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ABSTRAC.3 

Detailed numerical modeling of geothermal reservoirs 
is time consuming, costly and requires large amounts 
of field data Lumped parameter modeling is in some 
cases a cost effective alternative. A method has been 
developed that tackles simulation of pressure response 
data by lumped models as an inverse problem and 
therefore requires very little time. 'Ibis method of 
lumped modeling has been used successfuuy to 
simulate. data from several low-temperature 
geothermal reservoirs in Iceland. The lumped 
simulators have been used to predict future pressure 
changes and they provide information on the global 
hydrological characteristics of the 

INTRODUCI'ION 
Modeling of geothermal systems, as a tool for resource 
assessment, has grown significantly during the last 
decade. Rapid advances have been made in the 
development of numerical simulators for detailed and 
complex modeling of such systems (Bodvarsson et aL, 
1986). Yet detailed numerid modeling of complex 
fluid/rock systems, such as geothermal reservoirs, is 
both time consuming and costly. In addition distributed 

* reservoirs. 

alternative. Lump 

geothermal reservoirs in Iceland is used for space 

heating by various district heating services. A limited 
number of wells have been drilled into many of these 
reservoirs. But data on the production from the fields 
as well as data on the pressure in one or two 
obsexvation wells are often available. Funds for 
detailed modeling may not be available to the smaIler 
district heating services. 
In this paper an effective method of lumped parameter 
modeling, which has been used successfully for 
pressure response data from several Icelandic 
geothermal reservoirs, is discussed. This method 
tackles the simulation problem as an inverse problem. 
It automatically fits analytical response functions of 
lumped models to the observed data by using a non- 
linear iterative least-squares technique for estimating 
the model parameters. The theoretical background of 
this method will briefly be presented, but the details 
are given by Bodvarsson and Axelsson (1986) and 
Axelsson (1985). 
THEORY AND SOLUTION METHOD 
Consider a general lumped network of the type 
sketched in Figure 1 consisting of a total of N 

impressed pressure 
ment ujj connects the 
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Figore 1. Geneml hpi capacitor/conducror nefwonk 

and the equation for conservation of mass 

(2) 
N 

k - l  
rci = Cqit - ~i + fi 

where fi represents an external source mass flow into 
the i’th capacitor. Inserting (1) into (2) one obtains the 
basic system equations in matrix form 
(3) K@/dt + @=? 
where the vectors and matrices are defined as follows 

K = 

A = [E~jj + 0i)6* -4 
I 

(4) 
4 P = (Pi), 7= (t;:). 

To obtain general solutions of the system of equations 
(3). one first derives the response of the network to an 
impulsive drive of the the Kth capacitor, at time t = 
O+, givenby 
(5) fi = 0 for i f k ,  fk = 6,(t) 

Here 6+(t)  is the delta function in time, centerzd at 
t = O+. The response to this particular drive is h&), 
the Kth impulse respo5e vector of the network that is 
the solution of (3) with f given k ( 5 ) .  If the network is 
driven by a general causal drive f(t), and can be taken 
to be in equilibrium at t = 0, the response is obtained 
by the convolution 

N m = CtJMp)’fk(r)drl, r > O  
k - 1  0 

(6) 

Equation (3) can be solved by considering the 
associated eigenvector problem 

(7) A = X I C F ‘  

where? and X are the eigenvectors and eigenvalues 
respectively. Equation (7) has up to N non-negative 
eigenvalues. The matrix A can be diagonalized as 
f0Um 
(8) T’AT=A or A =  KTAT’K 

where A is a diagonal eigemmlue matrix, T the 
eigewector matrix formed out of the column vectors? 
and T’ the transpose of the matrix T. The solution of 
(3) with a drive given by (5) is then given by 

(9) hk(t) = T@T~&, t > O  

where & is a vector having only one non-vanishing 
component equal to unity at the Yth entry. 
The response of the i’th capacitor to an impulsive drive 
of the Kth capacitor is given by 

hik(t) = (10) 

4 

N 

1-1 
rjjrkj e+ , t>a 

In practical situations a step response is often more 
convenient than the impulse response. The response of 
the i’th capacitor to a mass flow input qk, for t >O, into 
the Kth capacitor is obtained by applying equation (6) 

It should be mentioned that dosed networks have a 
singular matrix A such that AI = 0. The corresponding 
eigenvector has the components ril = v-‘/t where 
V = &. The solution (10) remains valid, but in the 
case of the step response (11) the first term of the sum 
becomes t /K 
To simulate pressure response data from a liquid- 
dominated geothermal reservoir an appropriate 
lumped model is chosen. Water is produced from one 
of the capacitors at a variable rate q(t), the rate of 
production from the geothermal reservoir. The 
resultiug pressure p ( t )  is then observed in any given 
capacitor of the lumped model. One can write 

