An ambitious long-term project funded largely by a consortium of Icelandic energy companies aims
to gauge the feasibility of extracting significant amounts energy from the deepest hydrothermal systems
in Iceland. Dr Wilfred A Elders and Dr Guðmundur Ómar Friðleifsson describe the progress made so far
The drilling of well IDDP-1 was quite
eventful. What occurred and how has the
experience affected future plans?

What is the Iceland Deep Drilling Project
(IDDP) and what are its specific objectives?

In the summer of 2000 at the International
Geothermal Congress in Japan, a consortium
of the principal energy companies in
Iceland issued an invitation for international
collaboration in studying the economic
potential of supercritical geothermal
resources. The positive response led to the
formation of an international IDDP science
team.
The objectives of the IDDP are to: (1) carry
out a feasibility study; (2) identify suitable
locations for boreholes deep enough to
penetrate into supercritical condition; (3) drill
suitable boreholes in at least three different
locations; (4) test the resultant wells; and (5)
report on their economic potential.
According to your feasibility study, what
are the main obstacles to establishing an
economically viable source of energy?

In addition to the requisite temperatures
and pressures, sufficient permeability is also
necessary. With increasing temperatures and
pressures, rocks undergo a transition from elasticbrittle behaviour to ductile behaviour, destroying
permeability. So, if the temperatures are too high,
the rocks in the long term will not be capable of
permitting high enough fluid flow rates.

Below a depth of 2 km, multiple drilling problems
ocurred when the drill head assembly became
irretrievably stuck, causing twist offs that
required two side tracks. There was also excessive
caving of the borehole walls that required
multiple cementing runs to control. In the second
sidetrack at about 2.1 km depth the drillhead
assembly again became stuck but circulation was
not lost and samples of glass were retrieved at
the surface. When the drill string was freed it was
found that the lowest 10 m of the hole had been
filled by inflow of molten rock.
Can you outline your findings from these
unforeseen events?

The encounter with molten rock was not
expected, but it appears that very hot dry
steam can be produced at high pressures and
flow rates from the zone immediately above
the igneous intrusion.
The occurrence of rhyolites in basaltic
milieus in a number of volcanic terrains has
been something of a puzzle. Our studies
of the quenched magma from the IDDP-1
well indicate that it formed as a result of
basalt magma assimilating partially melted
hydrothermally-altered basalt.
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Drilling for
new energy

at ~40 bar pressure – yielding up to 36 MWe in
the right turbine.
Meanwhile, planning is underway to drill a
second deep well that will be in a different
geothermal field at Reykjanes in south west
Iceland that is designed to reach 4-5 km where
we anticipate finding supercritical conditions.
What ultimate impact do you expect the
project to have?

From the engineering and economic perspectives,
the outcome will be to open up very high
temperature geothermal resources to economic
development. These should occur worldwide
wherever suitable young volcanic rocks exist.
From the scientific point of view the IDDP
has provided a unique opportunity to directly
investigate the roots of hydrothermal systems
that give rise to the black smoker hydrothermal
vents located on the world-encircling midocean ridges.
How are you communicating the progress
and final results of the IDDP?

We have presented our work at numerous
conferences and scientific meetings, and
published papers in scientific and technical
journals. A special issue of the journal
Geothermics will appear later this year with
16–17 reports about the IDDP.

At what stage is the project presently?
What will be the next steps to achieving the
project’s aims?

How important is the collaboration with
industry in achieving the goals of the project?

