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SUMMARY
The properties of the fluids from the IDDP well will be evaluated in two stages. The
first of these is a flow test through a narrow, replaceable liner or pipe inserted into the well.
This pipe will serve to protect the casing and wellbore from corrosion and scale deposition
during initial testing. This is particularly important if the fluids turn out to be hostile.
If the results obtained at this first stage are deemed encouraging, a wellhead pilot plant
will be designed and constructed. Such a plant would constitute the second stage of the
evaluation program. Since the temperature, pressure, and chemical composition of the well
fluids are unknown, the design of such a wellhead pilot plant, even a preliminary one, is
considered premature at this time.
Inserting a flow-test liner into the IDDP well is considered feasible. For this scheme to
work, a downhole valve must be emplaced at the bottom of the cased section of the well,
where the narrower, cored part begins. To this end, it is highly desirable that the casing be at
least 9-5/8" in diameter. Temperature and pressure gauges will be installed along the entire
length of the liner.
The downhole valve is an important component of the liner assembly. Although such
valves are commercially available, none of these are made of materials that will withstand the
high temperatures expected in this project. The downhole valve will thus call for development
work, and so will the temperature and pressure gauges.
Producing an initially supercritical geothermal fluid through a 4" pipe, from a depth of
5000 m to the surface, is considered possible, provided the flow can been initiated. The fluid
thus produced is unlikely to be supercritical at the wellhead, since this would require very
high reservoir pressures and temperatures. For the fluid to be superheated at the wellhead,
albeit not supercritical, the reservoir temperature at 5000 m must exceed 420 °C or so. Lower
reservoir temperatures will cause the fluid at the surface to be two-phase. In this case the
water fraction will be quite large if the reservoir pressure is high.
The reservoir temperature at 5000 m must be higher than 450 °C if the enthalpy of the
fluid at the wellhead is to exceed that of steam produced by conventional geothermal wells. A
deep well tapping a reservoir at a temperature lower than 450 °C would offer no particular
advantage for electric power production over, say, a 2000 m well drilled into a 300 °C
reservoir.
A deep well producing from a reservoir with a temperature significantly above 450 °C
might, under favorable conditions, yield enough high-enthalpy steam to generate 40 - 50 MW
of electric power. This exceeds, by an order of magnitude, the power typically obtained from
a conventional geothermal well.
The steam from a high-temperature, high-pressure deep well will not be used directly
to drive a turbine. Instead, a binary cycle of some kind will be chosen for power generation.
The pressure of steam produced by the IDDP well(s) is thus not an important variable for this
application. For some industrial processes, however, steam at a pressure of 40 – 80 bara is
worth at least 7 - 8 USD/MT, at least twice as much as steam at 10 bara.
Extraction of chemicals from thermal fluids is unlikely to be economically feasible.
This conclusion rests on the assumption that the fluid composition in the IDDP well(s) will
not differ greatly from that of Icelandic wells drilled to date. Should the concentrations of
valuable chemicals in fluids from the proposed deep well turn out to be significantly higher,
however, the possibility of recovering these will be reconsidered.
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The dilute fluids expected in the Krafla and Nesjavellir fields are considered less
likely to present problems during flow testing and production than the more saline fluids
expected in Reykjanes. From the standpoint of initial production and process development, it
would thus be desirable if the first deep well were drilled in either Krafla or Nesjavellir. For
purposes of chemical recovery, the Reykjanes site is, of course, much more interesting. One
would hope to see all three sites drilled in due course.
The cost of installing the flow-test liner and operating it for a period of six months is
estimated to be 425.2 million ISK.
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OVERVIEW

When contemplating the initial production of a geothermal fluid of unknown chemical
composition from a well drilled into an unfamiliar environment, one is presented with a
dilemma. On the one hand, fluid must be extracted from the well for some period of time,
even if only on a pilot scale, in order that its properties may be studied and an appropriate
energy extraction process found. This very production may, on the other hand, result in
permanent damage to the well, either because of corrosion of the casing, or because of solid
deposition in the aquifer or the wellbore. This was one of the problems facing the working
groups of the Iceland Deep Drilling Project (IDDP) at the first project meeting in June of
2001.
At this meeting, there emerged a concept that soon came to be known, rather
informally, as the "Pipe." This approach to flow testing involves inserting into the well a
narrow liner, maybe 4" or so in diameter, all the way down to the production aquifer. The
fluid will be extracted through the liner, which thus serves to protect the wellbore and the
casing from the effects of the fluid. The liner may be removed and replaced if serious scaling
or corrosion problems arise.
Confining the fluid to a tube of uniform diameter should also help maintain its upward
flow. In the absence of such a liner, the fluid velocity might be reduced to an unacceptably
low value in the wider casings found in the upper part of the well.
Although its primary function is protection, the pipe can be made to play an important
additional role. After some appropriate period of production, the liner may be removed and
inspected, section by section. Such a direct study of the pipe should yield information on
corrosion and scale formation over the entire range of temperature, pressure, and fluid phase
conditions obtaining in the well, provided, of course, that these properties are known as
functions of depth. In this way, the pipe may be thought of as constituting the first phase of a
pilot plant.
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SCOPE

