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Dear Friends, Colleagues and Business Partners. 
 

"The UN report on climate change shocks the world".  
Such headlines recently appeared in the news all over the world. Until today, this report provides the most credible evidence of 

a human link to global warming - and hopefully finally shocks the world into taking more action.  
 

One of the key issues is the search for "clean", sustainable, economical viable and safe energy resources. Geothermal energy 
has the potential to become one of the key players in a modern, environmentally friendly energy mix.  However, geothermal 
energy is for sure not available "off the shelf". There will be no "quick-fix" solutions. Like for any other mining technology, its 
development is associated with technical challenges, financial and operational risks and its successful use requires a lot of 

operational experience. Listening to the "news" from the world wide geothermal community we hear a lot of very much varying 
experiences.   

 
We believe all this to be enough reason to have you all join us during the  

“First European Geothermal Review” in Mainz, Germany, October 29 - 31, 2007. 
 

We would like to openly debate all aspects, problems, opportunities and challenges of power production from geothermal 
energy with you. We want to share your and our experiences, listen to your problems and discuss solutions. In the US an 

interesting report was published giving a promising outlook into the future of enhanced geothermal technology (EGS) 
applications. Geothermal resources cannot be carried from one continent to another. We are bound to be linked to the ground 
beneath our feet. Therefore, we believe that communication links in our geothermal industry should be much less restricted for 

reasons of competition and professional secrecy than in any other energy industry. Let's make use of this advantage, let's jointly 
make geothermal stronger, more successful.  

 
Welcome in Mainz! 

 
 Jörg Baumgärtner & Your BESTEC team! 

 
 

 
 
 

Sehr geehrte Freunde, Kollegen und Geschäftspartner. 
 

UN Klimabericht – alarmierend! 
Solche oder ähnliche Schlagzeilen konnten wir alle in der vergangenen Woche der Presse entnehmen. Erstmals einigte sich 

der Klimaausschuss der Vereinten Nationen (IPCC) dabei auf eine Formulierung, wonach menschliches Handeln entscheidend 
zum Klimawandel beiträgt. Dieser Bericht sollte die Welt schockieren und die Regierenden zum Handeln drängen. 

 
Der Energiemix der Zukunft muss daher auf eine drastische Reduzierung der klimazerstörenden Treibhausgase setzen. Die 

Geothermie hat das Potential, sich deutlich an diesem Mix - auch bei der Stromerzeugung - zu beteiligen. Geothermie ist eine 
saubere Energie unter unseren Füßen. Geothermie ist jedoch nicht als Fertigprodukt zu haben. Geothermie ist eine 

Bergbautechnologie, mit allen technischen und finanziellen Risiken und Herausforderungen, wie sie auch bei anderen 
bergmännisch zu erschließenden Ressourcen auftreten. Vergleicht man weltweit die Nachrichten aus den verschiedenen 

Geothermieprojekten und Regionen, so ergibt sich ein Bild mit extremen Entwicklungsunterschieden, das diese nicht einfachen 
Randbedingungen widerspiegelt. 

 
Vor diesem Hintergrund haben wir Sie zu dem 

„First European Geothermal Review“ in Mainz, Rheinland Pfalz vom 29. – 31. Oktober 2007 eingeladen. 
 

Wir möchten mit Ihnen alle Aspekte, Probleme, Chancen, Potentiale und Herausforderungen bei der Nutzung der 
geothermischen Energie kontrovers diskutieren. Geothermische Ressourcen sind ortsgebunden, Erfahrungen beziehen sich 
oftmals auf lokale Strukturen, lassen sich nicht einfach übertragen. Dies eröffnet uns im Bereich der Geothermie die Chance, 
über Länder- und Firmengrenzen hinweg offen diskutieren zu können. Lassen Sie uns diesen Vorteil der Geothermie nutzen! 

 
Willkommen in Mainz! 

 
Jörg Baumgärtner & Ihr BESTEC team! 
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Successful strategies for achieving sustainable geothermal energy 
utilisation, avoiding adverse environmental effects, and assessing potential 

energy reserves
 

C. Bromley, L. Rybach, A. Jelacic, M. Mongillo 
 

IEA GIA 
 

c.bromley@gns.cri.nz 
 
ABSTRACT 
 
Strategies for long-term successful management of 
geothermal fields involve optimizing production and 
injection of fluids to sustain energy extraction. 
Avoidance of adverse environmental effects and 
promotion of beneficial effects is an important goal. 
The key to achieving a successful outcome is adaptive 
and flexible resource management rather than 
prescriptive regulation. A cost-benefit analysis of such 
strategies is also advisable as there may be an 
additional up-front cost. Sustainable development may 
involve cyclic utilization, with local depletion and 
recovery of pressures and temperatures, and recharge 
of fluid and heat from remote depths. Practical 
environmental enhancement strategies may include: 
improved discharges from surface thermal features 

using targeted shallow fluid injection or production, and 
creation of enhanced thermal habitats. Avoidance 
strategies may include pressure control to minimize 
the risks of large induced seismicity or subsidence, 
and treating or injecting toxic liquid or gas discharges. 
Sustainable utilisation strategies also need to be 
considered when undertaking geothermal resource 
assessments to determine probable or possible 
extractable energy reserves under various 
development scenarios.  International collaboration 
between IEA countries participating in the Geothermal 
Implementing Agreement has facilitated valuable 
exchanges of information and international experience 
with respect to these strategies. 

 
 
 
 

Geothermal energy for electric power production in China 
 

Y. Zhu 
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ABSTRACT 
 
To meet the rising energy demand of the country's 
booming economy, China is paying more and more 
attention to the development of renewable energies. 
Due to geological reasons, China has a huge 
prospective market for the use of geothermal energy. 
Geothermal energy could significantly contribute to 
China’s effort to move toward sustainable 
development. This paper describes the distribution, 
geological formation and local social conditions of high 
temperature sources in China where geothermal 
energy for electric power production at several 

geothermal sites in Tibet, Guangdong, Hunan and 
Yunnan provinces. The current situation of energy 
supply, the national high temperature geothermal 
resource and application, the geothermal energy 
market development, potential and development policy 
in China, as well as international cooperation on 
project feasibility studies, technical design and training, 
also the direct investment projects in China and 
expansion of European products in the Chinese 
market have been discussed.  
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Geothermal Exploration Opportunities in Eritrea 
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Key Words 
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ABSTRACT 
 
The Government of Eritrea is entirely dependent on 
imported oil for the production of its electricity. As a 
result, the production of geothermal electricity will 
decrease foreign exchange expenditures, provide 
energy security, and decrease GHG emissions. The 
Government has established a conducive environment 
for IPPs and investors. It sees its role as bringing 
project opportunities to the point where private sector 
companies and investors will become involved, carry 
them through to completion and ensure long term 
operation and sustainability. As a result of previous 
work carried out by the Ministry of Energy and Mines 
of Eritrea and the US Geological Survey (with the 
financial support of USAID) at the Alid Volcanic area. 
The Government of Eritrea wishes to pave the way for 
geothermal-based rural electrification through the 

installation of a pilot geothermal power plant at Alid 
and the identification of new prospects for additional 
geothermal plants in the future. The Government feels 
the best way to do this is to pursue a two pronged 
program that builds on the earlier work at Alid and 
includes (A) siting, drilling between 1-3 geothermal 
exploration wells and carrying out the related resource 
analysis and modeling at Alid and (B) implementing a  
geothermal reconnaissance survey to outline potential 
geothermal resources in Nabro-Dubbi zone in the 
eastern lowlands of Eritrea (along the Red Sea) where  
geothermal manifestations (fumaroles) have been 
identified. The regional survey should include 
appropriate geological, geochemical, and geophysical 
surveys. 

 
 
 
 

ENHANCED GEOTHERMAL SYSTEMS 
What have we learnt in 35 years? 

 
J. Garnish 

 
European Commission (retired) 

 
john_garnish@yahoo.co.uk 

 
ABSTRACT 
 
The term “Hot Dry Rock” has been supplanted in 
recent years by ‘Engineered’ (or ‘Enhanced) 
Geothermal Systems’ (EGS), defined in the recent MIT 
study as “all geothermal resources that are not 
currently in commercial production and require 
stimulation or enhancement”. 
     The technology has been under development for 
more than 35 years now, but to the outsider little has 
changed since the Fenton Hill team ran a 60kW 
generator for a short period in 1978. In fact, a great 
deal has been learnt in the intervening period and the 
results should become apparent within the next year or 
so. This paper presents a rather personal selection of 
the key points that have emerged and the principal 
issues that still need attention. None of the latter seem 
likely to be show-stoppers and all should be amenable 

to research once the first pilot plants begin operation, 
but one of the points that has emerged over the years 
is the danger of raising premature expectations. 
     Most of what has been learnt has come from three 
major field projects, at Fenton Hill, Rosemanowes and 
Soultz. First came recognition that deep crystalline 
rocks are not isotropic and impermeable.  Natural 
fracture systems - often water-bearing - persist to all 
depths, and dominate the structure of any reservoir 
that might be developed.  Next came the 
understanding that because stress fields are 
anisotropic, at least in strong crystalline rocks, the 
natural joints fail in shear at pressures far below those 
required to jack open new fractures. These two 
aspects have major implications for the techniques 
available to stimulate the prospective reservoir.   
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     A third, closely related, issue is the importance of 
the connectivity of the natural system. Many 
techniques are available to improve the 
communication between boreholes and the first few 
metres of the natural system, and a few techniques are 
able to influence the flow systems over distances of a 
few tens of metres but, as yet, we are unable reliably 
to affect the fracture network over the hundreds of 
metres inherent in the borehole separation of a full-
scale reservoir. No doubt appropriate techniques will 
be developed but at present, as with any other mining 
activity, our early efforts need to be directed towards 
those areas where nature has already done much of 
the work. That raises the question of how to prospect 
for connected fracture systems in basement several 
kilometres deep. In most cases, the only pointer we 
have at present is the presence of thermal anomalies 
indicating the existence of deep-seated convection 
and, by implications, a connected fracture system. 
     When developing a reservoir, the fact that fractures 
fail in shear gives us the only technique we have for 
following the development of the reservoir. Hundreds 
or thousands of microseismic events, locatable with a 
resolution of the order of 10 metres, provide a 
pragmatic if not yet precisely interpretable view of the 
developing system. Unfortunately, a very small number 
of these events may be large enough to be felt at 
surface. Though none (to date) have caused actual 
damage, they are nevertheless a cause for concern to 
nearby residents. If EGS systems are to fulfil their 
potential, most will have to be developed near centres 
of population. Work is underway to establish the 
conditions under which such felt events occur and 

methods of reducing or eliminating their occurrence 
but, in the meantime, it is clearly important to keep the 
local population fully informed if public perception is 
not to become a major barrier. 
     Despite the foregoing, enough has been learnt to 
give the confidence necessary for construction of a few 
commercial scale pilot projects, with a reasonable 
expectation that they will perform approximately as 
expected. However - and it is a big ‘however’ - no 
project has yet operated at full flow rate for more than 
a short period, and one thing is certain: the reservoir 
will evolve over time. It may well change for the better - 
and there is some evidence from the past projects that 
this can occur - but equally it may deteriorate, either 
through flow channelling or by internal precipitation. 
The only way to test this and to devise solutions if 
necessary is to operate the pilot plants for periods of 
several years.  Until that has been done, it is important 
not to raise premature expectations. In both USA and 
UK, the cause of HDR (as it was then known) suffered 
because politicians were allowed to expect more than 
the projects set out to provide. While a degree of 
industrial and commercial involvement in the next 
generation of projects is to be welcomed (and 
encouraged), any company prepared to invest large 
amounts of shareholders’ money at this stage probably 
doesn’t understand the question! History suggests that 
the scale of the backlash will be proportional to the 
level of disappointment, and it would be tragic if 
realizing the very real and important potential of EGS 
were to be set back by a decade or more because 
premature expectations were dashed. 
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ABSTRACT 
 
Australia’s vast hydrothermal and hot rock energy 
resources have the potential to become a very 
significant source of safe, secure, competitively-priced, 
emission free, renewable baseload power for centuries 
to come.  
     This potential combined with the evidence of risks 
posed by climate change is stimulating growth in 
geothermal energy exploration (drilling) and proof-of-

concept (flow tests) and demonstration power 
generation projects in Australia. 
     In the six years since the grant of the first 
Geothermal Exploration Licence (GEL) in Australia in 
2001, 19 companies have joined the hunt for 
renewable and emissions-free geothermal energy 
resources in 143 licence application areas covering 
approximately 149,000 km2. The associated work 
programs correspond to an investment of 
AUS$656 million (US$538 million), a tally which 
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excludes up-scaling and deployment projects assumed 
in the Energy Supply Association of Australia’s 
scenario for 6.8% (~ 5.5 GWe) of Australia's base-load 
power coming from geothermal resources by 2030. 
     Most investment is focused on hot rocks for 
enhanced geothermal systems (EGS) to fuel binary 
power plants. At least two companies are also focused 
on hydrothermal resources, also to fuel binary power 
plants.  
     The anticipated cost of EGS energy in Australia has 
been estimated at AUS$50–$60 (US$40–$50) per 
MWh. Without the pricing of carbon dioxide emissions, 
many forms of conventional energy generation such as 
coal and natural gas are more cost effective.  
     Geoscience Australia’s preliminary work suggests 
Australia’s hot rock energy between the shallowest 
depth corresponding to a minimum temperature of 
150°C and a maximum depth of 5,000 m is roughly 1.2 
billion PJ (roughly 20,000 years of Australia’s primary 
energy use in 2005), without taking account of the 
renewable characteristics of hot rock EGS. 
     Key advances scheduled for publication in 2008 
include: 
 
(1)  a national EGS resource assessment by 

Geoscience Australia;  
(2)  a roadmap for the deployment of geothermal 

energy projects through a joint effort by Australian 
State and Federal governments; and  

(3)  an Australian Federal Government’s Geothermal 
Industry Development Framework. 

 
     Standard investment management methods are 
proposed to steward efficient investment in learning 
curves on the road to commercialising Australian hot 
rock EGS projects. 
 
Introduction 
Australia’s vast geothermal resources (Fig. 1) fall into 
two categories: hydrothermal (from relatively hot 
groundwater) and hot rock resources (Fig.2). Where 
geothermal reservoir quality can be ‘engineered’, the 
results are called Enhanced Geothermal Systems 
(EGS). 
 

 
 
Figure 1: Map of estimated crustal temperature at 5 km derived from 
the Austherm database of Chopra & Holgate (2005). Image is 

©2007; Dr Prame Chopra, Earthinsite.com Pty Ltd Note: map is 
based on available (in places sparse) data that may not be a true 
reflection of subsurface temperature on a regional basis.  
 
     The majority of current and forecast investment to 
explore for and demonstrate the potential of, 
geothermal energy in Australia focused on EGS, but 
some companies are also exploring for hydrothermal 
resources in the Great Artesian, Gippsland and Otway 
Basins.  
 

 
 
Figure 2: Geothermal resources pyramid demonstrating the 
continuum from shallow, permeable hydrothermal systems to deep 
hot dry rock with reduced permeability. After Hillis et al, 2004. 
 
     In 2007, the Australian Federal government’s 
geological organisation, Geoscience Australia, 
concluded that Australia’s hot rock energy between the 
shallowest depth corresponding to a minimum of 
150°C and 5 km is roughly 1.2 billion PJ (~20,000 
years of Australia’s primary energy use in 2005), 
without taking account of the renewable characteristics 
of hot rock EGS. This figure will be further refined 
when the national EGS resource assessment is 
completed by Geoscience Australia in 2008. 
     EGS energy needs anomalously hot basement 
rocks to generate heat and insulating cover rocks to 
trap generated heat. Australia is endowed with 
anomalously radioactive Proterozoic granitoids, the 
best known example being the South Australian Heat 
Flow Anomaly (Fig. 7) where the mean heat flow is 
92±10 µWm-2 compared to a global average for 
continents of 51–54 µWm-2. Elsewhere in Australia, 
radiogenic iron oxides, hydrothermal systems, high-
heat producing granites of Archaean and Palaeozoic 
age, and hot depocentres associated with recent 
volcanic activity in the Otway Basin constitute other 
targets for geothermal energy exploration. 
 
Current use 
The only geothermal energy currently being generated 
in Australia emanates from a small binary power 
station located in Birdsville, Queensland (Fig. 3) has a 
sources of hot (98°C) hydrothermal waters at relatively 
shallow depths from the Great Artesian (also referred 
to as the Eromanga) Basin. The gross capacity of the 
plant, which is run by Ergon Energy, is 120 kW, and 
the plant has 40kW of parasitic losses. Total power 
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generation at Birdsville in 2006 was 2,034,615 kWh of 
which 715,182 kWh was provided by the geothermal 
power plant with the remainder provided by auxiliary 
diesel powered generators. Ergon Energy has 
commenced a feasibility study into whether it can 
provide Birdsville’s entire power requirements and 
relegate the existing LPG and diesel-fuelled 
generators to peaking.  
 
Status of Geothermal Energy Exploration 
Since the grant of the first Geothermal Exploration 
Licence (GEL) in Australia in 2001 through to end April 
2007, nineteen companies have joined the hunt for 
renewable and emissions-free geothermal energy 
resources in 143 licence application areas covering 
~149,00 km2 in Australia (Fig. 3). Supportive 
investment frameworks and quality geothermal 
resources are factors in 83% of geothermal licence 
applications and forecast national expenditures 
attracted to geothermal projects located in the state of 
South Australia. New geothermal legislation and calls 
for licence applications over the next 12 to 18 months 
are expected to attract considerable additional 
investment in geothermal projects in Western 
Australia, Queensland and the Northern Territory. 
     Since the drilling of Habanero 1 by Geodynamics 
Limited in 2003 through to end April 2007, nine 
geothermal wells have been drilled in Australia by four 
companies: Geodynamics Limited, Petratherm Limited, 
Green Rock Energy Limited and Scopenergy Limited, 
all within the state of South Australia. A summary of 
these drilling operations is provided below. At the time 
of writing of this paper, an eight well program had 
commenced in the Lake Frome region of South 
Australia by Geothermal Resources Limited. In 
addition, further geothermal exploration drilling is 
expected to be undertaken by Torrens Energy and 
Eden Energy over the period 2007 - 2008. 
 

 
 
Figure 3: Geothermal licences, applications and licence application 
areas. 
 
Geodynamics Limited 
The most significant advancement in terms of 
demonstrating the potential of Hot Fractured Rock 
(HFR) energy in Australia is Geodynamics’ drilling, 

fracture stimulation and flow testing of two wells that 
are 500 m apart near Innamincka in the Cooper Basin 
(Fig. 3) in northeast South Australia: Habanero 1 (Total 
Depth: 4,421m) and Habanero 2 (total depth: 4,357m). 
The Habanero Project was the first and remains the 
most advanced Hot Rock ‘proof of concept” project in 
Australia. Flow of geothermally heated formation 
waters (20,000 ppm Total Dissolved Solids) at a 
maximum rate of 25 litres/second to surface at (up to) 
210ºC was achieved in 2005. The geothermal 
reservoir is a water-saturated, naturally fractured 
basement granite (250°C at 4,300 m as reported by 
Geodynamics) with permeability that was effectively 
enhanced by fracture stimulation. 
     Two fractured reservoir zones are present in the 
Habanero wells: an upper less permeable zone at 
4,200 m; and a lower more permeable zone below 
4,300 m. An obstruction in Habanero 2 (the intended 
production well) interfered with a planned flow test of 
the main fractured reservoir below 4,300 m while the 
less-productive upper fractured reservoir zone at 
4,200 m remained accessible. To conclude a 
circulation test of the main fracture zone, 
Geodynamics drilled a sidetrack borehole around the 
blockage in Habanero 2. The sidetrack progressed to a 
depth 100 m above the target reservoir when the drill 
bit became stuck. Attempts to conclude drilling 
operations in the Habanero 2 sidetrack were 
abandoned in June 2006. Geodynamics now plans to 
drill Habanero 3 in the 3rd quarter, 2007. Habanero 3 
will be an 8 ½ inch hole through its HFR reservoirs 
(compared to 6 inch through reservoirs in Habanero 2). 
Following the drilling of Habanero 3, a flow test with 
tracer injection between Habanero 1 (the intended 
injection well) and Habanero 3 (the intended 
production well) is planned as a further step towards 
demonstrating commercial viability. The horizontal 
extension of stimulated reservoirs at the Cooper Basin 
site lends itself to multi-well developments. 
Geodynamics’ HOTROCK 40 project entails a 
proposed 7-well, 40 MWe power station. The 7 wells 
will include 3 injection wells and 4 production wells up 
to 1km apart. This will be an important milestone for 
the demonstration of EGS from HFR in Australia and a 
stepping stone towards commercialising vast 
renewable and emissions-free geothermal energy 
supplies to meet Australia’s future baseload energy 
requirements. Geodynamics believes that a successful 
flow test between Habanero 1 and 3 will lead to large-
scale development of an extensive area of more than 
1,000 km2 where rock temperatures, stress conditions 
and rock properties are extensive and favorable for 
geothermal energy production. Two Australian Stock 
Exchange (ASX) listed companies with extensive 
upstream petroleum interests (Origin Energy and 
Woodside Limited) are cornerstone investors in 
Geodynamics. 
 
Petratherm Limited 
Petratherm has drilled two wells to establish thermal 
gradients down to about 600 m above exceptionally 
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high heat producing granites in South Australia. 
Results from both wells were encouraging, with the 
Callabonna and Paralana sites (Fig. 3) respectively 
exhibiting 68 and 81°C/ km thermal gradients. In June 
2006, the phase-2 drilling program at Paralana was 
successfully completed with the geothermal test well 
being extended to 1,807 m. Temperature logging of 
the well suggests a world class thermal resource is 
located at Paralana, with extrapolations indicating 
200ºC can be expected at a depth of 3, 600 m within 
insulating sedimentary rocks that area susceptible to 
fracture stimulation.  
     Petratherm refers to this play concept as Heat 
Exchange Within Insulator (HEWI). High heat 
producing basement rocks are a prerequisite for high 
quality HEWI plays. Petratherm next plans to drill and 
fracture stimulate its first injection well at Paralana to 
approximately 3,600 m depth and then drill and 
fracture stimulate a second well. The company then 
plans to create an underground HEWI system with the 
circulation of water between the two Paralana project 
wells to demonstrate hot rock EGS energy production 
from an initial small scale power plant that will supply 
up to 7.5 MW to a growing electricity market 10 km 
away at the Beverley Uranium Mine. This plan is the 
subject of a Memorandum of Understanding between 
Petratherm and the owners of the Beverley Mine, 
Heathgate Resources. An ASX-listed upstream oil and 
gas company (Beach Petroleum) has taken an equity 
position in the Paralana project. 
 
Green Rock Energy 
Green Rock drilled Blanche 1 (Fig. 3) to 1,935 m 
(718 m of sedimentary rocks and 1,216 m of 
homogenous hot granite) 8 km from the giant Olympic 
Dam mine in South Australia in 2005. The target 
granite is interpreted to persist to depths of 6,000 m 
over an area of about 400 km2 and represents a 
potential geothermal resource in excess of 1,000 
MWe. Cores and wireline logs from Blanche No 1 
suggested natural fractures exist.  
     Green Rock plans to undertake a mini-fracture 
stimulation program in Blanche 1 to optimize the 
design of a deep well stimulation. 
 
Scopenergy 
In the first quarter of 2006, Scopenergy drilled 3 slim-
hole wells near Millicent and Beachport in southeast 
South Australia (Fig. 3) to determine geothermal 
gradients and confirm several large scale heat flow 
anomalies previously measured in 19 petroleum 
exploration wells and 26 water wells in the vicinity of its 
tenements. In mid 2006 the company completed 
temperature logging of its 3 wells: Heatflow 1A, 3A and 
4. Poor recovery of core samples from unconsolidated 
sediments and highly variable lithology affected the 
reliability of thermal conductivity measurements and 
hence, estimates of heat flow.  Scopenergy is now 
considering whether to undertake a 3D seismic 
program to better define drilling targets prior to drilling 
its first production scale hole to reservoir depth.  

Industry Expenditure on Geothermal Research 
Projects 
All Australian geothermal industry field expenditure to 
date is classed as research and is estimated at 
AUS$29 million (US$24 million) for the calendar year 
2006.  This represents an 11% increase of AUS$3 
million (US$2.5 million) from the previous year. A 97% 
increase (to AUS$45 million or US$37 million) is 
forecast for 2007. Historical, current and projected 
expenditure for 2007 are highlighted in Figure 4. 
 

Growth in geothermal licences and expenditure in 
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Figure 4: Geothermal Licence applications and exploration 
expenditure, 2000 to 2007. Source PIRSA. 
 
Trends in Geothermal Investment 
Assuming success in demonstration and proof of 
concept projects, the Electricity Supply Association of 
Australia concluded that 6.8% of all Australia’s power 
could come from geothermal energy by 2030 under a 
“scenario that assumes no nuclear power and 
(CO2)emissions reduced to 70% of 2000 levels by 
2030”. The forecast 6.8% represents 5.5 GW in 
generating capacity from EGS. At roughly 2% growth, 
Australia’s power demand will grow from 
approximately 50 GW current generation capacity to 
approximately 80 GW in 2030. 
      

Efficiency 
frontier

Source:  Electricity Supply Industry Planning Council 2006 Annual Planning Report, 
http://www.esipc.sa.gov.au/webdata/resources/files/APR_Final_for_Website.pdf

Efficiency 
frontier

Source:  Electricity Supply Industry Planning Council 2006 Annual Planning Report, 
http://www.esipc.sa.gov.au/webdata/resources/files/APR_Final_for_Website.pdf

GS = geosequestration (clean coal)

CF = capacity factor

 
 
Figure 5: CO2 emissions (Kg/MWh) on the vertical axis versus costs 
to generate electricity (AUS$/MWh) on the horizontal axis to indicate 
relative costs and CO2 emissions from various fuels, with and 
without carbon capture and geosequestration (GS). Capacity factors 
(CF) are the proportion of annual hours online generating electricity. 
Source: Electricity Supply Industry Planning Council 2006 Annual 
Planning Report. At time of publication AUS$1 = US$0.82. 
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     Figure 5 illustrates the current costs of power 
generation from alternative fuels, including geothermal, 
coal, wind, gas and nuclear energy. At this point in 
time, coal and gas are the most competitively priced 
fuels for electricity generation. 
     In a global market with carbon pricing, geothermal 
energy is likely to be a significant growth industry. The 
anticipated cost of EGS energy in Australia has been 
estimated at AUS$50–$60 (US$40–$50) per MWh 
(ESIPC, 2006). Without carbon pricing, many forms of 
conventional energy generation such as coal and 
natural gas are more cost effective.  In May 2007, the 
Australian Federal Government indicated that a 
National Emissions Trading Scheme could be 
introduced from 2012. 
 
Progress towards Commercialisation of 
Geothermal Energy 
There have been a number of Federal and State 
Government initiatives to foster investment in 
geothermal energy exploration, and proof-of-concept, 
and demonstration projects, on the road to the 
commercialisation of geothermal energy resources.  
These initiatives include: 
- Stimulating significant exploration and proof-of-

concept investment with attractive legislation, 
policies and programs. To date, the Australian 
Federal Government allocated grants totaling 
AUS$27 million (US$22 million) and South 
Australian Government has allocated ~AUS$1 
million (US$820,000) in grants for geothermal 
exploration and proof-of-concept projects; 

- The direction of part of the AUS$59 million (US$48 
million) Federal Government’s Onshore Energy 
Security Program in 2006-2011 towards the 
provision of precompetitive geoscience data for the  
advancement of geothermal energy; 

- Membership in the International Energy Agency’s 
Geothermal Implementing Agreement (GIA) 
Research Cluster; 

- The establishment of a whole-of-sector interest 
group, the Australian Geothermal Energy Group 
(AGEG), to provide support for Australia’s 
membership in GIA and facilitate engagement with 
the international geothermal community; and  

- The Australian Federal Government’s Geothermal 
Energy Development Framework announced in 
March 2007, which will result in the publication of a 
roadmap for the development of Australia’s 
geothermal resources.  

 
In May 2007, corporate members of the AGEG have 
agreed to create a geothermal industry directorate 
under the auspices of the Renewable Energy 
Generators of Australia (REGA). 
 
Australian Geothermal Energy Group (AGEG) 
The AGEG formed in late 2006. As of May 2007, the 
AGEG’s members include representatives from 23 
companies (including all Geothermal Exploration 
Licence holders in Australia), the Australian Federal 

Government, all Australian State and the Northern 
Territory governments, the CEO of the Renewable 
Energy Generators of Australia, and well-respected 
researchers from 6 academic institutions, with more 
likely to join in 2007-2008. The AGEG’S vision is for 
geothermal resources to provide the lowest cost 
emissions-free renewable base load energy for 
centuries to come. The AGEG’s Terms of Reference 
are: 
 
1. Provide support for Australia’s membership in the 

IEA’s Geothermal Implementing Agreement (GIA) 
and facilitate engagement with the international 
geothermal community. 

2. Foster the commercialisation of Australia’s 
geothermal energy resources. Collectively: 
- Cooperate in research and studies to advance  

geothermal exploration, proof-of-concept, 
demonstration and development projects; 
- Cooperate to develop, collect, improve and 

disseminate geothermal-related information; 
- Identify opportunities to advance geothermal 

energy projects at maximum pace and minimum 
cost; and 
- Disseminate information on geothermal energy 

to decision makers, financiers, researchers and 
the general public (outreach). 

 
To foster the achievement of these objectives, the 
AGEG has recently established Technical Interest 
Groups (TIGs) that are outlined in Table 1.  
 
Research Activities 
The principal focus topics of Australian research relate 
to: 
- Identification and targeting of locations with high 

potential for the development of Enhanced 
Geothermal Systems; 

- Reserve and resource definitions; 
- Assessment of technologies (including numerical 

simulation techniques) with high potential to 
minimize costs and maximize efficiencies in the 
development of EGS; and 

- Environmental impacts of developing EGS, 
including potential induced seismicity that can be 
associated with the fracture stimulation of 
geothermal reservoirs. 

 
Table 1:  The AGEG’s Technical Interest Groups. 
 

 AGEG 
Technical 
Interest Group 
(TIG) 

Purpose 

1 Land Access 
Protocols 
(induced 
seismicity, 
emissions, 
native title, etc) 

Mirrors IEA Geothermal Implementing 
Agreement research annex 1. 
Management of environmental concerns 
and potential impacts of geothermal 
energy and devises protocols to avoid 
or minimize impacts.  

2 Reserves and 
Resource 
(Definitions) 

Align with similar International forums  
 

3 Policy Issues Advice to Governments.  
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Industry Forum 
Whole-of-
Sector Forum 

 

4 Enhanced 
Geothermal 
Systems 
 

Mirrors IEA Geothermal Implementing 
Agreement research annex III 
Investigate technologies for enhancing 
geothermal reservoirs for commercial 
heat extraction.  

5 Interconnection 
with Markets  

Transmission, distribution, network, 
National Electricity Market issues  

6 Geothermal 
Power 
Generation 
 

Mirrors IEA Geothermal Implementing 
Agreement research annex VI (Ormat, 
Italy, Australia). Develop scenarios as a 
basis for comparison of cycles, plant 
performance and availability, economics 
and environmental impact and 
mitigation. The output would be a 
database and guidelines of best 
practice.   

7 Direct Use of 
Geothermal 
Energy 
(including  
geothermal 
heat pumps) 

Mirrors IEA Geothermal Implementing 
Agreement research annex VIII. This 
annex address all aspects of the 
technology related to geothermal energy 
being used directly as heat, with 
emphasis on improving implementation, 
reducing costs and enhancing use  

8 Outreach 
(Including 
Website) 
 

Create informed public through 
accessible information. Provide 
educational kits for media, all levels of 
schooling and university education.  

9 Data 
management 

Database design, contents and ongoing 
enhancements.  

10 Wellbore 
operations 
 

In part Mirrors IEA Geothermal 
Implementing Agreement research 
Annex VII. Cover drilling, casing, 
logging, fracture stimulation, testing, etc 

 
     In 2005, the Primary Industries and Resources 
South Australia (PIRSA) commissioned the Australian 
School of Petroleum at University of Adelaide to 
undertake a research study of potential induced 
seismicity associated with the fracture stimulation of 
ESG wells in the Cooper Basin. The results of this 
study are detailed in Hunt et al. (2006).  
     Key conclusions are: 
- The Cooper Basin in South Australia is ideally 

suited to EGS activities in terms of natural 
background seismicity levels; 

- Reactivation of any basement faults in the region 
is unlikely in the vicinity of the Habanero Site; and 

- Induced seismic events at the Habanero well site 
in the Cooper Basin fall below the background 
coefficient of ground acceleration (0.5 g) thereby 
not exceeding the government’s current building 
design standards for peak ground acceleration. 

