. For 
con1pari ... 011. the con\·enLional 111:1.terial balance counterpart!-i ro 
Equa11u11.'. (I) and (2J :ne gi\•en by Equaciun!-i (A-22.J ruu.1 (A-23) in 
Appendix Aur can be found in :u1y standan..l re~e1voir enginec1ing: 
tcxtbook. Note thac EquaLio11s (I) and (2) are valid if and unly if 
the rc.'>crvoir pressurc i'> le!-.!-. than the ~aturation pressure. lf rite 
1c~ervoir prc.~.surc i~ grea1er rhan or equal to the saturation pres
!-.Urc, thcse equ:.Ltions can be sirnplifieJ and rhc 1e~ulring :>implifi
catiun~ are given in Appendix A. Equ,uiun ('.2) ignorc.., the effect 
or a i;hrinking oil-h~g Juc co either a lo\vering: g;1~-oil contacl 
caused by gas-cap e\.pansion or a rising water-oil conract cau:-.et.l 
by \\'atl.!r inllu1,.. Though tlte!>e :tnd orher rnore curnplicaLeJ ca!-.e!> 
liave becn succc:-.~fully Lrcared. I opt nul ro considcr these i..:ases 
hcrc fo1 rl1e !>ake of breviry ;1nJ sin1plicity 

Key Lo th1<; develup111e1H is the use of Llie volritile oil-gas ratio 
R,. exprcsi;etl in un1r-; of slock-tank ni 1/:>td rn 1 ur srb/:-.cf. Tlti:-. 
variable etTectively de.~cribes the arnounr of volatilized-oil in Lhe 
rc'iervoir ga.~-phasc. Il ha" bcen inrroduc<!J and us<!d hy 
otllc1~cco~ 1 -~11.>. Cook et at.12n. referred to R,. as Lhe ·'tiquid conLenL 
or the ga ... •·. Coats<~ll refe1Ted tu it as the "nil vapour in the ga!>." 
This \'ariahle is di~tinctly (ltfferenl front. bul analngou!> tu. the 
tl1~snl\'cJ gas-oil ratio. R~. The volaLile oil-g:a!> ralLO \'arie!> ao,; a 
furn.:Lion or the rc!-.ervuir fiuid cnrnpo.~1tiun. It also i~ a :-.trong 
function of Lhe separator contigurarion '~'hich ~eeks Lo maxunize 
liquiJ drorout. For heavy- and black-oil-;. Llle volatilc nil-ga,.., ralla 
al lhi.! s;uuratiun pre'i'illre rypic.:ally ranges front 0-60 sLock-tank 
111VIO"' :-.Ld m' (-0-10 scb/nunscf): fnr volalile-otls, re rang:e~ frun1 
60-1.200 <;tock-tan!... tn 1/l 0° ;;rd 111 1 (-10-100 stb/rn111sct): for near
cn Lic,1! tluicls. it reache.~ 111aximum values and ranges r101n 
900-2.400 stock-tank 1nJ/(()h .;,td 111' (-150-.+00 .sth/inn1~cO: for 
ga!-.-con<lensale:>. i1 r,u1g:es from 300-1.500 stock-tank 
111 1/IO~ sLd rn° f-50-250 sLb/mn1sct): ff1r \Vel-gao,;e.~. it 1:u1ges fro1n 

GAS-CONDENSATE 5000 

30 "' "' ·;;; a. 4000 D.. 
::;;: 

w 
ui 

20 3000 cr: 
cr: :::J 
:::J VOLATILE-OIL ClJ 
ClJ 2000 ClJ 
ClJ w 
w 10 cr: 
cr: a. 
a. 1000 

0 
20 40 60 BO 100 

% VOLUME LIQUID 

FIG URE I: ConsLant con1rnsition ex11ansions. 
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490 879 0.1338 0.0554 
379 640 0.1826 0.0436 
308 499 0.2354 0.0368 
253 366 0.3001 0.0308 
210 271 0.3764 0.0261 
171 196 0.4781 0.0222 
138 140 0.6041 0.0191 
108 107 0 7746 0.0166 
79 84 1 .0295 0.0148 
52 76 1.3580 0.0135 

120-600 sLnck-lank 111 1/]0ti sLd 111 1 (-~Q-[()() !>Lh/i11n1:-.c!J: and ror 
dry-gasc'i. il approachc~ 7cttl. 

The gencralized 111a1erial halance equ;11io11. li!...e 1h..: c.:nnvcntio11-
al I black-oil) material bal1Lnce Cl(Uacion. ha:-. brnad applicabiliLy 
Thi:-. paper illustrates l\~'0 of ir:-. u .... l!!>: (I) p1edic1ing ruLUJC 1e.~..:r

voir performancc ;u1tl (2J esL11naLi11g. oil and gas rc~crve!>. 

Reservoir Performance Predictions 
An in1purlant but le:-.s eun11non applic.:1111011 or 111atcrial halancc 

calculauon~ i~ 10 predicL furure rt!servoir perfonnancc. e.g .. oil 
and gas recoverie!-i :tn<l proJucing. GOR 's •1s a J'u1u.:tiu11 ol ti111e lll 

reservoir depleLion prc<;-;ure. Th1~ applic.:aiion rcquirc:-. k1u1w1n~ 
the fluiJ prnpeniei; B". B~. R,. a11J R, and Lhc plia!-ie vi:-.co ... ilie:- ~L" 
ant.I µga!> a funclion of re~i;ervuir pressurc and k1unving Lhe ~u'i-oil 
relative permeability rclaLion..,·hip..,. Thi!-. Lypc of appl1ca11011 u-;in~ 

Lhe conventiunal (black-oil) 1nalenal balanc.:e has bcen prc:-.c11Lcd 
beforeC<•.7 11 121. Applicillion using the g.eneralizcd n1atcrial balan..:l' 
differs only ~lightly. 