Any program of study involving the operation of the pipe must include, as a minimum,
the following.
• The flow through the pipe will be monitored continuously at the wellhead. The
cumulative amount of fluid carried by the pipe must be known if any sense is to be
made of the extent of corrosion and scaling in the pipe.
• The temperature and pressure in the pipe will be monitored at certain depth intervals
over a range of different flow rates. This is necessary to provide a reference, against
which computations of the temperature and pressure profiles in the well can be
checked.
• Coupons will be placed inside the pipe in order to investigate the corrosion
resistance of prospective power plant materials.
• The chemical composition of the fluid emerging at the wellhead will be determined
over a range of operating conditions.
• When the pipe is taken out of the well, any scale present will be removed from the
liner, weighed, and analyzed. This will provide a quantitative measure of the scaling
potential of various minerals over a range of thermodynamic and flow conditions.
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FLOW THROUGH THE PIPE

The concept of inserting a narrow, removable liner into a deep geothermal well offers
the promise of protecting the casing from corrosion, and the wellbore from scaling, during
flow testing. The scheme nevertheless raises a number of questions.
Can the fluid be produced through the pipe at all? In other words, will a steady flow of
fluid through the liner, from a depth of 5000 m, sustain itself? Or will the pressure drop in the
pipe conspire with heat loss from the fluid to the surrounding rock formation to kill the flow?
And if the flow is sustainable, what will be the pressure, temperature, and the fluid enthalpy at
the wellhead?
To address questions such as these, a computational model of the fluid flowing
through the pipe was constructed. This wellbore simulator is described below, and the results
of some calculations are presented.
3.1

Wellbore model
The fluid in the model is pure water, with no dissolved minerals or gases. This may
seem like an odd choice, as it has been argued by some authorities that fluids in geothermal
systems at supercritical temperatures and pressures are likely to be heavily mineralized.

Wellbore Model
p : pressure

dp/dz = -gρ(T,p) - f(v,ρ,η,d)

T : temperature
h : specific enthalpy
ρ : density

T = T(p,h)

v : velocity
η : viscosity
d : pipe diameter

dh/dz = -g - (a/q)(T-Trock)

f : Prandtl-Kármán function
q : mass flow rate
g : acceleration of gravity

pin = p5000
Tin = T5000
hin = h(T5000,p5000)

z : height from well bottom
a : heat loss factor
( 2.85 W m-1 K-1
for 4" pipe at 4 weeks)

Figure 1. Wellbore model.
There are three reasons for choosing pure water as the working fluid in the model. The
first is that such a calculation can be carried out with reasonable confidence, since the
equation of state for water is accurately known to at least 800°C and 1 kbar. Such is not the
case for a general aqueous fluid. Secondly, many Icelandic geologists are convinced that,
because of the extensional tectonics of the country, there will be sufficient permeability and
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vertical circulation to keep the fluid reasonably dilute at depth, at least in the freshwater
systems of Krafla and Nesjavellir. The third reason, and the most important one, is that pure
water represents a limiting example, a best-case scenario. If this case appears promising, fluid
production from the well for power generation should merit further study; if not, the well
might reasonably be redefined as a coring well for research purposes only.
The salient features of the computational model are shown in Figure 1. The fluid
enters a pipe, with a nominal diameter of 4" and an exact inner diameter of 100 mm, at a
depth of 5000 m and rises towards the surface. As it ascends, the pressure drops because of
the decreasing weight of the column above and because of friction in the pipe. At the same
time, heat is lost by conduction from the fluid to the formation surrounding the well.
The governing equation of the wellbore simulator is the rate of change of pressure
with depth. This rate is described by two terms. The first is the contribution of gravity,
essentially the weight of water at some given point in the column. The second term represents
frictional losses in the pipe and depends on the velocity of the fluid, its density and viscosity,
as well as on the pipe diameter.
The rate of change of the fluid enthalpy with depth is also described by two terms. The
first of these accounts for the cost of moving the fluid up against the force of gravity. The
second term describes the loss of heat to the surrounding formation. This heat loss can be
evaluated by solving the diffusion equation in a cylindrical geometry. The solution to this
problem, and many others, may be found in the near-encyclopedic compendium of Carslaw
and Jaeger: Diffusion of Heat in Solids. Although it is a time-dependent quantity, the heat loss
factor, a, does not vary much for real wells. Its value is about 2.85 W m-1 K-1 for a 4" well that
has been producing for four weeks, and 2.56 W m-1 K-1 for a 9" well that has produced for one
year. These numbers were computed on the basis of typical bulk values for the properties of
Icelandic basalts: a density of 2600 kg m-3, a thermal conductivity of 1.7 W m-1 K-1, and a
specific heat of 900 J kg-1 K-1.
Expected Conditions at Well Bottom

300
0°C/km

Pressure at 5000 m (bar-a)

290

5°C/km
7°C/km

280
270
260
250
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240
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100°C/km
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150°C/km

230
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450

500

550

600

Temperature at 5000 m (°C)

