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ABSTRACT 

NUMerical simulation techniques are used to 
study the effects of non condensible gases (C02) 
on geothermal reservoir behavior in the natural 
state and during exploitation. It is shown that 
the presence of C02 has large effects on the 
thermodynamic conditions of a reservoir in the 
natural state, especially on temperature distribu
tions and phase compositions. The gas will expand 
two-phase zones and increase gas saturations to 
enable flow of C02 through the system. During 
exploitation, the early pressure drop is prima
rily d~e to "degassing" of the system. This pre
cess can cause a very rapid initial pressure drop, 
on the order of tens of bars, depending upon the 
in~tial partial pressure of C02' The flowing 
gas content from wells can provide information on 
in-place gas saturations and relative permeability 
curves that apply at a given geothermal resource. 
Site-specific studies are made for the gas-rich 
two-phase reservoir at the Ohaaki geothermal 
field in New Zealand. A simple lumped-parameter 
model and a vertical column model are applied to 
the field data. The results obtained agree well 
with the natural thermodynamic state of the 
Ohaaki field (pressure and temperature profiles) 
and a partial pressure of 15-25 bars is calculated 
in the primary reservoirs. The models also agree 
reasonably well with field data obtained during 
exploitation of the field. The treatment of 
thermophysical properties of H20-C02 mixtures for 
different phase compositions is summarized. 

INTRODUCTION 

Many geothermal reservoirs contain large 
amounts of noncondensible gases, particularly car
bon dioxide. The proportion of noncondensible gas 
in ~e produced fluid is an extremely important 
factor in the design of separators, turbines, heat 
exchangers, and other surface equipment. In the 
reservoir itself, the presence of carbon dioxide 
significantly alters the distribution of tempera
ture and gas saturation (volumetric fraction of 
gas phase) aSSOCiated with given heat and mass 
flows. Therefore, when modeling gas-rich reser-

Refer~nces and illustrations at end of paper. 

voirs it is essential to keep track of the amount 
of C02 in each grid block in addition to the cus
tomary fluid and heat content. 

The simulations reported in this paper were 
carried out using th~ multicomponent, two-phase, 
reservoir simulator MULKOM,1 developed at Lawrence 
Berkeley Laboratory as an extension of the geo
thermal reservoir simulator SHAFT79. 2 MULKOM is 
coded in a general way to model the transport of 
energy and mass, with a separate mass balance 
equation for each component. All that is required 
for modeling the transport of a particular compo
nent such as carbon dioxide, is the addition of 
the appropriate thermodynamic "package", so that 
densities, viscosities, enthalpies, and other rel
evant thermophysical quantities can be calculated 
from the primary variables (e.g., pressure, tem
perature, and chemical composition). The H20-C02 
thermodynamic package used in the present study is 
an improved version-of the one used earlier by 
Zyvoloski and O'Sullivan3 in a geothermal simu
lator developed at the University of Auckland. It 
is based mainly on work by Sutton and McNabb4 on 
the properties of a mixture of carbon dioxide and 
water. A similar thermodynamic package was used 
by Pritchett, Rice, and Riney5 together with their 
CHARGR simulator in a preliminary study on the 
effects of C02 in geothermal reservoirs. 

Several investigators have considered the 
effects of C02 on the reservoir dynamics of geo
thermal systems. A lumped-parameter model using 
one block for the gas zone and one for the liquid 
zone was developed by Atkinson et al. o for the 
Bagnore (Italy) reservoir. Preliminary work on 
the Ohaaki reservoir was carried out by Zyvoloski 
and O'Sullivan3 ,7,8, but these studies were limi
ted because the thermodynamic package used could 
only handle two-phase conditions. Generic studies 
of reservoir depletionS and well-test analysis3 ,5 
were also made in the previous works. The present 
study describes the effects of C02 in geothermal 
reservoirs in a more complete and detailed way. 
We emphasize the potential for using the C02 con
tent in the fluid produced during a well test as 
a reservoir diagnostic aid, and as a means of 
gaining information about relative permeability 
curves. 
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The aim of the present study is to .investi
gate the effects of C02 on both the natural state 
of a reservoir and its behavior under exploitation. 
Several generic simulation studies are described. 
First, the effect of C02 on the depletion of a 
single block, lumped-parameter reservoir model is 
briefly examined. Secondly, the relationship be
tween the mass fraction of C02 in the produced 
fluid and the mass fraction in-place in the reser
voir is studied. It is demonstrated that in some 
the relative permeability curves. Finally, the 
effects of C02 on the vertical distribution of gas 
saturation, temperature, and pressure of geother
mal reservoirs in the natural state are investiga
ted. The numerical simulator with the H2O-C02 
thermodynamic package is applied to field data 
from the Ohaaki (formerly Broadlands) geothermal 
field in New Zealand. 

Two simple models of the 1966-1974 large
scale field exploitation test of the Ohaaki 
reservoir are presented. The first is a single
block, lumped-parameter model similar to those 
reported earlier by Zyvoloski and O'Sullivan7 , 
and Grant9 • In the former work, a less accurate 
thermodynamic package for K2o-C02 mixtures was 
used; the latter used approximate methods to inte
grate the mass-, energy-, and C02-balance equa
tions. The second model described in the present 
work is a distributed-parameter model, in the 
form of a vertical column representing the main 
upf low zone at Ohaaki. This model produces a good 
fit to the observed distribution of pressure and 
temperature with depth 10 in the natural state at 
Ohaaki and a good match to the observed response 
of the reservoir during five years of experimental 
production and three years of recovery. 