The in!>tant:u1eous producing GOR. R. i:-. relaLc<l Lo the uil :-ntu
ration by 

+ 1 

.[l) 

\\'hcre k.l!IS") and kr11lS"l are 1hc g:t'i and nil relative pcn11cahili1ie~ 
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FIG URE:!.: Ga~-condensatc rcr[ornu111cc rrcdictinni;. 
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TABLE 2: Reservoir material balance calculations for example gas-condensate. 

PERFORMANCE PREDICTIONS OOIP ESTIMATES 

Producing GOR, 

Oil Gas R, 
Pressure, Recovery Recovery 1 o3 sid m3 por 

MPa %001P ~~ OGIP slock-lank ms 

40.0 0.0 0.0 1.08 
38.3 1.3- 1.3 1.08 
36.5 2.6 2.7 1-14 
33.1 7.0 8.1 1.56 
29.6 10.1 13.1 2.00 
26.2 13.3 20.2 2.73 
22-7 16.2 28.7 3.68 
19.3 18.4 37.8 5.07 
15.9 20.2 47.8 7.10 
12.4 21.6 58.7 9.34 
9.0 22.8 69.7 11.85 
5.5 23.7 90,5 13.19 

\Vhich area function of rhe oil sacuration_ Equarion (3) is deri ved 
in Appendix A. The producing GOR is expressed in surface units 
(std mJ/stock-tank m3 or scf/stb) and is defined by 

where GP is the std m3 or scf of cumulative produced gas and dGr 
is differential change in che cumulative produced gas. The frac
tional gas recovery G/G is related to thi:: fractional oil recovery 
by 

where Gis the OGIP expressed in S[d n13 or scf_ [f rhe differencials 
in Egua[ion (4) are approx.imated by finite-differences, rhen 
Equations (l)-(5) represent a system of five equations and five 
unkno\\'ns (NP, GP, RP'' R, and S0 ) which can be sol ved iteratively. 
This systern of equations is solved using Tamer'sOI) soJu[ion pro
cedure. Application of the generalized material balance is illus
trated by presenting perfom1ance predictions for an exan1ple gas
condensace and volarile-oil. 
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FIGURE 3: Gas-oil relath•e permeability data. 

Cumulalive 
Producing GOR, Eq. A·22 Eq.1 

Ap,. Gas Eslimated Eslimated 
1 o3 sld m3 per Saturation, OOJP/Aclual OOIP/Actual 
stock-lank m3 %HCPV OOIP OOIP 

1.08 100.0 
1.08 100.0 1.00 1-00 
1.09 95.0 0.31 1-00 
1.25 81.8 0.64 1.00 
1 .41 78.7 0.79 1-00 
1.64 76.7 0.90 1.00 
1.91 -76.3 0.96 1.00 
2.21 76.6 0.98 1.00 
2.55 77.2 0.99 1.00 
2.92 78.3 1.00 1.00 
3.30 79.5 1.00 1.00 
3.66 B0.6 1.00 1.00 

Gas-condensate Example 

Table I shO\'IS the fluid properties as a function of pressure for 
a gas-condensate."' This data closely simulates a Western 
Overthrust Belt rich gas-condensatet29.JOI. The fluid properties for 
Lhis fluid \.vere generaced by developing a Redlich-Kwong equa
tion-of-state (EOS) description for the reservoir fJuid and then 
carrying out nun1erical experiments. The initial reservoir pressure 
is 40.0 rv1Pa (5,800 psia) and te1nperature is lozcc (215CF). The 
dew point of Lhe fluid is approxirnately 37.7 MPa (5,400 psia)_ 
Figure I shows the EOS-predicted constant composition expan
sion (CCE) for this fluid at 102°C (215cF). The CCE reveals ret
rogn1de condensarion and sho\VS a maximum 25% liquid volume 
at ubout 26.5 tv1Pa (3,800 psia). The data in Table I were generat
ed by carrying out a numerical differential vapourization experi
ment. The fluid properties deri ved from [he differenrial \•apouriza
tion experiment \Vere then adjusted for [he effects of multi-stage 
separation by carrying out nu1nerical multi-stage separarion exper
iments [0 optin1ize separator pressure. The initial producing GOR 
is 1,269 std mJ/stock-rank ml (7,117 scf/stb) using single-stage 
separators and l,077 std n13/stock-rank n1J (6,042 scf/stb) using 
two-stage separation wirh a high pressure separator set at 4.1 MPa 
(600 psia)_ Notice that the oil-phase properties 8 0 , Rs and ~ are 
identical or equivalent to the gas-phase properties Bi:;, R,. and µgat 
pressures greater than the de\v point pressure. This is because a 
single hydrocarbon phase condirion exists at these pressures. At 
these pressures 8 0 and R_, are related to Bg and Rv by the follov..·
ing equalities: B0 =B/R,. and R,=llR, .. 