Flow testing of the well is ongoing. This aims
to better understand the optimal utilisation of
the superheated high pressure steam. The well
has been flowing at 450 °C and up to 140 bar
pressure since November 2011. The flow at this
high P is restricted to about 12 kg/s. If we open
the well further – the flow increases to ~50 kg/s

The IDDP is an example of fruitful collaboration
between industry and the scientific community
for the benefit of both. The cost of drilling these
deep wells far exceeds funds normally available to
academic scientists. In turn, the industrial partners
gain access to scientific techniques and expertise
that otherwise would not be available to them.
WWW.RESEARCHMEDIA.EU 65

ICELAND DEEP DRILLING PROJECT

Prospecting for
deep geothermal energy
Iceland produces much of its electricity and heat from geothermal wells, but an even greater source
of energy lies untapped deeper below the surface. The Iceland Deep Drilling Project is a large-scale
collaborative effort addressing the economic feasibility of using supercritical geothermal resources
ICELAND IS THE only country in the world that
obtains almost all of its electricity and space
heating from renewable sources. Approximately
two thirds of its electricity is hydroelectric and
one third comes from turbines powered by
geothermal wells that produce steam and hot
water occurring naturally in volcanic rocks that
also supply about 90 per cent of home heating
in Iceland.
Geothermal energy has been used for thousands of
years around the globe for bathing and washing. At
the beginning of the last century wider application
of geothermal energy was realised through
advances in modern technology. The principle
is simple: hot rocks underground heat water to
produce steam. By drilling wells into the hot region,
steam rises, is purified and can be used to drive
turbines which, in turn, drive electric generators.
Pressures and temperatures increase with depth in
geothermal areas and drilling deeper increases the
potential electric power that can be generated from
a given well. At a certain depth steam becomes
so dense that it passes its critical point, where
distinct liquid water and steam phases merge into
a single fluid, so-called ‘supercritical water’. This is
significant because supercritical wells should yield
much higher power outputs and using supercritical
water also increases the efficiency of turbines:
“Although supercritical water is already being used
in large coal-fired electric power plants, no one
had tried to use natural supercritical water from
deep geothermal areas,” explains Dr Guðmundur
Ómar Friðleifsson, Co-Principal Investigator of the
Iceland Deep Drilling Project (IDDP).

HARNESSING SUPERCRITICALITY
Whilst natural supercritical water is abundant,
Dr Wilfred Elders – Friðleifsson’s Co-Principal
Investigator on the IDDP – highlights the
challenges involved in tapping into its potential:
“The critical point for pure water occurs at a
temperature of 374 °C at a pressure of 221 bars”.
Worldwide, the average geothermal gradient
is approximately 30 °C/km, so drilling to reach
374 °C at an ‘average’ location would require
reaching depths of about 13 km, but the world’s
deepest well is only 12 km deep. As deep drilling
is extremely expensive and difficult, it is unlikely
any company would be interested in taking on
such a project.
However, industry involvement would be more
likely if the depths required were easier to reach.
Drilling to 5 km, a depth at which drilling is practical
and more economical, requires a geothermal
gradient greater than 70 °C/km; much higher than
the average, says Elders: “Drilling for supercritical
geothermal resources is only feasible where
there are unusually high geothermal gradients”.
Hence an appropriate choice of location to drill
is essential for feasible natural supercritical water
power generation in the future.
NATURE’S HEAT
Friðleifsson first seriously proposed the concept of
using natural supercritical water in 2000 leading
to the formation of the IDDP. A consortium of
three Icelandic energy companies, HS Orka hf,
Landsvirkjun and Orkuveita Reykjavíkur, along

with Orkustofnun, the National Energy Authority
of Iceland, was formed to investigate the
economic and technical feasibility of extracting
energy and chemicals out of geothermal systems
at supercritical conditions.
The premise behind the IDDP is to drill deeper
into the roots of a conventional high temperature
hydrothermal system, to depths at which
water at supercritical conditions is found. This
supercritical water can then be decompressed
and brought to the surface as 400-600 °C
superheated steam at subcritical pressures (<220
bar). In the event of low permeability – as could
be the case at such temperatures – a thermal
mining cycle could be induced by injecting
cold fluid into the hot rocks and completed by
retrieving it as steam. This steam could then be
used to generate power.
To study supercritical fluid, IDDP engineers
have developed and applied advanced drilling
technology and designed a novel fluid handling
and evaluation system. Whilst considerable
progress has been made, the coordinators of
the IDDP believe it may take decades until
supercritical water can be made viable as an
alternative source of energy to meet ever growing
demand. The IDDP programme is expected to
continue to 2020, requiring at least three 4-5 km
deep holes to be drilled.
DRILLING FOR ENERGY
The first step of the IDDP was to carry out a
feasibility study, looking at subjects as diverse as
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IDDP-1 flowing superheated clean transparent steam 410 °C hot at 40 bar pressure during
continued flow test – August 2011.
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INTELLIGENCE