 
     The static stress damage zone would not be 
expected to have any impact on identified local 
structural features. This is due to the nearby faults 
being beyond the reach of the induced seismicity 
associated with EGS activity.  PIRSA will fund similar 
studies in other prospective EGS provinces (in the 
State of South Australia) to develop trustworthy 
protocols for assessing the potential risks of induced 
seismicity.  
     Operators of geothermal energy projects in South 
Australia will then have a credible foundation to 

develop or their own hazard management strategies to 
avoid negative impacts from induced seismicity. 
PIRSA’s regulatory aim is two-fold: (1) foster robust 
risk-management frameworks and (2) sustain 
widespread, multiple-use land access for geothermal 
energy projects by attaining stakeholders’ confidence 
that regulated activities undertaken by companies will 
deliver safe and sustainable operations. 
 
Key Steps that will Drive the Commercialisation of 
Geothermal Energy in Australia 
- Geothermal exploration, proof-of-concept and 

demonstration projects (fostered with government 
grants); 

- Attractive, appropriate investment frameworks in 
all Australian jurisdictions; 

- Research and sharing lessons learnt to reduce 
critical uncertainties (nationally and 
internationally); 

- A national roadmap for geothermal energy to guide 
the path for hot rock geothermal energy to meet a 
significant part of Australia’s power demand by 
2030; and 

- Geoscience Australia’s Onshore Energy Security 
Project - which will provide salient national maps, 
enabling data management tools, and a readily 
assessable national database for geothermal 
energy information. 

 
Geothermal Industry Development Framework 
The Australian Federal Government instigated a 
Geothermal Industry Development Framework in 
March 2007. Work will be completed in 2008, and 8 
distinct outputs are planned as follow: 
- Geothermal Technology Roadmap 
- Assessment of the training and skills development 

infrastructure of the geothermal sector 
- Assessment of the legislative and regulatory 

framework governing the geothermal sector 
- Analysis of private sector and government 

financing structures supporting the geothermal 
sector 

- Geothermal resource assessment and definitions 
- Geothermal industry communication strategy 
- Geothermal Industry Map 
- Synthesis - Geothermal Industry Development 

Framework 
 
Drafts will be the subject of national and international 
peer review prior to publication of outputs. 
 
Geoscience Australia Onshore Energy Security 
Program 
A part of the Australian Federal Government 2006–11, 
$58.9 million Onshore Energy Security Program will 
enable Geoscience Australia to acquire precompetitive 
data and conduct research in support of geothermal 
energy exploitation. Key activities will include: 
- consolidation of existing geothermal data 

acquisition of additional, infill (precompetitive) 
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geothermal and cognate data (including new 
thermal conductivity and heat flow measurements); 

- assessments leading to a new detailed hot 
fractured rock model (map) with refined gridding 
techniques, and constructing an information 
system for the dissemination of geothermal and 
associated data; 

- acquisition of 140 000 line km of new radiometric 
data; and 

- develop play maps that will characterize the key 
geologic factors that determine the extent of EGS 
plays, as part of a national EGS resource 
assessment, expected to be published in 2008. 

 
Geothermal Play Concepts –Assessing Geologic 
and Economic Adequacy 
A large number of distinctly different geologic settings 
are now being explored to define ‘sweet-spots’ where 
deep drilling can prove that all the conditions 
necessary for economically viable hot rock energy are 
extensive in several parts of South Australia.  
     The portion of these exploration drilling projects that 
prove that sufficiently hot rocks exist within reasonable 
drill depths will then (probably) progress to flow tests, 
to prove locally that an EGS play is at least adequate 
to flow high temperature fluids at significant rates, 
fulfilling the objective of that proof-of-concept phase on 
the path to commercializing EGS resources. 
     The portion of plays proved locally to have the 
capacity to flow at potentially economic rates can then 
move into a pre-competitive demonstration phase on 
the path to proving hot rock (EGS) reserves, as a 
precedent to justify development. 
     Successful path-finder hot rock projects are 
expected to stimulate competitive investment across 
Australia. 
     Given this as background, and based on the 
AUS$100+ million (US$82+ million) already invested in 
hot rock projects in Australia, the Australian 
Geothermal Energy Group (AGEG) forecasts: 
- At least 10 successful research (exploration 

drilling) and proof-of-concept (heat energy is 
flowed) geothermal projects by 2010. This will be 
enabled with government grants and frameworks 
that stimulate pre-competitive, ‘learn-while-doing’ 
investment to pull low emissions and renewable 
energy technologies through costs-curves, towards 
market-competitive energy supplies. 

- Several geothermal power generation 
demonstration projects in distinctively different 
geologic settings in the coming years, and at least 
3 by 2012, if governments provide sufficient ‘pull’ 
for pre-competitive, ‘learn-while-doing’ investment 
in the demonstration of low emissions and 
renewable energy technologies, and hot rock 
geothermal, in particular. 

- Compelling success with geothermal power 
generation demonstration so the investment 
community is convinced hot rock EGS is real by 
2012, again, if governments provide sufficient ‘pull’ 
for pre-competitive, ‘learn-while-doing’ investment 

in the demonstration of low emissions and 
renewable energy technologies, and hot rock 
geothermal, in particular. 

- Realising the vision of safe, secure, reliable, and 
the lowest-priced renewable and emissions-free 
base load power from geothermal energy for 
centuries to come, with at least 7% of base-load 
demand from hot rock power by 2030. 

 
     Standard investment management methods 
including the aggregation of risk-weighted (expected) 
net present values will inevitably be applied to steward 
funding for efficient and effective exploration, proof-of-
concept and pre-competitive demonstration projects on 
the road to commercializing corporate and national 
portfolios of hot rock resources. 
     A coherent portfolio approach is posed to 
constructively influence corporate strategies and 
government policies (and programs) to commercialize 
vast EGS plays efficiently, at maximum pace and 
minimum cost. The methodology posed enables 
consistent estimates of the costs and benefits of 
precompetitive learning-while-doing (learning curves) 
through research (drilling), proof-of-concept (flow 
testing) and demonstration (pre-competitive power 
generation) phases of hot rock EGS projects. 
     The method is presented as a hypothetical scenario 
of three distinct yet-to-be proven hot rock play-trends 
with potential to be economically viable EGS projects. 
The methods are as defined by Capen (1992) and 
Rose (1992) for dealing with exploration uncertainties 
and estimating the chance of economic success in 
petroleum exploration. These methods are well 
recognized as world’s best practice for petroleum 
exploration, and have been proven to be effective in 
managing geologic uncertainties in very competitive oil 
and gas markets. 
 
The Method 
Three key geologic factors need be at least adequate 
quality for the hot rock EGS plays to exist. These three 
factors are: 
- sources of heat in the form of radiogenic, high 

heat-flow basement rocks (mostly granites);  
- insulating strata to provide thermal traps; and 
- permeable fabrics within insulating and basement 

rocks that are susceptible to fracture stimulation to 
create geothermal reservoirs. 

 
Paraphrasing Rose (1992), experts can assess the 
likelihood of key geologic factors being at least 
adequate within a defined area, and estimate the 
chance that a hot rock play exists. 
     This calculation does not address the size of the 
resource, just the likelihood that all necessary 
conditions that are favorable for geothermal energy to 
accumulate in permeable rocks (or rocks susceptible 
to fracture stimulation) in a particular location.  
In a situation where all wells have found a hot rock 
resource, and geothermal reservoirs have been 
developed, the likelihood of each of these factors 
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being adequate in the drilled area can be assessed to 
be 100%, and the chance of encountering at least 
adequate geology is also 100%.  
     Where insufficient information is available to have 
such high certainty, the chance of geologic adequacy 
will be less than 100%, and can be estimated from the 
serial product of factor adequacy assignments. For hot 
rock EGS plays, the serial product of the chance for at 
least adequate quality for three key factors (heat 
source, heat trap and heat reservoir) is proposed as 
the chance for (an at least adequate) hot rock EGS 
play to exist over the area where the factor adequacy 
assignments apply. 
     As defined by Rose (1992), the serial product of 
key geologic factor adequacy is the chance for 
geologic success.  
     Further assessment of the likelihood of economic 
success can take into account the minimum necessary 
well flow rates required to underpin a break-even 
(threshold economic) net present value outcome 
based on all forecast (scenario) costs (CAPEX and 
OPEX) and revenues (pre- and post tax and 
depreciation) for research (including exploration 
drilling), proof-of-concept flow tests, pre-competitive 
demonstration of EGS, appraisal projects to convert 
geothermal resources to a proven reserve status, 
marketing, development, transmission, distribution and 
finally sales to end-users. Factors such as cost of 
capital and the extent of integration across the supply: 
demand chain will differ between companies. On this 
basis, the estimated chance of attaining target heat 
flow rates (expressed as a threshold litres/second rate 
of flow to surface at a threshold initial temperature) is 
proposed as a fourth factor quality estimate that 
enables the quantification of the chance for at least a 
break-even economic result. 
     In summary, the product of the chance of geologic 
success and the chance for threshold economic heat 
flow rates is offered as an estimate of the chance for at 
least break-even (economic) success. This is the 
chance that all the factors that characterize a particular 
EGS play as favorable for both (1) geothermal energy 
to have accumulated in a particular location and (2) 
economic production rates. Estimates of resource and 
reserve volumes to various levels of certainty for use in 
discounted (for time value) cash flow scenarios to 
express a mean (average) net present value come 
from other methods that are not addressed here, but 
will be addressed in future publications. 
     Taking this another step, net present values for an 
average or mean full-cycle EGS production scenario, 
and estimates of the chance of economic success for 
an EGS play-trend enable estimates of expected 
values and a portfolio approach to investment in EGS 
plays. This methodology is illustrated by way of a 
hypothetical example. 
    
     Say, for EGS Play A, the likelihood (expressed as a 
probability, P) for each of the four key hot rock EGS 
factors are as follow: 
 

Hot Rock Play A 
EGS Factors Descriptions 

 
P heat source   =  90% 

 

Very certain radiogenic granites at 
depth, given ≥210ºC at target depth is 
assumed minimum adequacy for heat 
exchange efficiency. 

P heat trap      =  90% Insulating strata at depth very certain 
 
P heat reservoir =  50% 

 

Prevailing stress regimes favor natural 
fractures, but no local well control. 
Critical uncertainty 

 
P heat flow rate  = 50% 

 

Minimum threshold flow estimated to be 
75 l/s at ≥200ºC at surface 

 
In this example: 
 
the chance for EGS play geologic success (i.e. the 
probability of geological success Pg)  

= (P heat source x P heat trap x P heat reservoir) 
= 90% x 90% x 50% = 40.5% 

 
the chance of geologic inadequacy is the complement 
of Pg, that is, 

= 100% - Pg = 100% - 40.5% = 59.5%. 
 
the chance of a technical success (i.e. a geologic 
success with inadequate flow rate) is thus, 

= (1- P heat flow rate) x Pg = (100% – 50%) x 40.5%  
= 20.25% 

 
and the chance for an economic success (i.e. the 
probability of economic success Ps) is 

= (P heat source x P heat trap x P heat reservoir x P heat flow rate) 
= 90% x 90% x 50% x 50%) = 20.25% = Ps 

 
This may be illustrated using a decision-tree format as 
shown in figure 6. 
 

Geologic Inadequacy = 59.5%. Say cost 
of failure is $10 million

Geologic Adequacy but  < Threshold Flow 
Rate = 20.25%
Say incremental cost of unsuccessful fracture 
stimulation is $2 million

Economic Adequacy = 20.25%
Say NPV of mean success case is $50 
million for a single area within a play 
trend.  The NPV for the mean success 
case for the entire play trend is $500 
million

Chance of economic failure = 20.25% + 
59.5% = 79.75%

Sum of probabilities = 100%

Geologic Inadequacy = 59.5%. Say cost 
of failure is $10 million

Geologic Adequacy but  < Threshold Flow 
Rate = 20.25%
Say incremental cost of unsuccessful fracture 
stimulation is $2 million

Economic Adequacy = 20.25%
Say NPV of mean success case is $50 
million for a single area within a play 
trend.  The NPV for the mean success 
case for the entire play trend is $500 
million

Chance of economic failure = 20.25% + 
59.5% = 79.75%

Sum of probabilities = 100%  
 
Figure 6. Decision-tree for hypothetical EGS Play A.  
 
In this case (figure 6), the simplified pre-drill expected 
net present value to drill and fracture stimulate a well 
in EGS Play A is $0.56 million and calculated as 
follows: 

= (Ps for Play A mean resource) – ((1- Ps) x NPV of 
well operations with post-frac flow tests) 

= {20.25% x $50,000,000} - {$12,000,000 79.75%) 
= $560,000 Expected Net Present Value 
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If the success scenario NPV of the entire play trend is 
much greater than $50 million, the expected value of 
the information to be gained by drilling to test EGS 
Play A will be commensurately greater. 
 
Value of Information 
Say the unrisked net present value for the entire play 
that can be addressed with the drilling of one deep well 
is $500 million, and if successful, the implication are 
for: 

P heat reservoir to move from 50% to 75%; and 
P heat flow rate to move from 50% to 75%. 

 
In this example  
 
the chance for EGS play geologic success (Pg) 
 = 90% x 90% x 75% = 60.75% 
 
the chance of geologic inadequacy is the complement 

of 60.75% i.e. 39.25%. 
 
the chance of EGS technical success  

=P heat flow rate) x Pg  = (100% – 75%) x  60.75%  
= 15.19% 

 
the chance for EGS economic success 

 = Pg (60.75%) x P heat flow rate  (75%) = 45.56% 
 
This is illustrated with in a decision-tree format in 
figure 7. 
 

Geologic Inadequacy after successful 
exploration and flow tests shifts from 
59.5% to 39.25%. Say cost of failure is $10 
million

Geologic Adequacy but  < Threshold Flow 
Rate after successful exploration and flow 
tests shifts from 20.25% to 15.19%
Say incremental cost of unsuccessful 
fracture stimulation is $2 million

Economic Adequacy after successful 
exploration and flow tests shifts from 
20.25% to 45.56%
Say the NPV for the mean success case for 
the entire play trend is $500 million

After successful exploration and flow tests, the chance of 
failure shifts from {20.25% + 59.5%} = 79.75% to {15.19% + 
39.25%) = 54.44%
Sum of probabilities = 100%

Geologic Inadequacy after successful 
exploration and flow tests shifts from 
59.5% to 39.25%. Say cost of failure is $10 
million

Geologic Adequacy but  < Threshold Flow 
Rate after successful exploration and flow 
tests shifts from 20.25% to 15.19%
Say incremental cost of unsuccessful 
fracture stimulation is $2 million

Economic Adequacy after successful 
exploration and flow tests shifts from 
20.25% to 45.56%
Say the NPV for the mean success case for 
the entire play trend is $500 million

After successful exploration and flow tests, the chance of 
failure shifts from {20.25% + 59.5%} = 79.75% to {15.19% + 
39.25%) = 54.44%
Sum of probabilities = 100%   

 
Figure 7.  Decision-tree for value of information associated with a 
hypothetical EGS Play A.   
 
In this particular case the value of the information 
gained from a successful exploration (research) and 
flow test (proof-of-concept) result in EGS Play A is the 
shift in expect value, which is illustrated in figure 7. 
The value of the information gained from a successful 
exploration and flow test result in a well that increases 
certainty in the prevalence of EGS Play A reservoirs is 
estimated as follows: 
 
Pre-drill Expected NPV for Hypothetical EGS Play A 

{20.25% x $500 million unrisked NPV for EGS Play A} 
- {$12 million x 79.75%} = $91.68 million 
 
Post drill Expected NPV for Hypothetical EGS Play A 
{45.56% x $500 million unrisked NPV for EGS Play A} 
- {$12 million x 54.44%} = $221.27 million 
 
The value of this information is very large, and can be 
estimated to be the difference between the pre- and 
post-drill expected net present values expressed 
above. 
     Let us for a moment assume we have three 
independent EGS play-trends to explore with 
characteristic play-trend geologic factor adequacies as 
displayed below – then we can determine the chances 
that EGS plays will be at least geologically adequate, 
geologically inadequate, geologically adequate but 
short of threshold economic heat flow rates and 
economically successful. 
 

Portfolio: Play A 

Factors 
Chance  

of 
Adequacy  

Chance  
of 

Inadequacy  
Pheat source 90% 10% 
Pheat trap 90% 10% 
Pheat reservoir 50% 50% 
P heat flow rate 50% 50% 
 Play A 

Pgeologic success = Pg 
(90% x 90% x 50%) 

= 40.50% 
Pgeologic failure = 1-
Pg 

(1-40.50%) 
= 59.50% 

P technical success 
40.50% x (1-50%) 

= 20.25% 

P technical failure 
(1-20.25%) 
= 79.75% 

Peconomic success = 
Ps 

(40.50% x 50%) 
= 20.25% 

Peconomic failure = Pf 
(1-20.25%) 
= 79.75% 

 
Play B Play C 

Chance  
of  

Adequacy  

Chance  
of 

Inadequacy 

Chance  
of  

Adequacy 

Chance  
of  

Inadequacy 
90% 10% 50% 50% 
90% 10% 90% 25% 
75% 25% 50% 50% 
25% 75% 25% 75% 

Play B Play C 
(90% x 90% x 75%) 

= 60.75% 
(50% x 90% x 50%) 

= 22.50% 
(1-60.75%) 
= 39.25% 

(1 - 22.50%) 
= 77.50% 

60.75% x (1-25%) 
= 45.56% 

22.50% x (1-25%) 
= 16.88% 

(1-45.56%) 
= 54.44% 

(1-16..88%) 
= 84.22% 

(60.75% x 25%) 
= 15.19% 

(22.50% x 25%) 
= 5.63% 

(1-15.19%) 
= 84.81% 

(1 – 5.63%) 
= 94.38% 

 
First - if assignments are made in a consistent way - 
this provides a tool for ranking plays. 
Second - if assignments are made in a consistent way 
- this enables estimates of the chance that exploring all 
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three play trends will result in at least one geologically 
adequate EGS play being discovered as follows: 
 
1 - {Probability geologic inadequacy for A x Probability 

geologic inadequacy for B x Probability geologic 
inadequacy for C} 

 
     In this hypothetical example, the chance of finding 
at least one EGS play that will flow to economic 
expectations. is estimated as follows: 

 
100% – (79.75% x 84.81% x 94.38) = 36% 

 
     Funding exploration through demonstration of an 
independent fourth EGS play trend would inevitably 
increase the chance of demonstrating at least one 
economically attractive resource. 
The likelihoods for success in EGS can be integrated 
estimates of EGS resource sizes and corresponding 
estimates of net present value for EGS development 
scenarios to formulate a portfolio management system. 
     This form of logic can assist companies and 
governments in ascertaining appropriate multi-year 
budgets to support the exploration and demonstration 
phase of alternative EGS plays. This form of logic is 
routinely applied in managing portfolios of upstream 
petroleum ventures, and can assist companies and 
governments in their process for planning multi-year 
budgets for the exploration and proof-of-concept and 
demonstrations phases of several prospective hot rock 
plays in Australia. 
 
Milestones Ahead on the Road to the Vision of 
Commercialised Geothermal Energy 
The Australian geothermal Energy Group (AGEG) has 
considered the future of EGS play exploration and 
demonstration projects in Australia and suggests it is 
reasonable to expect: 
 

• At least 10 successful research (exploration) 
and proof-of-concept (i.e. heat energy is 
flowed) geothermal projects are in place by 
2010; 

• At least 3 geothermal power generation 
demonstration projects in distinctively different 
geologic settings are achieved by 2012; 

• Compelling success with geothermal power 
generation demonstration so the investment 
community is convinced that geothermal 
energy is reliable by 2012; and 

• Safe, secure, reliable, competitively priced, 
renewable and emissions-free base-load 
power from geothermal energy for centuries to 

come, with at least 7% of base-load demand 
from hot rock power by 2030. 

 
Conclusions 
Australia’s vast hydrothermal and hot rock energy 
resources have the potential to become a very 
significant source of safe, secure, competitively-priced, 
emission free, renewable baseload power supplies for 
centuries to come. This potential combined with the 
evidence of risks posed by climate change is 
stimulating growth in geothermal energy exploration, 
and proof-of-concept and demonstration power 
generation projects in Australia. 
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ABSTRACT 
 
Tasmania has some of the highest heat flow 
measurements in Australia (up to 159 mWm-2) which, 
in places are associated with outcropping radiogenic 
granites. Interpretation of gravity and other 
geophysical data indicates that these granites dip 
gently under Palaeozoic sediments. Temperature 
measurements in the few boreholes available recorded 
gradients ranging from 30°C/km up to 60°C/km. Based 
on these observations and the geology of Tasmania, 
there appears to be a very good prospect that 
Tasmania could support one or more enhanced 
geothermal power (EGP) generation projects. KUTh 
Energy Ltd has been granted a ~13,000 sq km 
tenement which covers much of eastern Tasmania, to 
explore for EGP. The initial exploration program will 
consist of additional temperature measurements down 
new and existing drillholes; thermal conductivity 
measurements of the cover rocks; geophysical surveys 
(including magnetotellurics) to confirm the topography 
of the underlying granite, followed by deep test drilling 
at a number of sites to confirm the expected 
temperatures and heat flow. The next stage is to drill a 
large diameter hole to the required depth, estimated to 
be in the range 3 to 5 km, followed by hydraulic 
fracturing and further holes to complete the EGP 
process. 

 
 
Figure: Pseudocolour image of the Bouguer gravity for Tasmania 
with superimposed estimated heat generation units for some 
granites. Red polygon indicates the boundary of KUTh Energy’s 
geothermal exploration licence. 
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ABSTRACT 
 
Geological and hydraulic characterization methods 
were applied to the existing dataset of Basel 1 in order 
to understand the behaviour of the geothermal 
reservoir. Cutting-Analysis, petrophysical wireline 
logging and a UBI-log yielded new insights to the 
geological and structural setup of the crystalline below 
Basel. Low rate injection tests were used to 
characterize the hydraulic behaviour of the undisturbed 

reservoir and to get inputs for planning the main 
stimulation. The main stimulation was aborted after six 
days of injections due to extraordinary strong seismic 
events which were felt by the local population. The 
analysis of the pressure evolution and production logs 
run during the main stimulation in Basel 1 allows 
evaluating the stimulation effects on the geothermal 
reservoir.  
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ABSTRACT 
 
A real time approach has been applied in order to 
monitor the Basel 1 hydraulic stimulation operation in 
terms of seismic activity and spatio-temporal event 
distribution. The detailed post processing of the 
recorded microseismic data set included a relocation 

of event hypocenters by high resolution mapping 
techniques, the analysis of focal mechanisms for 
selected events and imaging of natural structures in 
the vicinity of the stimulated reservoir by wave field 
migration. 
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ABSTRACT 
 
As the global demand for energy resources increases 
it is becoming apparent that geothermal energy and 
other resources of energy will play a significant part in 
meeting this demand. Exploitation of deep resources 
such as geothermal, mining, hydrocarbon etc. will 
need manipulation of the deep geological setting to 
release the economic resource. Seismic events may 
be generated during the extraction or the manipulation 
of the economic resource. One of the environmental as 
well as scientific issues that will need to be addressed 
is the effect and the role of induced seismicity in the 
management of these resources. The generation of felt 
(?) seismic events with a magnitude 2.5 and above 
may cause concern among the local residents. In 
particular, the general public's perception is that this 
induced seismicity may cause damage to structures on 
the surface, similar to that caused by “natural” 
earthquakes. 
    It is thought that not enough resources have been 
invested in trying to answer some of the questions 
associated with (felt) induced seismic events. For 
example, how and why do they occur, can we devise 
any procedures to reduce them, what are the 
extraneous conditions which causes such a hazard to 

exist, etc. It is accepted that a large amount of 
knowledge and experience exits and this needs to be 
synthesized. The IEA/GIA (International Energy 
Agency’s Geothermal Implementing Agreement) 
participants recognized this problem and therefore the 
topic of induced seismicity was added as one of the 
tasks in an Annex. The outcome of this was to hold 
workshops in February 2005 & 2006 after the 
reservoir-engineering meeting in Stanford.  
     Enhanced Geothermal system has significantly 
more potential for delivering energy then a natural 
hydrothermal system, as the resource for this type of 
energy is significantly large. Generation of induced 
seismic events is a part of the development of this 
technology for reservoir development and the 
subsequent extraction of heat from underground. 
Some of these induced events have been large 
enough to be felt by populations living in the vicinity of 
current geothermal development sites. The objective is 
to investigate these events to obtain a better 
understanding of why they occur so that they can 
either be avoided or mitigated. Understanding requires 
considerable effort to assess and generate an 
appropriate source parameter model, testing of the 
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model, and then calculating the source parameters in 
relation to the hydraulic injection history, stress field 
and the geological background. An interaction between 
stress modelling, rock mechanics and source 
parameter calculation is essential. Once the 
mechanism of the events is understood, the injection 
process, the creation of an engineered geothermal 
reservoir, or the extraction of heat over a prolonged 
period may need to be modified to reduce or eliminate 
the occurrence of large events. 
     Following a review of the data, general opinion is 
that this is a complex problem and needs to be tackled 
in an international atmosphere with cooperation of 
various interested organizations. The data and the 
review suggest that the problem should be handles in 
a number of different ways: 
Historical Perspective: It would be extremely risky to 
establish an EGS project in an area which has a 
history of continuous natural earthquakes, particularly 
in the vicinity of a heavily populated area such as a 
town. These natural earthquakes are an expression of 
high stresses built up in the crust at this point from the 
tectonic movements. If it cannot be avoided then a 
through site investigation including seismic risk will be 
necessary to predict a likely damage to man made 
structures from a predicted large event. Insurance will 
need to be in place that satisfies the local inhabitants. 
Forward planning: The site where the heat is mined 
must be examined from geological point of view and 
particular attention should be paid to the sedimentary 
in-fills, which may magnify the particle motions at the 
surface. Any large seismically active faults in the 
vicinity of the planned project need to be investigated 
for its stability before selecting the site.  The local 
authority and the population must be informed of the 
project. 
Public awareness: The public must be made aware of 
the induced seismicity and regular meeting ought to be 
held with established contact persons between the two 
organizations. Regular newsletters, site visits and 
holding open days may be a way of establishing a 
good relationship. 
Establish building damage criteria: It is essential to 
establish mutually agreed criteria for damage to the 

building and “the traffic light” approach proposed by 
Imperial Colleague may be a possible solution. It is 
important that particle acceleration (or velocity) and 
frequency is embedded in the proposal and to avoid Ml 
as this can be misleading. Installation of surface 
seismic instruments is essential to quantify the 
properties of any induced seismic events. 
     Mitigate and optimize production parameters: The 
data from geothermal projects indicate that the 
creation of a reservoir by high volume fluid injection 
and subsequent circulation could create stress 
concentration in a specific in-situ stress conditions and 
this locked up energy may be release causing a large 
seismic noise. The data also indicates that the corner 
frequency of these large events (~2 Ml) is in the region 
of 90 Hz. These events can be heard but are unlikely 
to cause damage to the building structures. Therefore 
the stimulation strategy has to takes this in to 
consideration and avoids large volume injection if 
possible. 
     Quantification of is a large seismic event: The 
classical way of estimating ML for induced seismic 
events need a review and assess if a more realistic 
approach would be use source parameters.  Source 
parameter ought to be given ia preference in 
estimating various properties of induced seismic 
events as high stress on existing joints appear to be 
the dominant mechanism in crystalline basement rocks 
in EGS systems. 
Further research: Further research in the stress 
modeling and how the injected fluid modifies the local 
stress regime and its consequence on stress lockup is 
necessary. How the seismic energy is generated and 
radiated may need further review in particular where 
the source lengths are small and set in a highly 
isotropic stress regime. 
     The majority of the seismic data from EGS systems 
in the world are of higher quality and the disturbance to 
the in-situ stress regime is well documented in terms of 
fluid injection history. This should, in principle, provide 
better chance of manipulation of various parameters to 
understand and give mitigating circumstance to reduce 
large induced seismic events. 
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ABSTRACT 
 
The authors will describe the latest mapping / 
interpretation techniques of the microseismic 
monitoring of the stimulation. Among the mapping 
techniques, the location error is significantly reduced 
by the double difference (DD) and Coherence 
Collapsing methods. The detailed structure of the 
fracture system and its response to the stimulation can 

be estimated by the coherence-based analysis of the 
events and the source mechanism analysis. In this 
paper, the authors will also show some mapping / 
interpretation results using the data collected at Soultz, 
Cooper Basin, and Basel. At the end of the paper, we 
will summarize current limitation of the microseismic 
techniques, and future prospect. 
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ABSTRACT 
 
The use of borehole fluid injections is typical for 
exploration and development of hydrocarbon or 
geothermal reservoirs. Such injections often induce 
small earthquakes. What is the probability to induce a 
seismic event of a given magnitude? Which artificial 
and natural factors control this? Replying these two 
questions can help to optimize important geothermic 
technologies and better understand the natural 
seismogenic process. Here we make a step in this 

direction. Our results show that the probability of 
events increases with the injection time, the strength of 
the injection source, the tectonic potential of the 
injection cite (a new quantity we introduce and 
describe) and the hydraulic diffusivity of rocks. Our 
theoretical prediction is in a well quantitative 
agreement with magnitude distributions form some 
geothermic and fluid-injection sites (e.g. Ogachi, Japan 
and Paradox Valley, USA). 
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ABSTRACT 
 
Dynamic characteristics are studied for a fluid-filled 
crack, which is a model of a geothermal reservoir 
crack in EGS (Enhanced Geothermal System), 
emphasizing application to estimating geometrical and 
mechanical factors, such as crack size, crack aperture 
and interfacial stiffness between the crack surfaces. In 
EGS, so-called active acoustic methods seem to be 
effective for evaluating these factors. We consider a 
fluid circulation system consisting of two or more wells 
and a predominant crack as a set up of EGS. It would 
be possible to monitor, at intersection points between 
the wells and the crack, the oscillation of the crack 
activated by elastic waves radiating an artificial seismic 
source, such as noise due to drilling of nearby wells. 
The data of oscillation are used to characterize the 
crack. In order to realize the characterization, the 
dynamic responses must be well understood 
theoretically by using an appropriate model. Here, we 
employ a penny shaped, fluid-filled crack under 
opening mode deformation as a model of a reservoir 
crack with fluid leakage from its periphery. Being 
based on the analyses, we discuss the nature of the 
dynamic response. Finally, we propose a method to 
estimate crack size, crack aperture and crack 
interfacial stiffness by comparing the eigen 
frequencies, that we estimated theoretically, with peak 
frequencies observed in fields. In order to demonstrate 
the applicability of the method, we applied the method 
to the reservoir crack which was created by hydraulic 
fracturing in the EGS model field, Tohoku University.  
The attempt was successful to obtain the crack size 
which accorded with the estimate deduced from the 
total volume of the fluid injected during the hydraulic 
fracturing. 
 
INTRODUCTION 
 
Characterization of geothermal reservoir cracks, such 
as size, location, deformation mode, degree of contact 
between the upper and lower surfaces and so on, is 
crucial in advanced geothermal heat extraction 
systems such as HDR, HWR and EGS. So-called 
active acoustic methods are promising for the 
characterization. The method includes cross-well 
seismic tomography, vertical seismic profiling (VSP), 

tube wave analysis, crack wave analysis and 
measurement while drilling, all of which provide 
information on mechanical properties, location and 
presence of fractures in reservoirs. A review has been 
provided by Niitsuma et al. [1].  
     A simple example of the active acoustic methods is 
to detect response of a reservoir crack activated by 
elastic wave from an artificial seismic source, such as 
electric sparkers, explosives and air guns, as well as 
drilling noise induced at the bottom of a nearby well 
during drilling. If it is possible to set a detector, such as 
hydrophone, at an intersection point between the well 
and the reservoir, the active method is useful.  The 
pressure change in the fracture induced by the artificial 
seismic wave can be observed directly under very 
controlled conditions. 
     In order to estimate the characteristics, we need to 
understand the dynamic response of a fluid-filled 
crack. A fluid-filled penny shaped crack would be an 
appropriate model for examining the behavior of 
subsurface fractures. We have examined the basic 
nature of oscillations of a fluid-filled crack by using a 
penny shaped crack model and we have developed an 
active acoustic method to characterize the reservoir 
fractures by using the basic nature. The objective of 
this report is to present the method briefly and 
demonstrate the results of application to field data. It 
should be noted that Chouet [2] analyzed numerically 
the transient behavior of a rectangular fluid-filled crack 
triggered at a point on its periphery, in very detail. 
However, the initial aperture was set to be 5 m, or so. 
This would be reasonable in dyke intrusion. But this is 
not realistic in geothermal case, where it would be 10-2 

m at most. 
 