Figure 2 and Table 2 sun1marize the generalized material bal
ance predictions. The results are given in term.s of the oil and gas 
reco\•eries, Lnscantaneous producing GOR, cumulative producing 
GOR, and gas saturation as a function of reservoir pressure_ The 
gas saturation is expressed as a per cent of Lhe hydrocarbon pore 
volun1e (HCPV). Given the necessary re.servoir parameters. these 
production results can easily be converted to oil and gas ratesasa 
function of dme; ho\vever, for the sake of brev i ty, rhese resulrs are 
purposely omitted. The calculations assume the gas-oil relarive 
permeability in Figure 3 apply. The material balance equations 
predict a final oil recovery of about 24% and a final gas recovery 
of abour 80% at the abandonment pressure of 5.5 MPa (800 psia). 
The initial producing GOR starts at 1.077 std m3/stock-tank ml 
(6,042 scf/stb) and 1nonotonically increases to about 
13, I 9 I std mJ/stock-[ank ml (74,000 scf/stb). The gas saruration is 
initially 100% HCPV and, once be)O\I.' the saturation pressure. ir 
decreases to a 1ninimum of 76% HCPV at 22.7 MPa (3,300 psia) 
and then increases slightly to abouc 81 % HCPV at abandonment. 
This saturation history retlects the retrograde condensarion nored 

The reader is referred lO rhe original preprinr fora presentatton of the figurcs and tables m Imperial units. See Paper No. CIM/AOSTRA 93-05, pre
senled at the 441h Annua! Technical l'v1eeting of The Petroleum Society of CIM. Alberta, Canada. r-.1ay 9-12, 1993. 
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FIG URE -l: Comparison of ~enenliizcd and conyenlion:d (black
oil) rnalerial balancc calculations for gas-condens~1te. 

in thl! constatH co1npusi1ion expansion. A condi[iun of si1nu1Lane
ou~ gas-oil tlo\v i:; realized at pressures bel\.veen ahou[ 9.0-19.6 
l'vlPa ( 1300--1..300 psia). The fact that this \•.:ork allo\v::. simuhane
uu~ gas-oil flov.· at rcscrvoir cun<litiun::. gives it greater gcneraliLy 
than alternati\•e approaches \•1hich ncglcct condensate n1obili1y1'1 1• 

Figure 4 sho\V5 rhe predictions if the conventional (black-oil) 
1n~ucrial balance equations (l\1BE) [Equations (A-22) and (A-23)] 
are e1nployet.l ins1ead of uslng rhe generalizec.J rna1enal balance 
equarions (Equation~ (I) and (2)]. Using the conventiunal (blat.:k
ui!J nlaterial balance equarions i'l equivalent to using the gencnll
ized marenal balance eljuaLions and assuming R,. i.!. ic.Jcntit.:ally 
zero. Figure 4 compares the ;?:eneralized and conven1ional material 
halancc prediction.!i. At pres~ure~- grearcr rhan the de\~' poinL pres
~ure. Lhe generalized and convention;,,il (black-oil) 1natcrial bal
ani.:cs prcdict ic.Jentical re:-.ults. This is expected i11a~1nuch as Lhe 
generalized and conventional 1naterial balam.:e equauons reducc to 
idenrical relations under these condirions. See Appent.li.\. A. 
Ho\vevei. at pressures less Lhan the de\v point, Lhe latter yields 
erroneous reo,;ults. a~ eviJem:ec.J by: (I) the lack of :i.dt..!itional oil 
rccovcry belo\v Lhe de\v point. (2) rhe underpretlicred u\rin1are oil 

TABLE 3: Fluid propert\• data for example volatile-oil. 

Bo B 

reco\•ery. and (3) the predii.:Led non·phy~ical di~t.:on11ntu1y 111 Lhe 
oil and gas recoverieo,; anc.J gas saluraL1011 aL the ~alura1io11 pn:~-.urL". 

Volatile-oil Example 
Tab le 3 shO\\'.!i the nuic.J propcnics il'i a fum.:lion ni" prc-;-.ure for 

a volaLile-oil. This data c]o..,ely .,;i1nulaLe~ a volalilc·nil ho1u 1hc 
.Smackovcr hrne.!itone 1n norlh-ce111ral Lnui~ian;11:!:1. The fluid 
propertie.-. \vere generale<l by rnotleling the phasc bchaviour u ... i11g 
an EOS. The initial rc~ervo1r pre~.!iure jo.; approxi111atcly J..[..5 f\.1Pa 
(5,000 po.;i:L) and Len1peraturc is l l9~c (2...J:fl'F). The hubhlc pllinl 
ur the fluid is approxirnatcly 3J.I f\.1Pa t4.800 psia). Figu1c I 
sho\~·s the EOS-p1et.licLt:c.l i.:onslant con1po ... iLion cxpan~ion 1CC~l 
for Lh1s rluid at I 19"C_ The CCE sho\V'i a rnonotonii.:ally 
incrcao.;ing. volun1e per cent liquid. Thi,-. bel1aviour 1-. i.:l1arai.:1c1 i~Lic 
of uils. The gas-phase e\.hibiLs a volatilc oil-gas ralio lll fll){) 

srock-tank 111.1/\QI• .!ild n1' (123 ... tb/n11n"L'fl at a pn:~.~ure 

inunet..!iarely belo\.\.' rhe o.;aturaLion prco;<>urc. This valul! 1-. 111ud1 
greatcr !han thaL For black-oils hul les-. than LhaL rnr Lill: i;.a .... 
condensare in the previnu~ exa1nple. The initial pnlllueing GQ[{ i!-. 
5CJ6 srd m 1/stock-tank n1 1 (3.34-1 scf/sLb) u~ing .~inglc-sLage 
surface -.eparalOfS and 5 19 Sit.I Ill V~luek-lilllk Ill 1 ( 2.tJ()l) ~t.:lf~lb) 

using t\\'O-<>tage ~eparation w11h a high prc,-.!'illre ~cparaL01 o;e1 ill 
3.4 [V1Pa (500 psia). The EOS-predicLetl slocl..-tank lluitl grilv1ty i-. 
39.6° APL 

Ftgure 5 and Table ..[. ~un1mari7e the n1i11cri<1I halance prctlie
tion<i. The cakulations assun1c the ga~-uil 1el:.uive pe1111cabili1y i11 
Figure J apply. The 1naterial balance equa1io11-. rn:dic1 ;1 final oil 
recovcry of about 239(. ant.I a ti nal ga:-. recovcry ol aboul H:?.1

