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Abstract

Comprehensive and efficient management is an essential part of successful geothermal utilisation.
This implies controlling the energy extraction so as to maximise the resulting benefits, without
over-exploiting the resource. Geothermal resource management relies on proper understanding of
the geothermal system involved. The most important data on a geothermal system’s nature and
properties are obtained through careful monitoring of its response to long-term production.
Modelling is one of the most powerful tools available for geothermal resource management.
Through modelling, the nature and behaviour of a geothermal system can be understood and
predicted. Reservoir models are also helpful in estimating the outcome of different management
actions. Reinjection should be considered an integral part of any modern, sustainable and
environmentally friendly geothermal utilisation, both as a method of waste-water disposal and to
counteract pressure draw-down by providing artificial water recharge. Reinjection is essential for
sustainable utilisation of geothermal systems, which are virtually closed and with limited recharge.
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1 Introduction

Geothermal resources are most often associated with volcanic activity, hot crust at depth in
tectonically active areas or permeable sedimentary layers at great depth. They have been used
on a small scale for thousands of years through the utilisation of thermal springs for bathing,
washing and cooking. Yet modern, large-scale utilisation only started recently. Geothermal
electricity production started in 1904 in Larderello, Italy, while operation of the world’s
largest geothermal district heating system in Reykjavik, Iceland, and extensive greenhouse
heating in Hungary, started in the 1930s. Geothermal energy is now utilised in more than 50
countries, with electricity production in about 20 countries. Geothermal electricity production
is highly important in The Philippines, Indonesia, Mexico, Costa Rica and El Salvador
(Huttrer, 2001). Direct use is most significant in the P.R. of China, Japan, Iceland and the
U.S.A. (Lund and Freeston, 2001).

Geothermal exploitation involves energy extraction from highly complex underground
systems, and geothermal resource management implies controlling this energy extraction so
as to maximise the resulting benefits, without over-exploiting the resource. The generating
capacity of geothermal systems is often poorly known and they often respond unexpectedly to
long-term energy extraction. This is because their internal structure, nature and properties are
poorly known and can only be observed indirectly. Therefore, the management of geothermal
resources can be highly complicated. It involves deciding between different courses of action
aimed at improving operating conditions, addressing unfavourable reservoir conditions, which
may have evolved, or incorporating improvements in production strategy (Stefansson et al.,
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1995, Axelsson and Gunnlaugsson, 2000). The operators of a geothermal resource must have
some idea of the possible results of different courses of action, to be able to make these
decisions. Thus, successful management relies on proper understanding of the geothermal
system involved.

In this paper, geothermal resource management will be discussed from the viewpoint of
reservoir physics, or reservoir engineering. Particular emphasis will be placed on monitoring,
modelling, and reinjection, which may be looked upon as the main ingredients in efficient,
modern geothermal resource management. Several relevant field examples will be presented,
some from low-temperature geothermal fields in Iceland and others from different geothermal
fields worldwide. The paper is concluded by a brief discussion of sustainable geothermal
resource management.

2 Geothermal management

Comprehensive and efficient management is an essential part of any successful geothermal
resource utilisation endeavour. Such management can be highly complicated, however, as the
energy production potential of geothermal systems is highly variable. The generating
capacity of many geothermal systems is, furthermore, poorly known and they often respond
unexpectedly to long-term energy extraction. This is because the internal structure, nature
and properties of these complex underground systems are poorly known and can only be
observed indirectly.  Successful management relies on proper understanding of the
geothermal system involved, which in turn relies on adequate information on the system being
available.

An important element of geothermal resource management involves controlling energy
extraction from a geothermal system so as to avoid over-exploitation of the underlying
resource. When geothermal systems are over-exploited, production from the systems has to
be reduced, often drastically. Overexploitation mostly occurs for two reasons. Firstly,
because of inadequate monitoring and data collection, understanding of systems is poor, and
reliable modelling is also not possible. Therefore, the systems respond unexpectedly to long-
term production. Secondly, when many users utilise the same resource/system without
common management or control. Examples of the latter are The Geysers in California, and
large sedimentary basins in Europe and the P.R. of China.

Management of a geothermal resource involves deciding between different courses of
action in the exploitation of the resource (Grant et al., 1982). Most often, management
decisions are made to improve the operating conditions of a geothermal reservoir. In some
cases, unfavourable conditions may have evolved in a reservoir, while in others improvements
in production technology may justify changes in production strategy. The operators of a
geothermal resource must have some idea of the possible results of the different courses of
action available to be able to make these decisions. This is why careful monitoring is an
essential ingredient of any management program.

Geothermal resource management may have different objectives, such as (Stefansson et
al., 1995):

To minimise the operation cost of a given geothermal reservoir.
To maximise the energy extraction from a given resource.

To ensure the security of continuous energy delivery.

To minimise environmental effects.

To avoid operational difficulties like scaling and corrosion.

To adhere to the energy policy of the respective country.

Real management objectives are quite often a mixture of several of the objectives listed
above. In such cases, the objectives must be placed in an order of importance, since they may
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in fact be counteractive. One of the more difficult aspects of reservoir management is to
determine the most appropriate time span for a given option. There are cases, for example,
where depleting a given reservoir in a few years time is most advantageous from a purely
financial point of view. This is usually unacceptable from a political or sociological point of
view, where a reliable supply of energy for a long time is considered more valuable. The
management time span is commonly matched with the expected lifetime of surface
equipment, often some 30-40 years. A number of geothermal reservoirs have been utilised
successfully for longer time periods.

Some of the management options, which are commonly applied in geothermal resource
management, are:

Changed production strategy (increased/reduced production).
Application of injection or changes in injection strategy.
Drilling of additional wells, such as in-fill wells.

Changes in well-completion programs (casings etc.).
Lowering of down-hole pumps.

Search for new production areas or drilling targets.

Search for new geothermal systems.