Figure 2. Expected conditions at well bottom.
These equations are integrated in a stepwise fashion at intervals of 1 m. At every step
of the calculation, the temperature is computed from the pressure and the enthalpy at that
point. For this purpose, the model relies on equations for the thermodynamic properties of
water and steam parametrized in 1967 by the International Formulation Committee of the
Sixth International Conference on the Properties of Steam.
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The initial conditions for the calculations are the temperature and pressure at 5000 m
depth. These are not known, however, so some assumptions must be made. A common point
of reference in the IDDP discussions has been to assume that the fluid temperature and
pressure follow the boiling point curve to the critical point, which in this case would be at ca.
3400 - 3500 m. This assumption seems reasonable, since a large number of geothermal
systems worldwide have been observed to follow this curve approximately. Below this depth,
a constant temperature gradient may be assumed, between 0 °C km-1 and 150 °C km-1. Figure
2 shows what the temperature and pressure would be at 5000 m under these assumptions. The
triangle indicates the temperature and pressure at 5000 m if the system were assumed to
follow an isochore from the critical point onwards.
Pressure at Top of 4" Pipe at 10 kg/s

Wellhead pressure (bar-a)

250

500°C
450 °C

200

Tempera ture
a t 5000 m
400 °C

150
55 0°C
60 0°C

100

50
220

375 °C

230

240

250

260

270

280

290

300

310

Pressure at 5000 m (bar-a)

Figure 3. Pressure at top of 4” pipe at 10 kg/s.
Instead of limiting the calculations to this curve, it is instructive to cast a wider net
and consider the entire region covered by Figure 2: temperatures from 375 °C to 600 °C, and
pressures from 230 bar to 300 bar. Accordingly, numerous pairs of temperature-pressure
values were chosen as initial conditions for the calculations, and a well profile was computed
for each pair. The well profile includes values of temperature, pressure, fluid density, fluid
enthalpy, fluid velocity, fluid viscosity, steam fraction, and heat loss as functions of depth in
the well.
The temperature in the rock formation is assumed to trace the boiling point curve to
the critical point, followed by a constant gradient down to the chosen temperature at 5000 m.
This rock temperature profile is used to compute the heat loss.
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Temperature at Top of 4" Pipe at 10 kg/s
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Figure 4. Temperature at top of 4” pipe at 10 kg/s.
3.2

Wellhead fluid properties
The wellhead fluid properties calculated in this way are presented in what follows.
At reservoir temperatures between 450 °C and 600 °C the wellhead pressure is
virtually independent of the reservoir temperature, and roughly 90 bar lower than the
reservoir pressure (Figure 3). At temperatures closer to the critical point, the wellhead
pressure is sensitive to the reservoir temperature but almost independent of reservoir pressure.
The wellhead temperature is approximately 70 °C – 140 °C lower than the reservoir
temperature and essentially independent of reservoir pressure (Figure 4). The relatively high
wellhead temperature may have implications for the choice of valves and wellhead materials.
The enthalpy of the fluid will be higher than that of steam from conventional wells
only if the reservoir temperature is 450 °C or higher (Figure 5). This value is not very
sensitive to pressure.
Fluid Enthalpy at Top of 4" Pipe at 10 kg/s
3500

Wellhead enthalpy (kJ/kg)

60 0°C
550°C

3000

500°C
450 °C
2500

Temper ature
at 5000 m
400°C

2000

375°C
1500
220

230

240

250

260

270
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290

300

310

Pressure at 5000 m (bar-a)

Figure 5. Fluid enthalpy at top of 4” pipe at 10 kg/s.
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The heat loss from the pipe to the formation is significant, but not prohibitive
(Figure 6). At high reservoir temperatures, the loss may amount to about 10% of the total
enthalpy at a mass flow rate of 10 kg s-1 through a 4" pipe. The heat loss is not directly
proportional to the mass flow rate. Thus, at a reservoir temperature of 600 °C, the heat loss is
about 1000 kJ kg-1 if the flow rate is 2 kg s-1, instead of the 1500 kJ kg-1 that a glance at the
graph might lead one to expect. This is because the temperature in the upper part of the pipe
falls with decreasing flow rate, and so the heat loss to the surroundings decreases
correspondingly.
Fluid Enthalpy Loss from 4" Pipe at 10 kg/s
350

Fluid enthalpy loss (kJ/kg)

300

250

200

150

100

Pressure 240 bar-a at 5000 m
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Temperature at 5000 m (°C)

Figure 6. Fluid enthalpy loss from 4” pipe at 10 kg/s.
If the temperature at 5000 m is higher than about 405 °C at 230 bar, or higher than
about 422 °C at 300 bar, the fluid produced will be superheated at the wellhead (Figure 7). At
lower reservoir temperatures, a two-phase fluid will be produced at the surface. The water
fraction of this fluid increases rapidly with decreasing reservoir temperature. It should be
noted that the minimum reservoir temperature that will give rise to superheated steam at the
wellhead is not very sensitive to pressure.
Steam Quality at Top of 4" Pipe at 10 kg/s
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Pressure at 5000 m (bar-a)

290

Wet

280

270
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260

250

Expected Conditions at Well Bottom
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Figure 7. Steam quality at top of 4” pipe at 10 kg/s.
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Clearly, the model can equally well be used to simulate production through a full-bore
casing at high mass flow rates. A wider liner will result in less friction, and a higher flow rate
will reduce the heat loss per unit mass. If fluids are produced through a 9" inner diameter
casing at a rate of 50 kg/s, the threshold reservoir temperature for obtaining superheated
steam at the wellhead drops by about 10 °C (Figure 8). If the reservoir temperature and
pressure are high enough, the fluid may even be supercritical at the wellhead.
It should be kept
in mind that all of the
above analysis is based
on the assumption that a steady flow of fluid through the pipe has already been established.
Achieving this may not be trivial, however. Inductive heating of the pipe by means of an
electrical coil has been suggested as a way of initiating the flow.
3.3