I 

(12) P ( t )  = JW-r)q(Wr 
0 

where h is the impulse response of the lumped model 
for the specific production and observation capacitors. 
The impulse response is given by equation (10) which 
can be rewritten 

where N is the number of capacitors in the lumped 
model chosen. An iterative non-lineat least-squares 
technique (Menke, 1984) is used to fit equations (12). 
and (13) to the observed data p (t) and estimate the 
parameters mi, which in turn depend on the properties 
of the model (Bodvarsson and Axelson, 1986). 
The observed pressure data is written as 
(14) pi =p(ri); ri = iAf, i = 42.. . M, 
where At is a fmed time intern!, and the flow rate data 
is approximated by 

(l5) q(r) = qi for (i-l)Ar<c e i& 



Equation (12) can be written as 

(16) l?(s) -3 
where?& a vector-valued function and 

m' 3: (mi) ,  i = 1,2 ...2N 
(17) d=(pi), i = 1,2 ... M 

3 = (gi) ; gi(3) =p(ti) 

Expandiug equation (16) into a Taylor series the 
following iterative scheme can be set up to estimate 
the best fitting parameters 3 of a given model 

(18) 

+ 4 -b& 

G n  -n+1 ' P - g ( m n  1 

mn +I dm = j j i r + H n + l  

where 3; is an initial guess for the parameters and 
the matrix G is defined as 

The least squares solution of (18) is given by (Menke, 
1984) 

(20) 

& + I  = (G,TG,)"G$ [ F - 3 d S ) ]  
n =0,1,&*.. 

where GZ is the transpose Of Gn. 

SIMULATIONRESULTS FROM ICELAND 

Field examples 
The procedure outlined above has been used 
successfuuy to simulate pressure response data from 
several low-temperature (e 150 "C) geothermal 
reservoirs in Iceland. Most of these reservoirs provide 
hot water for local district heating services. The 
locations of four geothermal fields, that will be 

Figure 2. Locarion of the low-tempere geothermal f@b. 

the limited field data, lumped parameter modeling was 
used to estimate the production capacity of the 
Hamar-reservoir (Axelsson, 1988). 
The Gleriirdalur-field in N-Iceland is one of four small 
geothermal fields utilized by a district heating service 
that serves Akureyi, a town of about U,000 
inhabitants. Production from the field started in 1982 
and currently one well is used for production. The 
main feed zone is at 450 m depth and the water 
temperature is 61 "C. Most of the wells drilled into the 
reservoir are shallow (100-3oOm) exploration wells. 
Due to the limited field data, lumped parameter 
modeling was determined to be appropriate for the 
Glerilrdalur-reservoir (Axelsson et aL, 1988). 
The Laugames-field in SW-Iceland is considerably 
larger than the two fields mentioned above. It is one of 
three fields currently utilized by the Reykjavik 
Municipal Heating Service that serves about 130,000 
inhabit&. Prod&ion from the field started in 1930 
but increased neatly after 1962 About 44 deep 
(>5OOm) wells L v e  &en drilled into the field and thi 

with feed zones between depths 
currently in use and the water 
Several wells have been drilled 

research funds available to this s d  community and 

with a total of l200 
eld started in 1982 
into the field. Two 

of these wells ace productive with the main feed zones 
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.between depths of 400 and 900 m. The water 
temperature is between 85 and 100 "C. Due to limited 
research funds as well as limited field data, lumped 
parameter modeling was used to model the 
Imgaland-reservoir (Georgsson et aL, 1987). 

Simulations 
A closed three capacitor lumped model, as shown in 
Figure 3, was used to simulate the pressure response 
data from each of the four reservoirs. These were four 
different models in the sense that the parameters of 
the models were Werent. Water is produced from the 
f i t  capacitor (6,) and the pressure is monitored in the 
same capacitor. The f i t  capacitor can be considered 
as representing the innermost part of each geothermal 
reservoir, the second one as outer and deeper parts of 
the reservoir and the third one possibly as the 
surrounding recharge part of each reservoir. These 
recharge parts may be colder than other parts of the 
geothermal systems. 

.u(loJmr) 
U~(1oJmr) 

Rvductfon 

513 3.37 36.8 1.n 
185 1.89 61.8 9.% 

Figare 3. Geneml three capacitor lwnped 
~ e t e r m o d t ? l w ~ i n s ~ m .  

The simulations were carried out automatically by a 
computer. A first guess of the lumped model 
parameters was made and then the parameters were 
changed by the iterative process d e s m i d  above until 
a satisfactory fit was obtained. No assumptions were 
made apnbri on the properties of the reservoirs. The 
results of the simulations, that is comparisons between 
observed and calculated water levels, are presented in 
Figures 4 through 7 and the parameters of the best 
fitting lumped models are given in Table 1 below. 