A description of the H20-C02 thermodynamic 
package is given in the appendix, but some general 
results for the most important aspects of the be
havior of a C02-H20 mixture are discussed here. 

In Figure 1. the mass fractions of C02 in the 
liquid phase and gas phase. respectively, of a 
boiling C02-H20 mixture are shown as functions of 
temperature (the partial pressure of C02 is 10 
bars). The fi~re shows that even for this moder
ately high partial pressure of C02' the total 
amount of C02 which can be dissolved in the liquid 
phase is small. Therefore. if a sufficiently 
large amount of C02 is introduced into a body of 
l4quid water at fixed temperature and total pres
sure. the mixture must boil and evolve a gas 
phase. The gas phase contains a mixture of the 
excess CO2 not dissolvable in the liquid. and 
water vapor at a partial pressure corresponding to 
the system temperature. For conditions of inter
est in geothermal systems. the mass of CO2 present 
1n a unit volume of gas phase is larger than that 
present in a unit volume of liquid phase. There
fore. if C02 partial pressure is kept constant, an 
increase in C02 mass fraction can only be accommo
dated by an increase in gas-phase saturation. A 
typical case is shown in Figure 2. We assume that 
a constant partial pressure of C02 (10 bars) and 
constant temperatures of 200·, 250·, or 300·c are 
ma1ntained while the C02 mass fraction is in
creased. For the 250·C curve the C02 causes the 
mlxture to boil as soon as it reaches a proportion 

of 0.49\ by mass and then, as more and more C02 is 
added, the gas saturation increases until the 
liquid phase completely dissappears when the mass 
fraction of C02 reaches 33.5\. The increase of 
gas saturation which accompanies an increase in 
the mass fraction of C02 is the Single most impor
tant effect of the C02' as the total mixture mobi
lity greatly depends upon the volumetric fractions 
of liquid and gaseous phases present. The changes 
in density, viscosity, and enthalpy of the indiVi
dual phases caused by the presence of C02 are com
paratively minor. 

The large difference in the mass fractions of 
C02 in liquid and gaseous phases is very important 
when calculating the mass fraction of CO2 in two
phase fluids produced from a well. or flowing 
within the reservoir. The flOWing enthalpy Hf is 
given by the well-known formula 

Hf - vf(H k Iv + H k Iv ) t rt t g rg g 
(1) 

where the total or flowing kinematic viscosity is 
defined by 

(2) 

A similar formula holds for the flowing C02 mass 
fraction fcf: 

f • v (f k Iv + f k Iv ) 
cf f C1 r1 1 cg rg g 

(3 ) 

In (1). (2), and (3) the variation of the liquid 
and gas phase enthalpies, H1 and Kg, and the kine
matic viscosities of liquid and gas, Vi and vg • 
with total pressure, p. and partial pressure of 
CO2' Pc' is relatively insignificant. The mass 
fractions of C02 in liquid and gas. f Ct and fcg 
vary with the partial pressure of C02' The rela
tive permeabilities krt and krg vary rapidly with 
changes in gas saturation Sg11.12,13. If the 
total pressure and temperature are fixed and the 
total mass fraction of C02 is increased so that 
the gas saturation increases (Fig. 2). then both 
the corresponding flowing enthalpy and flowing C02 
mass fraction increase. How much they increase 
for a specified saturation change depends on the 
choice of the relative permeability curves. A 
simple algebraic calculation can be used to elimi
nate krt and krg from (1). (2), and (3). giving 
the relationship 

(4) 

+ (H,f - H f ,)j/(f - f
c
') • cg 9 c. cg • 

Equation (4) shows that, for fixed values of p and 
Pc' there is a simple linear relationship between 
flowing enthalpy and flowing C02 content. This 
relationship is shown in Figure 3 as solid lines 
for a temperature of 260°C and various values of 
the partial pressure of C02' The exact position 
on these curves for values obtained from production 
data from a particular well depends both on the gas 
saturation of the boiling mixture and on the rela
tive permeability curves which apply. Also shown 
in Figure 3 are data points representing monthly 
samples taken from several wells at Ohaaki. 14 The 
temperature at the feed zone for the different 
wells varies but the corresponding curves are not 



.. 

O'SULLIVAN, BODVARSSON, PRUESS, & BLAKELEY 

very different from those given in Figure 3. These 
points show production data after some initial 
degassing near the well has occurred and therefore 
are not inconsistent with estimates for the partial 
pressure in the main reservoir at Ohaaki 15 , of up 
to 30 bar (see Figure 6). 

To demonstrate the effect of C02 in a geother
mal reservoir in a very simple way, the depletion 
of a lumped-parameter reservoir model was simulated • 
A block of volume 1.0 m3 with porosity 0.15, den
sity 2500 kg/m3 , and specific heat 900 J/kgoC, 
initially at a temperature of 260°C, a gas satura
tion of 0.2, and C02 partial pressures of either 
o or 30 bar was produced at a constant rate of 
5 kg/so The pressure decline curves for two sets 
of relative permeability curves, the Corey curves 16 

and the Sorey, Grant, and Bradford17 (5GB) curves 
(see Fig. 4) are shown in Figure 5. The small size 
of the block and the short time of simulation do 
not affect the applicability of the results for 
real geothermal reservoirs. The shape of the 
curves in Figure 5 would remain unchanged if both 
the volume and time scale were multiplied by the 
same factor. The most obvious feature of the 
decline curves is that the pressure drop due to 
"degassing" occurs ·rapidly. The flowing C02 mass 
fraction given by equation (3) is much greater than 
the mixture or in-place C02 mass fraction for gas 
saturations of 0.1 or greater, so that the C02 is 
quickly exhausted. The degassing period is consid
erably shorter for the SGB curves than for the Corey 
curves because of their greater gas mobility (see 
Fig. 4). The flowing enthalpy is decreased a small 
amount by the presence of C02 and therefore not as 
much heat ·is removed from the reservoir during the 
degassing period as for the Pc = 0 case. Conse
quently, for the cases with Pc = 30, the pressure 
remains slightly above that for Pc = O. Also the 
density of the gassy fluid is slightly greater at T 
= 260°C and Sg = 0.2 than for pure boiling water 
and therefore the final depletion of the reservoir 
occurs sightly later. The qualitative nature of the 
results shown in Figure 5 also applies for other 
initial states. 