Penny Shaped Fluid-Filled Crack 
 
Let us consider a fluid-filled reservoir crack which is 
oscillating in the opening mode due to external 
excitation. The two crack surfaces are in partial 
contact. In order to understand the dynamics of this 
system, we employ a penny shaped crack filled with a 
fluid in an elastic medium as a model of the reservoir 
crack. The elastic medium is under axisymmetric 
deformation with respect to the center axis of the 
penny shaped crack. Along the crack we distribute 
stiffness to express the effect of partial contact 
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between the two crack surfaces. The problem of the 
dynamics of the system consisting of the elastic 
medium, the penny shaped crack and the fluid in the 
crack, can be reduced to solving, in the Laplace space, 
a singular integral equation defined on the crack, the 
unknown function of which is displacement gap across 
the crack. The integral equation is solved numerically 
by a usual collocation technique, resulting in the eigen 
frequencies and the corresponding oscillation mode. 
 
Characterization 
 
Let a, d and δ′0 be the crack radius, initial aperture and 
the interfacial stiffness, respectively. Here, δ′0 is a 
parameter representing the interfacial stiffness and is 
proportional to the ratio of the area of partial contact to 
the crack area. In order to estimate crack radius, 
aperture and interfacial stiffness, we use the peak 
frequencies obtained from field data and eigen 
frequencies derived from the crack model. Let fej be the 
peak frequency of the j - th mode determined from field 
data and fcj be the eigen frequency of j - th mode 
calculated. Obviously eigen frequency is a function of 
a, d and δ′0. Thus, if a, d and δ′0 are set to be true values 
in the calculation, we should have fcj = fej. Therefore, we 
introduce the following objective function Er and reduce 
the problem to finding a set of parameters a, d and δ′0 

by optimizing Er: 
 

                     ( )( )
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Here, j and N are the smallest mode number of peak 
frequency and the largest mode number found from 
the field data. Marquardt method is employed to 
minimize the objective function Er. 
 
Application to Field 
 
Figure 1 shows the schematic representation of a 
subsurface system. In this field, a subsurface crack 
was created by hydraulic fracturing at a depth of 369 m 
in well F-1 in 1986. After hydraulic fracturing, well EE-4 
was drilled so as to intersect the artificial subsurface 
crack at a depth of 360 m. Distance between the 
intersection points of wells F-1 and EE-4 is about 7 m. 
This artificial subsurface crack is created in highly 
welded tuff. In this report, we characterize the 
subsurface crack by using the data of crack waves 
observed by a hydrophone during drilling a nearby well 
(well EE-5) in 1993. The subsurface crack was 
stimulated by drilling noise (elastic waves) from the 
bottom of well EE-5. The subsurface crack was 
pressurized to change the interfacial stiffness of the 
crack, where we chose the well head pressure of well         
F-1 as a reference of the reservoir pressure. 
     Following values have been used, referring to 
material properties of water and the welded tuff: the 
ratio of the rock density to fluid density is 2.6, the ratio 

of shear modulus of the rock to the bulk modulus of 
water is 3.6, the fluid viscosity is 10-3 Pa·s (1 cP), the 
porosity of the rock is 0.01 and permeability of the rock 
is 10-19 m2. Also, the phase velocities of the P- and S-
waves of the rock are 3000 m/s and 1750 m/s 
respectively (Nagano and Niitsuma [3]). 
     Figure 2 shows example of amplitude spectra of the 
field data observed during drilling of the well EE-5. Pw 
is the wellhead pressure of the well F-1. The peak 
frequencies (circled) are used for characterization. 
Arrows show calculated peak frequencies derived from 
the crack model by using estimated parameters. 
 

drilling noise

EE5 F1 EE4

35
7m

hydrophone

earth's surface

fluid filled crack

Figure 1: Subsurface system of HDR test site, Tohoku University. 
Crack waves were observed by hydro-phone during drilling of the 
well EE-5. 
 

 
Figure 2: Examples of amplitude spectra of the field data observed 
during drilling of the well EE-5. Pw is the wellhead pressure of well 
F-1. Peak frequencies (circled) are used for characterization. Arrows 
show calculated peak frequencies obtained from the present crack 
model. 
 
     By using the peak frequencies of each wellhead 
pressure, we can estimate crack size, aperture and 
interfacial stiffness. Results of characterization are 
shown in Figures 3, 4 and 5. In these figures, the 
results of the case that the wellhead pressure is zero 
are also presented. Figure 3 shows estimated radius of 
the crack with respect to the wellhead pressure. In the 
case that the wellhead pressure is less than 2 MPa, 
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estimated crack radius is around 40 m. For the 
wellhead pressure larger than 2 MPa, estimated crack 
radius is around 20 m or less. 
 

 
Figure 3: Variation of estimated radius with wellhead pressure. 
 

 
Figure 4: Variation of estimated aperture with wellhead pressure. 
      

 
Figure 5: Variation of estimated interfacial stiffness δ′0 with wellhead 
pressure. 
 
     Figure 4 shows variation of estimated aperture.  In 
the case that wellhead pressure is less than 2 MPa, 
estimated crack aperture is around 0.3 mm. For the 
wellhead pressure larger than 2 MPa, estimated crack 
aperture is around 0.5 mm. Figure 5 shows variation of 

estimated interfacial stiffness δ′0. In the case that 
wellhead pressure is less than 2 MPa, estimated 
interfacial stiffness is around 0.1 or above. For the 
wellhead pressure larger than 2 MPa, estimated 
interfacial stiffness is less than 0.03. It can be seen 
from these figures that the geometrical/mechanical 
condition of subsurface crack changes stepwise at a 
value of the wellhead pressure between 1.5 MPa to 
2 MPa. 
     Radius of the subsurface crack was estimated to be 
around 60 m from the fluid volume injected during 
hydraulic fracturing (Niitsuma [4]). On the other hand, 
the radius derived from transmissibility test is about 
35 m (Hayashi and Abe [5]). In the case that the 
wellhead pressure is lower than 2 MPa, present results 
of radius agree with the results just mentioned above. 
But, in the case that the wellhead pressure is higher 
than 2 MPa, the crack radius obtained here is smaller 
than the results just mentioned above. From 
transmissivity test (Hayashi and Abe [5]) the 
transmissivity of the crack changes smoothly with 
reservoir pressure. This means crack aperture 
changes with wellhead pressure smoothly. But, the 
present results do not show similar tendency as that of 
transmissivity. The estimated aperture changes 
stepwise with the wellhead pressure. The magnitude of 
aperture estimated here is larger than the results 
obtained by Hayashi and Abe [5]). Saito and Hayashi 
[6] estimated the aperture by using Stoneley wave. 
Magnitude of aperture estimated from Stoneley wave 
is twice as large as the present results. Interfacial 
stiffness is small when aperture is large, because 
contact area between upper and lower crack surface 
becomes smaller with crack opening. Nagano and 
Niitsuma [3] estimated interfacial stiffness to be 0.001 
or less, by using the crack wave (guided wave) 
velocity, where they evaluated the velocity from crack 
wave transmission tests between the two intersection 
points (see Figure 1). This means that interfacial 
stiffness estimated by Nagano and Niitsuma [3] is that 
on the shortest path between the two intersection 
points. Present results of interfacial stiffness are larger 
than 0.001. It is understood that the present results 
show some kind of average of interfacial stiffness in 
the area of the crack. 
 
SUMMARY 
 
From the results discussed above, it seems that the 
present characterization method is helpful for 
estimating a several factors, such as crack size, initial 
aperture and so on. It should be noted that what we 
observe are phenomena in a region where the 
resonance of the crack wave takes place, not the 
cracked area itself. Obviously, cracked area is larger 
than that of crack wave resonance. Regarding the 
reservoir at our field, all factors change stepwise, at a 
certain critical level of reservoir pressure. For the 
reservoir pressure lower than this critical level, the 
radius of area of resonance is about 40 m. It is around 
20 m for the reservoir pressure higher than the critical 
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level. It is not clear why the area of resonance 
changes so abruptly at a certain level of reservoir 
pressure. Maybe the reopening pressure of the crack 
is responsible for this issue. 
      
The results obtained from the study of Higashi-
Hachimantai field discussed above are summarized as 
follows: 
 
(1) The estimated crack radius is about 40 m.  
 
(2) In the case that the wellhead pressure is less than 

2 MPa, the estimated crack aperture is around 
0.3 mm. For the wellhead pressure larger than 
2 MPa, the estimated crack aperture is around 
0.5 mm in the area of radius around 20 m. 

 
(3) In the case that the wellhead pressure is less than 

2 MPa, the estimated interfacial stiffness is around 
0.1 or above. For the wellhead pressure larger 
than 2 MPa, the estimated interfacial stiffness is 
less than 0.03 in the area of radius around 20 m. 

 
(4) In this field, the estimated factors (e.g., crack 

aperture) change stepwise with respect to the 
wellhead pressure at about 1.5~2 MPa. 
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ABSTRACT 

 
The Landau geothermal project is located on the 
western edge of the Upper Rhine Valley, some 40 km 
northwest of the City of Karlsruhe. The Upper Rhine 
Valley is part of a large “Graben” structure within an 
extensional tectonic stress regime. This is in so far 
important as it allows forced and natural fluid flow 
through open fracture networks at rather low over-
pressures. Deep natural ground water convection 
results in a strong heat anomaly throughout the whole 
Upper Rhine Valley. Temperatures recorded exceed 
200°C at 5000 m depth and 140°C at 2500 m depth.  
     The idea of a geothermal project in the Landau 
area took off in 2002 with the foundation of the project 
company “Geox GmbH”. Owners of Geox GmbH are – 
at equal shares –  two regional electricity companies, 
Pfalzwerke AG of Ludwigshafen and Energie Südwest 
AG of Landau. The idea behind the project was to 
establish a privately financed, successful geothermal 
project under Central European geological boundary 
conditions which: 
 
o demonstrates the full spectrum of geothermal 

usage within a compact, fast realized project, 
 
o proves that geothermal electricity production is at 

all technical feasible and economical viable under 
such conditions, 

 
o tries to minimize parasitic power consumption 

through the use – and development – of highly 
efficient pump technology for production and re-
injection, 

 
o integrates the experience from the European Soultz 

geothermal research “egs project” also located in 
the Upper Rhine Valley. 

 
Actual work on the Landau project its present form 
didn’t start before mid 2004. The Land Rheinland-Pfalz 
supported the initial phase of the project through a 
limited exploration loan. BESTEC GmbH of Kandel, 
one of the long standing partners of the Soultz project, 
was selected as general contractor for the drilling 

operations as well as the installation, automisation and 
instrumentation of the thermal water surface lines and 
pumps. Several research activities (formation access, 
pump technology) were supported by the German 
Federal Ministry for the Environment, BMU. The drilling 
rig was supplied from Jaslo, Poland. The drilling 
concept was based on a multi-horizon approach, 
aiming at targets within several formations.  
     Drilling of the first well Gt La1 started on August 5th, 
2005 and was completed at 3300 m depth after 
63 days on October 10th 2005. Well testing proved that 
Gt La1 is an excellent producer. Temperatures at 
depth exceeded 155°C. Drilling of the second – re-
injection – well Gt La2 took off on January 22nd, 2006. 
Drilling was completed at 3340 m depth by March 15th, 
2006, after 53 days. Although only 6 m apart on 
surface, both wells are separated by ca. 1500 m at 
depth through directional drilling. Subsequent well 
testing in Gt La2 showed that all horizons and targets 
intersected were rather impermeable. In order to turn 
this well into an economically usable re-injection well, 
modern egs fracture stimulation technology was 
required. In this situation, experiences from the Soultz 
egs project paid off. In several steps, at flow rates of 
up to 190 l/s, the fracture network in the vicinity of the 
well was successfully opened up and connected to the 
far field. The total injected volume approached 
18,000 m3. Stimulation and well testing was finalized 
by early May 2006.  
     The remainder of the year was used for planning of 
the surface installations and acquiring of all related 
permissions. A 2.9 MW (electrical) power plant was 
ordered in July 2006 from Ormat in Israel. The design 
is based on a flow rate of 80 l/s and a temperatures of 
150°C - 155°C. Construction of surface installations 
started early 2007. During April and May 2007 a 
6-week circulation experiment was performed which 
proved the excellent production capacity of Gt La1. 
The installation of the power plant commenced by 
early summer 2007 and will be finalized by November 
2007. Commissioning of the plant is anticipated for the 
same month.  
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ABSTRACT 
 
Geological investigations are extensively used in all 
phases of exploration of EGS fields. Before drilling, 
seismic reflection permits to image the major 
structures of the subsurface. The knowledge of the 
fracture system early during the phase of drilling 
reconnaissance is mainly based on core data and 
borehole imagery logs.  
     Based on the Soultz experience, the main needs 
identified are related to the lack of information about 
the fracture extension in 3D and the difficulty for 
characterizing crystalline altered rocks at great depth, 
namely fracture filling and fractured zone thickness. In 
order to fill these gaps, fracture mapping on well-
exposed analogues, geophysical methods such as 
vertical seismic profiles (VSP) or new high resolution 
geophysical logging techniques run in the boreholes 
could improve significantly the image of EGS fractured 
reservoirs.  
     In this paper, we critically review the exploration 
investigations done at Soultz in the reconnaissance 
and geothermal wells and in the inter-well system. An 
attempt was done for clarifying best practice but also 
main gaps in order to be able to propose innovative 
methods or methodologies which can contribute to 
improve EGS performance at Soultz but also for future 
EGS sites developed in similar geological conditions. 
 
Introduction 
 
Unconventional or EGS (Enhanced Geothermal 
Systems) reservoirs aim to extract heat from low 
porosity crystalline rocks by injecting water within the 
natural fracture systems and producing steam or hot 
water and then electricity. EGS reservoirs are 
generally much more difficult to explore than 
conventional high enthalpy fields. The geothermal 
surface indices of a deep resource are generally 
hidden and then unpredictable. There are no 
fumaroles, hot springs, altered zone or geysers. The 
main indirect traces indicating a potential EGS 
resource could be high surface geothermal heat flow 
or the occurrence of high temperature at shallow depth 

(100°C at 1 km depth) well-known from old-petroleum 
wells like in the Pechelbronn-Soultz-sous-Forêts area 
(France). 
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Figure 1. Geoscientific investigations (mineralogy, lithology, 
petrophysics, structural study, stress study) related to chemical, 
thermal, hydraulic and mechanical processes involved in EGS 
technology (K: Permeability, F: Porosity). 
 
     As we act on the pre-fractured crystalline rocks by 
thermo-hydro-mechanical (THM) and/or chemical 
stimulations, we have to be able to understand 
chemically and physically what are the key processes 
influencing the permeability development of a 
reservoir. Then, in the Soultz case, we need to 
evaluate the deep-seated conditions of a EGS 
reservoir in pre-fractured crystalline rocks. For that we 
need to fully characterize the deep-seated geology 
namely in terms of natural fractures, stress conditions 
as well as fracture-filling and rock composition (Figure 
1).  
     The main challenge to solve by the EGS community 
is to connect the injection well to the production wells 
by circulating through a reactivated pre-existing 
fracture network reactivated by well-adequate 
stimulation techniques. This challenge is all the more 
complex as the horizontal distance between the wells 
is high. Then, hard rock geologists have to be able to 
find out how characterize flow channels within pre-
fractured granite based on a limited surface of 
observation namely the borehole wall image logs by 
interpreting. Actually, partial vision of the fractures is 
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available in the deep boreholes having a diameter 
0.3m whereas the reservoir is several orders of 
magnitude wider with about 3000 m. This horizontal 
distance takes into account the inter-wells distance as 
well as some peripheral extension far away from the 
production wells.  
     In this paper, we critically review the exploration 
investigations done at Soultz in the reconnaissance 
and geothermal wells and in the inter-well system. We 
try to identify successes and best practice but also 
main gaps in order to be able to propose innovative 
methods or methodologies which can contribute to 
improve EGS performance at Soultz but also for future 
EGS sites developed in similar geological conditions. 
 

 
 
Figure 2. The 3 main geoscientific investigations to carry out from 
well data in EGS Soultz-like site: lithology and hydrothermal 
alteration from geophysical well logs (spectral gamma ray) and core 
sections (a), fracture characterization for evaluating fracture filling 
based on core (a) and fracture geometry based on borehole image 
log (b, d), and in-situ stress field conditions from borehole image 
logs (c). 
 
Soultz site presentation 
 
The Soultz site was initially chosen in a region 
characterized by a high geothermal anomaly based on 
extensive well data collected in the Upper Rhine 
Graben thanks to a former petroleum field exploration 
[Kappelmeyer et al., 1]. A lot of sub-surface 
information was available in the sediments: seismic 
profiles, thousands of wells of various depth, and 
temperature measurements at 500 m depth. The EGS 
target is a Paleozoic altered and fractured granite 
overlain by a thick sedimentary cover made of 
Permian, Triassic, Jurassic and Tertiary sedimentary 
formations. Several wells were drilled at 5km depth 
including a fully exploratory cored well at 2.2 km depth. 
Temperatures at 5km depth are over 200°C and the 
temperature profile is not linear but shows a typical 
convective response related to large-scale fluid 
circulations occurring within the fault network. At 
depth, large-scale faults developing hydrothermal 
alteration (illite, quartz, calcite, secondary porosity) are 
naturally permeable and support high salinity fluids 
(brines, 100 g/L). The concept of Enhanced 
Geothermal Systems applied to a low permeability pre-

fractured granite was born at Soultz. The natural 
permeability is estimated to less than 1m3/h. This 
faulted granitic reservoir was reactivated by THM 
stimulations generating microseismicity events as well 
as by chemical stimulations in order to dissolve the 
hydrothermal products sealing the natural fractures in 
the near-well domain [Nami et al., 2].  
     Two short-term circulation tests were done in 1997 
and in 2005 at 3.7 and 5 km depth respectively 
[Baumgärtner et al., 3; Sanjuan et al., 4]. The hydraulic 
and thermal performances of this deep non 
conventional reservoir are encouraging and showed 
that a large proportion of geothermal brines is 
produced avoiding fluid losses [Sanjuan et al., 4].  
     After injectivity/productivity enhancement, fluid 
circulations between the injecting well, GPK3 and the 
producing wells (GPK2, GPK4) are operating. Two 
different types of production pumps will be tested. A 
LSP (Long Shaft Pump) in GPK2 and an ESP (Electric 
Submersible Pump) in GPK4. An ORC (Organic 
Rankine Cycle) power plant of 1.5 MWe is currently 
building and will be connected to the power network 
early 2008 [Fritsch et al., 5]. 
 
EGS characterization from seismic data 
 
At local scale, geological mapping, borehole logs from 
the Pechelbronn oil field and surface reflection seismic 
where used to characterize the geological structure of 
the Soultz site in its sedimentary part. A series of 
seismic profiles was available, calibrated on former oil 
wells and reinterpreted in order to better define the 
structure of the Soultz horst.  
 

 
 
Figure 3. (a) 3D model of the Soultz-sous-Forêts area. In green, 
topographical surface; in blue, basement top; in red, faults [after 
Renard and Courrioux, 6]. Boreholes trajectories are also displayed 
(GPK1: black, GPK2: red, GPK3: green and GPK4: blue) (b) Poles 
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of fault planes of the 3D model (lower hemisphere, equal area) (c) 
Block diagram showing the volume between top Buntsandstein and 
top basement. (d) Orientation of the top of the basement (lower 
hemisphere, equal area). This synthetic plot is from Valley [7]. 
 
A 3D geological model was built thanks to the seismic 
profile interpretation [Renard and Courrioux, 6] which 
is presented in Figure 3. It shows mainly dip-slip faults 
striking nearly parallel to the graben axis, i.e. close to 
N-S direction (Figure 3b). They are preferentially 
dipping to the West, i.e. antithetically to the western 
graben border fault [Valley, 7]. The 3D model 
evidences a major fault network having a multi-km 
trace length with spacing ranging from about 0.8 to 
3 km.  
     The top of the basement is dipping slightly to SSE 
(Figure 3). However, some difficulties were outlined 
when we built the 3D model based on 2D seismic 
sections. For example, 3D correlations were only 
obvious for the larger faults structuring the Soultz 
horst. For the secondary faults, some traces visible on 
a given seismic section cannot be correlated with the 
corresponding trace intersecting another seismic 
section. Finally, even though 2D seismic interpretation 
provides us interesting and useful results about the 
fault network organization in the sediments, no actual 
information are available downward inside the 
crystalline basement. Then, the main need would be to 
get a combination of geophysical techniques able to 
image the structures developed within the fractured 
basement. 
 
EGS characterizations from the well data 
 
In the first well GPK1, a lot of various geophysical logs 
(sonic, resistivity, neutron, images) were used and 
compared with the geological profiles (Figure 4).  
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Figure 4. Example of composite log showing a permeable fracture 
zone intersecting the GPK1 well. The main data expressed in 
logging depth are from the left to the right: UBI image logs in 
amplitude and transit time, geological profile, geophysical logs 
(gamma ray, bulk density, K, U, Th, dt compression, dt shear, 
caliper, cross sectional area), tadpoles of fracture dip, flow logs 
(production, injection) and location of major flow zones. 

For a better understanding of the Soultz reservoir, the 
3 main logs which are routinely run in the deepest 
wells (GPK3, GPK4) are: (1) caliper logs which are 
helpful for defining the cementing strategy of the 
casing, (2) borehole image logs for evaluating both the 
natural fracture system as well as the in situ stress 
conditions and (3) the spectral gamma ray (U, Th, K, 
radioactivity) in order to obtain a geological profile 
sensitive to hydrothermal alteration.  
     Borehole image logs are very useful for identifying 
natural fracture location and orientation [Genter et al., 
8; Dezayes et al., 9]. Borehole image logs are also 
used for identifying nearly vertical drilling induced 
tensile fractures as well as breakouts in order to obtain 
basic information about the stress field orientation 
[Bérard et Cornet, 10] and to locate stress 
heterogeneities [Valley et Evans, 11]. Spectral gamma 
ray logs are run for identifying the main petrographic 
formation and altered zones [Dezayes et al., 12, 
Hooijkaas et al, 13]. Fracture type, fracture aperture, 
and fracture permeability associated with hydrothermal 
alteration were also investigated from borehole image 
logs [Sausse et Genter, 14]. Moreover, cross 
correlation between geophysical logs and permeability 
was also evaluated in the entire granite section 
[Sausse et al., 15]. 
     The clear relationship between hydrothermal 
alteration, natural fractures and natural permeability is 
well-known at Soultz from many years [Genter, 16] and 
well illustrated on Figure 4. A conceptual model of 
fractured zone including a highly deformed core zone 
surrounded by a poorly deformed damaged zone was 
illustrated by core studies combined with geophysical 
profiles. For example, in the well GPK1, a naturally 
permeable fault has been intersected close to 3.5 km 
depth (Figure 4). This fault that showed total losses 
during drilling operations was characterized by a 
natural permeability lower than 1 m3/h. Hydrothermal 
alteration is characterized within the damaged zone by 
the precipitation of illite (a clay bearing potassium) 
which is clearly detectable on the gamma ray spectral 
log (Figure 4). Neutron logs such as porosity are also 
very suitable for characterizing hydrothermal alteration, 
fractured zone thickness and water content related to 
fractures. The permeable fractures are evidenced on 
image logs by a certain amount of opening visible on 
transit time logs that fits with partly filled secondary 
quartz vein collected in the cuttings. Flowmeters run 
after drilling clearly indicated the location of two main 
permeable structures within this thick fault (Figure 4).  
     About 17 km lengths of borehole logs have been 
fully analyzed, classified and interpreted and calibrated 
with spot coring (GPK1, GPK2) and continuous coring 
(EPS1). Then, high quality fracture datasets were 
produced with a homogeneous fracture typology. 
Structural relationships are proposed between the dip 
directions of fracture zones and large-scale faults 
identified in the eastern part of the local Soultz horst 
structure. The dominating sets are nearly vertical 
fractures striking close to N-S. In the upper part 
fractures are dipping eastward, in the intermediate 
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part, fractures are dipping eastward or westward, and 
in the lower part, fractures are mainly dipping 
westward.  
     Some challenging works have been done for 
correlating fractured zones geometrically between the 
wells (Figure 5). This emphasizes the importance of 
fracture shape and more generally the internal 
structure of faulted zones built of anastomosed 
fractures delimiting shear lenses [Valley, 7]. 
 

 
 
Figure 5. 2D geological section oriented W-E of the western part of 
the Soultz Horst. This cross-section shows the main faults in the 
sediments and those intersecting the geothermal drillholes [Valley, 
7]. 
 
EGS inter-well characterization 
 
The EGS reconnaissance of the deep fractured 
basement at Soultz is well documented along the 
wells. A lot of structural, geological and geophysical 
information is available at the wellbore scale but the 
inter-well domain is poorly constrained. Moreover, 
according to the size of the heat exchanger, i.e. the 
horizontal distance at depth between the wells, it 
appeared fundamental to obtain geometric information 
about the large-scale faults which is the network that 
controls the natural and forced circulations. As there 
are not so many techniques able to illuminate the 
structure of the heat exchanger and/or the reservoir, a 
Vertical Seismic Profile campaign (VSP) was done in 
spring 2007 with sensors deployed in GPK3 and GPK4 
wells in order to characterize and locate the main 
permeable fault zones intersecting the wells [Cuenot et 
al., 17]. The data are currently under processing. Old 
VSP datasets acquired in the past (1988, 1993) in 

GPK1 have been recently reinterpreted successfully in 
terms of permeable hydrothermally altered and 
fractured zones in the granite [Place et al., 18]. The 
main permeable fault zones intersecting GPK1 as well 
as another structure located 700 m apart laterally from 
the well were identified due to P-S waves conversions 
[Place et al., 19]. Those techniques could permit to 
image beyond the borehole wall and give access to the 
3D organization of the large-scale permeable faults. 
Other techniques are able to image the inter-well 
domain, such as massive hydraulic stimulation, which 
permits the creation of micro earthquakes organized in 
elongated shaped cloud [Evans et al., 20]. However, 
the clear relationship between permeability and 
microseismicity is still debatable. 
     Moreover, a part of pre-existing fracture 
characterization is not documented thanks to the 
classical geophysical logs acquired in the Soultz wells. 
For instance, fracture filling (calcite, quartz, clay 
minerals) are not detectable by classical geophysical 
logging tools. That means that high resolution 
geochemical tools able to detect the chemical or 
mineralogical composition of fractures would be very 
helpful for instance for designing chemical 
stimulations. A recent work was done for estimating 
the amount of potential dissolution minerals within the 
Soultz granite by measuring calcite ponderal 
concentration in the cutting samples of the 3 deep 
wells between 4000 and 5000 m depth using 
manocalcimetry technique [Grall et al., 21]. The high 
content of calcite associated with naturally permeable 
fracture zones at Soultz is an interesting indicator for 
choosing well-adapted chemical stimulation. 
 
Main needs for EGS from drilling operations 
 
Deep rock samples are lacking at Soultz in order to 
clearly know in which crystalline medium we try to 
develop an EGS reservoir. Existing coring techniques 
such as spot coring run during drilling or lateral coring 
operated after drilling would be very helpful for 
characterizing the reservoir composition even with 
limited number of samples. Cuttings give access to low 
resolution geological information. For instance, rock 
texture as well as mineralogical composition is not 
poorly constrained from cuttings. Moreover, in GPK3 
and mostly in GPK4, the cutting samples had bad 
quality avoiding a relevant geological examination. 
Then, lot of difficulties rose with such crushed 
materials for reconstructing a coherent geological 
profile of the EGS reservoir. For example, the high 
concentration of biotite flakes in the drilling mud gave 
the incorrect picture that the wells penetrated a biotite-
rich granite which was not the case. Furthermore, fine-
grained cuttings which are intimately mixed in the 
drilling mud could encumber fracture zones and then 
partly plug them. This fact is relatively penalizing 
because fine-grained cuttings could be involuntarily re-
injected within the permeable zone according to the 
drilling conditions. Therefore, any technique able to 
avoid such issue would be very helpful for the 
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subsequent hydraulic or chemical stimulations. For 
instance, innovative geothermal drilling techniques 
based on aerated fluids for drilling geothermal wells 
avoid cooling the wells as well as partly plugging the 
permeable fault zones [Birkisson et Hole, 22]. 
     Finally, the most important need is to be able to 
image the inter-well domain. VSP technique brings 
some interesting information but all innovative 
technologies such as 3D seismic as well as SMW 
(Seismic While Drilling) or MWD (Measurement While 
Drilling), used in oil industry in fractured basement 
would be also helpful for reducing the structural 
uncertainties between wells or in the future for 
targeting the wells.  
     Structural geology is fundamental for imaging 
potential geothermal reservoirs in fractured rocks. 
Compilation of fracture data permits to model in 3D the 
geometry of a given site (Figure 6). Geophysical 
methods are suitable for determining the architecture, 
geometry, and quality of the target intervals. However, 
existing methods must be improved and used in 
combination with different, highly sensitive techniques 
(passive and active seismics, MT, etc.) in order to 
propose modern geophysical exploration for 
geothermal purposes. A significant effort has to be 
made in the interpretation of geophysical features that 
must be supported and validated by both petrophysical 
laboratory and borehole measurements, as well as by 
modeling. 
 

 
 
Figure 6. 3D model of the Soultz faults and horizontal layers based 
on seismic profiles interpretation in the sediments and borehole 
image logs in the basement (gOcad). Borehole trajectories are 
drawn in red. Major faults are disc-shaped in the granite [Renard and 
Courrioux, 6; Sausse et al., 23]. 
 
Exploration and EGS performance 
 
Research of permeable faults in crystalline rocks at 
5 km depth is a quite challenging task. Best practice 
for exploring a deep reservoir should take into account 
a comprehensive surface 2D/3D seismic survey 
combined with a first nearly vertical exploratory well 
fully characterized by adequate geophysical logging, 

spot coring and VSP data. For instance, a detailed 
structural map of the top of the basement would be 
very helpful for future projects. The forthcoming 
geothermal wells would be designed thanks to seismic 
result interpretation. Such wells would be deviated or 
slightly inclined for cross-cutting the major permeable 
faults in order to recover a maximum drainage. Such 
approach has been proposed for exploring large-scale 
faults in the Upper Rhine Graben for several planned 
geothermal projects [Haimberger, 24]. Moreover, in 
order to better predict the geometry of the existing 
fracture system, estimate possible fluid flow, and, 
based on this information, suggest suitable 
stimulations for the fractured EGS reservoir, it is 
important to carry out structural geology by collecting 
high quality datasets on well exposed outcrops [Philipp 
et al., 25; Place et al., 18]. 
 