Table 1 Parameters of the bestfining lumped modek 
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Figure d Cornpaison of observed and c W d  water level changes 
in the Lauga7ner-reJervoir in S W-Iceland 

an order of magnitude greater €or the Hamar and 
Water level well 4 Laugames fields than for the Gler5rdalur and 

- Capacitance, or storage, in a lipuid-dominated 
o geothermal system result from two types of 

1882 1083 !084 1685 1988 lS87 

V is the volume of that part of the reservoir in 

quite satisfactory. This is 
f the models. The reason 

of the Hamar and -games 
to cornpressibilty, based on 

total capacitance, as well as the conductivity values, are appean to represent some unconfined part of the 
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hydrological systems, perhaps the groundwater system 
in each area It is also likely that some parts of the 
Gler&dafur and h g d a n d  systems are uncodiied as 
well. 
The interpretation of the conductivity values is not 
straight forward The conductivity values reflect the 
permeability in the systems, but they also depend on 
their internal geometxy. Because of the limited 
knowledge on the subsurface geological characteristics 
of the systems the conductivity values will not be 
interpreted further. 

The main objective of modeling a geothermal system is 
to assess its production potential. In the cases 
discussed here the lumped models were used to predict 
the pressure changes in the reservoics in question for 
different cases of future production. The maximum 
dowable drawdown in the fields determines the 
maximum potential of the systems. Two examples of 
such predictions are presented in Figures 8 and 9 
below. 

S O ’ l . , . .  . , ,  , . ,  . . . . ,  . ,  . . . . . . . ,  . ,  , . . . . . . . ,  
1680 1990 2ooo 2010 2020 

time lyrsl 

Figure 8. Rdcted w e r  h e 1  changes in the 
HmmJeservoir in N-Iceland. 

AW ~ , , , , , , , . . , . . . , , . , . ,  . . . ,  
1680 1885 . lQ90 1SSS 2ooo zoa3 

time Iyrsl 

i ? i i  9.hdicted w e r b e X  changes in the 
Lmcgalrmd-reservoir in S-Iceland. 

CONCLUDING REMARKS 

A method of simulating pressure response data from 
liquid-dominated geothermal reservoirs by simple 
lumped parameter models has been developed. The 
method uses an automatic non-lineax least-squares 
iterative technique which r@es very Iinle time 
compared to more detailed/compIex numerical 
modeling techniqws. The use of this method is 
appropriate ia cases where data on subsurface 
conditions are scarce but where the pressure response 
of a reservoir has been monitored carefully for some 
time. In such cases highly detailed/complex modeling, 
being much more costly, can hardly be justified. 'Ibis 
method can also be used as a first stage in a modeling 
study of a reservoir as well as to provide independent 
check on results of more complex modeling 
techniques. 
Lumped parameter models can simply be comidered 
as distriiuted parameter models with a very coarse 
spatial discretization (Bodvarsson et aL, 1986). But the 
method presented here tackles the modeling as an 
inverse problem which requires far less time thaa 
direc?, or forward, modeling, This makes lumped 
parameter simuons highly cost effective. 
Examples of simulations of pressure response data 
from four low-temperature geothermal reservoirs in 
Iceland show that quite a satisfactory match between 
observed and calculated data can be obtained, Because 
of the satisfactory degree of approximation achived by 
the lumped models they have a strong power of 
predicting the future evolution from the observed past. 
Detailed numerical modeling has also been performed 
for the Gler&dalur and Laugarnes fields (Axelsson 
and Tulinius, 1988; Reykjavik Municipal Heating 
Service, 1986). A cornparkon of the pressure data 
match by the two methods shows that in both cases the 
lumped models were able to match the pressure data 
with the same accuracy as the detailed numerical 
models. The time required for the lumped modeling, 
however, was only a fraction of the time required for 
the more detailed modeling. 
At this point, it is appropriate to emphasize that a clear 
distinction has to be made between liquid reseryoirs 
and reservoirs of thermal energy. In the individual 
areas, the extent of each type of reservoir de@ on 
local geoIogical and physical conditions. ’Ihir paper 
deals with modeling of the liquid reservoirs only. 
Vaxiations in temperature within the systems are not 
taken into account. l’his is justified by the fact that 
significant changes in the temperature of the water 
produced have not been observed in any of the cases 
presented here. It appears evident, however, that some 
parts of the liquid resemirs of the H ~ ~ M I  and 
hugarms systems are unconfine& These two 
geothermal reservoirs are possibly connected to local 
groundwater systems and the recharge into the gstems 
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may be cold groundwater. Thus the temperature of the 
water produced from the two fields may eventually 
decrease. In cases where changes in temperature 
and/or chemical content have been observed, lumped 
models can also be developed to simulate such data 
and to predict the future evolution. 
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