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INVERSE MODELLING OF THE

KAWERAU GEOTHERMAL RESERVOIR, 

Institute for Industrial Research and Development, Lower Hutt,

SUMMARY- In this paper we describe an existing model of the Kawerau geothermalfield and attempts to improvethismodel
using inversemodellingtechniques. A match of model results to natural state temperaturesand pressuresat threereferencedepths
are presented. These are used to form and ‘objectivefunction’ to be minimised by inversemodelling.

1 Introduction

In this paper we will describe an existing model of the
erau geothermal field which represents about the best fit we
could obtain to measuredpressuresand temperaturesusing the
traditional(“suck it and see”) method of adjustingparameters.
Then we will compare these results with results obtained us-
ing an inversemodellingtechniquerecently developedby Fin-
sterle and Pruess (1995).

The first large scale numericalmodel of the Kawerau geother-
mal field was completed in 1987and is describedin
ness White (1991). This gave a good match to the mea-
sureddecline in production enthalpyprior to 1987. Thematch
to more recent production data is less satisfactory. For all the
main production wells predicted tem-
perature rundownsexceed measured values.

The 1987 model used the results of a resistivity survey de-
scribed in MacDonaldet al (1970)carriedout in 1969-70.Ar-
eas of the model outside the area of low resistivity defined by
this survey were taken to be cold. Resistivities obtained by
this survey were representativeof values to a depth of about

metres. For wantof any better informationit was assumed
thesevaluesalsoappliedtomuchgreaterdepths. In 1989a sec-
ond resistivity survey was carried out, Dawson et al
with the aim of obtainingresistivity measurementsat greater
depths (about 500metres). A key featureof the deeper survey
is a major extensionof the low resistivity area to the eastof the
mill (seeFigure 1). The significanceof this lowresistivity area

to the east is not yet clear. It may indicatea large extension to

the hot reservoir or perhaps be the result of much earlier ac-
tivity and therefore not represent a significant increase in the

of the reservoir. In the modelling described here it
is treated as a ”warm” area of moderatepermeability below a
depth of metres.

Recent drilling at Kawerau has concentrated on intersecting
the faults that cut the field. This approach has been very suc-
cessful. and haveboth been good long-termpro-
duction wells with very little temperature rundown. By pro-
ducingfromfaults,thesewellsareisolatedtosomeextentfrom
the major coolingmechanismthought to operateat Kawerau,
the drawing-in of cool water shallowlevels or from out-
side the boundaries of the field. Incorporatingthe effects of
faults in the field on production wells is an important feature
of the model describedhere.
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Figure 1:Kawerau Reservoir Area

1.1 Modelling of Faults

When faults are included they are modelledas narrow areas (a
few metres) of enhanced permeability. It has been necessary



212

to make all faults vertical in order to simplify modelling.
faults gives a much better match to the natural state of

the field (averageerror = 3% for model with faults; = 4% for
model without faults). Also the maximum error without faults
was 30%compared to 17% when faults are included.

2

The numerical model described in this report is based on the

conceptualmodel described by Allis e? 1993).
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Figure 3: Horizontal Subdivisions

The MULKOM (Pruess 1982) model developed here covers

at a depth of 3.5 up to the surface.

resistivity field

Basementgreywackeis overlainby about 13differentunits, in-

imbrites. Currentlyproduction is from greywackeor
andesite. It is believed the Huka sedimentsand ignimbriteact
as aquacludesoverareas of the field. Wherepossible,geologi-

cluding sedimentsand ign-

cal rock
each available,

ber of blocks. The spatialresolutionof the model is

by the size of blocks in a layer and the thickness of the layer.
Blocks are smallest (and thus resolution is greatest)in areas of
current and future production. Calculated temperatures,pres-
sures and saturationsrepresent average values for a block. In
the production area of the field, blocks are about 250 metres
square. Where accuracy is less important 2 square blocks
are used. A typical layer from the production area of the field

best guess of the

is shown in Figure 3.
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Figure 2: Vertical Subdivisions

The geology at Kawerau had led MacDonald (1970)
to associate permeability with fracturing. These authors and
Nairn (1982) note that the best production at Kawerau origi-

nates either in the basement greywackeor the andesite. Both
of theserockshave low intrinsicpermeability. Theimportance
of faultstoproductionhas alreadybeen mentionedbut interfer-
ence tests show permeability is not limited to the major faults
(or else that major faults may be more widespread than cur-
rently mapped).