Conclusions 
 
The exploration of deep fractured crystalline reservoir 
is quite challenging in the context of the Upper Rhine 
Graben. As there are not on surface so many obvious 
traces of hydrothermal activities such as fumaroles, 
active volcanoes, or thermal springs, geoscientists 
have firstly to propose a conceptual geothermal model 
of a given EGS reservoir before drilling any geothermal 
wells. In a second step, in case of nearly-vertical 
fractured zones or faulted zones driven EGS 
reservoirs, 2D/3D seismic methods or any technique 
able to image the fault network would be used for 
defining the basic geometrical structure of such 
geothermal fractured targets. Then, inclined or 
deviated boreholes have to be planned in order to 
cross-cut faulted zones for maximizing natural and 
enhanced geothermal flow. 
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ABSTRACT 
 
Die bayerische Landeshauptstadt München liegt im 
süddeutschen Molassebecken und verfügt daher über 
ausgezeichnete Voraussetzungen zur Nutzung 
hydrothermaler Geothermie. Als erstes Projekt der 
Stadtwerke München mit dieser innovativen 
Technologie wurde die Wärmeversorgung des neu-
entstandenen Stadtteils Riem realisiert. Der Vortrag 
gibt dabei gesammelte Erfahrungen wieder. Nach den 
Umzug des Münchner Flughafens von Riem zu seinem 
aktuellen Standort im Erdinger Moos 1992 entstand an 
dessen Stelle ein neuer Stadtteil: Neu-Riem. In einem 
Beschluss des Münchner Stadtrats von 1994 wurde 
festgelegt, dass dieser Stadtteil mit Fernwärme 
versorgt werden soll. Dazu wurde von den 
Stadtwerken München ein Energiekonzept erarbeitet. 
Darin wurde unter anderem die Nutzung der 
Geothermie untersucht. München liegt an zentraler 
Stelle im süddeutschen Molassebecken und verfügt 
daher im Untergrund über günstige Heiß-
wasseraquifere für die hydrothermale Energie-
gewinnung, vor allem die Karbonate des Malm. Unter 
den untersuchten Alternativen für die Energiever-
sorgung des Stadtteils Riem erschien die Geothermie 
als die langfristig wirtschaftlichste. Die hohen anfäng-
lichen Investitionen werden durch geringe laufende 
Kosten über die Betrachtungszeit der Wirtschaftlich-
keitsberechnung überkompensiert. Die Wärmever-
sorgung des in Entstehung begriffenen Stadtteils Riem 
startete 1997 mit der Errichtung eines Heiz-

provisoriums, um die Investition in die Geothermie erst 
bei ausreichender Wärmeabnahme zu tätigen. 2002 
wurde das Heizwerk Riem mit 20  MW Leistung 
errichtet und 2003 mit den Bohrungen für die 
Geothermie gestartet. Die beiden Bohrungen der 
Dublette wurden in ca. 3.000 m Tiefe fündig. In den 
Pumpversuchen konnte 95°C heißes Wasser gefördert 
werden und eine Ergiebigkeit von bis zu 65 l/s 
ermittelt. Im September 2004 wurde die Thermal-
wasserpumpe installiert. Seit diesem Zeitpunkt wird 
Wasser gefördert. Zunächst in einem Dauerpump-
versuch, seit 2005 ist die Bewilligung zur Nutzung der 
Thermalwasserquelle mit einer Leistung von mehr als 
9 MW erteilt. Nach den guten Erfahrungen in diesem 
Projekt planen die Stadtwerke München die lokale 
Energiequelle Geothermie weiter in ihre Unterneh-
mensstrategie, die ökonomische und ökologische 
Energieversorgung für die Landeshauptstadt 
München, einzubinden und in weiteren Anlagen zu 
nutzen. Der Vortrag geht zunächst auf die geo-
logischen Voraussetzungen in München ein, legt dar, 
aus welchen Gründen Geothermie als Energiequelle 
interessant sein kann und beleuchtet die Potentiale 
sowie die Grenzen ihrer Nutzung. Anhand einer 
Darstellung der Anlage in Riem werden die während 
dieses Projekts gesammelten Erfahrungen sowohl bei 
der Planung, als auch in der Umsetzung und 
schließlich im Betrieb dargestellt und Folgerungen für 
künftige Projekte gezogen. 
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ABSTRACT 
 
In the meantime deep seated geothermal projects do 
not fail predominantly due to technical and geological 
problems. It appears more and more that the success 
of geothermal energy generation projects depends 
strongly on qualified answers in the field of risk 
management, financing models, project organization,  
profitability and contract law. 
     As one of the first large enterprises in Germany 
Rödl & Partner was engaged early on with the 
challenges of development, implementation and 
financing, as well as finding special public and private 
solutions for the utilization of deep-seated geothermal 
energy. In these areas we have developed significant 
successful standards for the whole sector. Rödl & 
Partner is also a member of the Geothermal Energy 
Advisory Board of the German Federal Ministry for the 
Environment, Nature Conservation and Nuclear Safety 
and consulting the World Bank. 
 
Status Quo of the Geothermal Project  
Unterhaching: 
 
The current project status of the geothermal pilot 
project Unterhaching is presented. Heat supply of the 
first construction phase of the district heating network 
(28 MWth), extension of the network by a second 
construction phase (40 MWth) as well as 
commissioning of the first power generation plant in 
Germany operating with the KALINA-technology in 
autumn 2007. 
 
Coverage of Risks: 
 
So far the so called „drilling exploration risk“ states the 
biggest investment barrier for the deep-seated 
geothermal energy generation. Nobody can determine 
precisely if and how much thermal water can be 
extracted until the drilling is finished. This is crucial for 
the economic success and the feasibility of a deep-
seated geothermal energy generation project. Basing 
on the conception of Rödl & Partner it was managed 
for the first time ever in Europe to ensure the drilling 
exploration risk of the first deep drilling in Unterhaching 
through a private enterprise insurance agreement. Due 
to the experiences in Unterhaching the insurance 

concept to secure the geological as well as the 
technical drilling risk could be developed further. 
     The task to sink the drilling to the intended end 
depth already requires expert knowledge of an 
experienced drilling contractor. Already in the drilling 
contract the allocation of tasks and risks should be 
addressed with great attention to avoid unnecessary 
conflicts at an early stage. 
     Furthermore a substantiated quality management 
with regard to material, drilling equipment, manpower, 
etc. is of importance. 
 
1. Company Profile 
 
Rödl & Partner is an internationally operating 
Professional Service Firm providing auditing, tax and 
legal services. We accompany business activities of 
our clients and customers on a worldwide basis. Today 
we are represented at international level in all major 
industrialized countries and have succeeded in 
building up strong market positions foremost in Central 
and Eastern Europe, Western Europe, Asia and the 
United States. We offer our services worldwide in 35 
countries at 74 locations with 2.550 employees. 
 

 
 
Picture 1: European offices of Rödl & Partner  
 
In our Competence Center Renewable Energies we 
support and consult clients in national and international 
projects in the fields of geothermal energy, biogas, 
biomass, photovoltaics, wind- and hydro power, as 
well as related to questions concerning arrangement 
and supervision of contracts (also international), funds, 
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concepts of insurance, business planning, public 
tender management etc. 
 
2. Introduction - Geothermal Project Unterhaching 
 
Rödl & Partner is responsible for the overall project 
management of the deep seated geothermal project in 
Unterhaching. From the first project sketch over the 
company foundation to the beginning of operation, this 
communal project was supervised and managed. 
Especially economic, legal and organizational 
questions as well as risk management formed the 
centre of activities. 
     The pilot project Unterhaching is an essential 
milestone for the development of deep seated 
geothermal projects in Germany and Europe. Pilot 
qualities of this project in several technical fields as 
well as the fact that this investment was realized by a 
local authority are exceptional for an infrastructure 
project of this size: amount invested more than € 70m. 
     The concept of an insurance for drilling exploration 
risks for the Unterhaching project, ensuring the risk of 
finding sufficient amounts of thermal water was a big 
step forward for the realizability of hydrothermal deep 
seated geothermal projects worldwide and paved the 
way for an enormous development which shows itself 
in approx. 100 permission areas (areas for the 
prospecting of thermal water) in Southern Bavaria. 
Numerous projects in the stage of planning or 
realization are based on the success of the 
Unterhaching project. 
     In Central and South Eastern Europe, there are 
further areas with adequately good conditions for the 
use of deep seated geothermal energy. Rödl & Partner 
already was in charge of mandates in Russia, Ukraine, 
Slovakia and Hungary, countries with rarely used good 
geothermal potential. 
 

 
 
Picture 2: The Molasse Basin 
 
Deep-seated Hydrothermal Project Unterhaching 
 
In Bavaria, Southern Germany, geothermal energy 
projects are developed in the area of the geological 
formation of the Molasse Basin. The geothermal 
project of Unterhaching, nearby Munich, can presently 

be considered as the largest and path breaking project 
of Germany. It is the first project that was designed 
from the beginning with the aim of power generation 
from low-enthalpy resources integrating innovative 
technology and risk mitigation concepts. 
 

 
 
Picture 3: The Malmkarst Source: Rödl & Partner 
 
Project Facts 
 
•  realization of two deep drillings for a yield of 150 l/s 
thermal water (production and reinjection well) to a 
depth of approximately 3,500 m 
•  installation of a deep seated pipe pump working at 
temperatures of more than 120°C and a production 
flow rate of 150 l/s (new development) 
•  heat supply for the community with a newlybuilt 
district heating network; length about actually 20 km 
•  power generation plant using “Kalina” technology 
with a gross capacity of 3.4 MWel 

•  project status: both wells highly productive at slightly 
higher temperatures than expected; heat supply 
started in May; power plant will be commissioning in 
autumn 2007 
 
Special Requirements of Project and Risk  
Management 
 
The constellation of this project at the beginning was 
far more difficult than firstly expected. First of all it has 
to be pointed out, that the investing party is the 
community of Unterhaching. In consequence great 
efforts were undertaken to minimize in general the 
project related risks, and therefore it was of utmost 
importance to find a solution for the geological risk 
(especially exploration risk) related to the first 
production well - bearing in mind, that there was no 
geothermal deep drilling of such dimension realized 
before. The concept was developed by the overall 
project management of Rödl & Partner. The approach 
was new and path-breaking, because until this time a 
private insurance solution for covering the risk of 
temperature and flow rate did not exist. The key 
question of the concept was: at which point does a 
project have to be considered to be unsuccessful? 
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     The approach in Unterhaching was the definition of 
specific minimum requirements of the ROI of the 
project depending on flow rate and temperature with 
the integration of a non-technical and non-geological 
parameter. 
     As the project’s output - heat and electric power - 
depend strongly on the parameters temperature and 
yield of the thermal fluid, the definition of the minimum 
yield for e.g. heat supply was influenced by the 
planned distribution network. In a similar way the 
minimum size of a power plant could be calculated and 
even the case, if only a heat plant will be realized. The 
definition of different yields on the base of economic 
evaluations created three basic steps for decision: 
 
1) power generation and heat supply still possible 
 
2) only heat supply possible 
 
3) no project possible at all (rebuilding of wells;    
    insured event) 
 

 
 
Picture 4: Functional diagram of the Unterhaching project Source: 
Rödl & Partner 
 
A further aspect was the integration of stimulation 
measures into the insurance contract, as the 
probability of success also is influenced by the efforts 
undertaken to reach the yield. The question was: 
which measures would have to be undertaken to 
achieve the minimum requirements? 
On the base of this concept the European wide first 
private insurance contract was signed. Based on the 
results of this first contract and the further strong 

geothermal development in Germany presently several 
options for such insurance solutions are available. The 
successful drilling in Unterhaching and the concept for 
a private enterprise insurance in combination with the 
increased feed in tariff led to an unexpected 
development. By May 2007, about 90 exploration 
claims were confirmed by the Bavarian mining 
authorities, which consequently will lead to several 
geothermal projects for heat and power production. 
     The further development in risk management of 
geothermal projects led to the question, in how far the 
technical risks of drillings can also be covered by 
private enterprise insurance solutions to reach a 
minimum risk for investing parties. Solutions have 
been developed together with Rödl & Partner based on 
the experiences of Unterhaching and are presently 
available on the market. 
     The next step will be to transfer the concepts to 
other countries. Presently first efforts are undertaken in 
Eastern Europe which will support hopefully the further 
development of geothermal projects. 
 
Chronology of the Innovative Project 
 
 11 September 2001: Unterhaching municipal  

council gives the go-ahead for a geothermal future 
 
 26 January 2004: Begin of drilling works 

 
 27 September 2004: Historical breakthrough for 

geothermal energy in Unterhaching: In a depth of 
3,446 m, thermal water with a temperature of 
122°C and a downpour of 150 l/s is found 
 
 In November 2005, Geothermie Unterhaching 

GmbH & Co KG and Siemens AG sign a contract 
for the construction of the first KALINA plant for 
geothermal power production in Germany 
 
 June 2006: Begin of works for the reinjection 

drilling 
 
 After the building lot for the Kalina plant had been  

prepared in mid-July 2006, the foundations could 
be completed until November 2006 and the 
topping-outceremony was held on 21 November 
2006 
 
 8 January 2007: Drilling success of the second  

drilling: temperature >130°C and a downpour of 
>150 l/s. The values of the reinjection well turn out 
to be even better than the excellent results of the 
first drilling!  

      
The successful implementation of the pathbreaking 
pilot project in Unterhaching is assured. 
 
 March 2007: According to Gerlinde Kittl, executive  

director of Geothermie Unterhaching GmbH  Co 
KG, the interest in geothermal district heating is 
very large. At the beginning of the district heating 
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supply, a quadruple of the originally planned 
number of customers has signed pre-contracts. 
 
 June 2007: A historical moment: The turbine for 

the first Kalina plant in Germany is delivered and 
installed on 18 June 2007 
 
 July 2007: Due to the large demand for  

geothermal heat supply, the second stage of 
expansion for the district heating network is build. 
 
 Until now, 100 customers are connected to the  

district heating network 
 
 Expected start of operation of the Kalina plant:  

Autumn 2007. 
 
Project Parameters 
 
Investment volume   appr. € 70M 
 
Drills 
Injection well    Depth: 3,350 m 

Downpour: 150 l/s 
Temperature: 122 °C 

 
Reinjection well   Depth: 3,580 m 

Downpour: > 150 l/s 
Temperature: 133 °C 

 
Thermal water pipeline 3.5 km length 
 
District heating  40 MWth with a network length 

> 20 km (Final stage of 
expansion 70 MWth) 

 
Power generation  3,36 MWel gross power output  
 
CO2  Savings of 30,000 - 40,000 t/a 
 
Financing 
 
In Unterhaching, financing consists of equity, 
committed assets and subsidies. On the one hand, 
equity financing from communal budget resources 
could be used, on the other hand, besides classical 
financing instruments, the application for subsidies 
was integrated in the financing concept. 
     Under considerable use of communal equity, 
Geothermie Unterhaching GmbH & Co KG was 
founded. This 100 % subsidiary of the municipality 
firstly projected the entire construction phase and is 
now responsible for operating the district heating 
station as well as the power plant. 
     This risky project was supported by the Federal 
Ministry for the Environment, Nature Conservation and 
Nuclear Safety (BMU) and the Free State of Bavaria 
by subsidies of € 6.7m respectively € 400,000. 
     The financing structure reveals the high financial 
risk taken by the municipality to provide sustainable 
energy supply to their citizens. 

     The district heating network is shaping the heat 
supply of the municipality. A heat demand register 
showed the potential of larger costumers. This was the 
basis for several construction phases of the district 
heating network. In the first phase, a core area was 
defined, which guaranteed high heat load capacities. 
In this core area, almost 100 heat exchange stations 
are supplied by a 10 km network. The capacity of the 
first construction phase permits the supply of 4,000 
average households with a connected heat load of 
28 MWth. In the second construction phase, the load is 
increased to almost 50 MWth and on the long run, 
70 MWth shall be reached. 
 
Innovative Character of the Unterhaching Project 
 
The pilot project character results from the following 
facts: 
 
1) For the first time in Europe (except in Husavik, 

Iceland), Kalina technology is used in large 
industrial scale 

 
2) In the course of the project management, for the 

first time worldwide, an insurance for drilling 
exploration risk could be contracted  

 
3) Realisation of the biggest drilling diameter in the 

Southern German Molasse Basin 
 
4) Use of a worldwide unique feed pump, constructed 

to resist the high temperature and the considerable 
downpour  

 
5) For the first time, the Southern German Molasse 

Basin is made accessible for geothermal power 
generation 

 
At the beginning of the project, it encountered serious  
resistance from experts, because a project conception 
of this kind had never been realized in Germany 
before. The BMU recognized the path breaking 
potential of this project and took it up into the brochure 
“Innovative technique for the Environment”, June 2006. 
 
Kalina-Technology 
The Kalina process describes a heat exchanging 
method developed by the Russian engineer Alexander 
Kalina in the 1970s for producing steam at low 
temperatures for power generation. 
     The Kalina technology is based on the use of an 
ammonia-water mixture, a so-called binary mixture. 
Ammonia-water mixtures have many basic properties 
of pure water or pure ammonia. Binary mixtures have 
new properties, the main differences are pointed out 
here: 
 
 Ammonia-water mixtures have variable boiling and 

condensation points, whereas water has a constant 
boiling and condensation temperature 
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 Thermo-physical properties of ammoniawater 
 mixtures can be varied by changing the 

concentration of ammonia 
 

 
 
Picture 5: Kalina plant (model) Source: Siemens AG 
 
Risks 
Before all other risks stands the drilling exploration 
risk. Thermal water temperature and downpour cannot 
be forecasted reliably despite geological survey. Until 
then uninsurable, the Unterhaching project could be 
insured based on the work of Rödl & Partner. 
Further risks consist in the availability of drilling 
equipment as well as in the unforeseeable subsurface 
structure and in the pilot character of the project 
conception and the used technology, e.g. the 
submersible pump, which is at technological limit at 
this flow rate and temperature. 
 
Drilling technology 
Both drillings required the use of special drilling 
equipment and techniques. Due to numerous 
unexpected difficulties, the drillings took approx. one 
year time. Complex plans for the preparation of the 
drilling site, drilling stability pipe, drilling foundation, 

drilling material, drilling times and depths were the 
basis for a complicated challenge. The 70 tons drilling 
apparatus achieves a speed of 2 m/h in normal 
operation mode. During the drillings, the boreholes 
were gradually cased. The pipes are reduced with 
increasing depth. The drillings were made using the 
rotary drilling method. Ground water monitoring, 
process water analysis, excavation surveys as well as 
-disposal, noise certificates and rebuilding are 
examples for the abundance of accompanying 
measures besides the drilling procedure. 
 
Benefit 
The BMU subsidies on the one hand result from the 
pilot character of the geothermal project. On the other 
hand, the extensive benefit for the collective good is 
appreciated. Ecologically and economically optimal 
use of geothermal energy is accomplished by 
combined heat and power generation. By the 
combined use for heat and power generation, the 
project executor obtains a maximum utilization of 
geothermal resources. The Unterhaching project helps 
to save 30,000 - 40,000 tons of CO2 emissions per 
year. 
     The use of geothermal energy is yet another 
contribution to increase the independence from fossil 
fuel in an environmentally friendly way. Furthermore, 
the attained turnover from the strictly economically 
operated plant remain in the municipality. Earning 
strengthen the location. The high initial investment has 
positive effects on the regional economic system, 
contrarily to the drain in the case of conventional 
energy supply. 
     Deep-seated hydrogeothermal projects therefore 
will play an important role in the future composition of 
energy supply, if the potentials exist and the barriers, 
that are connected to all new technologies are 
overcome.
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ABSTRACT

Introduction 
 
In the past, the analysis of the surface heat flow and 
the measured temperatures in the subsurface has 
revealed clear geothermal anomalies in the Rhine 
graben of Rhineland-Palatine (e.g. Hurter and 
Schellschmidt, 2003). Partly, these geothermal 
anomalies have now been selected for geothermal 
energy production. They are in various stages of 
project development from initial exploration to failed, 
“dry” boreholes. The aim of the new geothermal 
resource atlas of Rhineland-Palatine is to characterise 
the geothermal resources in terms of their potential 
evaluation and quantification for geothermal energy 
production. The large-scale evaluation is related a 
similar approach conducted for the Swiss geothermal 
atlas (Signorelli and Kohl, 2006). Similar findings are 
expected to the region of Rhineland-Palatine. The 
analysis is based on an approach integrating 
geological, thermal, hydrogeologic and surface 
utilization data. The geological model represents the 
basis of the interpretation. Temperature is evaluated 
by elaborating a 3D numerical thermal calibration 
model using the finite element program FRACTure 
(Kohl and Hopkirk, 1995). It represents the result of a 
fit from borehole temperature data accounting for 
effects caused by large-scale geological, topographical 
and partly even hydrogeological structures. The final 
results are reported for the known aquifer types 
(Muschelkalk, Buntsandstein, Crystalline basement). It 
accounts for the local hydrothermal situation. The 
findings are displayed in terms of geothermal 
productivity and energy. 
 
Geological models  
 
The currently investigated area (2,000 km2) is located 
in the southern Pfalz and for practical reasons 
subdivided in three smaller areas of 25 x 28 km. 
Topography is obtained from Shuttle Radar 
Topography Mission (SRTM, US Geological Survey). 
Geological models have been calculated using a 
potential field approach (Lajaunie et al., 1997), which 
incorporates geological layers as equipotential 
surfaces and the geological dip as gradient of the 
geological potential. In addition to own field 
observation, the following data were used to calculate 
the 3D geological model of the Landau area: 
geological maps (e.g. Griessemer, 1987, Steingötter, 
2005), borehole information (Doebl, 1970; Doebl and 

Bader, 1971) and interpreted seismic sections (Doebl 
and Teichmueller, 1979).  
 

 
 
Fig. 1: Topographic map of the central Upper Rhine Graben with the 
three investigation areas for the geothermal resource analysis. 
 

 
 
Fig. 2: 3D modelled fault network of the area of Landau with 28 
different faults and approximately 80 relative age relations. 
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The geological model of the Landau area considers 11 
different geological units and the major 28 faults 
(including approximately 80 relative age relation). 
 
Temperature, heat and hydraulic conductivity data 
 
The topographic and geological 3D model is used as 
an input model for a calibrated 3D numerical model of 
the temperature field in the investigated area. For 
calibration of the temperature model, temperature data 
in a 250 x 250 x 250 m grid covering a depth of 250-
2500 m provided by the GGA Institute are used. The 
calibration of the temperature field aims (1) to identify 
thermal signatures (= potential aquifers) and (2) to 
extrapolate the temperature field to greater depth 
(where no measured data are available) based on a 
physical model. Heat conductivity data are taken from 
the European geothermal project at Soultz and 
literature. Although the uncertainties in heat 
conductivity have a direct influence on the heat flux 
distribution they are less relevant to the calibrated 
temperature field. Measured hydraulic transmissivity 
data are generally rare but further investigation is 
under way. In this regional resource analysis, we 
review the available data from literature and assume 
measured data to be representative for the complete 
geological unit. It should be noted, that for detailed 
local exploration this assumption is not appropriate. 
 
Calculation of the temperature field 
 
The calculation of the temperature field is carried out 
using Finite Element models derived from the 
geological models by triangulation of the surface and 
tethraedrisation of the geological units. The boundary 
conditions of the model are an altitude dependent 
ground surface temperature and a basal heat flux that 
is adapted in the calibration model. The geological 
units are characterised by different petrophysical 
parameters such as heat conductivity and heat 
production etc. The calculation of the temperature field 
is based on a diffusive heat transport. Heat transport 
by advection is considered only if evident from the 
measured temperature data. 
 
Determination of the geothermal potential 
 
The thermal productivity pth of the subsurface is 
coupled with the type of utilisation. For a doublette 
system Gringarten (1978) introduced an analytical 
solution: 

pth = (�cp)f x Q x (Tprod - Tinjec)   [W] 
 
where (ρcp)f is the specific heat capacity of the fluid 
[J m-3 K-1], Q is the production rate [m3 s-1] and 
Tprod - Tinjec is the temperature difference between 
production and injection [°C]. The production rate 
includes the geometry of the borehole and the 
geological unit, and the hydraulic transmissivity of the 
geological unit. It is assumed that the hydraulic 
transmissivity can be enhanced through stimulation. 

Factor of improvement of '10' for crystalline and '2.5' 
for sediments are taken that reflect recent 
achievements. The presented scheme accounts for the 
difference between total energy ("heat in place") and 
producible energy. By integrating the geothermal 
productivity with operation time the producible potential 
is calculated. Generally, recovery factors between 1% 
and 4% are obtained for the selected well-known 
aquifers.  
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ABSTRACT 
 
This paper presents an overview of the geothermal 
development in the URG from the point of view of 
geological chances and risks. Geological aspects will 
be discussed preferentially, but their impact on the 
present discussion of economics and insurance 
concepts of geothermal projects will also be 
considered. The Upper Rhine Graben Geothermal 
Province has early been recognized as one of the 
most potential areas for geothermal power production 
in Middle Europe. High geothermal gradients and 
remarkable neo-tectonic activity highly account for this 
fact. As a consequence of governmental funding, the 
region is now covered with geothermal licences a 
number of which have been seismically explored in the 

past few years. The seismic images provide new 
insight into the internal structure of the URG. After the 
first phase of overview exploration a number of 
geothermal projects have been developed and are 
now ready to be drilled. However, the first experiences 
with geothermal drilling in the URG showed, that the 
excellent geological chances go along with risks some 
of which were underestimated in the past. It is believed 
that a thorough understanding of the present 
geological conditions in the URG is a key to safe 
drilling and hydraulic success of geothermal projects. 
Because of the lack of statistically useful data, the first 
geothermal projects are subjected to probability 
estimations and therefore need careful evaluation.   
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ABSTRACT 
 
Malawi is situated on the western branch of the Great 
African Rift System. The country is one of the poorest 
in the world and one of the most densely populated in 
sub-Saharan Africa whose major power source is 
hydro-electricity. The majority (over 80%) of the poor 
people lives in the rural areas and relies on fuel wood. 
However, due to land degradation, most of the natural 
resources including forest cover, water resources, etc. 
are under threat due to overuse. This land degradation 
is posing challenges to the existence of the Shire 
River, Malawi’s largest and the major source of 
hydropower. In some years, the power generation 
capacity has been reduced by over fifty percent (50%), 
which has impacted negatively on the socio-economic 
development of the country. In view of the above, the 
need to identify alternative energy sources need not be 
overemphasized. Due to the country’s position within 

the rift valley, a number of geothermal energy sources 
(hot springs) have been discovered since the last 
century. Some work was undertaken but their potential 
for use in power generation is still unknown. 
Hyperspectral and multispectral remote sensing, in the 
visible, near-infrared, and thermal infrared ranges, is 
being used to identify anomalous surface features 
related to active geothermal systems. These features 
include areas of high heat flow (thermal anomalies), 
diagnostic rocks (sinter and evaporite assemblages), 
hydrothermal alteration, and vegetation anomalies. In 
addition, GIS technologies are useful for predicting 
high temperature systems using some spatial analysis 
and regression techniques. 
     The paper aims at reviewing the existing data on 
Malawi hot springs, re-interpreting and analyzing 
remote sensing data and integrating it into a GIS. 
These techniques should help as a low cost solution in 
characterization of the possible heat targets at different 
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depths. These characteristics will be related host rock 
lithologies, structures, or other physical and chemical 
parameters. The significance those differences have 
for exploration, exploitation, and effects on the 
environment are being reviewed. 
 
INTRODUCTION TO THE STUDY AREA 
 
Location 
 
Malawi lies in south-eastern Africa between latitudes 
9° S and 17° S and longitudes 32° E and 36° E. It is 
bounded by Tanzania to the north and north-east; 
Zambia to the west and North West; Mozambique to 
the east, south and south west (Figure 1). 
 

 
 
Figure 1: Map of Malawi and neighboring countries 
 
The country lies at the southern end of the western 
branch of the East African rift system. The major 
geological units (Figure 2) are Precambrian to lower 
Palaeozoic high metamorphic rocks with shaly and 
semi-shaly affinities. Intercalated within these are calc-
silicate units and marbles. Orthogneissic rocks include 
calc-alkaline and (ultra-)basic rocks. These are found 
in both concordant and discordant relationships to the 
country rocks. Sedimentary rocks were deposited in a 
number of basins to the northern and southern parts of 
the country since Permian. In general Karoo and 
Cretaceous to recent sedimentary rocks are 
distinguished. Karoo volcanicity manifests itself in form 
of basaltic and diabasic lava flows. Upper Jurassic to 
lower Cretaceous magmatic activity is ascribed to the 
Chilwa Alkaline Province. This is a suite of alkaline 
igneous rocks including carbonatites and related rocks, 
syenites and granites. This province is well developed 
to the south of the country and is related to the rift 
system. 

 

 
 
Figure 2: Geology of Malawi (Carter and Bennett, 1973) 
Geothermal situation in Malawi 
 
The thermal springs of the Malawi were known as 
early as the dawn of the last century (1890‘s). Due to 
the serious power fluctuations the country has been 
facing since 2003, it recently became important to 
review this information and re-assess the role of these 
in the generation of thermal power. This is part of work 
that was initiated in late 2003 by the Geological Survey 
Department of Malawi in an effort to assess the 
suitability of hot springs for geothermal power 
generation and as tourist attraction sites. A summary 
of this work is presented in Dulanya (2006). 
     Malawi is one of the poorest countries in the world 
and one of the most densely populated in sub-Saharan 
Africa whose major power source is hydro-electricity. 
The majority (over 80%) of the poor people lives in the 
rural areas and relies on fuel wood. However, due to 
land degradation, most of the natural resources 
including forest cover, water resources, etc. are under 
threat due to overuse. This land degradation is posing 
challenges to the existence of the Shire River, 
Malawi’s largest and the major source of hydropower. 
In some years, the power generation capacity has 
been reduced by over fifty percent (50%), which has 
impacted negatively on the socio-economic 
development of the country. In view of the above, the 
need to identify alternative energy sources cannot be 
overemphasized.  
     However despite the availability of a number of 
known hot spring centers across the country (Dulanya, 
2006) very little work has been undertaken to assess 
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their energy-generation potential for use in power 
generation. 
 
ROLE OF GEO-INFORMATION TECHNOLOGIES IN 
GEOTHERMAL ENERGY MAPPING 
 
Geo-information technologies (Remote Sensing and 
Geographical Information Systems) are successfully 
being used in various parts of the world as a low-cost 
solution to map and model geothermal sources. 
Hyperspectral and multispectral remote sensing, in the 
visible, near-infrared, and thermal infrared ranges, is 
being used to identify anomalous surface features 
related to active geothermal systems. These features 
include areas of thermal anomalies, diagnostic rocks 
(sinter and evaporite assemblages), hydrothermal 
alteration, and vegetation anomalies. In addition, GIS 
technologies are useful for predicting high temperature 
systems using some spatial analysis and regression 
techniques. 
 
Remote Sensing Data 
 
In this research, Landsat 5 TM data acquired in 2002 
for the northern part of the country were used. 
Because of the size of the country, only the northern 
region hot springs (Appendix 1, figure 1) were 
assessed under the present investigation. It is felt that 
these observations are going to be act as a guide in 
studying the hot springs in both the central and 
northern regions (Appendix 1, figure 2 and 3) of the 
country assuming that they are found in similar 
geological environments. 
     Most of the hot springs are characterized by 
presence of sulphur. Other physico-chemical 
parameters are summarized in Dulanya (2006). 
However, it should be pointed out that the 
temperatures for these hot springs vary considerably 
from luke warm to boiling depending on the area and 
that the ambient temperatures in some cases can be 
above those of the hot springs, there was therefore the 
need to isolate geothermal and non-geothermal 
sources e.g. bushfires if mapping using the thermal 
band was going to be effective. In view of the small 
sizes of the hot springs (20 m or less in diameter) in 
relation to the spectral resolution of the Landsat TM 
bands and the low temperatures of some of the 
springs TM bands 6 proved to be of little use at this 
stage of the project except in the case of Chiweta hot 
springs which was found to be one of the hottest in the 
region (80º C) and perhaps the entire country 
(Dulanya, 2006). In this case, the area near these hot 
springs shows as white (red dot spot) in a grey scale 
image (figure 3). However other non-geothermal areas 
are also depicted in white. 
     Landsat TM bands cover both the visible and 
infrared portions of the electromagnetic spectrum and 
are particularly useful for hydrothermal alteration and 
lineament mapping (Lillesand and Kiefer, 2000).  
 

 
 
Figure 3: Thermal Band depicting thermal and some non-geothermal 
sources in white 
 
The hot springs in Malawi are within the Malawi Rift, 
which forms part of the greater East African Rift 
system and are not restricted to particular lithological 
units. Ray (1973), postulated that the hot springs are 
related to the waning phases of volcanic activity 
associated with the rifting although there are no 
associated volcanic rocks together with the hot springs 
at the surface. However, one of the possible origins of 
these hot springs could be from waters of meteoric 
origin that circulates deep into the fault zones and 
rises to the surface once it is heated.  
 
Image Processing 
A natural color composite (RGB:741) overlain by hot 
springs in the area is shown in figure 4. 
 

 
 
Figure 4: Natural Colour Composite of Northern Malawi (RGB:741). 
Red dots are the hot spring centres 
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It may be appreciated from figure 4 that the hot springs 
are associated with major fault systems (the step-like 
rift faults) that trend in a general north-south and north 
westerly directions. However due to vegetation cover 
(green in this image) and the size of the hot springs, 
identifying the hot springs using medium resolution 
imagery may pose a challenge. For the purposes of 
this exercise, alteration zone, mapping and lineament 
mapping have been employed. 
 
Alteration Mapping 
Thematic Mapper bands 2, 3 and 4 are particularly 
useful for mapping of alteration zones related to 
hydrothermal activity. A false color composite with 
RGB: 432 is shown in figures 5 and 6. 
 