Management of a geothermal reservoir relies on adequate information on the geothermal
system in question (Stefansson et al., 1995). In general, the information required for a
successful management program involves:

e Knowledge on the volume, geometry and boundary conditions of a
reservoir.

e Knowledge on the properties of the reservoir rock, i.e. permeability,
porosity, density, heat capacity and heat conductivity.

o Knowledge on the physical conditions in a reservoir, which are determined
by the temperature and pressure distribution.

This knowledge is continuously gathered throughout the exploration and exploitation
history of a geothermal reservoir. The initial data comes from surface exploration, i.e.
geological, chemical and geophysical data. Consequently, exploratory drilling, in particular
through logging and well testing, provides additional information. The most important data
on a geothermal system’s nature and properties, however, are obtained through monitoring of
its response to long-term production. Careful monitoring of a geothermal reservoir during
exploitation is, therefore, an indispensable part of any successful management program. If the
understanding of a geothermal system is adequate, monitoring will enable changes in the
reservoir to be seen in advance. These can be undesirable changes such as decreasing
generating capacity or possible operational problems such as scaling in wells and surface
equipment or corrosion. Thus, the importance of a proper monitoring program for any
geothermal reservoir being utilised can never be stressed too much.

Modelling, using different modelling approaches, constitutes the most powerful tool
available to the reservoir engineer, which is applied for various management purposes.
Mathematical models are developed on the basis of the data mentioned above (data analysis
and interpretation). Through modelling, the nature and properties of a geothermal system can
be estimated and its behaviour understood. The models are consequently used to predict the
response of the reservoir to future production, estimate the production potential of the system,
and estimate the outcome of different management actions.

Reinjection should be considered an integral part of any modern, sustainable,
environmentally friendly geothermal utilisation. It started out as a method of waste-water
disposal, for environmental reasons, and is successfully used as such in numerous geothermal
systems worldwide (Stefansson, 1997). The management role of reinjection has now been
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expanded, since it is also being used to counteract pressure draw-down in reservoirs, i.e. as
artificial water recharge, and to extract more of the thermal energy embedded in the reservoir
rock. If correctly planned and executed, reinjection will increase the production potential of
geothermal reservoirs considerably in most cases. Reinjection is, in fact, essential for
sustainable utilisation of geothermal systems, which are virtually closed and, therefore, with
limited recharge.

3 Effect of large-scale geothermal production

Utilisation of a geothermal resource involves extracting mass and heat from the geothermal
reservoir involved. The processes dominating this are, of course, mass and heat transport in
the geothermal system and through the boreholes. Mass and heat transfer are also the
dominating processes during the undisturbed natural state of a geothermal system. In the
natural state, this transport is driven by global pressure variations in the geothermal system.
During production, the mass and heat transport forced upon the system causes spatial as well
as transient changes in the pressure state of a reservoir. Therefore, it may be stated that
pressure is one of the most important parameters involved in geothermal exploitation.

Energy content, either represented as internal energy or enthalpy, is the other crucial
parameter of geothermal exploitation. In single-phase situations, this depends on temperature
only, and pressure and temperature define the state of the reservoir. In two-phase situations
pressure and temperature are related and an additional parameter is needed, such as water
saturation or enthalpy.

The energy production potential of a geothermal system is predominantly determined by
pressure decline due to production, but also by the available energy content. The pressure
decline is determined by the rate of production, on one hand, and the size of a system,
permeability of the rock and water recharge (i.e. boundary conditions), on the other hand.
The nature of the geothermal systems is such that the effect of “small” production is so
limited that it can be maintained for a very long time (hundreds of years). The effect of
“large” production is so great, however, that it can’t be maintained for long. Pressure declines
continuously with time, particularly in systems that are closed or with small recharge.
Production potential is, therefore, often limited by lack of water rather than lack of thermal
energy.

Water or steam extraction from a geothermal reservoir causes, in all cases, some decline in
reservoir pressure. The only exception is when production from a reservoir is less than its
natural recharge. Consequently, the pressure decline manifests itself in further changes,
which may be summarised in a somewhat simplified manner as follows:

A. Direct changes caused by lowered reservoir pressure, such as:
e changes in surface activity,
e decreasing well discharge,
e lowered water level in wells, and
e increased boiling in high-enthalpy reservoirs.

B. Indirect changes caused by increased recharge to the reservoir, such as:
e changes in chemical composition of the reservoir fluid,
e changes in reservoir temperature conditions (observed through temperature
profiles of wells), and
e changes in temperature/enthalpy of reservoir fluid.

C. Surface subsidence, which may result in damage to surface piping and equipment.

Table 1 below presents examples of the effect of long-term, large-scale production in
eleven geothermal systems in Iceland. These are both high- and low-enthalpy systems, of
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quite contrasting nature. Some exhibit quite a drastic pressure draw-down for limited
production while others experience very limited draw-down for substantial mass extraction.

The table also shows examples of reservoir cooling due to long-term production.

Table 1: The effect of large-scale production on selected geothermal systems in Iceland
(numbers for the year 2000).

Production Number Average Reservoir Draw- Temp.
System (location) initiated of prod. production temp. down decline
wells (kg/s) °O) °O)
Svartsengi (SW) 1976 10 380 240 275 m 0
Laugarnes (SW) 1930 10 160 127 110 m 0
Reykir (SW) 1944 34 850 70-97 100 m 0-13*
Nesjavellir (SW) 1975 11 390 280-340 7 bar 0
Saudarkrokur (North) 1950 4 71 70 35m 0
Thelamork (North) 1994 1 13 91 180 m 0
Hamar (North) 1970 2 30 64 30 m 0
Laugaland (North) 1976 3 40 95 370 m 0
Krafla (North) 1978 21 300 210-340 10-15 bar 0
Urridavatn (East) 1980 3 25 75 40 m 2-15%%*
Gata (South) 1980 2 17 100 250 m 1-2

*) Only 3 of the 34 production wells have experienced some cooling.
**) Two older production wells, not used after 1983, experienced up to 15°C cooling.