;',, al 
the abandon ment preo.;sure or ...J.. I ~·I Pa (600 p~ia). The~c value~ are 
very <>i1nilar to 1ltose in lhe gas.corn.lensate exa111plc. The ini1i.il 
pruJucing GOR stans al 519 sLd n11/sLnck-1anl.. 111' (2.909 scl/ ... th) 
anc.J monotonically increase~ to ahou1 5.760 ~ld 1n~/~1ocl..-1ank 111' 
(3:::!.313 scf/stb) al 6.9 tv1Pa ( 1.000 p!-.1a) ant.l then dccn.!il'e~ !->li1,1l11-
ly at lu\~·er pre.!isure~-- The t.lecrea!'ie in the prnt.lrn.:in~ GOR 1.-. ch:ir
actl!ristic of and due lo the low Jerle1io11 p1e~-.ure. The ga~ !'i.11L11a
rion rnonotonically incre~1sc'o belo\v the :-.an1ra1ion prc ... ~urL' and 
e\•entually rcachcs :LbuuL 669" HCPV at abando111nc11L Tite linal 
gas sacur~uion For \'OlaLilc-oil rc~e1voir~ i,~ i.:harai.:tcri~tir.:ally luwcr 
rhan LhaL for ga.;;-conden~:i.te re.!ien·o1r!->. Notiee illere i.~ no re11 n
grade cont.lensation For the votatile-oil. A i.:undi1ion llf !-iit111dtane· 
ou,~ gas-oil no\v is rcalizet.I al vinunlly all prc~~urc ... IL"~:- llliln Lhe 

As Av 
p res m3 per res m~ per std m3 per slock-tank m3 per µo itg 

MPa stock-tank m3 103 std m3 slock-lank m3 106 std m3 mPa-s mPa-s 

34_5 2-712 5.22 519 1924 0 0735 0.0735 
33.1 2-739 5.27 519 1924 0 0716 0.0716 
31-7 2.546 4. 71 461 690 0.0769 0.0381 
30.3 2.341 4_77 402 589 0.0845 0.0350 
29.0 2.201 4.88 359 522 0.0912 0. 0327 
27.6 2.087 5.05 324 466 0.0977 0.0306 
26.2 1.985 5.22 293 415 Q _ 1 050 0.0287 
24.8 1.903 5-44 267 370 0.1118 0.0270 
23-4 1.826 5.67 242 331 0.1194 0.0254 
22.1 1 -756 6.00 220 303 0.1274 0.0240 
20.7 1 .694 6.34 200 269 0.1358 0.0227 
19.3 1 .638 6.73 182 247 0.1445 0 0214 
17_9 1 .581 7.18 164 219 0.1555 0.0203 
16.5 1.538 7_ 74 150 202 0.1642 0.0193 
15.2 1-489 8-41 134 185 0.1763 0.0184 
13.8 1-448 9.20 120 168 0.1878 0.0176 
12-4 1-412 10.21 108 157 0.1988 0.0168 
11. 0 1.374 11-44 96 146 0.2128 0.0162 
9-7 1.332 12.96 82 140 0.2307 0.0155 
8.3 1.304 15.09 72 135 0.2432 0.0150 
6.9 1-271 17.90 61 134 0.2606 0.0146 
5.5 1.239 21.88 50 137 0 2798 0.0141 
4.1 1-205 28. 16 38 147 0.3013 0.0136 
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TABLE 4: Reservoir material balance calculations for example volatile-oil. 

Producing GOR, 
Oil Gas R, 

Pressure, Recovery Recoveiy 103 sid m3 per 
MPa %001P o/.OGIP slock-lank m3 

34.5 0.0 0.0 0.52 
33.1 . 1.0 1.0 0.52 
31.7 3.0 2.9 0.49 
30.3 5.3 5.2 0.53 
29.0 7.4 7.6 0.62 
27.6 9.5 10.3 0.80 
26-2 11 .1 13.3 1.05 
24.B 12.6 16.6 1.35 
23.4 13.7 19.8 1.62 
22.1 14.9 23.8 1.91 
20.7 15.8 27.6 2.25 
19.3 16.7 31.5 2.61 
17.9 17.4 35.6 3.09 
16.5 18.1 39.8 3.51 
15.2 18.7 44.3 3.95 
13.8 19.3 48.7 4.38 
12.4 19.8 53.3 4.73 
11.0 20.3 58.0 5.12 
9.7 20.7 62.7 5.45 
8.3 21.2 67.4 5.64 
6.9 21.6 72.2 5.76 
5.5 22.1 77.0 5.69 
4.1 22.5 82.2 5.40 

saturarion pressure. 

Figure 6 compares rhe generalized and convendonal material 
balance predictions. In general, the error incurred by the conven
tional n1aterial balance equations is nor as great for volatile-oils as 
for gas-condensates. This is because volatile-01ls do not exhibit 
retrograde condensation in their saturation history and they have 
lo\ver \•olatile oil-gas ratios than gas-condensates. The conven
tional nlaterial balance equations slightly overpredict the oil 
recovery ar pressures immediarely belo\V the saturation pressure 
because they overpredict the oil rate at reservoir conditions due ro 
an underpredicced gas saturation. At lo\ver pressures, the conven
tional material balance equations underpredict oil recovery 
because they neglect oil production due to liquid dropout from 
produced gas, i.e., they assume R\'=0. Although the error in the oil 
and gas recoveries by the conventional material balance equations 
is relatively small, the error in che producing gas-oil ratio is large. 
As shown in Figure 6, the conventional material balance equations 
greacly overpredict the GOR at moderate and lo\Y pressures. 