Main results
The salient results of the model calculations may be summed up as follows.
It is possible to produce initially supercritical geothermal fluid from a depth of 5000 m
through a 4" liner, provided the flow can be initiated.
For the fluid produced to be superheated at the wellhead, the reservoir temperature at
5000 m depth must be higher than 420 °C or so. This value is rather insensitive to reservoir
pressure and liner diameter.
The temperature at 5000 m must be higher than 450 °C if the enthalpy of the fluid at
the wellhead is to exceed that of steam produced by conventional wells.
Steam Quality at Head of 9" Well at 50 kg/s
300

Pressure at 5000 m (bar-a)

290
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Supercritical

280

270

Superheated
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240
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Figure 8. Steam quality at head of 9” well at 50 kg/s.
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THE PIPE

4.1

Conceptual design
Figure 9 displays a schematic diagram of the pipe and the associated equipment. The
pipe will extend from the wellhead all the way down to the bottom of the production casing,
where a valve will be installed. The purpose of this valve is to keep the deeper, producing
section of the well sealed off during periods when the pipe is not in place. This deeper part of
the well will be left without a liner. The temperature and the pressure of the fluid in the pipe
will be monitored by gauges placed at regular intervals.

Figure 9. A schematic diagram of the pipe.
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A paramount consideration is the safe operation of the well at all times. Careful
attention must thus be given to the wellhead design. In particular, a blowout preventer must
be in place for the duration of the fluid evaluation phase. Two master valves must also be
installed, one on the anchor casing and another on the pipe itself.
Only relatively simple equipment will be required downstream of the wellhead during
the initial fluid evaluation phase. A more sophisticated pilot plant may be constructed at a
later stage.
4.1.1 Equipment downstream from the wellhead
Some equipment will be required to handle the fluid when it reaches the surface. This
equipment, whose primary components comprise a separator, a silencer, and associated
piping, must be designed to withstand temperatures of up to 500 °C and pressures of up to
250 bar. It must be resistant to both corrosion and erosion. The equipment will be used to:
•
•
•
•

measure the rate of discharge of fluid from the well
separate steam and liquid, or, if necessary, steam and solids
collect fluid samples for chemical analysis
deliver the fluid for disposal in an environmentally acceptable way

4.1.2 Blowout preventer
Blowout prevention equipment (BOP) should be installed on the wellhead. It should
remain in place for the duration of the fluid evaluation phase, and indeed, as long as the pipe
is in the well.
The BOP is identical to that used during the coring phase of the drilling. It consists of
two pipe rams and a shear-blind. The pipe rams will close tightly around the pipe while the
shear-blind cuts through the pipe. By closing the pipe rams, the well and the pipe can be
operated even when the annulus between the well and the pipe is under pressure. The shearblind is for emergency use.
The master valve of the well will be able to withstand a pressure of 260 bar at 500° C.
This master valve, however, cannot be used when the pipe is running through it. Another
master valve, also able to withstand 260 bar at 500 °C, will therefore be placed on top of the
pipe. This valve will be used to shut off the flow through pipe, while other valves or orifices
downstream will be used for flow control.
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Figure 10. The pipe, the wellhead and support structure.
4.1.3 Hanger structure
The master valve and the BOP on top of it are quite heavy. A hanger structure above
the wellhead is therefore necessary to carry this weight. The hanger structure will also support
a platform from which the pipe head can be accessed. The hanger structure could be a part of
a drilling rig substructure, which would be on top of the well during the fluid evaluation
phase.
4.1.4 Flow initiation
The temperature of the pipe will presumably approach the temperature of the
surrounding formation soon after it is installed. This temperature is much lower than that of a
flowing well, especially near the surface. As a result, the well may not start discharging fluid
without some sort of stimulation or flow initiation. Heating the pipe would help accomplish
this. This heating can be achieved by electrical induction.
4.1.5 Downhole valve
A downhole valve installed at the bottom of the casing will facilitate the operation of
the pipe. This valve will be open only when the pipe is in the well. Its purpose is to isolate the
cased part of the well from the deeper section. The valve will be operated by a "stinger" on
the end of the pipe. The stinger will open the valve as the pipe is installed. The end of the

Report–Part III of III

17

IDDP FEASIBILITY REPORT

FLUID HANDLING AND EVALUATION

pipe will jut down through the valve, allowing room for thermal expansion of the pipe. When
the pipe is removed, the stinger will close the valve as the pipe passes through.
The design of the downhole valve for the IDDP well might be similar to that shown in
Figure 11, which depicts a valve produced by Halliburton. Their valve is, however, not
designed for the extreme conditions expected in this well. While pressure should not be a
problem, higher-temperature materials must probably be selected for the present project. One
disadvantage of the Halliburton downhole valve is that a casing diameter of 9-5/8" is required
for a 4.6" bore in the ball. In order to ensure sufficient anchor the valve must be placed at
least 50 m up in the casing.