4 Monitoring

Successful management relies on proper understanding of the geothermal system involved, as
already discussed. This understanding relies on adequate information and knowledge, which
is continuously gathered throughout the exploration and exploitation history of a geothermal
reservoir. The most important data on the nature and properties of a geothermal system are,
however, obtained through careful monitoring of its response to long-term production.
Monitoring is, therefore, an indispensable part of any successful management program.

Monitoring the physical changes in a geothermal reservoir during exploitation is in
principle simple and only involves measuring the (1) mass and heat transport; (2) pressure;
and (3) energy content (temperature in most situations). However, in practise this is highly
complicated (Axelsson and Gunnlaugsson, 2000). The measurements must be done at high
temperatures and pressures and access into the geothermal reservoir, for measurement
purposes, is generally limited to a few boreholes. Measuring these parameters throughout the
remaining reservoir volume cannot be done directly. The measurements are the responsibility
of reservoir physicists or engineers, both the development of measuring techniques and their
management. Analysis of the data collected, modelling and predictions are also the
responsibility of these scientists.

The parameters that need to be monitored to quantify a reservoir’s response to production
differ, of course, somewhat from one geothermal system to another (Kristmannsdottir et al.,
1995). In addition, the methods of monitoring as well as monitoring frequency may differ.
Monitoring may also be classified as either direct or indirect, depending on whether the
parameters involved are observed directly or indirectly. Below is a list of the basic aspects
that should be included in conventional geothermal monitoring programs, which can be
observed directly:

1. Mass discharge histories of production wells.
2.  Enthalpy or temperature (if liquid or dry steam) of fluid produced.
3.  Wellhead pressure (water level) of production wells.
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4. Chemical content of water and steam produced.

5. Injection rate histories of injection wells.

6. Temperature of injected water.

7. Wellhead pressure (water-level) for injection wells.

8. Reservoir pressure (water level) in observation wells.

9. Reservoir temperature through temperature logs in observation wells.
10. Well status through caliper logs, injectivity tests and other methods.

Monitoring programs have to be specifically designed for each geothermal reservoir,
because of their individual characteristics. Even though monitoring of physical changes in
low- and high-enthalpy reservoirs involves in principle the same measurements, there are
some distinct differences between the methods employed. Monitoring programs may also
have to be revised as time progresses, and more experience is gained. This applies, for
example, to the monitoring frequency of different parameters. There are practical limits to the
frequency in cases of manual monitoring while computerised monitoring is becoming
increasingly more common. In cases of computerised monitoring, there is actually no upper
limit to monitoring frequency, except for the memory-space available in the computer system
used in the monitoring.

Figures 1 through 4 present a few examples of monitoring data from geothermal systems
in Iceland and the P.R. of China. Figure 1 presents two decades of production and water level
monitoring data from the Laugland low-temperature geothermal systems in Central N-Iceland
(Axelsson et al., 2001b). The figure shows how the field was overexploited early on in its
production history, a trend which was reversed by reducing the production drastically.
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Figure 1: Two decades of the production and water level history of the Laugaland low-
temperature geothermal system in Central N-Iceland (Axelsson et al., 2001b).

Figure 2 shows 10 years of the water level history of the Tanggu geothermal system in
Tianjin, the P.R. of China (Axelsson and Dong, 1998). This example shows a continuously
increasing water-level draw-down, which has been attributed to rapidly increasing production,
rather than overexploitation. Figure 3 shows an example of computerized monitoring of
production rate and outdoor temperature, from the Urridavatn low-temperature geothermal
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system in E-Iceland (Axelsson, 1991). This resource is used for space heating in the nearby
town of Egilsstadir. The figure shows clearly the great details that can be observed through
such monitoring, from daily to seasonal variations in production, all reflecting variations in
outdoor temperature.
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Figure 2: The water-level history of the Tanggu geothermal system in Tianjin, P.R. of China,
during 1987 — 1996 (Axelsson and Dong, 1998).

Figure 4 shows an example of chemical monitoring data from the Thelamork low-
temperature geothermal system in Central N-Iceland (Bjornsson et al., 1994). These data
show a drastic drop in silica-content, which has been attributed to inflow of colder water into
the geothermal system.

In addition to conventional, or direct monitoring discussed above, indirect monitoring
involves monitoring the changes occurring at depth in geothermal systems through various
surface observations and measurements. Such indirect monitoring methods are very seldom
applied in low-temperature geothermal fields, but are more commonly used in high-
temperature fields. Various indirect monitoring methods have been used to try to detect the
changes occurring underground in geothermal systems during long-term exploitation. These
are mostly geophysical measurements carried out at the surface, while airborne and even
satellite measurements have been attempted. All these methods have in common that a
careful baseline survey must be carried out before utilisation is started, and that they must be
repeated at regular intervals.

Some of the indirect monitoring methods are well established by now, while others are
still in the experimental stage or have met limited success. A review of the geothermal
literature reveals that the following methods have been used:

1. Topographic measurements.

Micro-gravity surveys.

Electrical resistivity surveys.

Ground temperature and heat-flow measurements.
Micro-seismic monitoring.

Water level monitoring in groundwater systems.
Self-potential surveys.

Nownkwd
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Figure 3: An example of data (production and outdoor temperature) collected through
computerized monitoring at the Urridavatn low-temperature geothermal system near
Egilsstadir, E-Iceland (Axelsson, 1991).
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Figure 4: Changes in silica content of water produced from the Thelamork low-temperature
geothermal system in Central N-Iceland during 1992 — 2000 (Bjornsson et al., 1994).