In general, the error caused by using the conventional (black
oil) n1aterial balance equations tends to be greatesr for rich gas-
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FIGURE 5: Volatilc-oil perforn1ance predictions. 
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Cumulative 
Producing GOR, Eq. A-22 Eq. 1 

Rp,. Gas Eslimated Eslimaled 
103 sid m3 per Saturatlon, OOIP/Aclual OOlP/Aclual 
slock-tank m.'.I %HCPV OOIP OOIP 

0.52 0.0 
0.52 0.0 1.00 1.00 
0.51 14.2 0.80 1.00 
0.51 25.6 0.80 1.00 
0.53 32.5 0.84 1.00 
0.57 37.5 0.88 1.00 
0.62 41.5 0.91 1.00 
0.68 44.4 0.93 1.00 
0.75 46.9 0.95 1.00 
0.83 49.2 0.97 1.00 
0.90 51.1 0.98 1.00 
0.98 52.8 0.98 1.00 
1.06 54.4 0.99 1.00 
1.14 55.7 0.99 1.00 
1.23 57.2 0.99 1.00 
1.31 58.4 1.00 1.00 
1.40 59.5 1.00 1.00 
1.48 60.6 1.00 1.00 
1.57 61.9 1.00 1.00 
1.65 62.8 . 1.00 1.00 
1.73 63.8 1.00 1.00 
1 . 81 64.9 1.00 1.00 
1.89 66.0 1.00 1.00 

condensates and less for volatile-oils and \Vet-gases_ Though the 
error rnay be less for volatile-oils and wet-gases, I do not, in gen
eral. recomn1end neglecting it. 

Oil and Gas Reserve Estimation 

A second and perhaps more common application of the materi
al balance equations is ro estimate oil and gas reserves based on 
early production data. In this application Equation ( 1) is sol ved 
for the OOIP (N) 1nd then the OOIP (N) is compured for each 
pressure in \Vhich the fluid property data B0 , Bg, ~. and Ry and 
production data Nr, Gr. and Rps are kno\.\'n. If the proper marerial 
balance equation is used, this method will yield an accurate esti
mate of the OOIP (N) for each pressure_ If, on the other hand, the 
conventional (black-oil) material balance equation is mistakenly 
used to estimate the OOIP and OGIP for either a volatile-oil, gas
conliensate, or wet-gas reservoir, it will yield erroneous OOIP 
esrimates_ To illusrrate the magnitude of this error, gas-condensate 
and volarile-oil exan1ples are considered_ 
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FIGURE 6: Comparison of gcncralized and conventional (black-
oil) material balance calculations for \•olatile-oil. 
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Fr<;URE 7: Error by convenliunal (black-oil) material halance 
equaliun in cstin1ating OOIP. 

Gas-condensate Example 
This C!'(atnple u~e~ Lhe llunl propeny data 8

0
• Bi;. R~, anJ R, 

given in Tab le I and a::.'5Umes che oil recovery anll cun1ulat1ve pro
Juced gas-oil ratio d:tt:L teported in Table 2 apply. [f the general
izcd 1natetial balance equation. Equation (I). i:-. used to estirnace 
the C)OIP (N). it \Vill yield an acc.:uraLe estimat!.! of the OOIP. If. 
ho\Vl.!\'Cr. the conventional i'black-oi\) 1nate11al balance equation. 
E4UiLLion tA-22). is u.~ed tu estin1ate the OOIP. it \Vill underpn::d11..:L 
tile OOIP :tt p1essures less rhan the s~tturatiun pressure. Tab\..: 2 
ini.:luJes a suminary the OOIP e.\.li1naLes il'> a tunction of p1e~!->ure 
u.\.ing the cunvcntional rnacerial balance equation. The OOIP e5ti
n1att"'i are c~p1e.~.~eJ a~ a fract1011 of the actual OOIP. Figure 7 
!->how5 Ll1e error a!-i a funccion of pre!-i:-.ure. Nouce Lhat there i.~ nu 
errnr al pres"iu1es greater 1han the saruration pre~sure. This is 
e.\.pected inasn1uch .'.l'i the conventional anJ gencraltzed 111aterial 
halancc cquation~ are et.tuivalent at pres!-iure.~ abuve Lhe saruration 
p1cssure. Ho\vever. at prcs!-iure!-i be[O,\' the saturation prc.~:-.urc. 5ig
niricant crror.~ a1e incurred. For exarnplc. rl1e errur by 1he conven
Lio11al inatenal balancc eqnation is a:-. 1nuch as 69'7(1 at a pre!-i.~111e 

1n11ncdi,1tcly beluv·.r Lhe saturation pres"iure. A!-i tl1e pressure 1'i l"ur
Lhc1 1educed belo\v the: s~1turatio11 p1e~sure. the error rnagnituJe 
Jecr~asc!-i, until it i:-. negligible at pæ"isurc!-i below abuut 17.2 iVlPa 
(2.500 p51a). Note. ho\vever. Lhal Lhe error in esri1nari11g the OOlP 
I'> greaLc.-;t at carly ti1nes (high pressures) \.vhcn rc.~e1voireng1neers 
are 111osL inlerested in nhtaining accuraLe OOlP i;sri1nate.~. 

Volatile-oil Example 
Thi!> exarnplc usc:-. the fluid propeny data Bu. 8-.:. R .. and R, 

given in Table J and a:.5Un1es the oil rccovery and cufnulative pro
duced ~a5·-oil ra110 da1<1 repo1ted in Table 4 apply. Table 4 :u1J 
Figurc 7 s111111naiize the OOIP e.-;1i1natc:-. a"i a function of prc<i"ure 
using the convenLional material balance equarion. Nn[icc that. like 
the gas-condcnsate exa111ple. Lhere j.-; nn error at pte.~.~ures greater 
th,111 the salu1<H1un pressun.!. Ho\veve1. al pressure"i les!-. than the 
saluration pres,ure sig11ifica11L enor.'> are incurri:>d The elt'ur n1ag
nitudc i!. greate:.L at the snluration pre.~~tne ant.J i.Jecrea.-;es a!-i the 
p1es..,ure deerease..,_ The en or 111 esLi111a[ing the OOIP i!- 2oq;., at rhe 
'iaturation pre.->'iure. The error rnagnitude i-'> less for vnl~1tile-uib 
ih:tn thaL tor gas-cnndcn~ale.-> because the fonner acl n1ore like 
hlack-oils than Lhe lauer. 