Figure 11. Downhole valve made by Halliburton.
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Figure 12. Downhole valve made by Halliburton, list of items.
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The downhole valve could also be used during the coring of the deeper part of the
well. This, however, is contingent on the size of the bore in the ball valve being large enough
to admit the technical casing used during coring.
4.1.6 Expansion sleeve
The pipe will be approximately 3500 m in length. Heating this entire liner from a
surface temperature of 5 °C to 500 °C would cause it to expand by around 20 m. This is not a
realistic scenario, however. During installation, the pipe will be heated gradually.
Furthermore, the temperature of the rising fluid decreases as explained in chapter 3. It is thus
unlikely that the thermal expansion will exceed 10 m. The weight of the pipe will be
supported from the top, and the expansion will be downwards through the downhole valve.
An expansion sleeve will be installed above the downhole valve. The sleeve, which
will allow the pipe to expand, will seal the annulus between the pipe and the casing from the
high-temperature fluid. The seal must be able to withstand a differential pressure of 250 bar at
500 °C.

Figure 13. Downhole valve and thermal expansion sleeve.
4.1.7 Material selection
One part of the evaluation program is to determine the corrosion properties of the
fluid. To this end, various materials will tested for corrosion in the fluid stream. This may be
accomplished by constructing individual sections of the pipe of the different materials to be
tested and by installing corrosion and scaling coupons in the pipe.
4.2

Measurements
The temperatures in the well are expected to exceed the operating temperature limits
of commercially available electronic equipment. As a result, all amplifying and measuring
devices must be lodged on the surface, outside the well. Cooling such equipment inside the
well is considered neither reliable nor even feasible.
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Probes are available for the measurement of temperature and pressure in the ranges
expected. These employ proven technologies, and they must be wired to electronic equipment
on the surface.
The space between the pipe and the inside of the casing limits the amount of wiring
that can be accommodated. Figure 14 shows the estimated number of measuring points that
will fit into the annulus between a 4" pipe and the casing, for several casing diameters. If a
reasonably detailed temperature-pressure profile is desired, a 9-5/8" casing is clearly the
preferred selection.
The following equipment is commercially available:
• For temperature measurement: Type Pt100 temperature sensors or thermocouples,
screwed into spot-welded sockets
• For pressure measurement:
Piezo-electric pressure sensors, screwed into the
pipe wall
• For signal transmission:
Solid metal-sheathed high-temperature wiring
A spectroscopic method of temperature measurement using fiber optic technology has
also been considered. So far, this method has not been adapted to high temperatures, and
development work is still needed. A drawback of this method is that any hydrogen gas
present in the well will damage the fiber optic cable and shorten its lifetime.
Surface equipment at the wellhead will be used to determine the rate of discharge from
the well. The flow will be measured with a venturi tube or an orifice meter after separation.

Figure 14. A section through the production casing and the pipe.
The measuring equipment needs to be calibrated prior to the flow test. One way of
calibrating the pressure sensors is to fill the pipe with compressed gas and then compare the
readings from the sensors with the applied pressure. The temperature may be calibrated by
comparing the temperature reading of each sensor with the temperature measured by a
logging tool at the corresponding depth.
4.3

Installation and replacement of the pipe
A major task in the fluid evaluation program is the installation, removal, and possibly,
replacement of the pipe. Two ways of doing this have been considered. One is to employ a
drilling rig positioned on the well. The other is to use a coiled tubing system.
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4.3.1 Drilling rig
The drilling rig used for installing and maintaining the pipe need not be as large as the
rig used for drilling the well. The weight of the pipe will be less than 55 metric tons, and the
rig can be selected accordingly. The pipe would be installed in sections ranging in length
from 10 to 30 m, depending on the size of the rig. The drilling rig provides the best means for
solving any problems that might arise, for instance if the well must be plugged or killed, or if
the pipe must be fished. Since the pipe must be installed and removed in sections, it will be
difficult to replace under pressure, which may become necessary if the downhole valve fails.
Should such a situation arise, the pipe must be plugged, or the well killed.
It may be of interest to collect downhole fluid samples during the evaluation phase.
The lifting gear of the rig may be required for operating the downhole sampler.
4.3.2 Coiled tubing system
A coiled tubing system would comprise a drum of adequate diameter for the pipe, a
unit for straightening the pipe, a driving mechanism, and a control system. Among the
advantages of the coiled tubing system is its simplicity of operation and consequently low
cost. A disadvantage is that the coiled tubing system is less suitable than the drilling rig for
solving problems that may arise. Another disadvantage is that the plastic bending of the pipe,
as it is removed from the well, may break up the scale inside the pipe, to the detriment of the
fluid evaluation study. If the pipe is corroded, bending it on the drum without breaking it may
prove difficult.
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POWER GENERATION
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Thermodynamic properties
The high-temperature fluid expected from the IDDP well offers two advantages for
electric power generation over the fluid discharged from conventional wells. The first of these
is the high enthalpy content, which promises high power output per unit mass. The second is
the high pressure, which keeps the specific volume of the fluid small, allowing one to expect
high mass flow rates.
Figure 15 shows the enthalpy of steam as a function of temperature and pressure. The
figure shows clearly that the enthalpy increases rapidly with rising temperature, but decreases
somwhat with rising pressure. The shaded area in the figure indicates the most probable range
of reservoir temperatures and pressures.
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Figure 15. Temperature, pressure, and enthalpy of supercritical steam.
In what follows, the thermodynamic properties of the well fluids are assumed to be
identical to those of pure steam, and the effects of any gases or minerals that may be present
are ignored. This assumption was also made in Chapter 3.
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Figure 16. Part of the Mollier diagram of water.
A part of the Mollier diagram for water is shown in Figure 16. It is evident that if the
fluid enthalpy is lower than about 2800 kJ kg-1 a liquid phase will form as the pressure drops
at constant enthalpy. As pointed out in Chapter 3, the reservoir pressure must be at least
420 °C for the fluid to remain single-phase all the way to the surface. Two-pase flow in the
well would reduce the wellhead pressure, and scaling problems might arise. Two-phase flow
would also reduce the permissible fluid velocity and generally affect adversely the feasibility
of using the fluid for electric power generation. Thus, if the fluid from the IDDP well is to be
attractive for power generation purposes, its wellhead enthalpy should at least exceed 2800 kJ
kg-1.
5.2