These methods are very seldom used in low-enthalpy fields, as already mentioned. This is
partly because the physical changes in low-enthalpy systems are in most cases not as great as
in high-enthalpy systems, and partly because the surveys involved tend to be rather costly.
Indirect monitoring is used in a number of high-enthalpy fields, however. A few of the
methods are widely used, such as (1), (2) and (5), while others have only been used in isolated
instances. It may be mentioned that great emphasis has been placed on indirect monitoring
methods in some geothermal fields in New Zealand, and Hunt (1989) provides good examples
of the use of several of the methods in the Broadlands field. Their use appears to have spread
to other geothermal countries near-by, such as The Philippines and Japan. Some of these
methods have also been applied in geothermal fields in the U.S.A., but relevant information is
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not as easily accessible in the international geothermal literature.  Axelsson and
Gunnlaugsson (2000) review several examples of indirect monitoring surveys that have been
presented in the geothermal literature.

Topographic measurements (1) are carried out to enable detection of ground elevation
changes, mostly subsidence. This may occur in all geothermal systems during exploitation
because of compaction of the reservoir rocks, following fluid withdrawal. Reinjection may
also cause topographic changes (uplift). Levelling is the most common method of subsidence
monitoring. New methods such as radar interferometry have come into use recently.

Micro-gravity monitoring (2) has been used successfully in a number of geothermal fields.
Changes in gravity can provide information on the net mass balance of a geothermal reservoir
during exploitation, i.e. the difference between the mass withdrawal from a field and the
recharge to the reservoir. The mass-balance effects of enlarging steam-zones may also be
seen through gravity monitoring. In addition, the mass-balance effects of reinjection may be
detected by gravity monitoring. Methods for analysing gravity changes in geothermal fields
are presented by Allis and Hunt (1986). Figure 5 presents an example of gravity monitoring
in the Svartsengi high-temperature geothermal field in SW-Iceland.
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Figure 5: Micro-gravity monitoring data from the centre of the Svartsengi high-temperature
geothermal field in SW-Iceland. Based on Eysteinsson (2000).

Repeated electrical resistivity surveys (3) have not been conducted in many geothermal
fields, but might help delineate cold, fresh-water inflow into geothermal reservoirs, induced
by production. Such surveys may also be helpful in locating reservoir volumes affected by
reinjection.

Surface activity and heat flow (4) may either decrease or increase during production from
a geothermal field. Monitoring of these changes is, however, more often associated with
monitoring of the environmental effects of geothermal exploitation. These may be monitored
through repeated (a) ground temperature measurements; (b) airborne infrared measurements;
and (c) observations of thermal features (hot springs, fumaroles, mud pools, etc.).

The purpose of monitoring seismic activity (5) may be two-fold. Firstly, to monitor
changes in seismic activity in an area already seismically active. This may be considered
environmental rather than reservoir monitoring. Secondly, to delineate the regions in a
geothermal reservoir affected by exploitation or reinjection, because in some cases the
pressure and thermal changes associated with geothermal exploitation and reinjection may be
sufficient to generate some micro-seismic activity.
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Water level changes in shallow ground water systems (6) are monitored in some
geothermal fields. These should, in principle, reflect corresponding pressure changes at depth
in the geothermal reservoirs.

Self-potential monitoring (7), in conjunction with numerical modelling, has been proposed
as a tool to study the changes in geothermal reservoirs due to mass extraction and reinjection.

Finally, it may be pointed out that a combination of indirect monitoring with numerical
reservoir simulation should enhance the reliability of such models, as well as aiding in the
correct understanding of the nature of the geothermal system involved.

S5 Modelling

Modelling plays an essential role in geothermal resource management. This ranges from
simple analytical modelling of the results of a short well test to detailed numerical modelling
of a complex geothermal system, simulating an intricate pattern of changes resulting from
long-term production. The purpose of geothermal modelling is firstly to obtain information
on the conditions in a geothermal system as well as on the nature and properties of the system.
This leads to proper understanding of its nature and successful management of the resource.
Secondly, the purpose of modelling is to predict the response of the reservoir to future
production and estimate the production potential of the system, as well as to estimate the
outcome of different management actions.

The diverse information, which is the foundation for all reservoir modelling, should be
continuously gathered throughout the exploration and exploitation history of a geothermal
reservoir. Information on reservoir properties is obtained by disturbing the state of the
reservoir (fluid-flow, pressure) and by observing the resulting response. This is done through
well and reservoir testing and data collection. Different methods of testing geothermal
reservoirs are available, but these will not be discussed here (Grant et al., 1982; Bodvarsson
and Witherspoon, 1989). But it should be emphasised that the data collected does not give the
reservoir properties directly. Instead, the data are interpreted, or analysed, on the basis of
appropriate models, which yield estimates of the reservoir properties. It is important to keep
in mind that the resulting values are model-dependent, i.e. different models give different
estimates. It is also very important to keep in mind that the longer, and more extensive the
tests are, the more information is obtained on the system in question. Therefore, the most
important data on a geothermal reservoir is obtained through careful monitoring during long-
term exploitation, which can be looked upon as prolonged and extensive reservoir testing.

Various modelling approaches are currently in use by geothermal reservoir specialists. In
a few words, modelling involves a mathematical model being developed that simulates some,
or most, of the data available on the geothermal system involved. These can be (1) simple
analytical models, (2) lumped parameter models; and (3) detailed numerical models. The
model will provide information on the conditions in, and the properties of the actual
geothermal system. But again this information is not unique, but model-dependent.
Consequently, the model is used to predict the future changes in the reservoir involved and
estimate its production potential.