 
 
Figure 5: Northern Part of Northern Malawi Hot springs (White Dots) 
on a RGB:432 Colour Composite 
 

 
 
Figure 6: Southern Part of Northern Malawi Hot springs (White Dots) 
on a RGB:432 Colour Composite 

This image is aimed at showing oxide minerals in 
green since these are associated with hydrothermal 
alteration and vegetation in red. The figure shows 
vegetation in red and bare land as white to grayish in 
color and that the hot springs in the area do not show 
marked hydrothermal alteration haloes. Further more it 
can be appreciated that the hot springs are within the 
rift floor where recent sedimentation is active and thus 
these sediments have suffered little if any alteration at 
all.   
 

 
 
Figure 7: Ratio Composite Image of part of Northern Malawi (RGB: 
5/4, 4/3, 5/7) 
 
This view is supported and confirmed by using a ratio 
composite image (figure 7), which was produced with 
the aim of suppressing vegetation cover while trying to 
enhance the hydrothermal alteration. Band ratios 4/3, 
5/4, and 5/7 as BGR were used and this combination 
has the advantage that spectral characteristics of 
hydrothermally altered minerals should appear as blue, 
red and magenta (Marquez et al, 2001). In figure 7, 
vegetated areas are shown in cyan, burnt vegetation is 
shown in reddish brown and areas with bare soils in 
blue. 
 
Lineament Mapping 
In view of the foregoing, it is clear that using the 
Landsat data, the hot springs in the study area have 
not shown marked hydrothermal alteration haloes. Due 
to this reason, lineament mapping technique was 
adopted. Using this approach, the images were filtered 
after calculating the Principal components (Table 1).  
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Table 1: Principal Component Coefficients 
 

Variance percentages per band: 
91.10; 6.83; 1.11   0.56   0.31   0.10 

 Band1 Band2 Band3 Band4 Band5 Band7 

PC 1  0.355  0.308  0.379  0.292  0.608  0.425 

PC 2  0.690  0.385  0.184 -0.004 -0.502 -0.300 

PC 3  0.112 -0.017  0.115 -0.784 -0.157  0.579 

PC 4  0.465 -0.085 -0.652 -0.285  0.470 -0.222 

PC 5  0.175 -0.076 -0.528  0.456 -0.365  0.587 

PC 6  0.372 -0.862  0.325  0.106 -0.018 -0.023 

 
Principal Component one has over 91% of all the 
variability in the dataset and has subsequently been 
used for all the convolutions in the images. A linear 
filter was applied to the PC1 image and a color 
composite with bands 6 and 4 has been produced 
(figure 8). The lineaments are shown as sharp 
transitions from one color to the other. Although not all 
of the lineaments vectorised, it can be seen from this 
image that the main lineament trends fall into a cluster 
with azimuths N30W and N40E. This could be 
correlated with the alteration trends if they exist.  
     The area is severely faulted and the detailed 
interpretation of the remotely sensed data provides an 
understanding of the faulting style which is an 
important component for geothermal resources 
mapping in the area. 
 

 
 
Figure 8: Lineament map of Northern Malawi with some fault lines 
(black lines) 
 
GIS 
 
The role of GIS in has mostly been in vector and raster 
overlays. Lineaments were digitized on the screen and 

some others imported from existing geological 
information. With adequate knowledge about the 
lineaments after satellite data interpretation, GIS will 
be useful in heat flow distribution patterns and the 
characterization of the various geothermal fields. 
 
DISCUSSIONS 
 
Results from remotely sensed data (Landsat TM) have 
indicated that the hot springs in northern region of 
Malawi do not show clear alteration haloes around 
them. Two probable explanations have been put 
forward in this paper. The first observation is that most 
of the hot springs studied are small in size (less than 
10 m in diameter) when compared to the pixel 
resolution of Landsat TM of 30m. In view of their low 
discharge temperatures, the spectral signatures of the 
hot springs are not distinct from those of their 
surroundings. 
     The second observation is that sedimentation in the 
rift floor is still very active and most of the areas 
therefore are covered by young unconsolidated 
sediments. This implies that most of the sediments 
surrounding these hot springs may not have been 
exposed for long enough periods to the hydrothermal 
processes. 
     The hot springs are associated with the major rift 
faults, which control the geometry of the Cenozoic 
Malawi rift. Apart from this tectonic control, the 
northern Malawi hot springs seem to plot on or near 
the intersections between these major rift fault systems 
(north-west trending faults in the northern part of 
Malawi) and some NE-trending faults.  Castaing (1990) 
observed that the late to post-Karoo faulting in the 
basins in South-eastern Africa and Malawi were 
controlled by extension tectonics where NW-SE 
trending faults were controlled by NE-SW horizontal 
extension and NE-SW trending faults were controlled 
by NW-SE extension. Castaing (ibid.) further observes 
that the stress fields changed from NW-SE during the 
Permo-Triassic, NE-SW during the Cretaceous and 
back to the NW-SE from the Cenozoic to Recent. 
These stress regimes are responsible for the faulting 
styles present in the area. It can be seen that the 
northern-most hot springs in the study area are 
distributed within the intersections with NE-trending 
fault system which forms part of intra-continental 
grabens (Ruhuhu graben) that formed during the 
fragmentation of Gondwana (Castaing, 1990) and was 
reactivated during the Cenozoic to Recent. Williamson 
(1977) observed that areas of high heat flow in Zambia 
were associated with areas of isostatic gravity 
anomalies and disrupted drainage, which were 
interpreted evidence of incipient rifting. He further 
recommended that understanding the fault patterns 
and the structures within the deep sedimentary basins 
was important for geothermal exploration in Zambia. 
Castaing (1990) and Scholz (1976) noted that there 
existed a relationship between pre-Cretaceous intra-
continental rift valleys and the East African rift valley 
where some of these intra-continental rifts are 
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undergoing rejuvenation whereas Bailey (1961) 
observed that the geothermal anomalies in Zambia 
were not associated with volcanic activity but with the 
intra-continental rifts. These results from Zambia are in 
agreement with those from the northern part of Malawi 
where a number of hot spring centers plot near the 
intersections between the rift faults and the north-east 
trending faults some of which could be rejuvenated 
intra-continental rifts. 
     Landsat Thermal bands are able to depict the heat 
signal in cases where the heat signal emanating from 
the hot spring is clearly discernible as a result of high 
temperatures. The southern-most hot spring in the 
area is clearly mappable in this case because of its 
high heat flow and big size. 
 
CONCLUSIONS 
 
From the foregoing, it has been shown that the hot 
springs in the Malawi rift are tectonically controlled and 
are associated with the intersections between the 
major NW-trending rift faults and the NE-trending 
Cenozoic to Recent faults. It has also been observed 
that due to either the small size of the springs and/or 
the active sedimentation processes currently taking 
place in the area, it is difficult to observe any 
hydrothermal haloes in association with these hot 
springs.  
     In general, medium resolution satellite imagery 
such as Landsat TM (or any other systems) are 
adequate for lineament mapping. It is suggested that 
detailed lineament mapping should be an important 
and first step to the understanding the distribution of 
hot springs in northern Malawi. Higher resolution 
imagery e.g. ASTER would be useful to characterize 
the individual hot spring centers. Due to their low 
temperatures at surface, it is difficult to isolate most of 
the geothermal sources from the non-geothermal 
sources except for the southern-most hot spring in the 
area. 
     GIS is a useful too to overlay the different attributes 
of the hot springs and once a thorough understanding 
of the hot springs is gained, modeling of the heat 
distribution patterns will be carried out in a GIS. 
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APPENDIX 
 
Appendix 1 – General Distribution of Hot springs by 
Region 
 

 
Figure 1: Northern Region hotsprings (after Dulanya, 2006) 

 
Figure 2: Central Region hotsprings (after Dulanya, 2006) 

 
Figure 3: Southern Region hotsprings (after Dulanya, 2006) 
 



FIRST EUROPEAN GEOTHERMAL REVIEW – Geothermal Energy for Power Production 
October 29 – 31, 2007, Mainz, Germany 

 54

New Concepts in 3D Geological Modeling for Geothermal 
Exploration - Tracking Uncertainties during Model Evolution 

 
J. F. Wellmann, E. Schill 

 
Institute für Geothermisches Ressourcenmanagement, ITB GmbH 

 
wellmann@igem-energie.de 

 
ABSTRACT 
 
Geological 3D models of a reservoir area play an 
important role for exploration. They provide the 
background for geological interpretations and are the 
basis for further exploration and reservoir modeling. In 
central Europe, reservoirs are typically in great depth 
(i.e. 3-5 km) and of lower financial yield compared to 
oil reservoirs. This requires advanced modeling 
concepts during exploration. One drawback in 
conventional modeling is that the accuracy of a 
geological model is usually not evaluated. In a case 
study based on the “Geothermal Resource Atlas 
Rhineland-Palatine” we show an approach to track 
uncertainties during model evolution. The model 
evolution consists of three steps: model construction, 

uncertainty evaluation and optimization. The model 
construction is preformed on basis of the statistical 
potential-field method. This leads to geologically 
reasonable models based on little input data. 
Inaccurate raw data and the interpolation technique 
itself lead to uncertainties in the model. These are 
evaluated in detailed steps. Afterwards, an 
optimization of the model using inversion gravity and 
magnetic data is attempted. We show with the case 
study that it is feasible to track uncertainties during 
model evolution. Addressed model accuracy can play 
an important role in geological interpretation, further 
model utilization end decision making for geothermal 
exploration and reservoir development. 

 
 
 
 

Efficiencies, Availabilities, Reliabilities and Environmental impact 
of Commercial Geothermal Power Plants 
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ABSTRACT 
 
The economy of a geothermal power plant is only one 
of the conditions to be fulfilled in the development of a 
geothermal resource. In many cases it is only 
secondary. The developer should often give 
precedence to the environmental impact, to the 
sustainability of the resource, to the safety of the 
operation, to strength and durability of the equipment, 
to small cost of operation, etc. To know how to 
appreciate in each case, at their true value, the 

consideration of convenience and economy which may 
present themselves; to know how to discern the more 
important of those which are only accessories, to 
balance them properly against each other, in order to 
attain the best results by the simplest means: such 
should be the leading characteristics of the man called 
to direct, to co-operate towards one useful end, of the 
development of a geothermal project. 
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ZUSAMMENFASSUNG 
 
In der Planungsphase eines geothermischen 
Kraftwerkes ist die Problematik der Systemauswahl 
zur Stromerzeugung von besonderer Bedeutung. Zur 
Elektrizitätsproduktion aus der Erdwärme spielen zwei 
binären Kraftwerksarten eine wichtige Rolle: Organic 
Rankine Cycle und Kalina Kraftwerke. Die Kraftwerke 
unterscheiden sich unter Anderen bezüglich des 
Systemaufbaus. Ein Kalina Kraftwerk ist komplexer 
aufgebaut und setzt eine größere Fläche im 
Kraftwerksgebäude im Vergleich zu einem ORC 
Kraftwerk gleicher Leistungsgröße voraus. Die Kraft-
werke unterscheiden sich auch bezüglich des Wärme-
trägers, der Effizienz (Differenz maximal ca. 2 %), der 
Investitionen etc. Aufgrund des Vergleiches zeigt sich, 
dass ein ORC Kraftwerk im Verhältnis zu einem Kalina 
Kraftwerk vorteilhaft ist, bis auf die etwas niedrigere 
„theoretische“ Effizienz. Außer der Effizienz sind 
jedoch noch die Betriebsstunden pro Jahr wichtig (hier: 
Kraftwerksverfügbarkeit, kWh). Derzeit vorhandene 
Kraftwerksbeispiele weltweit sprechen in Hinsicht auf 
die Kraftwerksverfügbarkeit für ORC. 
 
Einführung 
 
Zur Elektrizitätsproduktion aus der Erdwärme bei 
einem geringen Enthalpiegehalt des Thermalwassers 
spielen zwei binären Kraftwerksarten eine wichtige 
Rolle: Organic Rankine Cycle und Kalina Kraftwerke. 
Der Vergleich beider Kraftwerke wurde für folgende 
Randbedingungen durchgeführt: 
 
 Thermalwassertemperatur: 

Eingang ca. 150 °C, Ausgang ca. 75 °C, 
 Thermalwasservolumenstrom ca. 80 l/s 
 Geothermische Leistung ca. 23 MW thermisch 

(bez. auf die Temperaturdifferenz von ca. 75 K), 
 Elektrische Leistung am Generatorterminal 

ca. 2 bis 3 MW, 
 Benötigte Kühlleistung ca. 20 bis 21 MW 

 
Problematik der Systemauswahl 
 
Die ORC und Kalina Kraftwerke unterscheiden sich 
unter Anderen bezüglich des Systemaufbaus. Ein 
Kalina Kraftwerk ist in der Regel komplexer aufgebaut 
und setzt eine größere Fläche im Kraftwerksgebäude 

voraus im Vergleich zu einem ORC Kraftwerk gleicher 
Leistungsgröße (ca. 2 bis 3 MW elektrisch). 
 

 
Abb. 1: Schema eines ORC Kraftwerks 
 
 

 
Abb. 2: Schema eines Kalina Kraftwerks 
 
Die Geräuschkulisse beläuft sich in beiden 
Kraftwerksarten auf maximal ca. 80 bis 100 dB(A) 
Schalleistungspegel. Die lauteste Komponente ist die 
Turbine bzw. der Generator. Des Weiteren das Kühl-
system, dessen Schalleistungspegel min. ca. 70 dB(A) 
beträgt (hier: Luftkühlsystem, /Ormat07/). Die 
Geräuschkulisse kann beim Bedarf z. B. mit Schall-
schutzsystemen, Abdeckhauben reduziert werden.  
     Ein Vergleich beider Kraftwerke unter ausgewähl-
ten Aspekten kann der Tabelle 1 entnommen werden. 
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Tabelle 1. ORC vs. Kalina Kraftwerk 

 
Als Arbeitsmittel werden bei ORC Kraftwerken 
Reinstoffe eingesetzt. Diese Arbeitsmittel sind in der 
Regel gesundheitsschädlich, umweltgefährdend und 
hochentzündlich. Zum Beispiel Iso-Pentan (C5H12). 
Folgende Abbildung 4 stellt die Kraftwerksparameter in 
einem Temperatur-Entropie Diagramm dar. 
 

 
Abb. 3: Temperatur-Entropie Diagramm Iso-Pentan /Nist07/ 

 
 

 
Abb. 4: ORC-Kraftwerk 
 

1 – 2 Expansion in der Turbine; 
2 – 3 Kondensation; 
3 – 4 Verdichtung in der Pumpe; 
4 – 5 Vorwärmung; 
5 – 1 Verdampfung; 
 
Die Kalina Kraftwerke arbeiten mit einem Zwei-
stoffgemisch: Ammoniak und Wasser. Das Ammoniak 
ist gesundheitsschädlich und umweltgefährdend, 
zudem noch toxisch als Gas. Am Eingang der Turbine 
herrscht Ammoniak zu ca. 80 bis 95 % als ammonia-
kaler Dampf. Das Ammoniak wirkt sehr korrosiv auf die 
Kraftwerkskomponenten. Aus dem Grund werden sie 
aus hoch legierten Stählen wie z. B. Titan gebaut. 
     Die Verluste des Arbeitsmittels betragen in beiden 
Kraftwerksarten ca. 2 bis 4 % pro Jahr. In sehr 
komplexen Anlagen können sich die jährlichen 
Wärmeträgerverluste sogar auf ca. 12 % belaufen. 
     Im Hinblick auf die Kraftwerkseffizienz weist die 
ORC Technologie einen Wirkungsgrad von etwa 11 % 
bis 12 % auf. Die Kalina Technologie erreicht 
demgegenüber theoretisch maximal etwa 2 % mehr 
Wirkungsgrad, bei gleich definierten Randbedingungen 
bezüglich der Wettersituation, der Kühlleistung, der 
Wärmequelle etc. (eigene Berechnungen). Dies ist 
bedingt durch die thermodynamischen Eigenschaften 
des Ammoniak und Wasser Gemisches, nämlich eine 
nicht-isotherme Verdampfung und Kondensation. 
     Die spezifischen Investitionskosten fürs Kalina 
Kraftwerk liegen wesentlich höher im Vergleich zu 
einem ORC Kraftwerk (eigene Betrachtungen). 
 
SUMMARY 
 
The planning phase of geothermal power plant 
contains important aspect of the technology choice for 
power generation. For electricity production from the 
earth heat two binary kinds of power plants are 
significant: Organic Rankine Cycle (ORC) and Kalina. 
The types of the power plants differ concerning the 
system structure. A Kalina power plant is more 
complex and occupies a larger surface in the power 
plant building in comparison to an ORC power plant of 
the same power size. The power plants differ also 
concerning the motive fluid, the efficiency (difference 
maximum app. 2 %), the investments etc. The 
comparison of both power plants favours the ORC 
technology, except the “theoretically” efficiency. 
However, beside the efficiency the operation hours per 
year are relevant (operational availability, kWh). The 
worldwide installed power plants show the advantages 
of the ORC compared to the Kalina technology. 
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Aspekte/Kraftwerk ORC Kalina 

Systemaufbau + - (sehr komplex) 

Platzbedarf + - 

Schallleistung 
Kraftwerk / 
Kühlung 

≈ ca. 90/70 db(A) ≈ 

Wärmeträger 
(Umweltaspekte) 

≈ (+); Max. 
Druck ca. 9 bar 

≈ (- toxisch); Max. 
Druck ca. 35 bar 

Leckage ≈ ≈ 

Wirkungsgrad - theoretisch 
ca. 11 bis 12 % 

+ theoretisch   max. 
ca. 2% höher 

Investitionen + - 

GESAMT 3 (+) / 1 (-) 1 (+) / 3 (-) 
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ABSTRACT 
 
Geothermal power plants are sometimes operated off 
design point because of the change of ambient 
conditions, like air temperature, production well and 
performance degradation of the components. Aiming 
to operate geothermal power generation more 
effectively, it is desirable to investigate the influence of 
these conditional changes on power output 
quantitatively. In this current investigation, 
thermodynamics performance analysis simulator on 
the bases of the heat balance analysis was developed. 
Quantitative analysis of each influencing factors was 
performed at the time that outside conditions and 
performance of plant components varied. In addition, 
plant performance evaluations were made for two 
types of the method (ejectors and vacuum pumps) 
applied to the noncondensable gas extractor system. 
Considering the design point and well characteristics, 
optimum operational points were proposed according 
to ambient conditions. This simulator could be a 
powerful tool for planning of the plant maintenance 
strategy and its operation. 
 
1   Introduction 
 
The geothermal power generation is a system to drive 
a turbine by using heat energy of the geothermal fluid 
taken out from the geothermal reservoir exisiting in 
deep underground and generates electricity. The 
geothermal power generation can contribute greatly to 
reduction of CO2 emissions and reduce environmental 
impact by using the geothermal resource as natural 
energy. 
     In this power plant, performance degradation is 
concerned due to contamination of the scales such as 
sulfur and calcium adhesion to the equipment exposed 
to the steam [1]. Another reduction in the efficiency 
can also be found in the fluid flow line. For example, 
wear problem of the pump in circulation water line and 
choke of filler in the cooling towers where the 
condensation steam is cooled. Moreover, the 
conditions of the extraction fluid from production well 
(flow rate, pressure, temperature, steam-water ratio, 
and concentration of noncondensable gas etc.) vary 

due to the performance change of the geothermal 
reservoir. By the result of these various complexly 
intertwined and influenced factor, it may cause of the 
off design point operation of the geothermal power 
plants. To maintain high-level efficiency and output in 
such as the above-mentioned situation, it is necessary 
to clarify the cause of decrease in the power outputs 
and to consider countermeasures. When the 
maintenance would be carried out based on this 
cause, improvement could be expected from an aspect 
of efficient operation and stable supply of electric 
power. In spite of the fact that various plant 
performance evaluation methodologies had been 
proposed to fossil power plants, an effective 
performance analysis technique of the geothermal 
power generation plant has not been established very 
well. In this investigation, the performance analysis 
simulator modeling an actual geothermal power plant 
is developed. It aims to evaluate individual influence 
goes out to the entire plant when an ambient condition 
changes and propose appropriate performance 
recovery measures. 
 
2 Development of the performance analysis   
     simulator 
      
     2.1 Analysis program 
 
EgWin developed by CRIEPI (Central Research 
Institute of Electric Power Industry, Japan) is applied to 
a base of sequential analysis. A routine calculation 
written by an external spreadsheet software was 
combined with EgWin, and the performance analysis 
simulator is constructed. EgWin is a general purpose 
analytical program adopted a new calculation method 
that combines the stepwise calculation method (A 
method of attempting convergence by repeating the 
calculation of each equipment in series.) with the linear 
calculation method (A method of solving the entire 
system as simultaneous equations by making each 
equation linear), and analyzes and evaluates various 
power generating systems easily [2]. A geothermal 
power plant aimed in this investigation was Uenotai 
Geothermal Power Station (Akita, Japan). A block 
diagram of this plant is shown in Figure. 
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Figure 1: Block diagram of Uenotai Geothermal Power Station. 

      
     2.2 Calculation procedure 
      
     Input data to need for the analysis are only the 
production well conditions (main steam flow rate, 
temperature, pressure and concentration of 
noncondensable gas) and atmospheric conditions. A 
plant simulator calculates the property of each 
equipment according to the design values and 
thermodynamic heat balance. 

Steam from the turbine outlet was condensed by 
the cooling water in the condenser, and 
noncondensable gas in steam and dissolved air in 
cooling water are extracted by the first ejector. Cooling 
water is cooled at the cooling towers by direct contact 
with the air. Hence the following equations were used 
in order to consider the dissolution of the air into the 
cooling water. This formula considers equivalent 
dissolved air concentration at the temperature in 
cooling towers. 
 

( ) 734.53Tln8485.9R wair +−=         (1) 
w

6
airair G10RG ⋅⋅= −

          (2) 
 
The cooling tower performance was caluculated based 
on the method of Performance Tests of Mechanical 
Draft Cooling Tower [3]. The temperature of cooling 
water is calculated by using the temperature of the air 
wet bulb. 
     Operational steam flow rate of ejector can be 
calculated by equation (3) applying the operationally 
observed values and the design values. 
 

i
i

r

r

i
r G

p
p

T
TG ⋅⋅=           (3) 

 
Thermodynamic states in the plant component such as 
temperature of cooling water, the turbine inlet and 
outlet enthalpy, etc. were calculated according to the 
subroutine flowchart shown in  

Figure. The condenser vacuum was calculated by the 
convergence calculation to equal two obtained 
operational steam flow rate of ejector. These values 
were read in EgWin one by one, and the simulation 
was executed. It is able to figure out the change of 
power output and performance degradation by 
comparing those calculated values with operationally 
observed values. 
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Figure 2: Subroutine flowchart 
 
3   Results and discussions 
 
     3.3 Validation of the simulation 
      
The validity of the simulation was verified by plotting 
the power output and condenser vacuum obtained 
from both simulations and actual operation. The 
condenser vacuum is an important parameter that 
controls the performance of the plant in general, and is 
a measurable value during the operation.  
 
Figure shows a comparison of the value obtained by 
calculation and actual operation. Changes in every 
period were confirmed and that was due to change in 
main steam conditions and the outside temperature. 
The result of the analysis on the power output is 
shown in Figure 4. The relation that the power 
generation output increases and decreases as the 
condenser vacuum increases and decreases can be 
found in  
Figure 3 and Figure 4. Each result is almost 
corresponding and it seemed to be in high accuracy. 
This means the validity of the simulation was verified. 
 
     3.4 Dependence of cooling tower performance 
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Assuming that the cooling tower performance 
recovered to the design value, the change of 
condenser vacuum and power output are examined. 
The differences between two figures named 
“Improving cooling tower” are shown in  
 
Figure and Figure 1. Condenser vacuum was expected 
to be improved by 36% at the maximum, by 7% on the 
average. Similarly, power output was improved by 11% 
at the maximum and 3% on the average as for 
expected achievable improvements. Therefore it is 
suggested that recovery of the cooling tower 
performance is important countermeasure to recover 
plant performance. However, it will be important to 
take into account the workover cost and the 
construction schedule on this issue. 
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Figure 3: Comparison of Condenser Vacuum  
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Figure 1 Comparison of Power Output 
 
     3.5 Dependence of gas extractor system 

 
Power output was compared with the case using 
vacuum pump as a gas exractor system instead of a 
second ejector. The driving power of vacuum pump 
was obtained from the following equation [4]. The gas 
that flows in the vacuum pump was assumed as 
noncondensable gas (it assumes CO2 because CO2 
accounts for 90 percent) and air (gland leak 130 kg/h 
and dissolved air from cooling water). 

 
( ){ } mpg

11
12gppump G1)PP(TCP η÷η÷×−= −κ−κ  (4) 

 
The result of this comparison is called “Using vacuum 
pump” and shown in Figure 4. The production well and 
air condition was assumed to be the same figures with 
“Simulation” (Using second ejector). The power output 
of “Using vacuum pump” shows higher figures than 
that of “Simulation” even under considering driving 
power of vacuum pump. It is thought that the vacuum 
pump which is able to adjust the extraction ability by 
supplying driving electric power had been suited than 
the second ejector in this plant. However, it is 
necessary to examine which equipment should be 
selected in consideration of the cost, durability, and 
reliability, etc [5]. 
 
     3.6 Dependence of the production well  
           performance 
 
     By utilizing this simulator, it is able to verify the 
optimum steam flow rate and pressure according to 
the production well performance. Figure 5 shows the 
relation of production well performance (steam flow 
rate and pressure) and power output. From this result, 
it is optimum to operate in the steam flow rate and 
pressure of when power output becomes the 
maximum. Thus, the optimum operation point when 
the production well condition changes can be 
estimated. 
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Figure 5: Influence of Steam Pressure on Steam Mass Flow and 
Power Output  of the plant 
 
     3.7 Dependence of the gas level 
 
The changes of condenser vacuum and power  output 
when the concentration of noncondensable gas 
contained in the main steam changes could be 
obtained. The result is shown in Figure 6. The increase 
of condenser vacuum and the degrease of power 
output is remarkable when the concentration of 
noncondensable gas is higher than 0.65%. The 
operational steam flow rate of the ejector can be 
increased by raising the steam pressure, and the 
condenser vacuum can be lowered. But further 
simulations are necessary for the optimization of the 
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plant because the main steam flow rate decreases as  
raising the steam pressure. 
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Figure 6: Power Output and Condenser Vacuum in terms of the Gas 
Level contained in main steam 
 
4   Summary 
      
 A plant simulator which allows to obtain high reliable 
results with minimum input was developed in this 
investigation by adopting high accurate calculating 
method in which the performance curve and the design 
value of each component had been set. The 
improvement rate of power output and condenser 
vacuum was quantitatively clarified based on the 
dependence of cooling tower performance and gas 
extractor system. Moreover, the calculation method of 
optimum steam flow rate and pressure was presented 
in the case that production well performance changes. 
A condenser vacuum and power output was calculated 
for the case that concentration of noncondensable gas 
changes. Utilizing this simulator, it is expected that 
influence which various ambient conditions give to the 
performance of entire plant. In addition, plant 
management for the optimum operation of geothermal 
power generation system also be extended by 
applying this methodology. 
 
 

Nomenclatures 
 
G :flow rate [kg/h] 
T :temperature [°C] 
P :pressure [kPa] 
R :dissolution rate [-] 
air :dissolved air 
w :cooling water 
r :measurement value of operational steam 
i :design value of operational steam 
Ppump :driving power of vacuum pump [kW] 
κ :specific heat ratio [-] 
Cp :specific heat at constant pressure [kJ/(kg·K)] 
1 :inlet of vacuum pump 
2 :outlet of vacuum pump 
g :gas in vacuum pump 
ηp :pump efficiency [-] 
ηm :motor efficiency [-] 
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ABSTRACT 
 
In the year 2002 the ‘Bundesanstalt für Geowissen-
schaften und Rohstoffe’ investigated the German 
geothermal resource (TAB-Studie). One of the most 
promising areas for geothermal exploitation in 
Germany is the Rhine Graben. Landau is besides 
Soultz-sous-Forêts the second hot anomaly within the 
Rhine Graben, both anomalies are known from 
temperature measurements within the nearby oil 
producing fields. Beneath Landau a rock temperature 
of 150°C at app. 3 km can be expected. A fluid 
temperature of 150°C results into a better efficiency to 
generate electrical power than the ‘normal’ 
temperature of 90°C at 3 km depth. 
     In the South of Landau a hot water reservoir was 
assumed within the North South striking vertical 
fractures and faults, which are connected within three 
different formations the Muschelkalk, the 
Bundsandstein and the Granite. The existence of 
Permian sediment in between the Buntsandstein and 
the Granite was speculative. The fractured multi-
horizon geothermal reservoir has been targeted by 
interpreting old seismic profiles and depth contour 
plots from the Wintershall A.G.. The first geothermal 

well at Landau Gt La1 was planned to reach a depth of 
3 – 3.5 km. The closest drilled well nearby was only 
app. 1800 m deep. Seismic data beneath the 
Pechelbronn Layers is difficult to interpret, as a lot of 
seismic energy is attenuated within this formation. 
Consequently the prognosis of the geological 
environment deeper than 2000 m was doubtful. 
Seismic measurements of recent date face the same 
problem and it remains quite difficult to get a clear 
picture of the underground deeper than 2 km in the 
Graben. It becomes obvious that the multi-horizon 
approach in Landau had a strong exploitation 
character. On the base of the interpreted data an 
optimal well path was considered to cross within every 
targeted horizon at least one fracture to maximize the 
possibility of success. 
     In case of not observing enough permeability within 
the multi-horizon reservoir a multi stage stimulation 
was planned to minimize the risk of failure. 
Nevertheless this option did not have to be realized, 
because the desired degree of permeability was 
already present in the formation. 
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ABSTRACT 
 
The paper describes results from Latin Hypercube 
Sampling used to discover whether geothermal base 
load wholesale power brokering espoused by Hamblin 
[1] in previous work would invite adverse selection and 
moral hazard in real-time implementation. Hamblin 
showed by example that an innovative wholesale 
scheme using so-called escalator pricing for 
geothermal would discount buyers’ perceived risk 
while a clustering algorithm would minimize Contract-
For-Differences’ and Final settlement payments. 
     This could put the geothermal pricing scheme in the 
money, were it augmented by sponsorship, award, and 
distribution among market participants of renewable 
energy coupons (or green tags). Steam generating 
companies, power vendors, and geothermal site 
developers would be attracted to a wholesale power 
broker [2] who resells to electricity retailers. The 
market is made because it reconciles the different time 
horizons of stakeholders over the contract term and 
the economic life of steam generation assets. 
     Hamblin’s scheme would fail if the timing and 
direction of settlement payments over contract life 
create a market for site-developer lemons by adversely 
selecting high risk suppliers who will default on 
contract obligations before the contract matures. The 
scheme might also fail if an unscrupulous broker used 
superior information it held (among stakeholders) 
about future wholesale power costs to gain economic 
profit from its escalator price slates and thus to subvert 
the settlement-payment- minimization design of the 
clustering algorithm that drives Hamblin’s software. 
     The paper develops and uses distributional 
assumptions for Platts’ [3] baseline, high, low, low 
hydro plus renewable, and New York Mercantile 
Exchange futures-plus-forward-market scenarios to 
draw Latin Hypercube Samples of average monthly 
wholesale prices incurred over a 15-year contract for 
7x24 geothermal from a California subregional market.     
     First, “scrupulous-broker” designed samples will be 
used to test and report the adverse selection 
propensity of a real-time implementation of the 
algorithm.  
     Second, “unscrupulous-broker” designed samples 
will be used to test and report the moral hazard 

propensity of a real-time implementation of the 
algorithm. 
 
I. Introduction  
 
This paper uses Latin Hypercube Sampling to see if 
using escalator prices to broker dry steam or flash 
geothermal will work in one spatial market, Southern 
California, under contract terms that looked best in a 
prior examination – described in Section V of 
Hamblin [1]. We think our best terms will fail if they 
create an Akerlof [4] market for lemon geothermal 
suppliers or invite fraud from a broker who is better 
informed than supplier or buyer. We use scenario-
specific Platts' Power Outlook Research Service 
wholesale 7x24 price forecasts of base load electricity 
sold into Southern California for distribution and 
covariance inputs that constrain the Latin Hypercube 
Samples of wholesale prices and price deflators 
plausible and possible over the contract term.  
     Section II tells how market power rations dry steam 
and flash geothermal into California markets that de 
facto rely on coal and nuclear for base load. Section III 
describes Latin Hypercube Sample creation and use in 
tandem with Hamblin’s Escalator P – Geothermal 
Bilateral Contract Manager software. Section IV 
assaults the myth that a best single forecast exists for 
creating escalator prices over the contract term – that 
are purged of principal-agent problems for power 
brokerage. Section V recommends simple expert 
systems to avoid the adverse selection of lemons as 
well as the moral hazards posed by dishonest brokers. 
Section VI describes how one might roll the expert 
systems into Escalator P rule-based audit reporting to 
bilateral contract stakeholders. Section VII concludes 
by suggesting how and why Escalator P backs up the 
phone calls and the handshakes required to make 
power marketing and brokering happen. 
 