C02 CONTENT IN PRODUCED FLUIDS 

The relationship between flowing enthalpy and 
flowing C02 content given in (4) is not very useful 
in analyzing production data. For a constant-rate 
production test, assuming that the reservoir is 
uniform and infinite-acting, it can be shown 13 ,17,18 
that the production enthalpy initially increases 
with time and eventually stabilizes at a constant 
value. The magnitude of the enthalpy rise depends 
in a complex manner on the initial state of the 
reservoir as well as on the porosity, relative 
permeabilities, and flow rate 13 ,17. A calculation, 
similar to that carried out by O'Sullivan 18 using 
asymptotic methods to show that production enthalpy 
must stabilize, can also be used to show that the 
C02 content in the produced fluids must stabilize. 
Grant 19 gave an approximate derivation of this 
result for the special case of ~,s-dominated 
reservoirs. 

A number of well-test simulations were carried 
0ut to investigate the relationship between produc
tion enthalpy and production C02 content. To make 
the results comparable to extensive field data from 

Ohaaki, New zealand,9,10,14 an initial temperature 
of 260°C was used and a number of different initial. 
gas saturations and flow rates were tested. Reser
voir response for different flow rates, permeabili
ties, and reservoir thicknesses depends only on the 
parameter group Q/kh; therefore the flow rate Q was 
varied but the permeability, k, and the reservoir 
thickness, h, were assumed constant. Figure 6 shows 
the results of some of these simulations. The solid 
curves show the loci of late-time stable production 
enthalpies, Hf(~)' and stable C02 mass fraction 
fcf(~)' in dependence upon initial partial pressure 
of C02 and initial gas saturation, for a constant 
and relatively high flow rate. The general effect 
of flow rate is shown by the dotted and dashed 
curves which indicate the change in location of the 
solid curve network as flow rate is reduced. For 
example, for an initial C02 partial pressure of 
Pco = 5 bar and an initial gas saturation of Sgo 
= 0.3, Hf(~) and fcf (~) at the high flow rate 
are 1680 kJ/kg and 2.8%, respectively; at a very low 
flow rate they are 1293 kJ/kg and 2.3%, respectively. 

All the results shown in Figure 6 were ob
tained using the Corey relative permeability curves. 
To show the effect of different relative permeabili
ties, some of the simulations were repeated using 
the SGB curves. The results are shown in Figure 7 
(all for a high flow rate of 0.2 kg/s.m). The 
higher gas relative permeability recommended by 
Sorey et al 17 produces higher stable production 
enthalpies and even higher stable flowing C02 mass 
fractions. The effect of the different relative 
permeability curves is to extend the net so that 
lower initial gas saturations are required to pro
duce similar enthalpies or C02 mass fractions. 
The effect of a different porosity is shown in 
Figure 8. The stable flowing enthalpy depends 
strongly on the ratio 1) (1 - ~)/~, but the stable 
flowing C02 mass fraction is only weakly affected 
by porosity. Consequently, a change in porosity 
only shifts the curves along the vertical (enthalpy) 
axis. 

DETERMINATION OF GAS SATURATION ~~D RELATIVE 
PERMEABILITIES 

The results presented above show how varia
tions in initial in-place conditions affect the 
production enthalpy and C02 mass fraction. In 
practice it is usually the inverse problem which is 
the important one. Namely: Given the production 
data what can be deduced about the thermodynamic 
state of the reservoir? It turns out that measure
ment of flowing C02 mass fraction can assist in 
determining in-place conditions. Bodvarsson et 
al. 1) showed how measurement of flowing enthalpy 
during a well test and equations (1) and (2) could 
be used to deduce the ratio krg/kri as a function 
of flowing enthalpy. It was pointed out, however, 
that this procedure did not give krg and Kri 

individually, or their ratio as a function of gas 
saturation. Similarly, equations (2) and (3) could 
be used to deduce the ratio of Krg/Kri as a func
tion of flowing C02 mass fraction. 

What is really required is a means of deducing 
gas saturation, or equivalently in-place enthalpy or 
in-place C02 mass fraction. A careful examination 
of Figures 6 and 8 indicate that it may be possible 
to deduce in-place gas saturation from the stable 

3 
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flowing C02 mass fraction, fcf(~)' The key points 
to-observe are that fcf(~) depends very weakly on 
both flow rate and porosity, but strongly on ini
tial saturation. Figure 9 shows the dependence of 
fCf(~) on saturation at various partial pressures. 
In Figure 9, the porosity was fixed at 0.1, the flow 
rate at 0.1 kg/s.m, and either the corey or SGB 
relative permeability curves were used. Varying the 
porosity over the interval (0.05, 0.20), changes the 
curves in Figure 9 only slightly. This fact is 
demonstrated by the data shown in Table 1 where the 
stable flowing C02 mass fraction is tabulated for 
different porosities, and for some representative 
initial saturations. Similarly, Figure 10 shows 
that fcf(~) changes slowly as flow rate is 
increased. 