The initial step in model development should be the development of a good conceptual
model (Bodvarsson et al., 1986). This is a qualitative, or descriptive model, which
incorporates all the essential features of a geothermal system that have been revealed by
analysis of all available data. Consequently, a quantitative natural state model is developed,
which should simulate the physical state of a geothermal system prior to production. Finally,
an exploitation model is developed, which is used to simulate changes in the physical state of
a geothermal system during long-term production, and used for calculating predictions as well
as for other management purposes.
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Numerous examples are available on the successful role of modelling in geothermal
resource management (Axelsson and Gunnlaugsson, 2000; O’Sullivan et al., 2001). These
involve the use of simple analytical models as well as complex numerical models. In simple
models, the real structure and spatially variable properties of a geothermal system are greatly
simplified, such that analytical mathematical equations, describing the response of the model
to hot water production may be derived. These models, in fact, often only simulate one aspect
of a geothermal system’s response. Detailed and complex numerical models, on the other
hand, can accurately simulate most aspects of a geothermal system’s structure, conditions and
response to production. Simple modelling takes relatively little time and only requires limited
data on a geothermal system and its response, whereas numerical modelling takes a long time
and requires powerful computers as well as comprehensive and detailed data on the system in
question. The complexity of a model should be determined by the purpose of a study as well
as the data available.

Numerical modelling, which is increasingly being used to simulate geothermal systems in
different parts of the world, will not be discussed here. Instead the reader is referred to a
comprehensive review by O’Sullivan et al. (2001). Simple modelling, on the other hand, has
been used extensively to study and manage the low-temperature geothermal systems utilised
in Iceland, in particular to model their long-term response to production. Lumped parameter
modelling, which is used to simulate data on water level and pressure changes, has been the
principal tool for this purpose (Axelsson and Gunnlaugsson, 2000). Lumped models can
simulate such data very accurately, even very long data sets (several decades). Today,
lumped models have been developed by this method for about 20 low-temperature and 3 high-
temperature geothermal systems in Iceland, as well as geothermal systems in China, Turkey,
Eastern Europe, Central America and The Philippines, as examples. This method will be
presented here as an example of the use of modelling in geothermal resource management.

Axelsson (1989) presents the theoretical basis of an automatic method of lumped
parameter modelling, and the computer code LUMPFIT has been used since 1986 in most
lumped modelling studies carried out (Axelsson and Arason, 1992). The method tackles the
simulation as an inverse problem and automatically fits the analytical response functions of
the lumped models to observed data by using a non-linear iterative least-squares technique for
estimating the model parameters. Being automatic, it requires very little time compared to
other forward modelling approaches, in particular detailed numerical modelling.

A general lumped model consists of a few tanks and flow resistors. The water level or
pressure in the tanks simulates the water level or pressure in different parts of the geothermal
system. The resistors simulate the flow resistance in the reservoir, controlled by the
permeability of its rocks. Lumped models can either be open or closed, corresponding to
constant-pressure, or no-flow, boundary conditions. An open model may be considered
optimistic, since an equilibrium between production and recharge is eventually reached during
long-term production, causing the water level draw-down to stabilise. In contrast, a closed
model may be considered pessimistic, since no recharge is allowed for such a model and the
water level declines steadily with time, during long-term production. In most cases, models
composed of two or three tanks are sufficient for accurate simulations.

The next four figures (6 through 9) show examples of the use of lumped models in
simulating pressure changes in three geothermal systems. Figure 6 shows the observed and
simulated water level changes in the Hamar low-temperature field in Central N-Iceland, along
with the fields’ production history (Axelsson, 1991). This field has been utilised by the
“hitaveita” (district heating service) serving the town of Dalvik (pop. 1,500) since 1969. The
reservoir temperature at Hamar is about 65°C. Figure 7 shows the observed and simulated
pressure history of the Ahuachapan high-temperature system in El Salvador, which has been
utilized for electricity production since the late 1960s (Montalvo et al., 1997). Both these
figures show a very good agreement between the observed and simulated data, in spite of long
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data sets, reflecting the flexibility of this method of lumped parameter modelling.
Comparable results have been obtained for most other geothermal fields, simulated by this

method.
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Figure 6: Water-level changes in the Hamar low-temperature system in Central N-Iceland
simulated by a lumped parameter model (Axelsson, 1991). Boxes = measured data; solid line =

simulated response.
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Figure 8 shows water level predictions for the Laugaland system discussed above (see
Figure 1) calculated by a lumped parameter model, while Figure 9 shows comparable pressure
predictions for the Ahuachapan system. These figures are examples of how modelling is used
for management purposes.
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Figure 8: Water level predictions for the Laugaland low-temperature geothermal system in
Central N-Iceland, for three different production scenarios, calculated by a lumped parameter
model (Axelsson et al., 2001b).
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6 Reinjection

Geothermal reinjection should be considered an essential part of any modern, sustainable,
environmentally friendly geothermal utilisation, and an important part of the management of
geothermal resources. It started out as a method of waste-water disposal for environmental
reasons, but is now also being used to counteract pressure draw-down, i.e. as artificial water
recharge, and to extract more thermal energy in reservoir rock (Stefansson, 1997; Axelsson
and Gunnlaugsson, 2000; Pruess and Bodvarsson, 1984). Reinjection will increase
production potential considerably in most cases, as has been learned through experience and
theoretical studies. Geothermal reinjection started in Ahuachapan, El Salvador in 1969; The
Geysers, California in 1970; and in Larderello, Italy in 1974. It is now an integral part of the
operation of at least 50 geothermal fields in 20 countries. Without reinjection, the mass
extraction, and hence electricity production, would only be a small part of what it is now in
many of these fields.

The water injected into geothermal reservoirs includes waste-water and condenser-water
from power plants, return-water from direct use (space heating, etc.), groundwater and surface
water or even sewage water. Some operational problems are associated with reinjection, such
as an increase in investment and operation costs, cooling of production wells and scaling in
surface equipment and injection wells (Stefansson, 1997). Injection into sandstone reservoirs
has, furthermore, turned out to be problematic.