II. Market Power Rations Geothermal Power Into 
California Markets 
 
While California is working to accelerate its use of 
renewables and otherwise reduce power generation 
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emissions, it also exports pollution to states supplying 
it with coal-based generation for base load over the 
transmission grid. In the money for base load in 
California favors coal-fired generation from Texas or 
the Four Corners. [5] The U.S. Supreme Court has 
kept it this way, even as energy bills in Congress have 
brewed and stewed, since October 2006 when the 
Court voiced majority sentiment favoring not requiring 
retrofit coal plants to meet new-source pollution-
abatement requirements – as reported by The New 
York Times. [6] 
     Base load wholesale power generation serving 
California surely is a contestable market – with a 
diverse mix of utilities and generating companies that 
owns nuclear, coal-fired, gas-fired, dry steam and flash 
geothermal with supply capability. However, 
competitiveness of geothermal suffers because of 
buyer risk perceptions and horizontally integrated 
energy companies seeking to maximize economic 
profit through power sales from a generation portfolio 
that includes coal-fired plants and combined cycle gas 
turbines as well as geothermal. William Baumol [7], the 
first author of the contestable markets’ doctrine, tells 
Allen Krueger [8] that free market economies grow at 
10 times the rate of any other economy in history, 
because of “the intensity of oligopolistic competition in 
which the oligopoly’s main weapon is not price, but 
invention, in which it is life and death for them.” But 
price drives the oligopolistic base load power market 
serving California to the least cost, most obsolescent 
(coal-fired) generation source plus old nuclear whose 
load factor plus embedded cost recovery keeps it in 
the money as well. As a result, dry steam and flash 
geothermal generation are rationed into California’s 
base load mix in amounts significantly less than 
estimates by ICF [9] of geothermal potential. 

We would like to pry open the oligopoly vise that 
clenches geothermal’s future in its jaws – to brokers, 
independent steam generating companies, and green-
vested customers. To accomplish this, Hamblin’s 
earlier paper used an escalator price design, green 
tags, and mathematics for minimizing settlement 
payments to show how to make a market for 
geothermal power sales brokered into geographically 
disperse wholesale electricity markets. The escalator 
price moves up over the contract term. An initially 
discounted price attracts buyers to the renewable 
resource perceived to be not as dependable as 
conventional capacity. The price escalates, relative to 
the prevailing wholesale market price, to include a 
premium or margin over the contract term. Power 
brokering with an escalator price and green tags from 
an interested donor are tools for arbitrage. In this 
California market, you are likely to have a vendor or 
geothermal site developer with a steam-generating 
plant that lasts 20 years or so, requiring an investment 
of ~$2600/kW in overnight cost (according to 
Platts’ [10]), needing a payback of 10 years or less to 
break even in the out years. W. Michael Warwick [11] 
developed the escalator price concept that Hamblin’s 
earlier paper, by salient example, put to use and this 

paper tests. The escalator price compensates the 
seller with margin in the out years to help resolve the 
payback dilemma. Additionally, tinkering with the 
assignment and timing of green tags shortens the wait. 
Payback in net present value on a 15-year bilateral 
contract is from about 4 to 4½ years for a discount rate 
between 5½ and 7½ percent and green tags valued at 
$20/ MWh, which The Green Power Network [12] 
disclosed as the median value for 2006.  
     Electricity retailers participate in a deregulated 
merger and acquisition market, about which surveys 
by Darrow, McNulty, and Price [13] say paybacks are 
one to three years maximum. The escalator price gives 
retailers a discount over other generation sources in 
the early years and a green tag award in the out years 
when they will have to pay the margin on the 
geothermal power contract. 
 
III. Constrained Longitudinal Latin Hypercube 
Samples Predetermine Southern California 
Wholesale Prices and Price Deflators 
 
We create 100 Latin Hypercube Samples as constant 
dollar wholesale electricity prices and GDP price 
deflators that reflect the range of possible outcomes 
foreseen by selected Platts' scenario forecasts for its 
region boundaries defining Southern California. Latin 
Hypercube Sampling, or LHS, is a constrained Monte 
Carlo technique developed by McKay, Conover, and 
Beckman [14] that reduces the number of passes (or 
random drawings) required to define the outcome 
space.  
     To accomplish this, we used the ARRAMIS 
LHSWIN PC-resident software obtained on exclusive 
use (not for distribution) terms from the Risk 
Assessment and Systems Modeling Department of the 
U.S. Sandia National Laboratories. While we used the 
Sandia User’s Guide by Wyss and Jorgensen [15] and 
LHSWIN to produce the outcome space, the 
hypercube assumes things to be true that we know are 
not true. Using as input the distribution and correlation 
characteristics of our chosen Platts’ scenarios – 
notably low (LOW), base (BASE), high (HIGH), low 
hydro plus renewable (LH&R), and New York 
Mercantile Exchange (NYMX) [16] – that we derived 
from BestFit 4.5 [17], the hypercube creates an 
outcome space that assumes the wholesale price 
scenarios are equally probable. [18] This is false for at 
least four reasons: 

 
1. Equal probability assumes something to be true 

that a power broker using escalator prices is 
attempting to ascertain. Section V describes our 
simple expert systems for doing this. We chose to 
tolerate the equal probability assumption simply to 
get an LHS wholesale price range that in some 
way reflected the information content of the Platts’ 
scenarios, looked at together. Our concern that 
actual prices incurred may lie outside this range 
could not be backed up by appealing to other 
sources available to us because they did not 
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supply the spatial detail required and/or the 
wholesale price predictions were entirely within the 
boundaries set by the five Platts’ scenarios. [19]  

2. We used the LOW LHS data series in a way 
different from the way in which we used the four 
other LHS series. Our Escalator P software uses 
the Platts’ LOW scenario as a so-called magnet 
price that its clustering algorithm (described in 
Section II of Hamblin [1]) attempts to pair with a 
predicted or in real time observed price as it 
creates an escalator price or computes a 
settlement payment. Platts’ LOW was selected 
because, in constant dollars looked at over 20 
years, it was lower than any other wholesale 
electricity price projection we could find or imagine. 
However, to be internally consistent in our use of 
LHS, we replaced the nth observation Platts’ LOW 
read as input by Escalator P with the nth 
observation for the ith Latin Hypercube Sample (of 
100) currently in use.  

3. There were instances for which the best 
distribution fit from BestFit was not available in 
ARRAMIS LHSWIN and/or the LHSWIN 
distribution chosen would not give solutions. The 
leading example was for the NYMX scenario, 
which was Pearson5 in BestFit. The second-place 
candidate Inverse Gaussian would not give 
solutions in LHSWIN, so the third-best distribution 
fit Lognorm2 was used. 

4. We used 20-years/240-months’ Latin Hypercube 
Samples from which to extract an outcome space 
for bilateral contracts lasting 15 years. We did so 
because the 3- to 4-period lag in reporting 
wholesale prices and price deflators actually 
observed required us to extend the data series 
beyond the 15-year contract term. Although the 
additional LHS prices and price deflators (beyond 
the 180th month) play no role in computing 
contract-for-differences’ settlements (lagged four 
months), they do contribute a small and unknown 
amount to the final settlement payment reflecting 
the precision of Escalator P’s clustering algorithm. 
(Escalator P software reads data sample lengths 
appropriate for contract terms of 5, 10, 15, or 20 
years.) 
 

Here is the peculiar manner in which we created the 
100 Latin Hypercube Samples used to test Escalator 
P’s susceptibility to lemon suppliers and fraudulent 
brokers: 
      
For our purpose, one LHSWIN simulation yielded a 
one-month cross-section of our outcome space 
requirement. We supplied as inputs for an ith – month 
(of 240) the Platts’ predictions for LOW-, BASE-, 
HIGH-, LH&R-, and NYMX-scenario prices in constant 
(2004) dollars, the corresponding ith-month price 
deflator, an ith-month (pseudo-) random seed (drawn 
by us) meeting the LHSWIN requirement that it exceed 
1000 and be less than 231, and the distribution and 
pair-wise correlation structure of the Platts’ data. From 

this, repeated for each month, LHSWIN produced 240 
flat files.  
     Each flat file included a lower triangular matrix 
depicting the correlations among the Platts’ inputs and 
100 LHS observations for the five scenario-specific 
constant dollar prices and the price deflator. After 
confirming that each file identically regurgitated the 
correlations, distribution parameters, and random seed 
we had supplied as inputs, we stripped blank lines, the 
correlation matrix, and the Inman and Conover rank 
correlations not needed as inputs to Escalator P. We 
subsequently transposed the result, yielding 100 flat 
files with 240 LHS observations for the five scenario-
specific constant dollar prices and the price deflator. 
Each of these we sorted on descending values of the 
GDP price deflator. This was required to ensure that 
the LHS/Escalator P CFD settlements paid out in 
nominal dollars reflected Platts’ predicted inflation – 
different in every year but with no deflation.  
     The exercise gave us 100 constrained longitudinal 
Latin Hypercube Samples of statistically foreseeable 
all-hours electricity wholesale prices and price 
deflators for Southern California. We ask rhetorically, 
what did we want to know about these samples that 
would qualify them to test Escalator P for Principal-
Agent problems managing real-time bilateral 
contracts? 
  
1. We wanted confirmation that LHS outcome spaces 

would not cripple Escalator P by exceeding known 
or unknown boundary conditions for its clustering 
algorithm to work properly. We were successful on 
this front.  

2. We wanted assurance that while the transposed 
samples (denoted ESCLHS1 through 
ESCLHS100) were faithful to their Platts’ 
wholesale-price-scenario-and-price-deflator 
source, they were different enough from it to give 
our software a run for the money. We examined 
this retrospectively by looking at the sample most 
likely to induce adverse selection under the “single 
forecast” perspective debunked in Section 4 
below. The sample was ESCLHS40. The highest 
rank-correlated forecast vector was 17 percent 
lower than the average Platts’ BASE price for the 
last year of the contract, 20 percent lower than the 
average Platts’ HIGH price for the last year of the 
contract, 15 percent lower than the average Platts’ 
LH&R price for the last year of the contract, and 38 
percent lower than the average Platts’ NYMX price 
for the last year of the contract. [20] Not 
surprisingly, these lower-than-predicted prices 
yielded monthly CFD settlements for the last year 
of the contract that summed to a negative dollar 
amount for all price scenarios; hence, giving 
geothermal vendors or site developers a CFD 
inducement to bail on the contract.  
     Interesting to us as well was a comparison of 
the lowest rank-correlated ESCLHS40 forecast 
vector with the average scenario prices for the first 
year of the contract. For this, the ESCLHS40 
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NYMX price was 14 percent higher than the 
average Platts’ NYMX price for the first year of the 
contract. [21]  

In fact, NYMX supplied the low and high 
boundaries of the LHS outcome space. These 
were $14.50/MWh and $98.30/MWh: 54 percent 
lower than the average Platts’ NYMX price for the 
last year of the contract and 61 percent higher 
than the average Platts’ NYMX price for the first 
year of the contract, respectively. [22]  

All of this bad news was good news for us 
because it (retrospectively) predicted outcome 
spaces able to test Escalator P’s susceptibility to 
lemon suppliers and fraudulent brokers. Section 4 
amplifies this news with additional evidence. 

 
The dispersion of Latin Hypercube Sample Data for 
Platts’ price scenarios shows the spread obtained by 
this method for anticipating actual price possibilities. 
(See Figure 1 for the Platts’ constant dollar price 
scenarios from which the Hypercube Samples were 
derived. See Figure 2 for the derived samples with the 
X-axis shown in constant 2004 dollars.) 
 

 
 
Figure 1: Platts’ 20-Year Forecast Scenarios (2005 – 2024) 
 

 
 
Figure 2: Dispersion of Latin Hypercube Samples 
 
IV. No Single Forecast Cures Principal-Agent 
Problems for Power Brokers 
 
To select the best Platts’ price from four price 
scenarios, Escalator P math must solve for every 

month of the contract in each month of real time of 
contract operation, where in each month one month of 
forecast price and deflator is replaced by one month of 
actually observed price and deflator. Owing to the 
integrated C# shell and Compaq/Intel Visual Fortran 
program comprising Escalator P, this works smoothly 
for selecting a best price scenario once a month and 
applying it to a particular contract bound by particular 
terms and supplier location. However, for our testing-
for-Principal-Agent-problems’ purpose, it was 
necessary to simulate the contract stepping forward 
through contract time in one fell swoop, Platts’ 
wholesale price scenario by price scenario. The 
number of automated solution passes to accomplish 
this for 184 months and four competing scenarios and 
100 Latin Hypercube Samples is 6,808,000. [23] Our 
first methodological premise, suggested by 
Corum [24], was that at least one price scenario of the 
four competing would be free of Principal-Agent 
problems, and at best, more than one would be free of 
principal-agent problems and would compete on the 
basis of minimum settlement payments over contract 
life. 
     The evidence failed to support this premise for the 
first problem examined – the propensity for adverse 
selection of supplier lemons (Tables 1 and 2.). 
 
Table 1: Who owes whom in 100 LHS by four price scenario CFD 
settlements? 

 
 
 
Table 2: How are refunds in the last year distributed among price 
scenarios? 

 
 
The tables say that in 400 opportunities, each posing 
the same 15-year bilateral-contract terms to buyer and 
seller, there were 23 cases in which the seller 
(presumed to be a geothermal site developer or 
broker) has incentive to break the contract in order to 
avoid a refund in the last year. In two cases, the 
incentive is greater yet, because the required amount 
refunded month-to-month in CFD settlements is not 
compensated by the final settlement payment owed 
the seller. Further, Table 2 discloses the most likely 
price scenario for adverse selection to be the futures 
market depicted by New York Mercantile Exchange 
prices. 
     Additional possible grief caused by the search for a 
best single forecast could come from the inducement 
to fraudulent brokerage (our second Principal-Agent 
problem cited for investigation). We looked at the 
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maximum and minimum possible margin a broker 
could earn with contract terms [25] highlighted in 
Section V of Hamblin [1]. An unscrupulous broker with 
a Platts’ Power Outlook Research Service subscription 
not held by buyer or seller could buy at BASE scenario 
prices and sell at HIGH or NYMX prices. In nominal 
dollars circa October 2007, the broker could make 
$1212 additional margin through the BASE/HIGH fraud 
and $422 additional margin through the BASE/NYMX 
fraud. These additional peanuts from a contract 
obligating less than 450 kW of geothermal capacity 
generating 7x24 balloon to $1.3 million additional for 
the BASE/HIGH fraud and $470,000 additional for the 
BASE/NYMX fraud, were the broker successful in 
aggregating the 500 MW for brokerage cited (by 
example) in Hamblin [1]. 
 
V. Simple Expert Systems Avoid Market for 
Geothermal Lemons and Expose Fraudulent 
Brokers 
 
Hamblin [1] based selection of a best Platts’ Scenario 
for each month on trial runs of Escalator P and “our 
judgment of the wholesale electricity market based on 
current events and 30 years’ experience as energy 
analysts.” This was a “hands-on” approach. In order to 
protect our bilateral contracts from lemon sellers and 
fraudulent brokers at the same tine, we propose a rule-
based “hands-off” approach that minimizes risk of 
adverse selection while it profiles the reward to the 
fraudulent broker from reversing application of the 
rules. 

The rule-based system relies on the most 
innocuous and yet easy-to-monitor economic 
assumption “This market is efficient.” If we assume 
there are no unexploited profit opportunities, our best 
guess for this month’s price scenario is the scenario 
that performed best last month. Last month’s actual 
performance isn’t known yet because we lack the 
quarterly price index revision to our GDP deflator. We 
stretch our efficient markets’ hypothesis a little by 
extending the best-guess assumption to four months 
ago, a compromise reflecting the quarterly deflator 
adjustments and the U.S. Federal Energy Regulatory 
Commission [26] rule requiring 60 days’ advance 
notice of price changes for power marketing 
agreements.  
     Acting as if this market is efficient, we designed 
“Truth Table” rules, implemented each month, to 
discourage adverse selection of lemon sellers: 
 
1. If the lagged 7x24 CFD settlements for all Platts’ 

price scenarios are positive, pick the scenario with 
the smallest settlement and use its wholesale price 
this month to form this month’s escalator price 
slate. 

2. If the lagged 7x24 CFD settlements for some but 
not all Platts’ price scenarios are positive, [27] pick 
the scenario with the smallest positive settlement 
and use its wholesale price this month to form this 
month’s escalator price slate. 

3. If the lagged 7x24 CFD settlements for all Platts’ 
price scenarios are negative, pick the scenario 
with the smallest negative settlement and use its 
wholesale price this month to form this month’s 
escalator price slate. 

 
     Implementing these three rules with our “hands off” 
while using the 100 Latin Hypercube Samples as 
actual data describing wholesale 7x24 prices and price 
deflators gave us relative frequency estimates of the 
best Platts’ scenario, final settlement payment 
predicted, CFD settlement predicted over different 
contract periods, and predicted return to the 
geothermal site developer or vendor based on a 
5 percent margin and net of CFD and final settlement 
payments – for each LHS and over all samples: 
 
Table 3: Truth Table Contract-For-Difference Settlement Results 
Summarized for all Samples 

 
 
Table 4: Truth Table Platts’ Scenario Frequencies and Ranges 

 
 
Table 5: Truth Table Final Settlement and Return to Seller Results 
Summarized for all Samples 

 
 
The three tables considered together reward close 
attention. Table 3 says that our rule-based Expert 
System does not exclude the possibility of Contract-
For-Difference settlements in the last year of a contract 
requiring a refund from the seller. Table 5, however, 
ensures that it is never the case that this last year of 
adversity is not counterbalanced by a final settlement 
payment to the seller that exceeds the refund. Were it 
not so, the bottom right hand percentage would be 
negative. [28] Finally, Table 4 says that the Platts’ 
BASE Scenario is most often chosen to avoid adverse 
selection of lemon geothermal site developers or 
vendors. In fact, the BASE Scenario is most often 
selected by every Latin Hypercube Sample of actual 
wholesale price and price deflator values. 
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Acting as if this market is efficient but hidebound 
for corrupt brokering, we created rules for a so-called 
“Untruth Table” to show us just how fraudulent it might 
be and what Platt’s Scenario choices would make it 
that way: 

 
1. If the lagged 7x24 CFD settlements for all Platts’ 

price scenarios are positive, pick the scenario with 
the largest settlement and use its wholesale price 
this month to form this month’s escalator price 
slate. 

2. If the lagged 7x24 CFD settlements for some but 
not all Platts’ price scenarios are positive, pick the 
scenario with the largest positive settlement and 
use its wholesale price this month to form this 
month’s escalator price slate. 

3. If the lagged 7x24 CFD settlements for all Platts’ 
price scenarios are negative, pick the scenario 
with the smallest negative settlement and use its 
wholesale price this month to form this month’s 
escalator price slate. This, by necessity, is 
identical to rule 3 of the Truth Table. 

 
     We tabulate results in the same fashion as we did 
for the Truth Table: 
 
Table 6: Untruth Table Contract-For-Difference Settlement Results 
Summarized for all Samples 

 
 
Table 7: Untruth Table Platts’ Scenario Frequencies and Ranges 

 
 
In their difference from the Truth Table results 
summarized, the Untruth Table results are remarkable 
in only two respects.  
     First, the most frequently selected Platts’ Scenario 
for fraudulent brokerage is the NYMX. In fact, the 
NYMX Scenario is most often selected by every Latin 
Hypercube Sample of actual wholesale price and price 
deflator values. The dispersion of Latin Hypercube 
Sample dispersion depicted by Figure 2 foretells this 
result, from an essentially risk averse market of traders 
whose trading range is wider than the forecasting 
range of the other scenarios. The NYMX spread 
provides the greatest opportunity for buying low and 
selling high by a broker with privileged access to the 
Platts’ Power Outlook Research Service.  
     It should be noted, however, that NYMX is not the 
only opportunity for selling high; in fact, its relative 
frequency never exceeds one-half the months of this 
180-month contract obligation. 

 
Table 8: Untruth Table Final Settlement and Return to Seller Results 
Summarized for all Samples 

 
 
Table 9: Annual Benefit from Fraudulent Broker Following Untruth 
Table Rules 

 
 
Second, the return to seller is higher by adhering to the 
Untruth Table’s rules than it was when we were bound 
by the Truth Table. This, of course, was our fraudulent 
broker’s goal. At first glance, the gains may seem 
modest – that is, just $7,347.59 distinguishes the 
scenario-weighted Table 8 from Table 5 Return to 
Seller. However, because the contract terms between 
broker and utility add 2 percent to margin, and 
because a broker may use Escalator P to aggregate 
many sellers and buyers under these contract terms 
(that Hamblin [1] found to be attractive because of the 
assignment and timing of green tags), these modest 
gains may be transformed into a semblance of known 
insider trading scandals (Table 9). 
 
VI. Rule-Based Audit Reports Work Well Enough 
With Simple Assumption 
 
To avoid the specter of Table 9’s scale of fraud, we 
propose implementing the Truth Table as the month-
to-month audit both determining and monitoring 
escalator price formation, based on our simple 
assumption that the market is efficient. This could be 
done online through a password-protected internet site 
for stakeholders and independent auditors. 

Because Escalator P evaluates settlement 
payments for this month and every month of a contract 
in each month of the contract, it would supply a “row” 
of Truth Table results in each month that includes 
identification of the Platts’ Scenario that determined 
the escalator prices that, in turn, resulted in this 
month’s Contract-For-Differences’ settlement, the 
value of the settlement in current dollars and who pays 
whom, and this month’s prediction of the final 
settlement payment and return to seller over the life of 
the contract.  
Further, the four-month lag between this month and 
our best guess of a Platt’s Scenario to use for this 
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month’s escalator price slate is not etched in stone. 
Hamblin designed a month-to-month price deflator 
adjustment for Escalator P that rolls the error between 
it and the actual GDP deflator “when issued” into the 
final settlement payment. Use of this would make 
possible a one-month lag for our best guess of the 
efficient market’s price scenario. 
     The escalator price for wholesale 7x24 geothermal 
base load power is flat and does not change from day 
to day of a particular month. This adds appeal for its 
sale to a utility’s block of green-conscious customers 
who may be willing to pay a modest premium for a flat 
price that doesn’t change every day. An unchanging 
flat price is congruent with how consumers process 
information, according to a seminal analysis of 
customer choice by Thaler. [29] In previous work, 
Hamblin [30] has shown that “mental accounting” 
applied to a utility’s flat rate that exceeds its average 
price corresponds to Thaler’s definition of a mixed 
gain. 
 
VII. Escalator P Backs Up the Phone Call and the 
Handshake 
 
In The Pursuit of Happyness, a film released last year 
but set in the early 1980s, Will Smith portrays Chris 
Gardner - a bone-density-scanner salesman struggling 
to keep a family together in San Francisco, with a wife 
who works two shifts and a son who is schooled and 
nurtured at a Chinatown day care center. [31] In 
inspiration borne of desperation and a life-long facility 
with numbers, Gardner decides to try for a stockbroker 
position with Dean Witter promising a six-month 
unpaid internship followed by a rigorous examination 
and one chance in 20 of being selected as a salaried 
broker. If there were ever a tabloid illustration of Karl 
Marx’s concept of surplus value, Gardner and his 19 
comrade interns comprise it. [32] The interns provide 
good will for the company that exceeds the cost of 
their own maintenance and replacement, which is zero 
in light of a list of applicants that exceeds the available 
internship slots. In spite of an internship period that 
commences with the departure of his wife and includes 
movement of the father and son household from 
apartment to least expensive motel to homeless 
shelter, and one night spent barricaded in a BART 
bathroom, Gardner is the one of 20 who lands the job 
as stockbroker. How do we see that he does it? We 
see that he does it by talking on the telephone to 
potential clients, making solicited and unsolicited visits 
to work venues and homes, combining a sense of 
urgency with good manners and smart numbers, and 
closing deals with a handshake. 
     On another field of work and play, the Bush 
administration’s opening ploy for funding geothermal 
has been to label it a “mature technology” and zero it 
out. [33] While we may disagree with the mature 
technology label, as brokers we should look again to 
the movie and Chris Gardner’s bone-density-scanners. 
Gardner had an inventory in his possession that he 
was obligated to sell, even as he was training with 

Dean Witter. Two were stolen then retaken by 
Gardner; one had been damaged and required him to 
purchase replacement parts and repair it because he 
had a doctor lined up as a potential customer. He 
succeeded in selling his inventory without being certain 
whether the machines were ahead of their time or 
already superseded by something he, with no formal 
medical training, was unaware of.  

What is necessary to get the exploitable electricity 
resource out of the steam above or below the surface 
are the Chris Gardner types who want and (perhaps) 
need to lead a business life on the phone, on the road, 
and closing deals with a handshake. Regardless of or 
perhaps because of the tenor of geothermal 
workshops and conferences, geothermal for base load 
is perceived by mainstream investor-owned utilities as 
something weird and not worth the risk or bother. [34] 
W. Michael Warwick’s innovative escalator pricing 
scheme posed a way to discount the risk premium 
borne by the wary utility while rewarding the site 
developer or vendor for staying with the generation 
project long enough to break even, with green tags to 
grease the sled runners. Warwick’s innovative pricing, 
Escalator P, with the simple Expert Systems proposed 
here for tracking and auditing contracts comprise deals 
for the power broker or marketer to pitch in phone 
calls, put in contracts, and close with handshakes – 
nothing more, nothing less. The very stiff competition 
in this market is a base load electric power economy 
run nationwide on old coal and old nuclear. 
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ABSTRACT 
 
Recent hydrothermal-magmatic system of Pauzhetka 
(Kamchatka) and a fossil hydrothermal system of 
Mt. Smrekovec (Slovenia) are characterized by the 
occurrence of similar authigenic mineral assemblages 
developed in andesitic and dacitic volcanic and 
volcaniclastic rocks in successive alteration stages 
related to decreasing temperature regimes. Medium-
temperature propylitization zone (350-330°C to 280°C) 
in Pauzhetka is characterized by chlorite, albite, 
epidote, quartz, pyrite and leucoxene. The most widely 
developed is low-temperature propylitization zone 
(300-280°C to 200°C) with chlorite, laumontite, 
wairakite, analcime and prehnite, whilst the illite-
carbonate-quartz-chlorite-pyrite-sphene assemblage 
occurs only locally. High-siliceous zeolites and 
dioctahedral smectite form at near-surface conditions 
at temperatures ranging from 150°C to 80°C 
(Rychagov et al., 1993; Rychagov, 2002). In the 
Smrekovec volcanic and volcaniclastic rocks, the 
highest-temperature alteration zone comprises 
chlorite, albite, quartz, prehnite and sphene. Locally 
actinolite or pumpellyite or epidote may occur instead 
of prehnite as the main authigenic calcium-bearing 
mineral. Lower-temperature alteration zone is 
characterized by widespread development of 
laumontite which replaces volcanic glass and 
pyrogenetic plagioclases, and fills vesicles and 
fissures. Yugawaralite occurs locally as a vein mineral. 
The lowest-temperature alteration zone is 
characterized by analcime, clinoptilolite, heulandite, 
stilbite, mordenite and smectite (Kovic & Krosl-Kuscer, 
1986; Kralj, 1998, 2001).  
     The most outstanding retrogressive reaction in the 
Pauzhetka hydrothermal-magmatic system 
hydrothermal is argillitization of propylitic rocks that 
occurs in the temperature range from 200°C and 
150°C. In the Smrekovec fossil hydrothermal system 
similar retrogressive reactions from chlorite to mixed 
layered chlorite/smectite filosilicate minerals occur. 
The chlorite/smectite Ch/S ratios vary from 
Ch/S = 80/20 to Ch/S = 40/60. Illitization is less 
common, and like in Pauzhetka involves paragenesis 
with calcite. Besides argillitization, a number of 

uncommon retrogressive reactions between authigenic 
minerals occur, like from prehnite to laumontite, from 
laumontite to heulandite, or from laumontite to 
analcime. The reaction from laumontite to heulandite 
can be direct, or indirect through a smectite precursor.  
     The reaction from laumontite to analcime is 
accompanied by extensive development of 
chlorite/smectite (Ch/S) mixed layered clay minerals 
Ch/S = 50/50 or Ch/S = 40/60, and potassium feldspar 
(adularia) as paragenetic minerals. This alteration 
process has been studied experimentally in an open 
and closed system using the Smrekovec laumontite-
bearing rocks as starting material (Barth-Wirsching et 
al., 1994). In closed and open system the 
temperatures of analcime formation from laumontite 
ranged from ≤ 100°C to 200°C, which is in accordance 
with the argillitization temperatures directly observed in 
the Pauzhetka hydrothermal - magmatic system.  
     Thus, the analogy between zeolite formation 
conditions in cooling down hydrothermal systems in 
modern and ancient volcanic areas is observed. 
Besides the above described tracer regional medium- 
and low-temperature propylitization zones with 
zeolites, some other authigenic mineral assemblages, 
like quartz-adularia or quartz-adularia-prehnite-
wairakite-epidote occur in distinct zones of 
hydrothermal system. They can indicate the presence 
of thermodynamic barriers and the formation of 
intensive hydrothermal solution boiling zones. In 
fractured and brecciated zones where the rocks 
undergo cooling by meteoric waters, high-siliceous 
zeolites and minerals characteristic of hydrothermal 
argillitization process develop. 
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ABSTRACT 
 
Corrosion risk for the materials proposed for the Soultz 
project at 200 °C was evaluated. The tested materials 
were:  steels TU 42 BT, P110, N80, steel with 
Saskaphen coating, and steel with two types of Teflon 
coating. The corrosion tests showed that carbon steel 
TU42BT corroded at 2 mm/y at 200 °C.  The corrosion 
products formed on the surface did not provide any 
corrosion protection. All the tested coatings performed 
very well. They effectively reduced the corrosion and 
they did not deteriorate during the test. MEXEL 
inhibitor did not give any significant inhibitor effect. The 
corrosion rate for TU42BT steel was nearly the same 
with and without the inhibitor.  
 
INTRODUCTION 
 
The main objective of the tests was to evaluate the 
corrosion risk for the materials proposed for Soultz 
project at 200 °C and to evaluate the MEXEL corrosion 
inhibitor. The tested materials were: steels TU 42 BT, 
P110, N80, steel with Saskaphen coating, and steel 
with two types of Teflon coating. The evaluation was 
performed in synthetic brine in an autoclave.  An 
additional evaluation of the MEXEL corrosion inhibitor 
was done in a glass cell tests at ambient pressure at 
60 ºC.  
     A part of the casing in the injection well was 
inspected for microbiological corrosion. 

CORROSION TESTS 
 
Experimental Procedure 
 
Autoclave Tests 
The corrosion tests were carried out in an autoclave. 
The schematic drawing is shown in Figure 1. The 
autoclave was equipped to house specimens of 
various geometries and to allow electrochemical 
measurements. Two tests were carried out, one 
without and one with MEXEL inhibitor. The test matrix 
is given in Table 1.  
 

 
 
Figure 1: Schematic drawing of the autoclave 
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Table 1: Test matrix 
 
Test # Solution pH t 

/ ºC 
MEXEL
filming 

chemical 
/ ppm 

CO2  
/ m 

pCO2 
/ bar 

ptotal 
/ bar 

Test 
duration

EGS_02 Soultz 
brine 

4.8 200 - 0.03 0.5 15 1 week 

EGS_03 Soultz 
brine 

4.8 200 10 0.03 0.5 15 1 week 

 
Three types of steel were tested: carbon steel 
TU42BT, low carbon steels P110, and N80. Steels 
P110, and N80 were tested only in the second test, 
EGS_03. The non-coated steel specimens were 
ground with series of SiC papers up to 1000 mesh 
wetted with isopropanol, cleaned in an ultrasonic bath 
with technical acetone and flushed with ethanol. The 
specimens were blow dried, weighed and mounted on 
the specimen holders. The chemical composition of 
the steels is given in Table 2. Detailed chemical 
composition for the P110 and N80 steels was not 
available. In the first test, EGS_02, three organic 
coatings were tested along with TU42BT steel, the 
coatings were: Saskaphen synthetic coating, and two 
types of Teflon coating. The Teflon coatings were 
named after the colour of the coating: Teflon green, 
and Teflon red. All experiments were carried out in 
artificial brine with the same ionic composition as the 
produced brine from the well. The chemical 
composition of the brine is given in Table 3.  
 