As an alternative to soh ing Equar1on (I) direcrly lo e.'>tirnate 
the OOIP. !-ii111ple graphica\ rncthocl"i akin to Lhose popularized by 
Havlena and Odeh1-11 ate po-;sible. See the rece1n \vork by Ansah. 
\\lal;;h. and Rag:h:tvan1\~.1•1. 

Summary and Conclusions 
Tl11~ paper present!. a ne\\'. generalizcd rnarerial balance equa-

60 

tion \Vhich is applic:thle LO lhe rull range or fl.!servoir rlu1d~. 
including vula1ile-oil.s and ga~-condensi1lc!-i. The new cqua1io11 
retains Lhe .'>ltllplicity nf tile [\VO-hydrocarbtlll-ClllllpOllL'lll r11fllJUla
tion popularized in earlier developtnenl!-i lls ilpplicatinn i!. illu:-.
trated for an example gas-..:onden:-.;lle and volattlc-uil 
fl.-1isapplication of the convt!nlional (hlack-oil) 111aLcriul bali111Cl' 
equation i.~ ~hO\\'ll 10 lead 10 erroncou.., 1eservuir perfon11ai1cc prc
d1ctions and erroneous oil and g:;ts reserve!. cstiinatcs Appliea11un 
or Lhe gencralizeJ inateria] balancc equalion i:-. fCCllllllllClldctl h11 
re'iervnir fluids having a vnlatilc oil-gils ralins grcatc1 Lhan i1hou1 
60 stock-tank 1n11JOC•!.Ld n1 1 t-10 qh/111111!-icl). 
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NOMENCLATURE 
8 0 Oil formatinn volu111e facLor lFYF). 

res rn-'/slock-tank rn 1 (rb/.sth) 
8 01 Intual oil FVF, res 111 1/stock-Lank 111 1 (rb/:-.1bJ 
B~ Gas FVF. res 111-1/std 1n~ (rb/scf) 
B~, lnit1al gas FVF. re!- 111 1/."id 111 1 (rb/.scl J 
B" \Vater FVF. re~ n1 1/stock-tank 111~ 1rb/"Lbl 
G Original ga!. in-place OGIP. "itd 111 1 t:-.en 
Gr Produced \\•c:llhcatl gas. stJ 1n 1 (~cf) 

G 1 G:J.s in free gas-pha~e. !-ild 111 1 (sen 
ilG Dctinition. see Appendix A 
k"' Oil relaii\'e pern1eability 
kr· Gas relative penneability 
N" OOIP. stock-tank 111 1 (.~tb) 
Nr Produced oil. Mock-tank in' (<>thi 
N1 Oil in rree oil-pha.~e. -.tock-lank rn 1 l.~LhJ 
.UN Definilion. ~ee Aprcndix A 
P Preso;;ure. tv1Pa (p~ia) 
q;; Ga'i tlo\v ra1e al reservoir (hottt1111ln1lc) co11ditio11~. 

te!- n1 'lday (rb/day) 
4~, Gas tlo\o,' raLe at .surface condiLion~. 1nl/day (L'li'tlayJ 
q" Oil flo\\' rate ill reser\'oir (ho1to111hoh.:) 1.:onditin11:.. 

te:-. 1111/day (rh/day) 
q,,_ Oil flo\\' rare at 'iurface cnntlition:-.. 111 1/t.Jay (cl"hlay) 
R., Solution ga."-oil rmio. stJ 1n.1/~L11ck-La11k 1n' ( :.cfl~thl 
R" Initial soluLion ga:.-01\ ratio. 

"itt.J 111.l/stock-tank 1n1 (.~cl/!-ilb) 

R, Vnlacile oil-gar. rmio. slock-tank 111'/~tc.J in' (.~tb/!-ict"l 
R, 1 Initial nil-gas ratio. siock-tank 111 1/std 111 1 (qh/scf) 
R1, CutnulaLive prnJuceJ \\'i.!llhcad ga!-i-oil ratio. 

std rn.l/stock-Lank n1 1 (!-itb/scl) 
RP, Cumulativc prudueec.J :-.ales ga!-i-oil n1Lio. 

~td 111 1/stock-tank rn 1 I se fl:-. Lb J 
1... Frac1io11 of protluced ga" æinjecied 
s"I In1ual \\'ilter saLurallllll. lractio11 PV 
S" Oil :-.aLuraLion. fraclio11 PV 
S~ Ga"i sauuaLion. frac1inn PV 
\\1

1 
[nfluxcJ \•.r,ller. stock-La11k 111 1 (~tbJ 

\Vr Produced water. "ilock-lank 111 1 (.~tbl 

tl\V Definitinn . ..:;ce Appe11tli>. A 
vp Rcse1vuii pore volurne. IC!-111 1 (rh) 

Greek .S~rnihols 

~L" Oil viscn"iLy. 1nPa•:. tcp) 
~L;; Ga!- v1scos11y.111Pa•s lep> 

Co11rersio11 Factors 

lll J.281 ft 
111.1 6.299 bhl 
111·1 J5.J-i cf 

!~!Pa 145.0 p5l 
I 111Pu·5= l cp 
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Appendix A: Derivation of the Generalized 
Material Balance Equation 

Assumptions 
The mathemarical development in this paper is based on the 

fol\owing assumptions or idealizations· 
I. The reservoir is an isothenna[ system. 
2. The reservoir is comprised of, at mosr, four components: 

rock, water. srock-tank oil and surface-gas. 
3. The reservoir is comprised of, at most, four phases: rock, 

water (aqueous). oil, and gas. 
"i_ The surface gas componen[ exiscs only in the oil- and gas

phases and does not partition into the water- or rock-phases. 
This assumption allows for dissolved-gas_ 

5. The stock-tank oil con1ponent exists only in the oil- and gas
phases and does not partirion into the water- or rock-phases. 
This assu1nption allows for volatilized-oil. 