ICELAND DEEP
DRILLING PROJECT
AN INVESTIGATION OF A HIGHTEMPERATURE MID-OCEAN RIDGE
HYDROTHERMAL SYSTEM IN A 5 KM
DEEP BOREHOLE
OBJECTIVES
To investigate the economic feasibility
of extracting energy and chemicals out
of hydrothermal systems at supercritical
conditions using advanced drilling
technology and a novel fluid handling and
evaluation system design.

PARTNERS
IDDP-1 during flow test 9 August 2011. The steam was initially black due to corrosion of the steel casing.

geo-scientific knowledge, site selection, drilling
technology and fluid handling and evaluation.
With that knowledge the team moved on to
planning and securing funding, which took five
years. In 2005 the consortium then decided to take
over and deepen a 3 km deep well at Reykjanes
geothermal system on a volcanic peninsula in
the southwest of Iceland. Unfortunately, this
well became blocked during a production test
in November 2005 and, after attempts failed to
recondition it, the well had to be abandoned in
February 2006.
It was therefore decided to drill the IDDP-1,
the first full scale IDDP well within the Krafla
volcano in northeast Iceland. Observations

high temperature dry steam could be flowed
to the surface, so the well was completed with
casing to produce steam from the zone above
the magma.
A preliminary flow test began in March 2010,
and by July 2010 the well was producing some
30 kg/s of 330 °C dry superheated steam at
16.5 bar-g pressure. A full scale flow test was
initiated in 2011 and by early 2012 the well head
temperature had risen to 450 °C with a pressure
of >140 bar, and flow rate sufficient to generate
30-40 MWe of electricity at wellhead pressure of
40 bar. This is certainly the hottest and one of the
most productive geothermal wells in the world.
As a comparison, a typical high-temperature

The premise behind the IDDP is to drill deep into the roots of a
conventional high temperature hydrothermal system, to a depth at which
water at supercritical conditions occur
suggested that supercritical conditions existed
below 3.5 km so the plan was to drill down
to a depth of 4.5 km. In the summer of 2009
this depth should have been reached and the
first flow test would have been performed just
months later. However, the drilling operation
came to an abrupt halt in late June at a modest
2.1 km depth when drilling penetrated 900 °C
molten rock.

geothermal well produces only around 5-8 MW
of electricity from 300-330 °C wet steam.

WORLD’S HOTTEST GEOTHERMAL WELL

FUTURE PROMISE

Although the well was terminated at a depth
too shallow to reach supercritical pressures,
IDDP researchers took advantage of this
scientific opportunity, as Friðleifsson explains:
“Our response to the unexpected encounter
with magma is an example of serendipity in
science”. Only one previous instance of magma
flowing into a geothermal well while drilling
had been documented previously, and the
team decided to investigate if high pressure,

The IDDP has not lost sight of its primary goal
to drill down to and test a hydrothermal system
at supercritical conditions and the programme
intends to move forward. The project consortium
plans to drill well IDDP-2 in 2013–15, at the
Reykjanes geothermal system in south west
Iceland and IDDP-3 at Hengill some years later. In
addition, a basic pilot plant to study how best to
utilise the fluid at IDDP-1 for geothermal power
will be constructed.

The IDDP team believe it should be possible
to find reasonably shallow bodies of magma
elsewhere in Iceland and the world, wherever
young volcanic rocks occur. In the future these
could become attractive sources of renewable
energy.
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