Table 2: Chemical composition of the tested steels 
  
Steel# C Si Mn P S Cu 
TU42BT 0.22 0.4 1.15 0.04 0.04 0.3 
P110    0.03 0.03  
N80    0.03 0.03  
 
The solution was purged continuously with carbon 
dioxide to avoid oxygen ingress prior to the test. The 
carbon dioxide partial pressure was 0.5 bar. The tests 
were carried out at 200 °C, where the total pressure 
was 15 bar. The concentration of MEXEL inhibitor was 
10 ppm. The pH was 4.6 at the start, and it increased 
to 5 during the test. The pH was measured at room 
temperature. The iron content at the end of the tests 
was 15 ppm in the first test, EGS_02, and 60 ppm in 
the second test, EGS_03.  
     Gamry PCI4 potentiostat with a multiplexer was 
used for electrochemical measurements. The 
corrosion rate was monitored by linear polarization 
resistance (LPR) throughout the test. LPR 
measurements were performed in three-electrode 
configuration, i.e. working electrode - carbon steel 
specimen, reference electrode - carbon steel, auxiliary 
electrode - Ti ring. The potential ramp for the LPR 
measurement was –5 mV to +5 mV vs. the open circuit 
potential with scan rate 0.1 mV/s. The corrosion 
currents was calculated as B/Rp, with B = 20 mV, and 
converted to average corrosion rates according to 
standard procedure for LPR measurements (1 A/m2 

corresponds to 1.16 mm/y). The corrosion rate 
measured by LPR was calibrated by the mass loss 
measurements and compensated for IR drop. The 
solution resistance for IR drop compensation was 
determined by means of impedance spectroscopy 
(EIS), which was carried out in the frequency range 
5000 Hz to 100 mHz, with amplitude 5 mV rms. 
     Mass loss corrosion rates were determined 
according to ASTM Standard Practice G 1-90 [1]. They 
were calculated from the weight difference, ∆m, of the 
steel before exposure, m1, and after exposure and 
removal of corrosion products, m2. 
 
                                 ∆m = m1-m2 (1) 
 
The corrosion rate was calculated  
 
                               C.R. = k∆m/(AtD)   (2) 
 
where k is a constant, A is the area of the electrode, t 
is the time of exposure, and D is density of the metal. 
     The weight of the corrosion product film, ∆mfilm was 
calculated as difference between the weight after the 
exposure, m3, and the weight after corrosion product 
removal, m2 
                             ∆mfilm = m3-m2 (3) 
 
Corrosion products were removed in inhibited HCl. The 
inhibited HCl is concentrated HCl, which contains 50 
g/l SnCl2 and 30 g/l SbCl3. This solution is routinely 
used for removing corrosion products chemically 
without affecting the metal. 
     At the end of the exposure the specimens were 
inspected by optical microscopy for the nature of the 
corrosion attack and any occurrence of localized 
attack. The composition of the corrosion product films 
and precipitates was examined by Scanning Electron 
Microscopy (SEM), and by Energy Dispersible X-ray 
Spectroscopy (EDS).  
     No electrochemical measurements could be 
performed on the coated specimens because the 
coatings were non-conductive. The corrosion of these 
specimens was evaluated by mass loss and by the 
inspection of the specimens by means of optical 
microscopy and SEM as described above. 
 
Glass Cell Test 
One glass cell test was carried out to determine the 
effect of the MEXEL corrosion inhibitor at moderate 
temperature (60 °C). The reason was that the inhibitor 
did not give any effect in test EGS_03 at 200 °C. The 
glass cell test was carried out in glass cells with a 
volume of 3 litres. Electrodes for electrochemical 
corrosion monitoring and pH measurements, 
temperature probes and gas inlets/outlets were 
inserted through stainless steel lids. The glass cell with 
accessories is schematically represented in Figure 2.  
     A heating plate heated the cell. Magnetic stirring 
provided convection. The test was carried out at 60 °C, 
with CO2 partial pressure of 0.75 bar. The test solution 
was the same as for the previous tests; the 
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composition is given in Table 3. The inhibitor 
concentration was 10 ppm. Two specimens were 
immersed in the cell. The specimens were cleaned 
and prepared before the test in the same way as the 
specimens for the autoclave tests. The inhibitor was 
added after 4 hours of precorrosion. The corrosion rate 
measurement was the same as for the autoclave tests. 
 

 
Figure 2: Schematic illustration of a glass cell with accessories 
 
Table 3: Composition of the produced brine 
 

Concentration Ion 
mmol/l mg/l 

Na+ 1225.47 28173.56 
K+ 73.66 2880.11 
Mg2+ 3.09 75.12 
Ca2+ 165.92 6650.07 
Fe2+ 1.74 97.18 
Cl- 1630.47 57800.16 
SO42- 1.78 170.99 
Total alkalinity 6.60 402.72 

 
RESULTS 
 
Autoclave Tests 
 
Test EGS_02 
The mass loss corrosion rates for all the specimens 
are given in Table 4. Mass of the corrosion product film 
for the non-coated steel is also given in Table 4. The 
corrosion rate for the non-coated carbon steel was 
quite high, 1.8 mm/y. Mass loss corrosion rate for the 
specimen with Saskaphen coating was 0.034 mm/y. 
No mass loss was determined for the two Teflon 
coatings. All coatings seemed to provide very good 
protection against corrosion at the tested conditions.  
 
Table 4: Mass loss corrosion rate for the tested materials 
 

Test # Inhibitor Specimen Mass loss 
C.R. [mm/y] 

Film mass 
[mg/cm2] 

TU42BT steel 
non-coated 

1.8 4 

Saskaphen 
coating 

0.03 N/a 

Red Teflon 
coating 

Not 
detectable 

N/a 

EGS_02  

Green Teflon 
coating 

Not 
detectable 

N/a 

EGS_03 MEXEL 10 
ppm 

TU42BT steel 
non-coated 

1.4 9 

P110 non-coated 2.5 17 
N80 non-coated 2.5 14 

 
The development of the corrosion rate measured by 
LPR for the non-coated steel specimen in the course 
of the test is given in Figure 3. The corrosion rate 
stabilized at about 1.9 mm/y after 70 hours of 
exposure and was stable for the rest of the test.  
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Figure 3: Corrosion rate versus time for the non-coated TU42BT 
steel specimen, test EGS_02. Test conditions: 200 °C, 0.5 bar CO2, 
pH 4.6-5, brine (see Table 3). 
 
Inspection of the specimen after the test showed that 
the specimen was covered with black corrosion 
products (Fig. 4). 
 

 
Figure 4: Photograph of the non-coated TU42BT steel specimen 
after test EGS_02. Test conditions: 200 °C, 0.5 bar CO2, pH 4.6-5, 
brine (see Table 3). 
 
The corrosion product layer consisted of fine crystals 
of iron oxide and it was quite porous and from 6 to 
35 µm thick (Fig. 5). EDS analysis gave iron/oxygen 
ratio about 0.4 in the film (Fig. 6). The ratio was lower 
than for either magnetite or ferrous oxide. The 
corrosion product layer was thus probably a hydrated 
iron oxide. The corrosion product layer was not 
protective, because the corrosion was not effectively 
reduced by the deposition of the layer. The 
photographs of the specimens with coatings are given 
in Figures 7-9. SEM images of the cross sections of 
the specimens with coatings are given in Figures 10-
12. None of the coatings seemed to deteriorate during 
the test. No blisters or detachment of the coatings 
were observed. The inclusions in the metal near the 
interface to the Saskaphen coating come from the 
manufacturing of the coating (Fig. 10), they are not 
corrosion products, EDS analysis showed that they 
contain silica. 
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   (a) 

     (b) 
 
Figure 5: SEM images of the non-coated TU42BT steel specimen 
after test EGS_02 (a) specimen surface, (b) cross-section of the 
specimen. Test conditions: 200 °C, 0.5 bar CO2, pH 4.6-5, brine 
(see Table 3). 
 
 
 

 
 

Quantitative Results       EGS_02A 
Element 
  Line 

Weight % 
 

Atom % 
 

   C K     4.11     9.19 
   O K   37.25   62.47 
  Si K     0.14     0.14 
  Cl K     0.28     0.21 
  Cr K     0.75     0.38 
  Fe L   57.47   27.61 
Total  100.00 100.00 

 
Figure 6: EDS analysis of the corrosion product layer on the non-
coated TU42BT steel specimen, test GS_02. Test conditions: 
200 °C, 0.5 bar CO2, pH 4.6-5, brine (see Table 3). 
 

 
Figure 7: Photograph of the specimen coated with Saskaphen 
synthetic coating after test EGS_02. Test conditions: 200 °C, 0.5 bar 
CO2, pH 4.6-5, brine (see Table 3). 
 

 
Figure 8: Photograph of the specimen coated with the red Teflon 
coating after test EGS_02. Test conditions: 200 °C, 0.5 bar CO2, pH 
4.6-5, brine (see Table 3). 
 

 
Figure 9: Photograph of the specimen coated with the green Teflon 
coating after test EGS_02. Test conditions: 200 °C, 0.5 bar CO2, pH 
4.6-5, brine (see Table 3). 
 

 
 
Figure 10: SEM image of a cross section of the specimen with 
Saskaphen synthetic coating, test EGS_02. Test conditions: 200 °C, 
0.5 bar CO2, pH 4.6-5, brine (see Table 3). 
 

 
 
Figure 11: SEM image of a cross section of the specimen with the 
red Teflon coating, test EGS_02. Test conditions: 200 °C, 0.5 bar 
CO2, pH 4.6-5, brine (see Table 3). 
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Figure 12: SEM image of a cross section of the specimen with the 
green Teflon coating, test EGS_02. Test conditions: 200 °C, 0.5 bar 
CO2, pH 4.6-5, brine (see Table 3). 
 
Test EGS_03 
The mass loss corrosion rates and the mass of the 
corrosion product films for all the specimens are given 
in Table 4. The mass loss rate for TU42BT steel was 
1.4 mm/y, which was nearly the same as for the test 
without inhibitor. Thus the inhibitor did not reduce the 
corrosion significantly. The corrosion rates for the 
other steels, P110, and N80 was also high, 2.5 mm/y.  
     The development of the corrosion rate measured by 
LPR for the non-coated steel specimens in the course 
of the test is given in Figure 13. Unfortunately a 
contact with the reference electrode was lost after 
50 hours, so no more LPR data were obtained after 
that. But the experiment was continued for one week. 
The corrosion rate after 50 hours were about 4 mm/y 
for all the specimens.  
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Figure 13: Corrosion rate versus time for the non-coated steel 
specimens, test EGS_03. Test conditions: 200 °C, 0.5 bar CO2, pH 
4.6-5, brine (see Table 3), 10 ppm MEXEL inhibitor. 
  
Inspection of the specimens after the test showed that 
all the specimens were covered with black corrosion 
products (Figs. 14-16). Inspection of cross sections of 
the specimens showed that the corrosion products 
consisted of several layers (Figs. 17b-c, 18b-c, 19b). 
The layer on the surface mainly consisted of typical 
cubic crystals of FeCO3 as is clear from the SEM 
images of the specimen surface (Figs. 17a, 18a, 19a). 
EDS analysis is given in Figures 20-22. The 
iron/oxygen ratio was in the range 0.2-0.3, which 

indicates carbonate and is too low for magnetite and 
for ferrous oxide. The corrosion products thus probably 
consisted of mixed iron carbonate, calcium carbonate 
and hydrated ferrous oxide. 
 

 
 
Figure 14: Photograph of the non-coated TU42BT steel specimen 
after test EGS_03. Test conditions: 200 °C, 0.5 bar CO2, pH 4.6-5, 
brine (see Table 3), 10 ppm MEXEL inhibitor. 
 

 
 
Figure 15: Photograph of the non-coated P110 steel specimen after 
test EGS_03. Test conditions: 200 °C, 0.5 bar CO2, pH 4.6-5, brine 
(see Table 3), 10 ppm MEXEL inhibitor. 
 

 
 
Figure 16: Photograph of the non-coated N80 steel specimen after 
test EGS_03. Test conditions: 200 °C, 0.5 bar CO2, pH 4.6-5, brine 
(see Table 3), 10 ppm MEXEL inhibitor. 
 

    (a) 

    (b) 
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   (c) 
 
Figure 17: SEM images of the non-coated TU42BT steel specimen 
after test EGS_03 (a) specimen surface (b-c) cross sections of the 
specimen. Test conditions: 200 °C, 0.5 bar CO2, pH 4.6-5, brine 
(see Table 3), 10 ppm MEXEL inhibitor. 
 

    (a) 

    (b) 

    (c) 
 
Figure 18: SEM images of the non-coated P110 steel specimen 
after test EGS_03 (a) specimen surface (b-c) cross sections of the 

specimen. Test conditions: 200 °C, 0.5 bar CO2, pH 4.6-5, brine 
(see Table 3), 10 ppm MEXEL inhibitor. 
 

    (a) 

    (b) 
 
Figure 19: SEM images of the non-coated N80 steel specimen after 
test EGS_03 (a) specimen surface (b) cross section of the 
specimen. Test conditions: 200 °C, 0.5 bar CO2, pH 4.6-5, brine 
(see Table 3), 10 ppm MEXEL inhibitor. 
 
 

 
 

Quantitative Results       EGS_03 TU42BT 
Element  Line Weight % 

 
Atom % 
 

   C K   13.11   23.49 
   O K   44.62   60.05 
  Ca K     1.08     0.58 
  Fe L   41.19   15.88 
Total  100.00 100.00 

 
Figure 20: EDS analysis of the corrosion product layer on the non-
coated TU42BT steel specimen, test EGS_03. Test conditions: 
200 °C, 0.5 bar CO2, pH 4.6-5, brine (see Table 3), 10 ppm MEXEL 
inhibitor. 
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Quantitative Results       EGS_03 P110(2) 
Element 
  Line 

Weight % 
 

Atom % 
 

   C K   12.14   21.49 
   O K   46.24   61.44 
  Mg K     0.12     0.11 
  Ca K     7.89     4.19 
  Fe L   33.55   12.77 
  Te L     0.06     0.01 
Total  100.00 100.00 

 
Figure 21: EDS analysis of the corrosion product layer on the non-
coated P110 steel specimen, test EGS_03. Test conditions: 200 °C, 
0.5 bar CO2, pH 4.6-5, brine (see Table 3), 10 ppm MEXEL 
inhibitor. 
 
 

 
 

Quantitative Results       EGS_03 N80(2) 
Element 
  Line 

Weight % 
 

Atom % 
 

   C K   10.96   19.55 
   O K   46.54   62.29 
  Mg K     0.09     0.08 
  Al K     0.24     0.19 
  Ca K   11.71     6.26 
  Fe L   30.24   11.60 
  Te L     0.22     0.04 
Total  100.00 100.00 
 
Figure 22: EDS analysis of the corrosion product layer on the non-
coated N80 steel specimen, test EGS_03. Test conditions: 200 °C, 
0.5 bar CO2, pH 4.6-5, brine (see Table 3), 10 ppm MEXEL 
inhibitor. 
 

Glass Cell Test 
The development of the corrosion rate measured by 
LPR is given in Figure 23. 10 ppm Mexel inhibitor was 
added after 4 hours.  Addition of the inhibitor did not 
have any effect on the corrosion rate. The inhibitor 
thus did not give any inhibitor effect at 60 °C at this 
concentration. 
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Figure 23: Corrosion rate versus time for the non-coated steel 
specimen, test EGS_04. Test conditions: 60 °C, 0.75 bar CO2, pH 
4.8-5, brine (see Table 3), 10 ppm MEXEL inhibitor. 
 
CONCLUSIONS 
 
The corrosion tests showed that carbon steel TU42BT 
corroded at 2 mm/y at 200 °C. The corrosion products 
formed on the surface did not provide any protection 
against corrosion. 
All the tested coatings performed very well. They 
effectively reduced the corrosion and they did not 
deteriorate during the test. 
     MEXEL inhibitor did not reduce the corrosion rate 
significantly. The corrosion rate for TU42BT steel was 
nearly the same with and without the inhibitor. 
 
Investigation of Microbiological Corrosion 
 
During pack-off maintenance job on the injection well 
GPK3 of the Soultz-sous-Forêts project, important 
traces of corrosion products were found on the 
outside top part of the casing (item 68 in Figure 24). It 
was found that the corrosion took place 2 meters 
below the casing top end, on the outside part of the 
pack-off assembly (item 71 in Figure 24). Because the 
temperature of the geothermal brine was quite low, 
70 ºC, it was suspected that the pitting corrosion 
might be microbiologically induced. The corroded part 
was cut and forwarded to IFE for examination. 
Photograph of the corroded part is shown in Figure 
25. IFE then sent the specimen to Aquateam to carry 
out the analysis of bacteria. The Aquateam report is 
included as Appendix A in ref [2]. Aquateam carried 
out testing for bacteria by means of two methods: ATP 
measurement and by cultivation in SRB medium. The 
first method, ATP measurement, is based on 
spectrophotometric measurement of a complex of 
adenosine triphosphate (ATP) with an enzyme. 
Adenosine triphosphate is present in all living cells 
and can be used as a measure of bacterial activity.  
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Figure 24: Wellhead assembly where the suspected microbiologically induced pitting corrosion was found. 
 
The results of the ATP measurement gave ATP 
concentration of 10-9 g/l, which indicated very low 
bacterial activity. The second method was based on 
cultivation in a medium specific for sulphate reducing 
bacteria (SRB). When SRB is added to this medium 
they will reduce sulphate to sulphide, and sulphide will 
precipitate as black iron sulphide. The medium was 
incubated for 4 weeks at 30 °C, then iron sulphide is 
inspected in various dilutions and the number of 
bacteria are estimated from a standard MPN table. 
This second analytical method gave concentration of 

SRB of 4.6 cell/cm2. The result shows that there were 
bacteria present on the specimen. Most probably the 
bacteria came from the corrosion products. This is also 
in accordance with the presence of sulphate in the 
brine. However, the bacterial number was low, 
probably because the number of bacteria was reduced 
after removal from the geothermal plant. The specimen 
was exposed to oxygen for quite a long time, which 
could have significantly reduced the number of the 
bacteria present on the specimen. Also it was not 
optimal that the specimen was dried, because 
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dehydratation also kills bacteria. Thus it is difficult to 
make any firm conclusions about the possibility for 
microbiologically induced corrosion. 
 

 
 
Figure 25: Photograph of the corroded part of the pack-off assembly 
of casing in the injection well GPK3 suspected for microbiological 
corrosion. 
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ABSTRACT 
 
Geothermal energy is becoming more prevalent 
around the world as new technologies are making its 
use more cost-effective and efficient.  However, there 
are some contaminants found in geothermal 
processing (such as H2S) that can cause major health 
and equipment issues.  
     The LO-CAT process, developed by Gas 
Technology Products/Merichem, is used to control 
H2S emissions and reduce odors at geothermal power 
plants.  LO-CAT is a liquid-oxidation/reduction process 
for oxidizing H2S into innocuous elemental sulfur.  
Currently there are over 170 licensed LO-CAT units 
worldwide, with eight licensed in geothermal services. 

     Non-condensible gases (NCG) that exit steam 
turbines can contain up to 6% H2S, which is 
dangerous and harmful to the environment.  LO-CAT is 
the ideal desulfurization process for geothermal NGC.  
The system features H2S removal efficiencies over 
99.9%, excellent performance in turndown conditions 
both for H2S concentrations and NCG flow-rate, and 
easy operations requiring only limited operator 
attention. Only the LO-CAT process offers geothermal 
steam producers a desulfurization process with high 
efficiency, economical operating costs, and easy 
operations using an environmentally safe scrubbing 
solution.
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ABSTRACT 
 
The main objective of the HDR/EGS project at Soultz 
is the installation of a geothermal pilot plant for power 
production by the end of 2008. For this purpose, a 
deep geothermal reservoir has been developed in 
5000 m depth by a series of hydraulic and chemical 
stimulations, which started in 2000, aiming at 
enhancing the productivity of the three wells of the 
HDR/EGS project: GPK3 as injection well and both 
GPK2 and GPK4 as production wells. The results of 
stimulation experiments were evaluated using short-
term hydraulic tests, conventional pressure transient 
analysis, interference pressure data, microseismic 
monitoring, as well as temperature and flow logs. This 
combination of evaluation techniques helped in getting 
insight into the origin of the productivity enhancement. 
Currently, the well GPK2 has, under circulation 
conditions, a productivity of about 1 l/(s*bar) and a 
good hydraulic connection to the injection well GPK3. 
The main improvement in productivity results from the 
hydraulic stimulation in 2000. GPK3, the injection well, 
has an injectivity after stimulation operations of almost 
0.4 l/(s*bar). The main outlets are in the deep open 
hole in a natural fractured zone at 4700 m depth. This 
well was fairly productive already before stimulation 
and has been barely improved after the different 
stimulation operations. The reasons for the little impact 
of the hydraulic and chemical stimulations are the 
initial high productivity of the well and the hydraulic 
properties of the joint fracture zone. GPK4, the second 
production well, achieved a productivity of 0.5 l/(s*bar) 
after hydraulic and chemical stimulations. In particular 
several chemical stimulation systems were tested in 
this well (conventional acid systems, chelatants, and 
retarded acid systems). Very likely, the chemical 
treatments improved mostly the upper outlets in the 
cased section of the borehole. It is questionable if the 
chemical treatments had a significant impact on the 
target structures: fractures in the openhole section. 

 
INTRODUCTION 

 
The European HDR/EGS test site is located in the 
Rhine Graben near Soultz-sous-Forêts, around 50 km 
north of Strasbourg in France. The aim is the electricity 

production by extracting geothermal energy from hot 
deep crystalline rocks. The first phase envisages the 
power production of 1.5 MW. The target for the second 
phase is the production of 100 l/s with at wellhead 
temperature of 180°C. If this is achieved, the power 
plant can be expanded to 6 MW. For this purpose an 
underground heat exchanger has been created 
through hydraulic and chemical stimulation techniques. 
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Figure 1: Schematic of the HDR/EGS system in Soultz. The 
borehole triplet consists of two production wells (GPK2 and GPK4) 
and one injection well (GPK3). 
 
     The hydraulic stimulation consisted of massive 
heavy brine and fresh water injections, at flow rates of 
30-50 l/s and with volumes up to 34000 m³. The 
succeeding chemical stimulations were carried out by 
using various acid systems and aiming at dissolving 
filling materials of fractures in the vicinity of the wells 
for productivity improvement. 

This paper presents an overview of all the 
stimulation operations in the deep reservoir (5000 m) 
and their impact on injectivity/productivity 
enhancement. While the microseismic monitoring 
during the hydraulic stimulation gives insight on where 
in the borehole and its vicinity the permeability has 
been improved, the effect of the chemical stimulation is 
more difficult to localise. However, the integration of 
results from seismic, temperature and flow logging, 
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helps detecting the productive zones of the wells and 
their changes due to chemical stimulations. 

It is to note that productivity of the Soultz wells is 
time dependant in general. Therefore, values for the 
productivity have to be referred to a specific duration of 
injection/production. Throughout this paper, the 
injectivity/productivity is determined after a test 
duration of three days. The experience in Soultz shows 
that there is no significant difference between 
injectivity and productivity at moderate pressure 
changes. The terms injectivity and productivity can be 
considered as synonymously. 

 
INITIAL STATE OF THE WELLS 

 
After drilling the production wells GPK2 and GPK4, 
low-rate injection tests were carried out to determine 
the initial injectivity/productivity of the wells. In GPK3 
however, the initial productivity index was determined 
from a circulation test between GPK2 (injection) and 
GPK3 (production). Table 1 summarizes the initial 
injectivity/productivity of the three wells after a test 
period of three days. 
 
Table 1: Overview of the hydraulic tests for the determination of the 
initial productivity of the wells. The – sign means injection and + 
production. The well’s name in brackets indicates the well in which 
the injection/production occurred. 
 

Well Date Dura-
tion 

 
 
[days] 

Flow rate 
 
 

 
[l/s] 

Volume 
injected 

or 
produced 

[m³] 

Injectivity/ 
Productivity 

index 
 
[l/(s*bar)] 

   Inj. Prod.   

GPK2 25.02.2000 5 -0.25/-
0.5   0.02 

GPK3 11.03.2003 10 -15/-30 
(GPK2) 

+5 
(GPK3) +1890 0.2 

GPK4 08.09.2004 4 0.74  -256 0.01 

 
HYDRAULIC STIMULATION OPERATIONS 
 
After the drilling operations of each well, massive 
hydraulic stimulations were performed in the wells.  
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Figure 2: History plot of the hydraulic stimulations in the three deep 
wells: wellhead pressure and flow rate. The – sign of the flow rate 

indicates injection. Wellhead overpressure denotes the pressure 
relative to initial pressure at the start of injection. 
 
Large amounts of fresh water (up to 34000 m³) were 
injected over a couple of days with flow rates reaching 
50 l/s. Usually the fracturing operations started by the 
injection of heavy brine (<800 m³, density 1200 kg/m³) 
to initiate the stimulation as deep as possible in the 
well. Two hydraulic stimulation concepts were tested: 
the single-well stimulation for the production wells 
GPK2 and GPK4 and a dual stimulation concept for 
the injection well GPK3.  

A compilation of the wellhead overpressure and 
flow rates during the stimulation of the three wells is 
presented in Figure 2. 
 
Single-well injection in GPK2 and GPK4 

 
GPK2 
The hydraulic stimulation in GPK2 began on June 30, 
2000, and lasted about 6 days. Fresh water was 
injected at flow rates of 30 l/s (over 24 hours), 40 l/s 
(for 27 hours) and 50 l/s (for 90 hours) A detailed 
analysis of the stimulation in GPK2 has already been 
presented (Weidler et al. 0). In contradiction to the first 
injection step where the pressure was not depending 
on the flow rate, a slightly continuous pressure 
increase was observed during the main stimulation 
phase (50 l/s). A downhole pressure sensor was 
deployed in the well at 4412 m MD (4406 m TVD) 
during the operation. The differential pressure at this 
depth was about 12 MPa at the end of the second 
injection step (40 l/s) and rose up to 13 MPa shortly 
before the shut-in. This pressure behaviour indicates 
that shearing is the dominant process controlling the 
stimulation. 14080 seismic events were recorded 
during the stimulation with a range in magnitude 
between -0.9 and 2.6. The initial productivity of the well 
determined during a pre-stimulation hydraulic test was 
around 0.02 l/(s*bar). After the hydraulic stimulation of 
GPK2, the injectivity index is estimated at about 
0.4 l/(s*bar), ~20 times more than before. The same 
value is also obtained from stimulation data (Tischner 
et al. 0). 

 
GPK4  
The well GPK4 was hydraulically stimulated twice. The 
first stimulation started on September 13, 2004 with 
injection of 9300 m³ at flow rate of 30 l/s over 3.5 days 
period, with three peaks of 45 l/s to 40 l/s for few hours 
each. The pressure increased very rapidly up to 
170 bar and stabilised until the end of the injection at 
~165 bar. This might indicate the creation of an 
artificial fracture (Tischner et al. 0). A weak 
overpressure was observed in GPK3 (~1.5 bar) and 
GPK2 (~1.1 bar) as well. The pressure level during the 
stimulation was higher than during the stimulation of 
GPK3 and GPK2, although the flow rate was lower. 
The downhole pressure was measured during the 
stimulation at 4700 m MD (4437 m TVD) and 5753 
seismic events were recorded during the stimulation 
with a maximum magnitude of 2.3 (Dyer 0).  
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The second stimulation began on February 07, 
2005, with the injection of 12300 m³ of water with flow 
rates of 30 l/s (during ~1 day), 45 l/s (for 2 days) and 
25 l/s (for ~1 day) respectively. Compared to the 
stimulation in 2004, a higher pressure was observed 
during the second injection step (45 l/s). The pressure 
rose up to 190 bar. The significant pressure increase 
during stimulation indicates a refilling of the already 
stimulated rock mass but not an efficient stimulation. 
Weak pressure responses in GPK3 (~3.5 bar) and 
GPK2 (~1.7 bar) were observed during the stimulation 
of GPK4. 

The initial injectivity index derived from the pre-
stimulation injection test was about 0.01 l/(s*bar). The 
injectivity index at the end of the second stimulation 
reached ~0.2 l/(s*bar). 

 
Dual injection in GPK3 
A different stimulation concept was applied for GPK3. 
The overall fracturing operation was performed in 4 
injection phases. During the first phase (6 days 
duration), fresh water was injected at rates of 30 l/s 
and 50 l/s respectively, with two short periods of 
injection at 60 l/s and 90 l/s. The concept of “focused 
stimulation” was applied during the second phase by 
injecting simultaneously water in GPK3 at 50 l/s and in 
GPK2 at 20 l/s for ~1.5 days of injection (Hettkamp et 
al. 0, Baria et al. 0). The aim of the dual injection was 
mainly to concentrate the fracturing process between 
the wells GPK2 and GPK3 and thus to enhance the 
hydraulic connection between these wells. During the 
third phase (3 days) GPK2 was shut-in, whereas the 
injection rate was decreased in GPK3, after a short 
period of injection at 90 l/s. The well GPK2 was 
discharged after the shut-in at 10 l/s, because 
microseismic activity with high magnitudes occurred 
after the shut-in. A total of 34000 m³ was injected in 
the well and more than 90000 seismic events were 
recorded of which more than 9000 could be located. 
Two major events were recorded with magnitudes of 
2.7 and 2.9. During the stimulation, the downhole 
pressure was measured at 4540 m MD (4472 m TVD). 

The pressure response during the stimulation in 
GPK3 is characterized by a flow rate-dependent trend. 
An almost stable pressure is observed only after the 
fifth day of operation, supposing therefore an 
ineffective stimulation before. A production test in 
GPK3 with injection in GPK2 was carried out before 
the stimulation operation and an initial productivity 
index of ~0.20 l/(s*bar) was calculated after a test 
period of 2 days. The productivity index obtained at the 
end of the stimulation was 0.32 l/(s*bar) (Tischner et 
al. 0). 

 
CHEMICAL STIMULATION OPERATIONS 
 
A series of chemical treatments were applied in the 
deep Soultz wells. The following systems were tested 
(Portier et al. 0):  
 

- conventional acidizing: hydrochloric and Regular 
Mud Acid 

- chelatants 
- retarded acidizing: Organic Clay Acid 

 
Conventional acid systems 

 
Stimulation with hydrochloric acid (HCl) 
Chemical treatments with low-concentrated HCl were 
performed in the three wells after the hydraulic 
stimulation. The objective of this low-concentrated but 
long-extended stimulation process was to dissolve 
secondary carbonates (calcite and dolomite) existing in 
the fractures. The wells were treated with different 
amounts of HCl as shown in Table 1. 
 
Table 1: Overview of the chemical stimulations with low HCl-
concentration in the three deep wells 
 

Well Date Dura-
tion 

 
[hours] 

Total 
mass of  

HCl used 
[t] 

HCl –
concen- 
tration 

[%] 

Diluted 
HCl 

injected 
[m³] 

Injec-
tion flow 

rate 
[l/s] 

13.02.2003 6 0.18 650 30 

0.18 15 GPK2 
14.02.2003 10 

1.4 

0.09 
810 

30 

GPK3 27.06.2003 12 3 0.45 865 20 

GPK4 02.02.2005 48 11 0.2 4700 27.2 

 
In 2003, the first deep well (GPK2) was stimulated 

by injection of hydrochloric acid. A significant reduction 
of near wellbore friction losses was observed 
immediately after the acid front reached the openhole 
section (Figure 3). Nevertheless, the improvement was 
important only at high flow rate (30 l/s). It is likely that 
turbulent friction losses inside the wellbore, where a 
fish is stuck, were reduced due to the acid injection. 
No clear indications were found for an improvement in 
the formation around the well GPK2. 
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Figure 3: History plot of the chemical stimulation with HCl in GPK2. 
A significant drop of the pressure difference after HCl-injection is 
observed. 

 
During a circulation test between GPK2 and GPK3 

in 2003, hydrochloric acid was injected in GPK3 over a 
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limited time period of 12 hours. No reduction of the 
injection pressure was observed during or after the 
acid injection meaning that this acid stimulation failed. 

The injection of HCl in GPK4 in 2005 improved the 
well injectivity/productivity by 50%, but it is 
questionable whether this improvement was achieved 
in the openhole or through leakages in the casing. This 
point will be discussed later. 