In view of these results, curves such as those 
shown in Figure 9 can be used to calculate the in
place gas saturation in a reservoir, even when the 
porosity and permeability (or the parameter group 
Q/kh) are unknown. The partial pressure of C02 
can Pe determined from down-hole pressure and 
temperature measurements and then the fcf(~) 
versus Sg curve for the correct temperature and 
partial pressure selected. A few degrees error in 
temperature or a few bar error in partial pressure 
of C02 will have a negligible effect on the re
sults. Then a measurement of fcf(~) during a 
constant-rate production test can be used to obtain 
the in-place gas saturation. The only drawback of 
this process is that the shape of the fcf(~) 
versus Sg curves depends on the choice of relative 
permeability curves. For example, if the down-hole 
temperature and partial pressure of C02 in a well 
were measured as 260·C and 10 bar, respectively and 
if a measurement of fcf(~) gave a value of 5%, then 
in Figure 9 would give values of Sg of approxi
mately 0.13 for the SGB curves, and 0.30 for the 
corey curves. The difference between these two 
results cannot be easily resolved by measuring 
Hf(~) and using plots such as those shown in 
Figure 6. The flowing enthalpy is determined, as 
equation (4) shows, by the flowing C02 mass frac
tion independently of the relative permeabilities. 
A simple calculation shows that for Sg = 0.13, 
the ratio krg/krt for the SGB curves is 0.69 and 
for Sg = 0.30, krg/krt = 0.64 for the Corey curves. 
The corresponding flowing enthalpies are 1253.6 and 
1247.4 KJ/kg, respectively. Therefore at very low 
flow rates the stable flowing enthalpies are vir
tually indistinguishable. 

If a number of tests are performed and the 
rise in flowing enthalpy measured in each case, 
some progress can be made but only if estimates of 
porosity and permeability are available. Then 
plots such as those given by Bodvarsson et al. 13 

can be used to distinguish between the two cases. 
Flowing enthalpy will increase much more rapidly 
with increase in flow rate for the case of Sg = 0.3 
than for the case of Sg = 0.13. However, in deter
mining the correct scale for flow rate, it is 
necessary to know permeability; and in choosing the 
relevant curve to match, porosity must be known. 

Grant 19 showed that for a gas-dominated system 
(immobile water phase) the Simultaneous measurement 
of stable flowing mass fractions of two gases (C02 
and H2S in that case) could be used to deduce the 
gas saturation of the reservoir. Further work is 
required to test the applicability of his method to 

all two-phase reservoirs and to investigate its 
accuracy for gas-dominated systems. 

In summary, the measurement of stable flowing 
C02 mass fraction enables vapor saturation to be 
determined for each set of relative permeability 
curves being considered. Distinguishing between 
the different options requires knowledge of poros
ity and permeability and observation of the change 
in stable flowing enthalpy with flow rate. 

WELL-TEST ANALYSIS 

Pritchett et al5 showed that the addition of 
quite small amounts of C02 produces large changes 
in the pressure drop during a constant-rate well 
test. In the example considered by Pritchett et 
al., the initial total pressure and temperature 
were fixed while the C02 content was varied. A 
change in C02 content is accompanied by large 
changes in the initial gas saturation (see Fig. 2) 
and this is probably the cause for most of the 
differences in mobility noted by Pritchett et al. 
In order to examine the effects of C02 on the 
pressure decline when the gas saturation effects 
are removed, a number of simulations were run with 
fixed initial temperature and gas saturation but 
different initial partial pressures of C02 and 
therefore different initial total pressures. A 
typical set of results is shown in Figure 11. 
The presence of C02 causes two effects. First, 
degassing causes a more rapid pressure decline at 
early times and the lower flowing enthalpy with C02 
present causes a slower decline of temperature, and 
therefore pressure, at later times. The different 
slopes shown in Figure 11 (10.9 bar/cycle for 
Pc = 0 and 4.6 bar/cycle for Pc = 30 bar) result 
from differences in gas saturation in the gassy 
flow caused by differences in flowing enthalpy. 
Even if the reservoir fluid is correctly identified 
as two-phase, Figure 11 indicates that significant 
errors could easily be made in deducing kh from the 
slope of the semilog pressure plot unless accurate 
information on the C02 content is available. 

NATURAL STATE STUDIES 

In order to determine the effect of C02 on 
the natural thermodynamic state of geothermal sys
tems, numerical studies of a simple vertical column 

model were carried out. The model consisted of two 
zones, a "caprock" extending from ground surface to 
300 m with a permeability of 0.5 md and an underly
ing 700-m-thick reservoir zone with a permeability 
of 20 md. The thermal conductivity of both zones 
was assumed to be 2.0 W/m.·C; other reservoir par am
aters such as porosity and heat capacity (storage 
type parameters) do not affect steady-state results. 
Heat and mass were injected at the base of the 
model in order to simulate an upflow zone in a 
geothermal system. Ambient conditions were pre
scribed at ground surface (T=10·C, P=1 bar). 