Technology
The physical properties of the fluid will determine the choice of technology to be used
for electric power generation. Until something is known about the fluid properties, little can
be said about the process options available. It would nonetheless appear likely that the fluid
will be used indirectly, in a binary system, as shown in the flow diagram in Figure 17. In such
a process, the fluid from the well would be cooled and condensed in a heat exchanger, and
then reinjected. This heat exchanger would act as an evaporator in a conventional closed
power generating cycle.

Figure 17. Electrical production, indirect use of geothermal fluid.
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5.3

Comparison with Conventional Wells
In this section, the electric power that can be generated with fluids from an IDDP well
tapping a supercritical reservoir will be compared to the power from a conventional
geothermal well. The comparison is based on the following assumptions:
• The inflow to the conventional well is dry steam only
• The pressure at the wellhead of the conventional well is 25 bara and the
pressure downhole is 30 bara
• The electric power generated by the steam from the conventional well is 5 MW
• The volumetric flow rate into both wells, the IDDP well and the conventional
well, is the same, namely 0.67 m3 s-1
For simplicity, the conventional well used for reference is assumed to discharge dry
steam only. Its assumed wellhead pressure is higher than that of typical geothermal wells in
Iceland, so the comparison should be conservative in this respect. The downhole pressure of
the reference well was computed on the basis of pressure drop and heat loss. Even though
most conventional wells in Iceland produce a mixture of steam and water, this comparison,
which is based on the same volumetric inflow, should be meaningful.
The flow diagram in Figure 18 presents a possible power generation cycle for the
IDDP fluid, and Figure 19 displays a cycle for a conventional geothermal power plant. Figure
20 shows the electrical power generated by IDDP fluids in the above cycle as a function of
reservoir temperature, for reservoir pressures of 230 and 260 bar. It should be noted that the
calculated electric power output decreases with increasing reservoir temperature. The reason
for this is the assumption of constant volumetric inflow. The specific volume of steam
increases with temperature, reducing the mass flow rate as shown in the figure. Thus the
calculated power output falls with rising temperature even though the enthalpy increases.

Figure 18. Conventional geothermal power generation cycle.
The primary conclusion to be drawn from these calculations is that under favorable
conditions, i.e. if the temperature of the fluid from the IDDP well is high enough and if the
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volumetric inflow is similar to that of a conventional well, it may be possible to produce up to
50 MW of electric power from one well tapping a supercritical reservoir.

Figure 19. Power generation cycle for high-temperature fluid.

Figure 20. Electrical power generated by fluid from the IDDP well. Flow rate of
this fluid.
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CHEMICAL PRODUCTION

The high-temperature, high-pressure geothermal fluids expected from the proposed
IDDP well, and from other similar wells, may be put to uses other than electric power
generation. Three aspects, in particular, of their potential application to chemical processes
have been considered.
The first of these is the extraction of minerals or gases from the fluids at the wellhead,
by conventional means. Secondly, a concept involving the downhole shock-precipitation of
minerals has received some thought. A third possibility would be the use of the high-pressure
steam in industrial processes for which conventional low-pressure geothermal steam is
inadequate.
At this time, nothing is known about the chemical composition of fluids expected from
the proposed IDDP well. Therefore, it seems most reasonable to assume that the compositon
of the fluid in the deep reservoir of each field is similar to that of the composition at shallower
levels. This assumption must be made for the purposes of the present study.
6.1

Chemical processes

6.1.1 Gases
Geothermal fluids invariably contain noncondensible gases in some concentrations.
The major such gases found in fluids from Icelandic geothermal wells are carbon dioxide
(CO2), hydrogen sulfide (H2S), and hydrogen (H2). The fluids ordinarily also contain minor
amounts of methane (CH4), nitrogen (N2), and argon (Ar). The relative concentrations of the
individual gas components vary rather widely between fields, as does the total gas content.
This is evident from Table 1.
Table 1. Gas content and composition of geothermal steam from candidate fields.
Reykjanes