Figure 10 shows the production history of the Miravalles high-temperature geothermal
field in Costa Rica as an example where almost all (85% in fact) of the extracted mass is
reinjected back into the geothermal reservoir right from the beginning of utilization (Mainieri,
2000). Another example is shown in Figure 11, demonstrating the possible benefit of using
reinjection for reservoir management. This latter example is from the Shahe low-temperature
sedimentary geothermal field in Beijing, the P.R. of China, where modelling has
demonstrated that without reinjection, the production potential of the geothermal system will
be quite limited (Axelsson et al., 2002). The geothermal resources under the city of Beijing
will be discussed in more depth later in this paper.
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Figure 10: Extraction and reinjection history of the Miravalles high-temperature field in Costa
Rica 1994 — 1999 (Mainieri, 2000).
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Figure 11: Results of modelling calculations for well ShaRe-6 in the Shahe low-temperature
geothermal field in Beijing (Axelsson et al., 2002). Predictions for utilisation scenarios with 80-
90% reinjection and without reinjection are shown.

Another example of successful management of a geothermal resource through reinjection
is the Paris basin in France (Boisdet et al., 1990; Axelsson and Gunnlaugsson, 2000) (Figure
12). This is a vast geothermal resource associated with the Dogger limestone formation,
which stretches over 15,000 km®. Energy from the Dogger reservoir is mainly used for space
heating and the exploitation is, in most cases, on the basis of a doublet scheme, including a
heat-exchanger plant due to the high mineral content, where all the water is reinjected.
Utilisation of the Dogger geothermal reservoir started in 1969 and following the two oil
crises, fifty-three additional geothermal plants were constructed in the Paris basin. During the
late eighties, a remote monitoring system was set up covering most of the doublets in which
the data are collected through the telephone network to a central location. The production and
reinjection wells of the Paris doublets are usually separated by a distance of about 1,000 m to
minimise the danger of cooling due to the reinjection. Experience, lasting between 12 and 30
years, has indicated that no significant cooling has yet taken place in any of the Paris
production wells.
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Figure 12: Diagram showing the principle of the geothermal doublets utilized in the Paris-basin,
and the measuring points for the remote data acquisition (from Boisdet et al., 1990).
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The possible cooling of production wells, or thermal breakthrough, has discouraged the
use of injection in some geothermal operations although actual thermal breakthroughs, caused
by cold water injection, have been observed in relatively few geothermal fields. In cases
where the spacing between injection and production wells is small, and direct flow-paths
between the two wells exist, the fear of thermal breakthrough has been justified. Stefansson
(1997) reports that actual cooling, attributable to injection, has been observed in Ahuachapan
(El Salvador), Palinpinon (Philippines) and Svartsengi (Iceland). The temperature of well
AH-5 in Ahuachapan declined by about 30°C due to an injection well located only 150 m
away, while the temperature of well SG-6 in Svartsengi declined by about 8°C during 4 years
of injection. The temperature decline of well PN-26 in Palinpinon was reviewed by Malate
and O’Sullivan (1991). The thermal breakthrough occurred about 18 months after reinjection
started. Subsequently, the temperature declined rapidly, dropping by about 50°C in 4 years
(see Figure 13).
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Figure 13: Measured and simulated temperature decline in well PN-26 in the Palinpinon field,
Philippines. From Malate and O’Sullivan (1991).

Cooling due to reinjection is minimised by locating injection wells far away from
production wells, while the benefit from reinjection is maximised by locating injection wells
close to production wells. A proper balance between these two contradicting requirements
must be found. Therefore, careful testing and research are essential parts of planning
injection. Tracer testing is probably the most important tool for this purpose. Tracer tests are
used extensively in surface and groundwater hydrology as well as pollution and nuclear-waste
storage studies. Tracer tests involve injecting a chemical tracer into a hydrological system
and monitoring its’ recovery, through time, at various observation points. The results are,
consequently, used to study flow-paths and quantify fluid-flow. Tracer tests are, furthermore,
applied in petroleum reservoir engineering. The methods employed in geothermal
applications have mostly been adopted from these fields. The main purpose in employing
tracer tests in geothermal studies, and resource management, is to predict possible cooling of
production wells due to long-term reinjection of colder fluid through studying connections
between injection and production wells. Their power lies in the fact that the thermal
breakthrough time is usually some orders of magnitude (2-3) greater than the tracer
breakthrough time, bestowing tracer tests with predictive powers.
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Comprehensive interpretation of geothermal tracer test data, and consequent modelling for
management purposes (production well cooling predictions), have been rather limited, even
though tracer tests have been used extensively. Their interpretation has mostly been
qualitative rather than quantitative. It must be pointed out, however, that while tracer tests
provide information on the volume of flow paths connecting injection and production wells,
thermal decline is determined by the surface area involved in heat transfer from reservoir rock
to the flow paths, which most often are fractures. With some additional information, and/or
assumptions, this information can be used to predict the cooling of production wells during
long-term (years to decades) reinjection.

The theoretical basis of tracer interpretation models is the theory of solute transport in
porous/permeable media, which incorporates transport by advection, mechanical dispersion
and molecular diffusion. Axelsson et al. (1995) and Axelsson (2002) present a method of
tracer test analysis/interpretation, which is conveniently based on the assumption of specific
flow channels connecting injection and production wells. This method has been used to
analyse tracer test data from several geothermal systems in Iceland, El Salvador and P.R. of
China, for example, and to calculate cooling predictions. It has proven to be very effective.
This method is based on simple models, which are able to simulate the relevant data quite
accurately. The utilisation of detailed and complex numerical models is seldom warranted, at
least as first stage analysis.