In the first series of simulations the system 
was modeled without ~02; mass and energy flow 
through the system adjusted until a small two-phase 
zone developed in the upper portion of the reser
voir (shown by the shaded zone in figure 12). This 
occurred when 2.0 kg/s.km2 of water, with an en
thalpy of 1300 kJ/kg, was injected at the bottom of 
the model. Then, progressively larger and larger 
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quantities of C02 were added to the injected fluid; 
the results are shown in Figure 12. The figure 
shows that quite small quantities of C02 have a 
large effect on the thermodynamic state in the 
system. In the case of 1% flowing C02 mass frac
tion (corresponding to smaller in-place values), 
the boiling zone spreads throughout the whole 
column. For still higher concentrations of C02' 
gas saturation increases at the base of the cap-
rock and throughout most of the caprock. In the 
reservoir, the gas saturation is close to the re
sidual steam saturation. It is interesting to note 
that the gas saturation has two maxima, one near 
the base of the caprock and one at a shallow depth 
close to ground surface. The shape of the gas 
saturation distribution is related to the partial 
pressure of C02 shown in Figure 13. The local 
maximum in Pc at a depth of approximately 180 m 
corresponds to a temperature there of approximately 
180·C, which is the temperature at which the solubil
ity of C02 in water reaches a minimum (see Fig. 1). 
For temperatures on either side of this minimum, 
the partial pressure of C02 must drop and the gas 
saturation must rise to preserve a constant vertical 
heat and C02 flux through the column. It is of 
interest to note that Figures 12 and 13 predict 
high gas content in fluids at shallow depths. This 
is consistent with field observations from some 
wells at the Krafla geothermal field in Iceland (V. 
Stefansson, personal communication, 1982). The 
results obtained depend on the choice of relative 
permeability curve, as shown in Figure 12. The 
higher gas phase mobility of the X-curves and the 
SGB curves, in comparison with the Corey curves, 
implies that a lower gas saturation is required to 
transport the same quantity of C02' 

K)DELS OF OHAAKI 

The Ohaaki (formerly Broadlands) geothermal 
field in New Zealand has been under investigation 
for over two decades. To date over 40 wells have 
been drilled in the area, mostly during the period 
1966-1970 14 • The wells have identified the pres
ence of a high-temperature (up to 300·C) two-phase 
reservoir 10 with substantial quantities of non
condensible gases (primarily C02)9. Power pro
duction of 100 MWe is scheduled to start in 1985. 

At Ohaaki there is little apparent geothermal 
activity at the surface. There is one major hot 
spring in the area, the Ohaaki Pool, which dis 
charged approximately 10 kg/s before significant 
well discharges began. A number of small steam 
vents are also present. During the period 1966-
1971 many of the Ohaaki wells were discharged with 
a total of 35 Mt of fluids removed9 • This caused 
significant pressure drawdowns in the field (up to 
20 bar); the pressure recovery is still not complete. 
The pressure data along with enthalpy and C02 data 
from the discharging wells are used in the follow
ing analysis of the Ohaaki reservoir. 

The first model of Ohaaki investigated was a 
lumped-parameter model consisting of one reservoir 
block adjacent to a very large recharge block. The 
initial state selected was the same as that used 
previously by Grant9 and Zyvoloski and O'Sullivan7 

in similar modeling studies, namely, p = 62 bar, 
Sg = 0.2, and Pc = 15 bar. Reservoir rock param
eters were also taken from these previous studies 
with density of rock 2500 kg/m 3 , specific heat of 

rock 900 J/kg.·C', and porosity 0.15. The monthly 
production figures 14 for wells,BR 2, 3, 8, 9, 11, 
13, 17-23, 25, were lumped together to give a total 
discharge history as shown in Figure 14. The vol
ume of the reservoir block and the permeability 
connecting the reservoir and recharge blocks were 
then varied until the calculated pressure draw down 
and recovery matched the observed data. Varying 
the reservoir permeability is equivalent to varying 
the recharge coeffiCient in the pressure-dependent 
recharge term used in previous investigations7 ,9. 
The "best fit" reservoir volume is 0.82 x 109 m3 

and permeability 82 x 10- 15 m2 • This volume is 
larger than that found in previous studies7 ,9 but 
a more accurate production history was used in the 
present stUdy. The comparison between calculated 
pressure drawdowns and the observed ones is shown 
in Figure 14. The agreement is good, but for pro
duction enthalpy and production C02 content the 
match is poor as should be expected from such a 
crude model. The long-term response of a lumped
parameter model such as that considered is almost 
entirely dependent on the recharge assumptions. 
The large recharge block ensures that the proper
ties of the recharge fluid (enthalpy and C02 
content) remain constant with time. To allow the 
recharge fluid properties to vary realistically 
requires the use of some form of distributed param
eter model. The first of these considered was a 
vertical column model. This model matches both the 
thermodynamic conditions of the field in the natural 
state and the reservoir response to exploitation 
reasonably well. The model used is shown in Figure 
15. The primary reservoir at Ohaaki is located in 
the Waiora and breCCia formations, although consider
able horizontal permeability is also found in the 
rhyolite20 • The basement rock at Ohaaki is the 
ignimbrite. We use a total of 10 elements in the 
natural state simulations; the top element is main
tained at ambient conditions (T = 10·C, P = 1 bar). 
Heat and mass (H20 and C02) are injected into 
the bottom element (ignimbrite). 

In simulating the natural state of geothermal 
reservoirs, mass and heat flows to surface mani
festations must be carefully modeled. We use a 
deliverability model to calculate the mass of C02 
and water discharged at the surface springs. 
Mathematically, the model is: 

Q PI 
k.£. 

+ 
k 
-.Jl 
v 

g 

where PI is the productivity index of the natural 
vents, and Pcr is the critical pressure, i.e., 
the minimum pressure required for discharge to 
'occur. We use critical pressures of' 26 and 22 bar 
for mass flow to the Ohaaki Pool and the surface 
steam vents, respectively. The use of a deliverabil
ity model for fluid flow to the surface springs is 
necessary, because as the pressures fall in the 
reservoir during exploitation, the mass flow to the 
springs will decline or disappear altogether. 