These factors led to a model of the field with a deep hot source
in the vicinity of Mt Edgecumbe, with the hot source fluid
moving predominantlythrough faults and permeable zones in

the basement greywacke,and mixing with cooler waters flow-

ing horizontally across the field. Secondary permeability is
provided by of brittle rock types and this provides
a pathway for interaction between the geothermal fluids and

larger volumes of rock than is accessed by the known faults in
the system.

Known faults have been included in the model and are repre-
sented as areas of enhanced permeability. It is assumed that
rocks outside the resistivity boundary have not been subjected
to the same thermal stressesas those within the boundary,and
consequently permeabilities will not have been enhanced by
hydrothermalfracturing.
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2.1 Boundary Conditions calculated. This goodness of fit (SS)is defined by

It is believed that the model covers a large enough area for
boundary temperatures to be given by the normal geophysical
temperaturegradient (assumed to be 30" and for pres-
suresto be hydrostatic. Thereisa regional flow from the south-
east the northwestand this is incorporatedinto the boundary

conditionsby fixing pressures to be hydrostatic
at y 0 km and y = km.

where is the calculatedvalueof pressure of temperatureand

is the measured value. SS is the average relative error
the calculated values = 55 is the number of mea-

sured data points).

-

Temperatureat the surface is taken to be C and increases
with depth (seeabove). Thesurfaceof the model is 125metres
higher at the y = 0 boundary than at the y = km boundary.
The difference in height of the groundwater levels on the two
boundaries is 260 metres which results in a pressure gradient
of about2.5 in the y direction (roughly
of the model.

Permeabilities and inflows were adjusted to approximately
minimise SS.The final value achieved for the
ing fractureswas SS= .03 which representsan averageerror in
calculated values of 3%. It must be remembered that data are
only available over a small part of the modelled volume.

No flow is permitted across the bottom of the model or across
the boundariesat x = 0 and x = 10

At thesurfaceof themodel is airat 20" C andonebar. It is pos-
sible for water to flow out of the surfaceof the model and for
air to flowintothemodel. Thisallowsthe groundwaterlevelto
be below the surfaceof the model with a vadose zonebetween
the groundwater level and the surface of the model. To sim-
ulate rainfall, water with an enthalpy of 840 C) is
injected into the top layer of elementsat a rate of 2.9

Natural State Flows

The three flowsintothe field which define the natural stateare:

Most of the heat flow the surface at Kawerau is into the
river and this is simulated by a series of pressure dependent
fluid sinks along the path of the river. A deep sourceunder the
southern part of the field produces an inflow of approximately
200 MW of heat and 100 fluid.

1. A hot upflow originatingat great depth. In the model the
hot fluid is injectedintoan elementconnected to layerAB
over the area and (x and y refer to the model coordinate
system). Inflow rate is 70 and the enthalpy of the in-
jected fluid is 2000 This results in temperatures of
up to C at the bottom of the model.

The Natural State3

3.1 Manual Method 2. A regional cross-flow of cooler fluid. In the model the
flow is from y =0 towards y =8000. This corresponds to
a flow from the south east to the north west. The hydro-
statichead on the y =0 boundary is higherthan that on the
y = 8000boundaryand thus the cooler fluid is driven into
the reservoir at y =0, mixes with the hot upflow and exits
towards the y = 8000 boundary or through the surface.

As a first step in assigning rock properties,a rock type (eg, an-
desite, greywacke, etc) was assigned to each model element.
Values for permeability,porosity and density were assigned to

each rock type. These values were obtained from previous es-
timates of reservoir properties from interferencetests and the
like. Where no information was available the values chosen
were simply guesses.

3. Aflow of hot fluid into the sinksalong the river and a loss
of heat by conduction. The estimated flow of heat to the
river is 70 MW (Alliset Chapter 1) and this compares
with 60 MW calculated by the model. Mass flow to the
river is approximately 87

Grant [Mongillo,Chapter has analysed all the early pres-
sure and temperature measurements from Kawerau and ad-
justed the data to one of three reference levels at 750 metres,
1050metres, and 1400metres below sea level. This data of
Grant, together with data not available to Grant, was used to
adjust the permeabilities.