6. The water cornponent exists only in the water-phase and 
does not partition into either the oil-, gas-, or rock-phases. 

7. The rock co1nponenr exists only in the rock-phase. 
8. The \Vater- and rock-phases are incompressible. This 

assumption implies rhe reservoir pore volllme is constant. 
9. The reservoir pressure ts uniform rhroughout the reservoir, 

i.e., no pressure gradients exist vertically or horizontally. 
10. The reservoir fiuids are in thennodynamic equilibriunL 
11. \Vater may enter the reservoir, i.e., water infiux may occur. 
12. \Vater, stock-tank oil. and surface-gas components may be 

produced. 
13. The produced gas componenr may be re-injecred into the 

reservoir. 
14. The porosity and initial water saturation are uniform 

throughout the reservoir. 
f\.·lany of the above assumpcions are routinely invoked in reser

voir engineering calculations: I include them only for complete
ness. Nole that Assumptions 1-14 nlake no .statement a.s to the ini
tial or later distribution of free oil- and gas-phases. Unique co this 
deve\opment is Assumption 5, which allO\\'S ane co account for 
volatile-oil and gas-condensate systems as \\•ell as black-oil sys
tems. To consider only black-oil systen1.s, As.sun1ption 5 is 
replaced by: the S[ock-tank oil component exiscs only in the oil
phase and does not partition into the water-, gas- or rock-phases. 

J\olany of the listed assumptions can easily be relaxed to consid
er nlore general or realistic conditions. Ho\vever, for the sake of 
breviry and simplicity, I purpo.sely resrrict myself to the above 
assumptions. 
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Volume and Material Balances 
A volurne b:tl:trn.:e de1namh: 

V,= (volume of free oil-phase) + (volume of free gas-phase) 
+ (volume of water-phase) ..... " ... " .. " ... " .. "... . ............. fA-11 

\ 1.:here VP denntcs the re~crvoir pore volurne It Equation (A-1) 1s 
itpplieJ for son1e ti1ne after inilial producLLon, ir yields 

\ 1.'here Nr is the srock-nink m~ or slb of re1naining free uil-pha!ie. 
G1 is the srd 111' or 'icf of frce g:ts-pha!ie. and Lhe ren1aining van
itbles here and elsev.,here are deflned in the norncnclature. A. n1ate

nal balance on the oil cornpc1neru de1nands: 

(stock-Lank mJ of oil co1nponcnt in oil-phase) = 
linitial :-.tock-tilnk 1nJ of oil) -
(produceJ slock-tank m 1 of oil) -
(srock-tank rn; of nil co1nponent in ga!i-ph:tse) 

or 

................. "." ..... _", ....... IA-Jl 

\a.·here N 1s the stock-[ank rn3 or ~tb of original oil in-p\ace 
(OOIP). Nr is rhe stock-tank m1 or srb of produccd oil, and R, 
Jescribes the .s[ock-tank n13 or stb of volatilized-oil in rhe free gas
pha.'ie per sLJ ni:> or scf of gas1~0 l .. A.. niaterial balance on the ga~ 
corr1pnnen[ Jcn1ands 

(.'ild 1n, of ga_., cornponent in gas-phase) = 

or 

(initial :.tJ 1n~ uf ga.'i) - (proJuce<l std ml of gas) -
(<>td rnJ of gas con1punent in oil-phase) 

········-···-···-···-··--···-····-···-··-···-·····fA-41 

whe1e ri; is the fraction of the total produced gas \\1hich is reinjecL
ed. Substituting (A-3) into tf\-4) :inU sol ving for Gr gives 

Gl =LIG-LIN R, 
( 1 - R,R,) ................................................................ .fA-51 

where the abo\•e expre.!>.!>ion i~ sin1plified by Jefining .6.G=G-GP( 1-rgl 
and ilN=N-Nr. Subslituting 1A-)) into (A-2) gives 

v.:he1e il\V=(\V,-V\'r)B ..... Subst1ruting (A-51 into (A-6) anJ sinipli
fying givcs 

... (A-7) 

For the -~ake uf .'iin1plicity and brevity, I further a'i!.u1ne: 
15. The reservoir initially contains only ane hy<lrocarbun pha.'ie. 

Th1s assurnption i1nplie.!> the initial reservoir pressure is above 
the !.atut al ion pressure. IL follO\\'S from /\ss111nption 15 thaL the 
OOIP. N, l'i- relatcd to the .~y.;;tetn po1e vo\un1e Yr by 

............................ (A-8) 

\Vhcre N i!. \Vntten either ir1 terms of 8 01 if the original in-place 
lluiJ is lreaced as an oil or i11 tenns of 8 o;!' and R, 1 if the original in-
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place tluid is Lreated as a ga<>. The OGIP. G. i.~ rcl:.ucd 10 tile 
OOIP. N, by 

If Lhe initial fluid is lrl!atl!d a<> an oil. and E4u:11ion (A-:-0:) ii-. 
solved for VP, :tnJ thi~ result and Equalion (A-9) are sub...iinucd 
intu EquaLion (A-7), onc obtain.s 