In the natural-state simulations, we varied 
the heat/mass upflow and the vertical permeability 
distributions until a reasonable match was obtained 
with observed pressures and temperatures. The X 
relative permeability curves, with residual liquid 
and steam saturations of 0.3 and 0.05, respectively, 
were used exclusively. The productivity indices 

5 
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for mass flow from the rhyolite to Ohaaki Pool and 
surface steam vents were adjusted to give observed 
mass flows (10 kg/s to the Ohaaki Pool and an esti
mated 3 kg/s to surface steam vents). After rea
sonable natural state results were obtained, the 
1966-1971 exploitation test of the Ohaaki field 
was modeled. The exploitation simulations put 
additional constraints on vertical permeabilities 
within the system, necessitating additional itera
tions between the natural-state model and the 
exploitation model. The iteration process was con
tinued until reasonable results were obtained for 
both the natural state and the system behavior 
under exploitation. In the best natural-state 
model obtained, the parameters shown in Table 2 
were used. The total mass flow through the system 
was 18.625 kg/s with a flowing mass fraction of C02 
of .06. The heat flow through the system was 24.5 
MWt • Most of this mass and heat is discharged to 
surface springs. The vertical permeability distri
bution appears reasonable; permeability is low in 
the ignimbrite, high in the main reservoir (Waiora 
and breccia formations), and low between the rhyo
lite and the Waiora formations. This agrees well 
with interference test data from the field20 • 

Comparisons Detween calculated and ob
served10,~1 pressure and temperature profiles are 
shown ~n Figures 16 and 17, respectively. The 
agre~nent is excellent. Figure 18 shows the calcu
lated gas saturation and partial pressure of C02 
~ro:iles, ~ndicat~ng a monotonic increase in the 
~artial ~ressure of C02 with depth. The partial 
?ressure of C02 in the ma~n reservoir is 15-25 bar. 
Tne gas-saturat~on profile shows very low values in 
the main reservoir region (close to the residual 
gas saturat~on of 0.05). The gas-saturation pro
I~le ~r. the rhyolite and Huka Falls formation 
reflects the comb~nation of two effects: rather 
n~gh gas saturat~ons are necessary to enable the 
requ~red through-flow of C02' and the low gas 
saturation at a depth of 300 m is a result of gas 
escap~ng to surface man~festations (OhaaKi Pool and 
ste"". vents). 

The best-fit steady-state pressure, tempera
ture, and C02 distribution were then used as 
initial conditions for simulations of the explOita
tion and recovery of the Ohaaki reservoir during 
1968-1974. In the exploitation model, very large 
recharge blocks were added adjacent to each of the 
reservoir blocks. These recharge blocks cause a 
recharge flow into each reservoir block proportion
al to the pressure drop there. The large size of 
the recharge block maintains the initial values for 
the enthalpy and C02 content of the recharge. 

For this vertical-column model the production 
data used for the single-block model was classified 
as either deep or shallow, using information on 
feed zones given by Grant 21 • The deep production 
was assigned to block 9 (BR 9, 13, 17-20, 22, 23, 
25), and the shallow production to block 7 (BR 2, 
3, 8, ", 21). In calibrating the model, the param
eters which can be varied without any change to the 
initial steady-state model are the porosity of each 
block and the horizontal permeability between the 
reservoir and recharge blocks. Two general cases 
were considered. In Case I, the porosity and hori
zontal permeability in the production zone (blocks 
7, 8, 9) were assumed to be uniform. In Case II, 
the porosity and horizontal permeability were 
allowed to be different in blocks 7 and 9. The 

nonuniformity of horizontal permeability in Case II 
allows the high-permeability zone at the contact 
between the rhyolite and the Waiora formation20 

to be represented. 

In both Case I and Case II, the porosities and 
horizontal permeabilities were then adjusted to 
give a good match to the pressure response shown in 
Figure 14. The pressure in block 9, was used as an 
average reservoir pressure to compare with recorded 
data9 • By running only a few simulations, it was 
possible to obtain a very good pressure match, 
similar to that for the single-block model shown in 
Figure 14. The most interesting results from the 
mOdel, however, are the production enthalpy data. 
For Case I (uniform horizontal permeability), the 
production enthalpy is too high from the shallow 
wells. These results confirm the postulated20 

high horizontal permeability just below the rhyo
lite. Shallow well enthalpies are still overpre
dieted by the model. The mass fraction of C02 
in the production zone is shown in Figure 20. The 
agreement is reasonable, but these results are sen
sitive to the choice of the relative permeability 
functions. Further simulations with a colder 
recharge into the shallow production zone produced 
a better match to the observed enthalpy response. 
However the corresponding match to the C02 data 
was not as good. 

The vertical-column model of Ohaaki could be 
improved with further experimentation with param
eters. For example, it is probable that a slightly 
lower vertical permeability in the lower production 
zone (blocks 8 and 9) would give a better match to 
the deep production enthalpy. However, the produc
tive enthalpy and C02 data vary from well to well '4 , 
and to produce a good match to production enthal
pies and C02 mass fractions the production wells 
at Ohaaki must be modeled individually. Such a 
model has been developed for the Krafla geothermal 
field in Iceland by two of the present authors 22 ,23 

CONCLUSIONS 

The results of this inVestigation show that 
the effects of a non condensible gas such as C02 
on geothermal reservoir behavior can be extremely 
important. In the natural state, C02 increases 
the size of the boiling zone considerably. During 
exploitation, the gas escapes rapidly, leading to a 
large early pressure drop. 