The procedure followed was to run the model until a steady
state was reached then a 'goodness of to measurementwas Figure 4 is a cartoon showing the important flows in the field.
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Figure 4: Temperature contours on a cross section at x =
meters, also shown are boundary flows. All distances are in me-
ters and temperature contoursare labelled in ’C.

metresnorth of KA26 (the location of the largest error in pres-
sure).
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Figure 5: Relativeerrors in pressure (manual method)
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Figure 6: Relative errors in temperature(manual method)

3.3 Match to measured data

In Figure 5 we plot the relative error in pressure value. Apart
from one outlier with a 12% error in pressure at 750

metres, almost all the other errorsare less than 3% and are dis-
tributed more or less evenly about zero. lies in the south
west of the field, well separated from most of the other wells
(apart from and has very poor permeability. There is
also an outlier in the calculated temperatures at the nearby

Figure 6 is a similar plot of errors in calculated temperatures.
In this case the errors are also reasonably evenly distributed
about zero and in most cases are within +/- 5%. There is an
obvious outlier at 1050metres with an error of 17%. This is
in well KA29 which is located in the south west of the field 80

3.4 Inverse Modelling

formalisesthe intuitive approach described in sec-
tion 3.1 by an objective function calculated from
the differencesbetween the model solutionandmeasured data.
There are several functional forms of the objective function
available,the advantagesof thedifferentformsarediscussed in

Finsterle (1993). For the work describedhere we have used the
defaultobjectivefunction which is a quadratic function of the
residuals . Note that for the manual method we used a linear

objective function. The effect of the quadraticobjectivefunc-
tion is to emphasizethe importanceof outlierson the objective
function. In hind site. it would have been better to choose a
linear objectivefunction or one based on a robust estimator as
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this would havemade the with themanualmethod-

easier.

The approach
method and

reduce the objective function. We used an option that

initially calculated the sensitivities of all the parameters and
only those with large sensitivities were varied in an attempt to

with different optimisation functions. We have also added a

numberofextradatapoints for the run. Thesewere
added in an attempt to improve the vertical temperature

bution in the south of the field. Unfortunately this means a di-
rect comparision between figures5 and or

reduce the objectivefunction. All the sensitivities were recal-
culated each 3 iterations. This reduced the original ten param-
eters to about five for most of the calculation. After 16 itera-
tions (requiring about 140TOUGH2runs) the objectivefunc-
tion was reduced to 61 of its original value. While this point
was not regarded as a minimum by the results pre-
sentedin this paper are taken from there. The originalparame-
tersandthenew valuesof theparametersarepresented in Table
1.
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Figure7: Relativeerrors in pressure
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Table 1: Rock Permeabilities (units are

The sensitivitiespresented in Table1 are a measure of the de-
pendence of the importance of the parameters on the value of
the objective function. A large sensitivity indicatesthat small
changes in a parameter causes large changes in the objective
function. We see from Table 1that the most important param-
eter is which is the vertical permeability of the huka
formation which provides a partial cap to the field at around
500meters depth. The otherimportant parameters are the ver-
tical permeability of the Opnoke ignimbrite which
provides a flow barrier in the southern part of the field and the
horizontal permeability in the basement greywacke
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Figure 8: Relativeerrors in temperatureAlso provided are estimates of the standard deviation for the
distributions of the estimated parameters which provide a
range within which we expect the parameter to lie. For the
three most importantparameters the estimated range is
given in Table 2. 4 Conclusions

Mean
6.45 x
6.88x

Maximum
9.80 x

A good match to what data were available on the natural
state pressures and temperatureshas been obtained both with
conventionalmodelling and with Unfortunately
we cannot directly compare the “goodness of fit” of the two
models as the number of data points was increased for the

run and a quadratic objective function was used.
The quadratic objectivefunctionhas the effect of reducing the
largest error but the cost is an increase in the average error.

Table 2: Range estimatesfor important parameters.

Unfortunately the very large amounts of computer time re-
quired for a run precluded any experimentation
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real benefitof using in this work was the excel-” 
error analysis that is provided. The manual method pro-

no reliable way to estimate how good parameter esti-

mates are. provides estimates of the standard de-
viations of the estimated parameters
vestigating “worst-case” field

MacDonald WJP, Muffler Dawson G B (1970).
physical Investigations at Kawerau”, GeophysicsDivision Re-
port No 4, DSIR Wellington.

( ).

field.
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