Nesjavellir

12.5 bara

12 bara

11 bara

0.5 % w/w

0.5 % w/w

1.5 % w/w

4 500 mg/kg

3 200 mg/kg

9 450 mg/kg

Hydrogen Sulfide, H2S

150 mg/kg

970 mg/kg

1 150 mg/kg

Hydrogen, H2

0.35 mg/kg

50 mg/kg

29 mg/kg

Methane, CH4

0.24 mg/kg

5 mg/kg

2 mg/kg

20 mg/kg

340 mg/kg

22 mg/kg

Separator pressure
Average gas content
Carbon Dioxide, CO2

Nitrogen, N2

Krafla

A plant for the separation of carbon dioxide from geothermal steam was operated in
Reykjanes for a brief period of time in the 1980's. The sulfide content of the gas made it
unsuitable for use in the food and beverage industries without extensive, and expensive,
purification. This spelled doom for the operation, since the food and beverage industries are
the primary buyers of carbon dioxide in Iceland. The consumption of this gas by other
industries is relatively modest. The concentration of hydrogen sulfide in steam is considerably
higher in the Krafla and the Nesjavellir fields than in Reykjanes, which would make the
separation of carbon dioxide even less attractive there.
Report–Part III of III

27

IDDP FEASIBILITY REPORT

FLUID HANDLING AND EVALUATION

A single geothermal well, located in the Grimsnes district, currently meets the
industrial demand for carbon dioxide in Iceland. This well produces fairly pure CO2, which
requires little processing besides the removal of trace amounts of hydrogen sulfide.
The export of industrial grade CO2 is uneconomical. The high transport cost of this
low-priced commodity precludes any serious consideration of this option.
The recovery of carbon dioxide from IDDP well fluids is thus not considered
economically feasible.
The hydrogen sulfide content is relatively low in steam from wells in the Reykjanes
field, but considerably higher in Krafla and Nesjavellir. Reykjavik Energy has conducted a
study comparing various technologies for the separation of hydrogen sulfide from the gas
stream. Their study found that the capital and operating costs of any such process would be
high compared to the potential revenue that might be expected from the production of either
sulfur or sulfuric acid. The market for both in Iceland is small and declining. The supply of
elemental sulfur on the international market is increasing, and prices are low. The supply of
sulfuric acid is abundant. The production of these chemicals in Iceland might thus well incur
costs resulting from their disposal.
New technologies for the splitting of H2S into its elements are emerging. These may,
in time, lead to processes for hydrogen sulfide utilization that are more economical than those
presently available.
Of the three candidate fields, Nesjavellir displays the highest concentration of
hydrogen in steam. At current production rates, the hydrogen emissions from this field total
approximately 200 – 250 metric tons per year. Even though hydrogen is a valuable gas, this
quantity is too small to support a hydrogen-consuming industry at the site, or to pipe over
long distances. Burning the hydrogen would yield thermal power of approximately 1 MW,
which is insuffient to justify investment in the necessary equipment.
The content of methane, nitrogen, and argon is very low in all the candidate fields. No
realistic value can be assigned to any of these gases in these three geothermal fields.
The general conclusion is thus that some gases with commercial value can probably be
separated from the expected IDDP well fluids. Under current conditions, however, no
potential market can be seen for any of them.
6.1.2 Dissolved solids
Table 2 displays typical major element concentrations in geothermal water from wells
in each of the three candidate fields. It should be pointed out that these are concentrations in
the liquid phase after steam separation.
Table 3 similarly shows typical trace element concentrations in water in the three
fields. Note that the concentrations here are expressed in µg/kg, a unit 1000 times smaller
than that used in Table 2.
The total concentration of dissolved solids is relatively low in both Krafla and
Nesjavellir fluids. Reykjavik Energy has conducted a prefeasibility study of the extraction of
silica from Nesjavellir fluids. The results were disappointing. No other chemical of
commercial value is found in a concentration high enough to support economical production.
The concentrations of almost all dissolved minerals are considerably higher in
Reykjanes fluids than in geothermal fluids found elsewhere in Iceland. In particular, the
Reykjanes fluids contain sodium, potassium, calcium, and chloride in substantial
concentrations. Even so, a plant producing a low-sodium, high-potassium "health salt" from
these fluids has failed to turn a profit under several owners. It is considered unlikely that any
of the other elements present could be extracted economically.
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Table 2. Major element concentrations in geothermal water from steam/water separator
[mg/kg].
Reykjanes

Nesjavellir

Krafla

44 000

1 000

1 330

870

807

574

Sodium (Na+)

12 900

140

285

Potassium (K+)

1 900

29

32

Calcium (Ca+2)

2 150

0.2

6.2

Magnesium (Mg+2)

1.0

0.005

0.04

Sulfate (SO4-2)

20

8

307

25 400

106

40.5

0.20

0.95

1.08

Iron (Fe)

0.7

0.05

0.08

Boron (B)

10

Total dissolved solids
Silica (SiO2)

Chloride (Cl-)
Fluoride (F-)

Aluminum (Al)

0.07

1.12
1.67

1.33

Hydrogen Sulfide (H2S)

73

11.9

Carbonate (CO3-2)