The presence of C02 significantly affects 
the results of transient well tests. The pressure 
response is faster at early times because of de
gassing and slower at later times because of a 
reduced flowing enthalpy. The measurement of the 
C02 mass fraction in the produced fluid during a 
well test can be used to deduce the in-place gas 
saturation in the reservoir if the relative perme
abilities are known. 

The preliminary modeling of the Ohaaki geother
mal field reported here has greatly assisted in 
understanding the structure of the reservoir by 
establishing a vertical permeability distribution 
which produces consistent pressure and temperature 
distributions. The brief investigation of produc
tion models has given useful insight into the 
horizontal permeability at Ohaaki and provides a 
basis for more complete modeling studies. 
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The single-block and vertical-column models 
can both provide reasonable matches to the field 
data from the 1968-1974 period, but they should not 
be used for long-term future predictions because 
their representation of recharge is not sufficient
ly accurate. 

NOMENCLATURE 

fcf flowing C02 mass fraction 

fCR, CO2 mass fraction in liquid 

fcg 
fcf(oo) 

CO2 mass fraction in gas 
stabilized flowing C02 
mass fraction 

h reservoir thickness, m 
Hf flowing enthalpy, kJ/kg 
HR, 
Hv 
Hf (00) 

enthalpy of liquid phase, kJ/kg 
enthalpy of gas phase, kJ/kg 
stabilized flowing enthalpy, kJ/kg 
permeability, md k 

kh 
krR, 
krg 
kv 
vf 
vR, 
Vg 
P 
Pc 
Pco 
Pcr 

PI 

~ 
Q 
Sg 
Sgo 
T 
Xc 

horizontal permeability, md 
relative permeability for liquid 
relative permeability for gas 
vertical permeability, md 
total kinematic viscosity, m2/s 
kinematic viscosity of liquid, m2/s 
kinematic viscosity of gas, m2/s 
pressure, bars 
partial pressure of C02' bars 
initial partial pressure of C02' bars 
critical pressure in deliv-
erability formula, bars 
productivity index, m3 

porosity 
mass flow rate, kg/s 
gas saturation 
initial gas saturation 
temperature, °c 
mole fraction of C02 
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APPENDIX 

The thermodynamic package used in this study 
is based on the model suggested by Sutton and 
MCNabb4 and used subsequently by others 3 ,5. 
Various formulae are used which are only exact for 
mixtures of ideal gases or nonideal gases at low 
pressures. For conditions of interest in geother
mal reservoirs, say 10°C < T < 310°C, 1 bar < p < 
120 bar, 0 < Pc < 50 bar, the errors in using 
some of these formulae remain uncertain, but for 
those where comparison with tabulated data is 
possible the errors are less than 5%. 

The primary variables used are total pressure, 
p, temperature, T, and partial pressure of C02' 
Pc, for single-phase conditions. T is replaced by 
gas saturation, Sg' for two-phase conditions. For 
compressed liquid conditions the interpretation of 
Pc is that it is the pressure required to keep all 
the C02 present in solution at the prevailing 
temperature. 

The mass and heat balance equations are 
non-linear, and are solved by MULKOM using Newton
Rapheson iteration. As the primary variables 

change during the iteration process, the thermophys
ical properties package must be capable of (i) 
recognizing the appearance and disappearance of 
phases, and (ii) providing all needed thermophys
ical parameters appropriate for the latest iterated 
values of the primary variables. We shall here 
outline how this is accomplished for the. different 
phase compositions which may be present in the 
H20-C02 system. 

compressed liquid 

Given p, T, and Pc' the OOi·ling curve pressure 
ps(T) is first calculated from steam tables 1 ,2 
and a check of p Ps(T) + Pc is made to test 
for phase change to two-phase conditions. If p < 
ps(T) + PC' a change to the two-phase state is 
made and the gas saturation is initialized as a 
small non-zero quantity, Sg = 10-6 , say. Using 
standard H20 thermodynamic formulae 1 ,2, the density 
of water, Pw' the viscosity of water, ~w' and the 
enthalpy of water, Hw' are calculated. The mole 
fraction of C02 in solution, xc' is calculated 
using Henry's law in the form 

(A1 ) 

The temperature-dependent coefficient Q(T) is de
fined by a piece-Wise quadratic fit to published 
data24,~5,26,27. Approximations are involved in 
equation (A1) both in using partial pressure in
stead of fugacity, and in the application of the 
formula at other than very small concentrations. 
The mass fraction of C02 in the liquid fci is 
then calculated from Xc in an obvious way. The 
enthalpy of gaseous C02, Hc(Pc' T) and the heat 
of solution of C02, Hsol(T) are calculated using 
a formula given by Sutton and McNabb4 and a quad
ratic fit to data from Ellis and Golding24 , respec
tively. A comparison of the formula for Hc with 
tabulated data28 shows the accuracy is better 
than 5% in the required range of interest. Then 
all the required parameters are calculated using 
the approximations 

Two-Phase 

P 
w 

~ w 

(A2) 

(A3) 

(A4) 

Given p, Sg' and PC' first a phase-transition 
test is made by examining whether Sg satisfies the 
inequality 0 , Sg '1. For Sg < 0 or Sg 1, the 
transition to single-phase liquid or gas, respec
tively, is made. The partial pressure of steam in 
the gas phase is readily calculated using 

and then the temperature T(ps) is calculated from 
a steam table formula 1 ,2. For the liquid phase, 
Pi, ~i, and Hi are calculated as above. For 
the gas-phase the enthalpy Hc(Pc ' T) and density 
of C02' pc(Pc' T) are calculated using formulae 
given by Sutton and MCNabb4 • The viscosity ~c(Pc' 
T) is calculated using an approximation to tabulate 
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data28 suggested by Pritchett et al. S • The 
densi'.:y of steam Ps(Ps)' viscosity of steam \.Is(T) , 
and enthalpy of steam Hs(T) are obtained from steam 
tables 1,2. Now all the gas phase parameters can 
be calculated using 

p P + P 
g s c 

\.I \.I (1 - f ) + \.I f 
g s cg c cg 

H H (1 - f ) + H f 
g s cg c cg 

The mass fraction of C02 in the gas, f cg ' used 
above follows simply as 

(AS) 

(A6) 

(A7j 

f = P /P (A8) 
cg c g 

from the definition of density. Other authors4 ,5 
have suggested using 

f = P /p cg c 
(A9) 

however, since an accurate formula is available for 
calculating f cg ' this approximation is unnecessary. 