Figure 14 shows an example of how the results of tracer test analysis, and consequent
cooling predictions, may be used for management purposes. The example is from the
Laugaland low-temperature system in Central N-Iceland, already discussed (Figure 1). Based
on the results of reinjection research, the increase in energy production, enabled through long-
term reinjection, was estimated by combining the possible increase in mass extraction
estimated and the predicted temperature changes. The figure shows the final result, or the
estimated cumulative additional energy production for one of the production wells during a
30-year period. These results also provide the basis for an analysis of the economics of future
reinjection at Laugaland.
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Figure 14: Estimated cumulative increase in energy production for 30 years of reinjection into
well LJ-08 at Laugaland in Central N-Iceland (Axelsson et al., 2001b). Calculated for three
cases of average injection and assuming production from well LN-12.
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Some other operational problems plague reinjection operations, in addition to production
well cooling. Silica scaling in surface equipment and injection wells is one of the problems,
which may be difficult to solve, in particular in high-temperature fields. Geothermal fluids
are in equilibrium with the rocks at reservoir conditions. After flashing in a separator/power
plant, the separated fluid becomes supersaturated in SiO; and silica will precipitate from the
fluid. This is a complex process partly controlled by temperature, pH of the fluid, and the
concentration of SiO,. The problem of silica scaling may be avoided, in most cases, by
proper system design. One design involves applying “hot” injection where the separated
water is injected directly from a separator, at a temperature of 160-200°C, i.e. above the
saturation temperature for silica scaling. Other designs use “cold” injection where the return
water temperature is below the saturation temperature for silica scaling, because of cooling to
15-100°C. This calls for preventive measures such as deposition of silica in ponds/lagoons or
by special treatment such as with scaling inhibitors. Dilution of the silica by steam
condensate is also used. Stefansson (1997) discusses this issue in more detail with particular
reference to the experience in Japan, New Zealand and The Philippines.

Another problem is associated with reinjection into sandstone reservoirs, which has been
attempted at several locations, but with limited success (Stefansson, 1997; Axelsson and
Gunnlaugsson, 2000). During many sandstone reinjection tests/operations, the injectivity of
injection wells decreases very rapidly, even in hours or days, rendering further reinjection
impossible. The reasons for this are not fully understood, but most likely the aquifers next to
the injection wells clog up (fine sand and precipitation particles). Axelsson and
Gunnlaugsson (2000) discuss attempts at solving this problem. Some successful attempts
have involved flow-reversal, by installing down-hole pumps in injection wells, which are used
to produce from the wells for periods of a few hours once their injectivity has dropped after a
period of reinjection. The second solution to the sandstone injection problem was developed
in Thisted, Denmark, where 45°C water from a sandstone reservoir is utilised in a district
heating plant and hence reinjected (Mahler, 1998). This solution involves a sophisticated
closed loop system wherein the reinjected water is kept completely oxygen free as well as
passed through very fine filters (one micron). The solution also involves not allowing
injection after plant construction work, and other breaks in operation, until the water is
checked clean and oxygen free. In addition, pressures are kept up by nitrogen bottles when
the plant is stopped. This system has been in operation since 1984.

7 Sustainable geothermal resource management

We conclude this paper with a brief discussion of sustainable geothermal resource
management. The term sustainable development has been defined as development that meets
the needs of the present without compromising the ability of future generations to meet their
own needs (World Commission on Environment and Development, 1987). This definition is
inherently rather vague and sustainability of geothermal energy production is a topic that has
received limited attention. This discussion is based on Axelsson and Stefansson (2003) and
Axelsson et al. (2002), and the reader is referred to those papers for more details.

In many cases, several decades of experience have shown that by maintaining production
below a certain limit, a geothermal system reaches a kind of balance, which may be
maintained for a long time. Good examples are the Laugarnes system in SW-Iceland and the
Matsukawa geothermal system in Japan (Axelsson et al., 2002). Other examples are available
where production has been so great that equilibrium was not attained. An example of this is
the Geysers geothermal field in California.

Axelsson et al. (2001a) attempt to define the term sustainable production of geothermal
energy, based on the assumption that for each geothermal system, and for each mode of
production, there exists a certain level of maximum energy production, Ey, below which it
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will be possible to maintain constant energy production from the system for a very long time.
This definition assumes a production period of 100 — 300 years. It applies to the total
extractable energy, and depends, in principle, on the nature of the system in question, but not
on load-factors or utilization efficiency. It also depends on the mode of production. It neither
considers economical aspects, environmental issues, nor technological advances, all of which
may be expected to fluctuate over time. The value of Ey is not known a priori, but it may be
estimated on the basis of available data (by modelling).

Axelsson and Stefansson (2003) present two case studies linked to sustainable
management. One of these is the Hamar low-temperature geothermal system in Central N-
Iceland, where modelling based on long-term monitoring has been employed to estimate the
sustainable potential of the system. The Hamar geothermal system, which has already been
presented as an example (Figure 6), has been utilized for space heating in the nearby town of
Dalvik since 1969. Two production wells, with feed-zones between depths of 500 and 800 m,
in the basaltic lava-pile, are currently in use and the reservoir temperature is about 65°C. The
average yearly production from the Hamar system has varied between 23 and 42 1/s, which
has, in fact, caused a very modest pressure decline of about 3 bar (30 m).

The Hamar system appears to have been utilised in a sustainable manner during the last
three decades. The production history is too short, however, to establish whether the current
level of utilisation is sustainable according to the definition of Axelsson et al. (2001a).
Therefore, the sustainable production capacity of the system (Eg in the definition) has been
estimated through modelling. A simple method of modelling was used in which pressure and
temperature changes were treated separately.

The lumped parameter model, already mentioned (Figure 6), was used to simulate
(predict) the pressure changes (water level) in the Hamar geothermal system for a 200-year
production history. The results are presented in Figure 15 for a 40 kg/s long-term average
production. The model used is actually a semi-open model where the response is in-between
the responses of the extreme cases of a closed system and an open one. It may be mentioned
that the two extremes indicate that the uncertainty in the prediction is only about £30 m at the
end of the prediction period. The results also show that the system should be able to sustain
more than 40 kg/s, with down-hole pumps at depths of 200 - 300 m.
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Figure 15: Predicted water-level (pressure) changes in the Hamar geothermal system for a 200-
year production history (see Figure 6).
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The eventual temperature draw-down in the Hamar system, due to colder water inflow, is
estimated through using a very simple model of a hot cylindrical (or elliptical) system
surrounded by colder fluid (Bodvarsson, 1972). This model is used to estimate the time of the
cold-front breakthrough. The size of the system, which is highly uncertain, has been
estimated to be at least 0.5 km®, on the basis of geophysical data. The results indicate that if
we again assume a production history of the order of 200 years that it should be possible to
maintain production of at least 40 kg/s for this period (Axelsson and Stefansson, 2003).