N [s.(1 -R.,F\)-(B,- R.,B.)R. - (B. -R,s,)J 

+N,[B0 (1-R.,f\,)+(R"-R,)B0 J = ilW(1-R.,R,) 
.. (i\- [Il I 

where I ha\'e used Grtl-r
1
)=Rr,Nr and RI', is 1hc cu111ula1iYr.: !.ale~ 

ga<>-oil ratio expressed in units of std 111-1/stoek-L;1nk 111 1 ur :-.cli's1h 
Since gas reinjection n1ay occur and noL all lhe produccU \vcllhc;1d 
gas re.~ults in 8ales gas. rhe cumulalive v.•cllhcac.J GOR. R

1
,. i!. rclal

e<l to R
1
,, by RP,=Rr( 1-rgl· At pressure.!> grcatcr tlian Lhc sannaLion 

pre!.sure, Equalion (:\-10) reduccs to 

N(B"-B0 )+NpB0 =ilW .................... . . .... ( r\-1 11 

Saturation Equation 
The reservoir oil .saturation can be t!ValuaLcd il the followi11i; 

adJitional a<>.!>un1pLions or i<lealizatinns are invokcd: 
I fi. lf gas is re-injecteU, a ~econ<lary gas-cap dnes not l"onn. Thi:-. 

in1plies thal the rc-injectcJ gas i:-. <lispcr~eLI u11if1H 1lll) 
throughoul rhe oil-leg. 

17. No v.:are.r influ.\. ueeurs. 
18. The phase saturation!. are u111furn1 Lhroughout Lhc 011-lei;.. 

The oil ~aturation is related LO the !.locl..-1a11k 111 • or .~tb ul" lrl!c 
uil-phase NL" by 

........... " .................. (r\- l ~I 

The gas <>aturatiun I~ relaLed LO rhe .sid 111-1 or !.Cl" or i"l'l"C !,!il~

pha~e by 

(t\-1.ll 

where all 5aturation<> are expressed in fraetional ( rc~crvoi1 J pore 
\'olurne unit.~. Subst1tuting (A-111 an<l (A-1 J) into (A-J) givc.s 

VS VSR., 
~=N-N --'-' -

B ' B 0 Q ....... tA-1-IJ 

lf Equnlion (A-8) i:-. solveU ror V
1
,. anJ thi!. rr.:sull and 

S~=l-S.h 1-S" are sub.;;tiruted inlo (A-1-1-), and the rc~ult1111! cxp1l!~-
si'"on 15 sol ved fur S," one obLains -

l
(1- N,)s.s,-s. R,,B01 

S -(1-S ) _N ___ _ 
0

- '" B
0

(B
0

-R,,B0 ) 
.. I t\-1."il 

At pressure.s grea[er than the .~aturalion prcssure. Lhc .~ing.le l1yJ10-
ca1bon pha:.e saruration is equal 10 ( 1-S,")-

Equations (:\-10). (A-l I), anJ (A-15) have bct!n arbit1anly 
wrilten in [erm5 of 8 01 anJ R".,. Allernativcly. the.se cquaLions can 
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be writcen in terms of B~1 and R,.i by substttuting the following 
equalities: B0 i=Bg/R,.1 and R51=l/R,.r 

Producing GOR 
The instantaneous producing GOR is defined by 

R _qgs 

qos ....................................................................................... (A-16) 

\Vhere q
0

, and qi:;, are the instancaneous oil and gas volun1etric 
flo\V rates at the surface. The produced stock-tank oil originates 
from either the stock-tank oil in the free reservoir oil-phase or the 
condensable liquids (stock-tank oil) in the free reser\•oir gas
phase. Accordingly, oil rate a1 [he surface is given by 

=~ + qg R 
B B " 

0 g ............................... (A-17) 

where q
0 

and qg are the instantaneous oil and gas f\ow rates at the 
reservoir (bottomhole) conditions. Similarly, the produced sur
face-gas originates from either the dissolved-gas in the free oil
phase or the surface-gas in the free gas-phase. Accordingly, the 
gas rate at the surface is given by 

qg 
+

B 
= qa R 

B ' 
0 9 ................................................................ (A-IS) 

Substituting Equations (A-17) and (A-18) into (A-16) and simpli
fying gives 

........................................................... (A-19) 

The reservoir oil and gas rates are given by Darcy's la\\' and the 
ratio or q/qo is given by 

kro µg ........................................................................... (A-20) 

Substituting Equation (A-20) into (A-19) gives 

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

Black-oil Reservoir 
For the special case of a black-oil reservoir. i.e., R,. = 0. 

Equations (A-10) and (A-15) reduce to 

N [B" - B0 -(Fl,, - Fl,) BJ + N,(B0 + (F\,, - R,) B,) 

=b.W 

January 1995, Velurne 34, No. 1 

............. (A-22) 

S
0

=(1-S,.,)(1- No) Ba 
N Boi .... ······-····-········-····-····-············-·········(A-23) 

Equation (A-22) is the conventional (black-oil) n1ateria1 balance 
equa[ion. 

Dry-gas Reservoir 
For the special c<1se of a dry-gas reservoir, Equation (A-10) 

si1nplifies to: 

B9; G = B9 G - G0B9 + 8 W 
................................................... (A-24) 

Provenance - Original Petroleum Society of CIM manuscript, A 
Generalized Approach to Reservoir l\.'laterial Balance 
Calculations (93-05), first presented at The Petroleum Society of 
CI,r...t 44th Annua! Technical Conference in Calgary, Albena, May 
9-13. 1993. Abstract submitted for review October 30, 1992; edi
torial comments sent to the author(s) October 18, 1993; revised 
n1anuscript received November 15, 1994; paper approved for pub
lication November 26. l 994.;j~ 
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