Single phase gas 

Given p, T, and Pc' first the boiling pressure 
ps(T) is calculated and a test for phase transitions 
is made by checking the inequality p < Ps + Pc' 
If the calculated p and T give p ) Ps + Pc' then 
a transition to two-phase conditions is made. 
The procedure for calculating Pg , \.Ig' and Hg fol
lows that described above for the two-phase condi
tions except that now in calculating Ps ' \.Is' and 
Hs ' formulae appropriate for the superheated steam 
region are used. 

9 



Table 1 

FLOWING C02 MASS FRACTION DEPENDENCE ON POROSITY 

Initial pressure = 52 bars 
Initial partial pressure of C02 = 5 bars 
Flow-rate = 0.1 kg/s.m 

CO2 Mass Fraction fcf (~) 

porosity Sg = 0.1 Sg = 0.3 

0.05 0.277 2.705 

0.0625 0.276 2.706 

0.10 0.273 2.703 

0.15 0.271 2.696 

0.20 0.269 2.689 

10 

Sg = 0.5 

9.200 

9.523 

0.218 

10 .831 

11 .277 
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Table 2 

DATA USED IN VERTICAL COLUMN OHAAKI MODEL 

Case I 

Block kv (md) kh (md) 

2 1.2 1.2 

3 1.5 1.5 

4 1.5 1.5 

5 0.6 0.6 

6 0.6 0.6 

7 1 .0 10.0 

8 10.0 10.0 

9 10.0 10.0 

10 0.5 0.5 

Heat/mass upflow 

mass H2O: 17.5 kg/s 
mass CO2: 1.125 kg/s 
heat: 24.5 MWt 

Heat/mass flow to surface springs 

Ohaaki Pool: mass H20: 9.18 kg/s 
mass C02: 0.04 kg/s 
heat: 9.12 MWt 

Steam vents: mass H20: 3.84 kg/s 
mass C02: 0.74 kg/s 
heat: 8.56 MWt 

Thermal conductivity: 2.0 W/m'oc 
Rock density: 2500 kg/m3 

Heat capacity: 900 J/kg.oC 
Cross sectional area: 1.0 km2 

11 

Case II 

<P kh (md) 

0.2 1.2 

0.15 1.5 

0.15 1.5 

0.15 0.6 

0.15 0.6 

0.10 40.0 

0.10 10.0 

0.10 7.0 

0.10 0.5 

<P 

0.2 

0.15 

0.15 

0.15 

0.15 

O. 10 

o .10 

0.10 

0.10 
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Figure 1. Mass fraction of C02 in liquid and gaseous phases. 
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Figure 7. Stabilized flowing enthalpy versus stabilized flowing C02 
content. Sorey et al. relative permeability curves. 
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Figure 8. Stabilized flowing enthalpy versus stabilized flowing C02 mass 
fraction showing variation with porosity. Corey relative permea
bility curves. 
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Figure 9. Variation of stabilized flowing C02 mass fraction with flow-rate. 
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Figure 10. Variation of stabilized flowing C02 mass fraction with flow-rate. 
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Figure 11. Typical pressure decline curves for a constant rate drawdown test. 
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Figure 12. Vertical gas saturation profiles in gas-rich geothermal reservoirs. 

23 



0 

100 

200 

-E - 300 Q) 
u 
0 -'- 400 :3 
en 
"'0 
c 
:3 500 0 
'-
Ol 
3: 
o 600 
Q) 

..0 

.r:; 
C. 700 
Q) 

0 

800 

900 

1000
0 

0.1 

- X-curves 
--- 5GB curves 
...... Corey curves 

~-20.0 

Pco (bars 

35 

XBL837-1909 

Figure 13. Vertical profiles of the partial pressure of C02 in a gas-rich 
geothermal reservoir. 
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Figure 14. Comparison of the pressure decline in a simple lumped-parameter 
model of the Ohaaki reservoir with observed data. 

2S 



a 

200 

400 -E 

:E 600 
0-
Q) 

o 
800 

1000 

1200 

mass flow to Ohaaki Pool 
and steam vents 

T looe --
p= 1 bar 

2 

3 
4 
5 
6 
7 

8 

9 

10 

t 
heat/mass 

upflow 

A~ 

-~ 

Huka 
Falls 

Rhyolite 

Waiora 

Breccia 

Ignimbrite 

XBL 837 -1912 

Figure 15. Vertical column model of the Ohaaki reservoir. 
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Figure 16. Vertical distribution of pressure in the natural-state model of 
Ohaaki. 
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Figure 17. Vertical distribution of temperature in the natural-state model 
of Ohaaki. 
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Figure 18. Vertical distribution of gas saturation and partial pressure of 
C02 in the natural-state model of Ohaaki. 
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Figure 19. Production enthalpy for the vertical column Ohaaki model. 
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Figure 20. Production C02 mass fraction for the vertical column Ohaaki 
model. 
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