The above results clearly indicate that the long-term production potential of the Hamar
geothermal reservoir is limited by energy-content rather than pressure decline (lack of water).
Axelsson and Stefansson (2003) also conclude that the sustainable rate of production is > 40
kg/s and that Eg > 11 MWy, (assuming a reference temperature of 0°C).

The other case study presented by Axelsson and Stefansson (2003) involves the
geothermal resources, which are known to exist in the deep sedimentary basin below the city
of Beijing, in the P.R. of China. This latter resource is of an entirely different nature. Beijing
is situated on top of a large and deep sedimentary basin where geothermal resources have
been found at depth. The basin has been divided into ten geothermal areas on the basis of
geological and geothermal conditions. The best known are the Urban and Xiaotangshan
areas, which have been utilised since the 70s and 80s, respectively. The reservoir rocks in the
Urban and Xiaotangshan systems are mostly limestone and dolomite and the yearly
production from the Urban and Xiaotangshan fields corresponds to an average production of
about 110 and 120 kg/s, respectively. This has resulted in a water level draw-down of the
order of 1.5 m/year in the two fields. The water level has declined at an apparently constant
rate in spite of the average production remaining relatively constant. This clearly indicates
that the underlying reservoirs have limited recharge and, in fact, act as nearly closed
hydrological systems.

Plans to increase geothermal utilisation in Beijing are in effect, in particular for space
heating, in order to help battle the serious pollution facing the city. Some successful wells
have recently been drilled in the so-called Shahe field, which is located in the northern part of
the city. Three years of monitoring data have been simulated by a lumped parameter model
(Axelsson et al., 2002). The modelling results show clearly that the Shahe reservoir is an
almost closed system (with limited recharge). It is clear from water-level predictions that a
considerable, constantly increasing, water-level draw-down may be expected in the reservoir.
The modelling results show, however, that reinjection will be essential for sustainable
utilisation of this reservoir. Without reinjection, its’ potential appears to be quite limited.
The Shahe reservoir suffers, in fact, from a lack of water. More than sufficient thermal
energy is in place in the geothermal reservoir, however, because of the great volume of
resource, and reinjection will provide a kind of artificial recharge.

The results of Axelsson and Stefansson (2003) and Axelsson et al. (2002) clearly indicate
that reinjection will be essential if plans for increased use of the geothermal resources in
Beijing are to materialise in a sustainable manner. Reinjection has not been part of the
management of the Beijing resources so far; therefore, careful testing is essential for planning
of future reinjection. Such testing has been limited in Beijing up to now, and not enough
information is thus available to estimate the sustainable potential (E¢) of the Beijing
resources.

Another important aspect is essential for sustainable management of the geothermal
resources in Beijing, and to avoid over-exploitation and over-investment in deep wells and
surface equipment. This is efficient common management of the geothermal resources,
because many different users may be utilising the same reservoir. The production possible
from a specific well will most certainly be limited (reduced) by interference from other
nearby production wells. Because the resources are limited, utilisation of different wells, in
different areas, needs to be carefully harmonised.
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8 Concluding remarks

To conclude, the following should be emphasised: Comprehensive and efficient management
is an essential part of successful geothermal resource utilisation. Such management implies
controlling the energy extraction from a geothermal system so as to maximise the resulting
benefits, without over-exploiting the resource. Geothermal resource management involves
deciding between different courses of action and the operators must have some idea of the
possible outcome of the different actions. Therefore, geothermal management relies on proper
understanding of the geothermal system involved. Yet, the internal structure, nature and
properties of geothermal systems are generally poorly known, and can only be observed
indirectly.

Knowledge on a geothermal system should be continuously gathered throughout its
exploration and exploitation history. The most important data are obtained through careful
monitoring of its response to long-term production. This monitoring involves direct
monitoring of mass extraction and various physical parameters, chemical monitoring and
indirect monitoring through different geophysical methods.

Modelling is one of the most powerful tools available for geothermal resource
management. Through modelling, the nature and behaviour of a geothermal system can be
understood and predicted. Reservoir models are also helpful in estimating the outcome of
different management actions. Geothermal models range from simple analytical models to
highly complex numerical models. Even though numerical modelling is extremely powerful,
when based on comprehensive and detailed data, simple modelling is often a cost-effective
and timesaving alternative. Lumped parameter modelling is an example of simple modelling,
which has been successfully used in numerous geothermal systems worldwide.

Reinjection should be considered an integral part of any modern, sustainable and
environmentally friendly geothermal utilisation, both as a method of waste-water disposal and
to counteract pressure draw-down by providing artificial water recharge. Reinjection is
essential for sustainable utilisation of geothermal systems, which are virtually closed and with
limited recharge. Cooling of production wells is one of the dangers associated with
reinjection. This can be minimised through careful testing and research. Tracer testing,
combined with comprehensive interpretation, is probably the most important tool for this
purpose.

Sustainable geothermal utilisation involves energy production at a rate, which may be
maintained for a very long time (100-300 years). This requires efficient management in order
to avoid overexploitation, which mostly occurs because of lack of knowledge and poor
understanding, as well as in situations when many users utilise the same resource, without
common management. Two case studies were presented, involving geothermal resources of
highly contrasting nature. It is proposed that both may be managed in a sustainable manner.
On one hand, the sustainable potential of the Hamar low-temperature geothermal system in
Iceland has been estimated through modelling with the results indicating that the long-term
production potential of the system is limited by energy-content rather than pressure decline
(lack of water). On the other hand, the vast geothermal resources in the sedimentary basin
below the city of Beijing, P.R. of China, appear to be limited by lack of fluid recharge rather
than lack of thermal energy. Therefore, reinjection, is a prerequisite for their sustainable
utilisation.
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