38

61.5

There are indications that the solubility of some elements may increase very rapidly at
temperatures and pressures just above the critical point, in the range of target temperatures
and pressures for the IDDP project. If this is so, then the decompression and cooling of the
rising fluid may quickly deposit large amounts of scale in the pipe. During the preparation of
this study there was insufficient information available on this subject to draw particular
conclusions or to make firm recommendations. Even so, these indications suggest that
downhole fluid samples should be collected from the deep well as early as possible.
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Table 3. Trace elements in geothermal fluid [µg/kg].
Reykjanes
Zink (Zn)

Nesjavellir

Krafla

26.5

1.94

1.52

3 600

3.8

1.97

Nickel (Ni)

1.7

0.123

0.19

Arsenic (As)

132

1.8-20.9

59.5

Mercury (Hg)

0.5

<0.0022-0.020

0.0039

<0.03

<0.0050

<0.002

<0.8

<0.030

0.0216

Copper (Cu)

0.9

<0.100

0.197

Cobalt (Co)

<0.1

<0.005

<0.005

Chromium (Cr)

n.i.

0.031

0.127

Barium (Ba)

n.i.

0.179

2.35

Molybdenum (Mo)

n.i.

0.374

3.44

Strontium (Sr)

n.i.

2.05

22

Manganese (Mn)

Cadmium (Cd)
Lead (Pb)

6.2

Solution mining
High-temperature geothermal fluids can mobilize large quantities of metals,
particularly if the fluids are saline. This is dramatically demonstrated by phenomena such as
"black smokers" on the ocean floor. If the IDDP well fluids turn out to contain high
concentrations of base or heavy metals, and particularly it these fluids turn out to be
supercritical, an interesting opportunity may present itself.
The group conducting this study has received valuable suggestions from researchers at
the University of Manitoba who have been working on novel methods of solution mining.
They have suggested injecting cold water deep into the well to shock-precipitate minerals out
of the fluids. The idea, in effect, is to create an artificial black smoker in the well. The
precipitated minerals would be carried as a slurry to the surface by the rising geothermal
fluid. The solids would then be separated from the fluid at the surface for further processing.
The slurry would act as an abrasive during the ascent, helping to keep the bolehole or pipe
wall free of scale. If this technology turns out to be successful, significant quantities of metals
could be mined from solution. Much development work still remains to be done, however.
6.3

High-pressure geothermal steam
Geothermal steam in Iceland is usually separated from the liquid phase at pressures of
9-12 bara. In some instances, the steam is separated at a lower pressure, and occasionally a
second separation stage is added at 1-3 bara. At any rate, the temperature of geothermally
produced steam is typically in the range of 170-190 °C. Although adequate for turbine
operation in electric power plants, this temperature imposes considerable constraints on the
industrial utilization of the steam.
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Many chemical industries require steam with a condensation temperature of 250290 °C for various drying and distillation processes. The corresponding pressure is about 40
to 80 bar. Coal-fired water-tube boilers represent the most common way of producing such
steam, whose cost does not vary much over this pressure range. A detailed steam cost
estimate, done in 1996, yielded a value of 7.61 USD per metric ton (MT). Since that time, the
price of coal has remained at approximately 30-33 USD/MT, so the minimum price of such
high-pressure steam is still considered to be in the range of 7-8 USD/MT. In many places,
both in Europe and in the United States, steam prices of 10-13 USD/MT can be expected. In
countries in which a carbon dioxide emission tax is under consideration, a tax of 5-25
USD/MT of CO2 has been proposed. Such a tax would add approximately 2-9 USD to the
cost of each metric ton of steam.
The value of high-pressure steam from a successful IDDP is thus estimated to be in
the range of 7-8 USD/MT. This is two to three times the value of conventionally produced
geothermal steam.
Table 4. Cost of steam from various sources.
Steam source

Cost

Geothermal steam for power generation

2-3 USD/MT

Low cost HP steam from coal

7-8 USD/MT

Medium cost HP steam from coal

10-13 USD/MT

High cost steam from coal with CO2 tax

12-20 USD/MT
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COST ANALYSIS

The estimated cost of the fluid handling and evaluation program described in this
report is presented in Table 5. The cost figures are given in millions of Icelandic kronas
(MISK), exclusive of value added tax. The cost analysis is based on prices in January 2003.
Table 5. Estimated cost of the fluid handling and evaluation program.
Fixed Cost – Equipment
Downhole valve

1 unit

25

25.0

Expansion joint

1 unit

10

10.0

The Pipe

3 unit

37

112.2

Pipe material

3500 m

0.003

11

Downhole sensors

70 unit

0.15

11

Cables, protection etc.

41 km

0.4

16

Master valve of the pipe

1 unit

3

3.0

Wellhead

1 unit

12

12.0

Measuring equipment at wellhead

1 unit

5

5.0

Separator, silencer, etc

1 unit

25

25.0

10 days

0.5

5.0

180 days

0.2

36.0

60 days

0.5

30.0

180 days

0.08

14.4

20 samples

0.125

2.5

150 samples

0.1

15.0

40 days

0.5

20.0

150 days

0.08

12.0

Variable Cost
Commissioning
BOP rental
Lifting equipment
Observation
Chemical analysis of liquid and gas
Scale analysis
Downhole sampler
Report
Subtotal
Contingent

Total:
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327.1
30%

95.4
425.2
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