 
Stimulation with Regular Mud Acid (RMA) 
RMA was exclusively injected in GPK4. RMA is a 
mixture of hydrochloric acid (HCl) and hydrofluoric acid 
(HF) widely used in oil and gas wells. The dissolution 
of minerals like clay, feldspars and micas (Portier et al. 
[8]) is intended by applying this acid mixture. A HCl-
preflush is first injected to avoid calcium fluoride (CaF2) 
precipitation that can lead to well damage. 

The treatment was carried out in four steps: 
 
- Injection of 2000 m³ of fresh water deoxygenized 

at 18 l/s, 22 l/s and 28 l/s for more than 24 hours 
- A preflush of 25 m³ HCl at 15% (with 

deoxygenized water) with a flow rate of ~22 l/s 
- A main flush of 200 m³ Regular Mud Acid with 

concentration of 12% HCl and 3% HF with 
addition of corrosion inhibitor, at a flow rate of 
~22 l/s  

- A postflush of 2000 m³ fresh water at flow rates 
of 22 l/s and 28 l/s during 22 hours. 

 
Figure 4 shows the history plot of the stimulation in 
GPK4. A less pronounced slope is observed after the 
injection of the treatment mixture than before, 
predicting an enhancement of the reservoir (blue dash 
lines in Figure 4). 
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Figure 4: History plot of the chemical stimulation with RMA in GPK4. 
The slope change of the pressure (dash line) for the same flow rate 
before and after the RMA-injection indicates a gain in productivity. 

 
Stimulation with Chelatants 
After the stimulation with RMA, the well GPK4 was 
subjected to a chemical treatment with chelatants in 
October 2006. The use of this reactant (C6H9NO6, 
nitrilotriacetic acid) is to form complexes with cations 
like Fe, Ca, Mg, and Al and thereby reducing the 
activity of these cations leading to an enhanced 

dissolution of the corresponding minerals (calcite...). 
The chelatants are less corrosive in comparison to 
acids. 

The stimulation design was made as follow: 
 
- Injection of ~4500 m³ fresh water to pressurize 

the reservoir at average flow rate of ~24 l/s for a 
period of 53 hours 

- main flush of 200 m³ constituted of caustic soda 
(NaOH) and 19% diluted Na3NTA, at flow rate of 
~35 l/s during 1.6 hours 

- Postflush of 400 m³ fresh water at 40 l/s  
- Two short injections of fresh water at 20 l/s 

(volume 200 m³ and 250 m³)  
 

Figure 5 shows the history plot of the NTA-stimulation. 
The analysis of the pressure behaviour after the NTA-
injection shows an abnormal increase of the wellhead 
pressure. During the succeeding short water injections, 
the wellhead pressure was even higher than shortly 
before the injection of the reactant, suspecting a 
plugging of the productive zones. A production test 
was therefore carried out on October 25, 2006 to 
remove residuals of the NTA-solution. 
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Figure 5: History plot of the chemical stimulation with NTA in GPK4. 
The wellhead pressure during the injection of 250 m³ water is higher 
than before the NTA injection, indicating loss in productivity. 
 
     At the beginning of the production test, large 
quantities of magnetite-rich grey sands were produced, 
followed by a yellow-coloured fluid, probably 
containing chelatants. A geochemical analysis of water 
samples showed a neutral pH of the produced fluid, 
and thus the almost complete removal of the chelating 
agents from the well. The test had to be stopped after 
~ 2000 m³ production due to storage limitations and 
other planned technical operations. 

 
Retarded acid systems 
The chemical stimulation of GPK3 and GPK4 with 
Organic Clay Acid (OCA) completed a series of 
hydraulic and chemical stimulation for productivity 
enhancement of all deep Soultz wells, which started in 
2000. The OCA-stimulation fluid is designed for 
formations with very high temperature or/and with high 
clay content that are sensitive to conventional 
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stimulation fluids (HCl). The retardation effect of OCA 
fluid allows a stimulation going deep into the 
reservoirs. The OCA-fluid injected was composed of 5-
10% citric acid (C6H8O7), 0.1-1% HF, 0.5-1.5% HBF4, 
and 1-5% NH4Cl (Schlumberger catalogue). 

 
GPK3 
The well was treated on February 15, 2007 by 
proceeding as follow: 
 

- Injection of 1200 m³ of fresh water at flow rate of 
35 l/s 

- main flush of 250 m³ of OCA at flow rate of 
~55 l/s 

- First postflush of 250 m³ fresh water at flow rate 
of 45 l/s 

- Second postflush of ~1070 m³ fresh water at 
average flow rate of 30 l/s 

     
Figure 6 shows the history plot of the chemical 
treatment in GPK3. The pressure increase after the 
first 250 m³ water injection, pumped at the same flow 
rate as before the chemical treatment, has a slope 
similar to the one shortly before the end of the preflush 
(see blue dash line in Figure 6). This preliminary 
analysis shows almost no gain in productivity. 
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Figure 6: History plot of the OCA-stimulation in GPK3. A nearly 
similar pressure trend is observed before and after the OCA-injection 
at the same flow rate. No gain in productivity was achieved. 

 
GPK4 
The well GPK4 was stimulated on March 21, 2007 with 
Organic Clay Acid according to the following steps: 

- Preflush of water injection at average flow rate of 
~30 l/s 

- main flush of 200 m³ OCA-fluid at ~55 l/s 
- Posflush of water injection at 40 l/s and 35 l/s 

     The wellhead pressure and the flow rate during the 
OCA-treatment are shown in Figure 7. During the 
preflush-phase, a fast increase of the wellhead 
pressure, immediately followed by a stronger trend of 
the pressure buildup was observed, although the 
injection flow rate at the time was constant by ~30 l/s 
(dotted red circle in Figure 7). This abrupt increase of 
pressure slope suggests some plugging of the well. 
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Figure 7: History plot of the OCA-stimulation in GPK4. Steady-state 
behaviour of the pressure is observed during the postflush phase. 

 
During the displacement process of OCA-fluid in 

the formation and after the end of density effect 
(complete replacement of salt water (1.04 g/cm³) by 
fresh water (1.00 g/cm³)), the pressure was almost 
constant although the constant injection rate usually 
leads to a pressure increase under Soultz conditions.  
The wellhead pressure reached a value of ~120 bar 
just before the OCA-injection and rose up to a 
maximum of 130 bar during the postflush phase until 
the shut-in. 
     Eventually, steady-state flow into the reservoir was 
reached after the OCA stimulation, a status that has 
never been observed at the deep Soultz wells before. 
The constant pressure after the OCA-fluid injection 
(compared to the linear slope shortly before the OCA-
fluid injection) gave a first indication for a significant 
gain in productivity and, likely, for a constant pressure 
boundary in the reservoir.An indication of plugging was 
also observed during the OCA injection itself, as 
mentioned earlier for the preflush-phase. In an 
undisturbed injection, we would expect a significant 
pressure drop after the flow rate reduction back to 
30 l/s - similar to the pressure increase caused by the 
flow rate increase from 30 to 55 l/s before. A rather flat 
pressure curve at a high level was observed and has a 
typical ‘fracturing’ shape. This might be a fracturing 
process originating from the casing leakages. In that 
case the pressure is controlled by the fixed rock stress. 

Previous flow logs run in GPK4 showed the 
presence of two leaks (at 4110 and 4440 m true 
vertical depth (TVD) respectively) in the cemented 
section of the well. These loss zones have probably 
been “stimulated” during this operation (see next 
chapters). The records of the microseismic activity 
during the stimulation also showed a concentration of 
the events around the loss zone located at 4300 m. 

The shut-in phase was marked by a very fast 
pressure decrease and return to equilibrium; also an 
observation never made before in the well (see 
Figure 8). The pressure fall-off to equilibrium occurred 
rapidly within 24 hours, whereas 120 hours were 
needed to reach pressure equilibrium after the RMA-
stimulation.  
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Figure 8: Comparison of the shut-in phases after the RMA-
stimulation and OCA-stimulation in GPK4.Shut-in phase. 

 
HYDRAULIC TESTS FOR THE EVALUATION OF 
CHEMICAL STIMULATIONS IN 2006-2007 

 
GPK3 
At GPK3 an injection test was carried out in August 
2004 (04AUG17) after the hydraulic and chemical 
stimulation with HCl. This test served as reference for 
the evaluation of the succeeding chemical stimulations 
(Figure 9). A total of 7000 m³ fresh water was injected 
at flow rates of 12, 18 and 24 l/s for a period of 6 days. 
The injectivity derived from this test was about 
0.35 l/(s*bar). 

The second injection test in GPK3 was done after 
the RMA and before the OCA-stimulation, on February 
07, 2007. In this one-step test, a total volume of 
6230 m³ was pumped during 3 days at flow rate of 
24 l/s. The injectivity calculated from this test was 
again estimated at about 0.35 l/(s*bar). 

The impact of the OCA stimulation was evaluated 
by a third injection test. It consisted of a short step of 
10 l/s to slowly cool the well, followed by an injection of 
24 l/s for more than 3 days (07MAR12). No significant 
pressure reduction, compared to the previous tests, 
was observed after the OCA-stimulation in GPK3 and 
consequently, a significant improvement of the 
productivity was not achieved. The injectivity index 
after 3 days is about 0.39 l/(s*bar), very close to the 
one calculated before this chemical treatment 
(0.35 l/(s*bar)). 
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Figure 9: Injection tests performed in GPK3. The maximum wellhead 
pressure at the injection test after the OCA-stimulation is almost the 
same as during the injection test after the hydraulic stimulation in 
2004. 

 
GPK4 
The impact of the stimulation operations at GPK4 was 
evaluated before and after each stimulation by 
performing a unique step rate injection test. About 
4500 m³ of fresh water were injected at increasing flow 
rates (9 l/s, 18 l/s and 24 l/s) in one-day steps. The 
pressure characteristic at the beginning of the tests is 
highly influenced by both temperature and density 
effects, which disappear after 1 day of injection. The 
evaluation of each stimulation is therefore possible, by 
comparing the wellhead overpressure, from the 
beginning of the second injection step on (see Figure 
10). 

After the second hydraulic stimulation of GPK4 in 
2005, the first step rate injection test was carried out in 
GPK4 (grey-coloured curve in Figure 10). The analysis 
of this tests gave a productivity index, after three days 
of injection, of ~0.2 (l/s*bar). 

The chemical treatment with HCl yielded a gain in 
productivity of GPK4 (red curve in Figure 10). The 
productivity index after this stimulation was evaluated 
at 0.3 l(s*bar). 
The step rate test 06MAY29 (green-coloured curve in 
Figure 10) performed after the RMA stimulation shows 
that after three days of injection the wellhead 
overpressure from the second step is about 35 bar, 
that means ~11 bar less than before the stimulation 
(step rate test 06APR25 (yellow and red-coloured 
curves in Figure 10). The RMA-stimulation has 
therefore resulted to an enhancement of the 
productivity index from 0.3 to 0.4 l/(s*bar). 

 Similar to the previous stimulation of GPK4 with 
RMA, a step rate test was performed in January 2007 
to assess the stimulation effect with NTA (purple-
coloured curve in Figure 10). The wellhead 
overpressure in GPK4 after the NTA-injection was 
~9 bar higher than before the chemical treatment, and 
led to a productivity index of ~0.3 l/(s*bar). It is likely, 
that during the injection of chelatants, which are also 
used as cleaning agents, scales from the casing were 
detached and transported into the reservoir, plugging 
its access to some extent. 
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Figure 10: Comparison of the wellhead overpressure (from the 
second step on) during the step rate tests in GPK4. 
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No injection test has been performed after the 
OCA-stimulation. An assessment of the well was 
however possible, by analysing the production tests 
carried out before and after this stimulation. 
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Figure 11: Compilation of all production tests performed in GPK4. 
 

The average production rate in the test after the 
OCA-stimulation was ~ 1.4 times higher than before, 
concluding a gain in productivity (see Figure 11). The 
productivity index was ~0.4 l/(s*bar) before and 
~0.5 l/(s*bar) after the OCA-stimulation. 

Unlike the previous production tests, the 
temperature curve of the production test performed 
after the OCA-stimulation showed a decreasing trend 
even after 4 days of production and despite the highest 
production rate. Obviously a part of the production 
came from the upper part of the well (see discussion). 
 
Hydraulic connection between GPK3 and GPK4 

 
The results obtained both from tracer tests (Sanjuan et 
al. [9]) and from the analysis of the microseismic 
activity triggered by the hydraulic stimulations (Baria et 
al. [10], Baria et al. [11]) have clearly identified a good 
connection between GPK2 and GPK3. However, a 
high impedance barrier between GPK3 and GPK4 was 
observed. The main issue of the reservoir 
development was therefore to ameliorate the weak link 
between GPK3 and GPK4. From the step rate test 
performed in GPK4, the pressure response in GPK3 
and GPK2 was observed throughout the stimulation 
operations to follow the connection to GPK4 as 
illustrated in Figure 12. 
     Almost no pressure response was observed in 
GPK3 and in GPK2 during the first two stimulations. 
However, a sensitive pressure response was 
measured in the two wells after the stimulation with 
RMA. The difference pressure in GPK3 is higher than 
in GPK2 because of its proximity to GPK4. For the 
same reason, the reaction time is in GPK3 shorter.  

It is likely that due to the chemical treatments of 
GPK4 different geological structures were stimulated 
than due to the first hydraulic stimulations in 
2004/2005. The pressure propagation to GPK2 might 
be explained by the improvement of a structure 

between GPK3 and GPK4, reaching an already 
connected structure between GPK2 and GPK3. 
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Figure 12: Pressure response of the ambient wells (up: in GPK2, 
middle: in GPK3) during the step rate injection tests in GPK4. The 
well GPK3 was deactivated during the test 06APR25 prior to the 
RMA stimulation, while GPK2 was deactivated during and after the 
OCA-stimulation. 

 
FLOW LOGS AND MICROSEISMICITY 

 
GPK2 
Only a limited number of flow logs were run in GPK2: 
after recording one during the stimulation in 2000, a 
tool got stuck in 2002 and prohibited measurements in 
depths below 3900 m TVD. However, a low-rate 
injection test performed in March 2006 could be used 
to calculate a ‘synthetic’ flow distribution (Pfender et al. 
[12]). Both profiles are shown in Figure 13 together 
with the borehole geometry and completion. 
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Figure 13: Compilation of borehole geometry (left) and flow profiles 
in GPK2 from 2000 (red) and 2006 (green). Depth is given in true 
vertical depth (TVD). The green flow profile is not measured but 
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calculated from an injection test and is multiplied by 10 to fit into the 
flow rate scale given by the log from 2000 (red line). 
 
The log recorded in 2000 (red curve) is not fully 
calliper corrected but shows a tendency of a step-like 
flow distribution from 30 to 29, 22 and 17 l/s (black 
lines) in the open hole. No flow losses were observed 
in the casing. In 2006, the low rate injection tests were 
used as a means to calculate synthetic flow logs 
(green curve). The profile shown here is not caliper 
corrected. It shows a leakage of about 30% of the 
injected flow in the cased section at 3910 m TVD and 
an apparent loss of another 30% (of the injected flow) 
below the casing shoe which might for a part be 
explained by the diameter change of the open hole 
section. 

The upper loss zone agrees with a known casing 
restriction and the stuck tool position. The annulus 
around the casing is filled with fly ash in this region, 
and water filled up to the wellhead. The loss zone 
seems not to be hydraulically connected to the water 
filled annulus as we conclude from pressure 
observations during those tests. A connection would 
decrease the production temperature of GPK2 due to a 
link with the shallow reservoir in 3000 m and a very 
permeable fracture at 2000 m. 

The deeper loss zone is encountered in the open 
hole beneath the casing shoe and reflects mainly the 
geometry change to the higher diameter open 
borehole. 

 
GPK3 
Figure 14 contains the comparison of the GPK3 flow 
characteristics between 2003 and 2006. Both profiles 
were recorded at a comparable injection rate of ~30 l/s 
and are fully calliper corrected. In both cases, the 
cased section of the well is completely intact. 
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Figure 14: Compilation of borehole geometry (left) and flow profiles 
in GPK3 from 2003 (cyan) and 2006 (blue). Depth is given in true 
vertical depth (TVD), flow logs are caliper corrected. Both flow 
measurements were performed upwards. 

 

The older flow log was recorded during the 
stimulation in 2003 where a prominent and naturally 
permeable fracture at about 4700 m TVD took ~ 70% 
of the flow. Three years later, the flow distribution is 
similar, but the conductive fracture takes only about 
60% of the flow and a bigger part of the fluid reaches 
deeper into the borehole. We interpret the flow rate 
decrease to 0 at 4950 m TVD as an artefact of the 
measurement. While logging the upper part of the well, 
an exceptional low spinner rate was observed. This is 
probably caused by the accumulated grease in the 
higher levels of GPK3. Although the records below 
2000 m seemed not to be affected any more, the 
sensitivity of the tool at low flows rates might be 
reduced, especially at the beginning or end of a log. 

A chemical stimulation with HCl was performed 
between the two flow logs in 2003, in the framework of 
the circulation between GPK2 and GPK3. This 
treatment had no significant influence on the well’s 
productivity, just as the succeeding OCA-stimulation in 
2006. A change of flow distribution can therefore not 
be related to productivity changes by chemical 
stimulations. 

 
GPK4 
Most of the flow logs were run in GPK4, especially in 
the last year after detecting leakages in the cased 
section. The main logs are illustrated in Figure 15. 

The first flow logs were recorded during the 
hydraulic stimulation in September 2004 (red). The 
linearly decreasing flow distribution indicates an axial 
fracture in the openhole below the casing shoe from 
4500 m to 4600 m. 30% of the injected fluid leak off 
here, and 70% reach the deepest 200 m of the 
borehole below 4800 m TVD. This lowest part is not 
accessible by tools. Flow logs in 2005 (green line) 
confirmed the linear trend in the openhole, but indicate 
that 20% of the fluid leak off in the cemented section 
50 m above the casing shoe. Unfortunately, the 
number of available flow logs is not sufficient to clarify 
the origin of this leak, but it was first noticed after the 
HCl-acidizing in February 2005.  
     In the framework of the low-rate hydraulic tests in 
march 2006 (Pfender et al., 2006), temperature logs as 
well as new flow logs proved a leak at ~4440 m TVD 
and a second one at 4110 m TVD. The corresponding 
flow logs are the two about 100 m long sections which 
were recorded in April 2006 at an injection of ~ 18 l/s. 
In order to check the integrity of the whole casing, 
additional flow profiles were recorded in October 2006; 
they are shown as the blue line in Figure 15. At this 
time, the well was already chemically treated with HCl 
in February 2005 and with RMA in May 2006. 

The profile confirms also the loss zones in the 
cased and cemented section but deviates from earlier 
logs in the openhole below the casing shoe at 
4500 m TVD. The continuous flow loss down to 
4600 m TVD cannot be clearly confirmed and the 
measurement ends at 4800 m TVD with an apparent 
flow rate decrease to 0. 
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Figure 15: Compilation of borehole geometry (left) and flow profiles 
in GPK4 from 2004 and 2006. Depth are given in true vertical depth 
(TVD), flow logs are caliper corrected 

 
     From this compilation (Figure 15), the two leaks in 
the cased and cemented section of the well GPK4 can 
be regarded as proved. Nevertheless, their loss rates 
differ between the two records of April and October 
2006: while each of the leaks took about 8% of the 
flow in April 2006, the upper leak at 4110 m TVD takes 
20% and the lower leak 13% in October 2006. 
Although these records have been measured at 
different flow rates, the ratio between the leakage rates 
should not vary. We conclude that the upper leakage 
has been enlarged during the intermediate RMA 
operation. This thesis is supported by the observation 
of accumulated seismic events at this depth and by the 
pressure level, fitting to the frac gradient (see 
discussion). 

The question of the openhole flow distribution is 
more difficult to address. The tools sensitivity seems to 
be reduced during the measurement in October 2006 
since the same abnormal low spinner rate as in GPK3 
was recorded at the beginning of the measurement. 
This might impede the correct recording of low flow 
rates which could occur as zero flow rates. We came 
to this conclusion after the similar observation in GPK3 
(flow decrease to zero at the end of measurement) and 
taking into account the temperature and pressure 
records of the logging tool. The p and T values stay 
constant below 4774 m TVD (5050 m MD) and indicate 
that, in contrast to the cable length measurement, the 
tool in fact did not move deeper. Therefore the 
apparent total flow loss at 4800 m TVD is questionable 
and it is difficult to conclude about the deeper flow 
distribution.  

Nevertheless, even if this total loss at 4800 m TVD 
would be real, it is not evident to link it to the effect of 
the RMA operation. It is unlikely that the reaction with 
the formation onsets only after having passed 300 m of 
openhole. 

 

DISCUSSION 
 

Overview of the productivity of the deep Soultz 
wells  
Figure 16 summarizes the development of the 
calculated productivity of GPK3 and productivity of 
GPK2 and GPK4 with time, starting in 2000. The 
values shown here are injectivities/productivities 
obtained from post-stimulation hydraulic tests, as 
described in this paper. All hydraulic and chemical 
stimulations are evaluated as well as the performance 
of the wells during circulation. 
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Figure 16: Compilation of the productivity of the deep Soultz wells 
before and after each stimulation. The dots in the shaded area were 
derived from the circulation test 2005 and calculated by Geowatt 
[13]. 

 
While GPK2 was apparently improved during the 
circulation test, the well GPK3 did not change much its 
productivity with all applied stimulations. The 
productivity of GPK4, in contrast, was improved also 
by the chemical treatments. These trends are 
discussed in more detail later in this section. 

 
Development of GPK2 productivity during the 
circulation 
During the 5.5 months of circulation from July to 
December 2005, the productivity of GPK2 appeared to 
be significantly higher than before. The results for the 
circulation presented in (Figure 16) based on 
downhole pressure extrapolated from wellhead 
pressure with the help of the software HEX-B by 
Geowatt (Geowatt, [13]). 

The observed high productivity can have several 
causes: One fact is that during periods of ‘open’ 
circulation via separator, more fluid has been injected 
into the reservoir than it was produced. This leads to 
an increase in reservoir pressure which is favourable 
for the production (see Figure 17). 

However, any injection into GPK3 increases the 
initial reservoir pressure in GPK2, for example by 10 
bar for an injection of 17 l/s during 5 days (injection 
04AUG17). The pressure drop at GPK2 during 
circulation is only in the range of 20 bar referred to the 
formation pressure. From this follows an apparent 
productivity of ~ 0.8 l/(s*bar). Taking into account an 
increase of the reservoir pressure by an injection in 
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GPK3 as described above, the single-well productivity 
is ~ 0.5 l/(s*bar). This difference in productivity with 
and without injection into a neighbouring well shows 
the importance of a reinjection into the same reservoir 
during a future circulation. 
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Figure 17: History plot of the circulation test in 2005. Wellhead 
pressure, injected/produced mass flow and calculated 
injectivity/productivity index of the wells. During the open circulation 
(injection in GPK3 higher than total production from both GPK2 and 
GPK4), the injectivity index of GPK2 increases significantly. 

 
Moreover, the leak at the casing restriction in 
3900 m TVD (see Figure 13) might be improved during 
the circulation and contribute stronger. The good 
connection between GPK2 and GPK3 might have 
further favoured the production from GPK2, in contrast 
to the high reservoir impedance between GPK4 and 
GPK3. 

 
Marginal productivity enhancement after OCA-
stimulation in GPK3 
 
The weak impact of the acid stimulations in GPK3 
coincides with the existence of a large infinite 
conductive fracture as the dominant outlet. As already 
seen in the flow log of GPK3 (Figure 14), this well is 
connected to a natural fracture zone which takes 60 – 
70% of the total flow. This status was already the initial 
state of the well directly after drilling and could not be 
improved much. 
     Figure 18 shows the diagnosis plots of the shut-in 
phase after an injection test performed in GPK3. The 
flow is characterised by a pressure change 
proportional to the root of time (1/2-unit slope in both 
the pressure and pressure derivative curves as well as 
linear trend of the pressure as function of the root of 
the superposition time, Bourdet [14]). Thus, the 
hydraulic behaviour of GPK3 is dominated by a 
formation linear flow, a typical flow regime for large, 
infinite conductive fractures intersecting the formation.  

The effective fracture area was estimated between 
25000 and 50000 m² and the formation transmissibility 
was about 0.05 to 0.2 Dm (Tischner et al. [3]). There is 
no potential to improve the well by dissolving minerals 
from these fracture faces and therefore, a substantial 

productivity enhancement by using chemical 
stimulation can not be expected. 
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Figure 18: Pressure transient analysis of the injection test 
(07JUN04) performed in GPK3 in June 2007. Up: Log-Log diagnosis 
of the shut-in phase Down: Downhole pressure as function of the 
square root of the superposition time. 

 
Improvement of GPK4 productivity by chemical 
treatments  
 
As described in this paper in detail, the productivity of 
GPK4 was improved by the chemical treatment with 
RMA and OCA, whereas the NTA operation 
diminished the productivity.  

The question of where in the well or reservoir the 
acid improves the permeability is discussed here in 
more detail.  

 

 
 
Figure 19: Compilation of measured temperature and flow (left and 
middle) in April 2006 prior to any further chemical stimulation, 
together with microseismic events recorded during the hydraulic and 
chemical stimulation in 2004 and 2005. 
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Already after the HCl-acidizing in February 2005, a 
correlation between seismicity during this operation 
and the leakages in the casing on the one hand and 
the productivity improvement on the other hand were 
discussed. Figure 19 shows a compilation of data 
available after the HCl-acidizing in 2005 but before any 
of the chemical treatments were applied in 2006. 
     While the lower leak was already known since 
2005, the upper one became only obvious after the 
temperature anomalies were recorded in 2006. The 
correlation with the accumulation of seismic events at 
4110 m TVD is striking, and also the improvement of 
productivity by 50% indicates that the main part of 
permeability creation has been done here.  
     This scheme of productivity enhancement by 
chemical stimulation correlating with seismicity is also 
found in the RMA and OCA stimulations. The flow log 
recorded in between those operations is illustrated in 
Figure 15, the seismicity in the following Figure 20. 
     The events are clearly located at the level of the 
upper leakage and trend south- and upward and carry 
forward the tendency of the observations of 2005. 
These observations led to address the issue whether 
the acid injections had impact, as intended, only in the 
openhole. 

A conclusion from flow logs alone is difficult and a 
direct evidence for a productivity enhancement could 
not be found, especially since the well is not fully 
accessible (Figure 19). Therefore, and because of the 
high and almost constant pressure during the OCA 
stimulation we take into account the hydraulic 
stimulation of fluid pathways in the cemented casing 
section.  

 
Figure 20: Seismic events during RMA (left, red circles) and OCA 
(right) operations in GPK4, illustrated in side view. During the 
intermediate NTA operation, no seismicity was observed. Source of 
figure: Louis Dorbath, EOST. 
 
For this purpose, we analyzed the stress conditions at 
the leakage levels. Valley & Evans [15] proposed an 
estimation of the stress state below 3500 m by 
following the assumption of Cornet & Bérard [16] that 
the maximum pressure attained during the stimulation 
provides a direct estimation of the minimum horizontal 
stress. The following estimation of the minimum 
horizontal stress function of the true vertical depth was 
derived by Valley & Evans [15]: 

 
Sh min [MPa] = -1.78 +14.06 z [km]     (1) 
 

The estimation of downhole pressure during the 
stimulations is presented in Figure 21. The maximum 
pressure during the hydraulic stimulations (gray-
coloured symbols) almost matches the estimation of 
the minimum horizontal stress. During the stimulation 
with the OCA-fluid, the wellhead pressure in GPK4 
reached ~130 bar. An estimation of the pressure 
gradient in the reservoir by assuming an average 
reservoir temperature of 70°C, gives a value of 
~13.6 MPa/km, very close to the estimation of Valley & 
Evans [15]. 

As already mentioned in the OCA description, we 
have to take into account some plugging of the lower 
part of the well during the preflush and postflush of this 
operation. Therefore, a high flow rate up to 30 l/s may 
have entered the formation through the casing 
leakages. Thus, hydraulic fracturing around the casing 
leakages is very likely corresponding to the observed 
seismicity. 

Regarding the fact that we reached pressure 
conditions which enable a hydraulic fracturing process 
during the OCA stimulation, it is questionable whether 
the acid itself had any impact on the productivity. The 
mechanical stimulation alone is able to explain the 
productivity improvement, the seismicity and also the 
improved hydraulic communication (Figure 12) 
between GPK3 and GPK4 after this OCA injection. 

In a future circulation, the improved hydraulic 
connection between GPK3 and GPK4 will lead to a 
higher production from GPK4. On the other hand the 
production temperature from GPK4 should be lower 
due to the production from upper recharge zones. 
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Figure 21: Estimation of the minimal horizontal stress at the 
HDR/EGS test site in Soultz (Valley & Evans [15]) and maximum 
downhole pressure recorded during the stimulations in GPK4. The 
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downhole pressure at the first outlet during the OCA-stimulation 
(purple circle) is close to the fracture reopening pressure. 

 
CONCLUSION 

 
The deep Soultz wells have been stimulated 
hydraulically and chemically, targeting at developing 
the underground reservoir prior to electricity 
production. The results of the stimulation operations 
are summarized as follows: 

 
GPK2 
This well has been stimulated hydraulically with very 
good results. It has a productivity of 0.5 l/(s*bar) in 
single well tests. Due to a good hydraulic 
communication with GPK3, the well GPK2 has a 
productivity of ~ 0.8 l/(s*bar) under circulation 
conditions, caused by the increasing reservoir 
pressure. This difference shows the importance of a 
reinjection into the same reservoir during a future 
circulation. 

The chemical stimulation with HCl mainly reduced 
flow resistance in the borehole itself which might 
consist of the restriction and the lost tool and cable. 
Nevertheless, a significant turbulent flow regime 
occurs in the well.  

A leak at ~ 3900 m TVD, very close to the casing 
restriction, contributes to a loss of ~ 30% of the initial 
flow rate. In the current state, this leak does not form a 
connection of the well to the upper reservoir. 

 
GPK3 
The productivity index of GPK3 is about 0.4 l/(s*bar) 
and remained almost unchanged after successive 
stimulation operations with HCl and OCA. An infinitive 
conductive fracture with a large fracture area between 
25000 and 50000 m² intersects the open borehole at 
4700 m MD and hampers a further improvement by 
chemical stimulations. 

 
GPK4 
The productivity of the well was initially 0.02 l/(s*bar) 
and has improved to ~0.5 l/(s*bar). In comparison to 
GPK2, the hydraulic communication with GPK3 was 
weaker prior to the chemical stimulations and therefore 
GPK4 was less productive than GPK2 during the 
circulation in 2005. 

The RMA and OCA chemical stimulations improved 
the productivity of the wells by 30 and 25% 
respectively, but we attribute at least a part of this gain 
to a simultaneous hydraulic stimulation of two loss 
zones in the cemented part of the casing. Stress 
conditions during the OCA stimulation were favourable 
for a hydraulic stimulation and were probably caused 
by a plugging of the well during the pre- and postflush. 
Moreover, we found a correlation of the upper leak 
(4110 m TVD) with an accumulation of seismic events. 
Therefore, a gain of productivity only from the 
openhole section and the reservoir at 5000 m depth is 
not likely. 

The RMA and NTA stimulations additionally 
improved the hydraulic communication between GPK3 
and GPK4. 
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ABSTRACT 
 
In the geothermal research project GeneSys the 
Geozentrum Hannover is investigating new methods 
for exploiting heat from tight sedimentary rock. A 
hydraulic fracture had been created in a triassic 
sandstone layer by massive water-frac tests. Cyclic 
injection and venting tests on this feature, during which 
cold water was injected and the heated up water was 
produced, showed promising results. The short and 

long term performance of the system was numerically 
simulated by using the finite element scheme 
ROCKFLOW. The numerical simulation for a weekly 
and annual cyclic schema show that both schemes 
have the potential to supply heat for consumers of 
medium size (1 – 2 MWth) over prolonged time periods 
and that the annulus cycle is superior to the weekly 
cycle.    
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ABSTRACT 
 
A temperature growth rate within crystalline basement 
rocks of the Baltic Shield is 2,0 - 2,1°С per 100 m, 
what is 2 times higher than the predicted geothermic 
gradient (Kolskaya…, 1984). A temperature at a depth 
of 10 km is ≥ 180-200°С. Similar data were obtained 
from other super deep boreholes - Minnibaevsk, Novo-
Elkhovsk and Saatlinsk (Moiseenko, Smyslov, 1986). 
Experience of geothermic investigation at numerous 
boreholes of the Kuril-Kamchatka region and at 
geothermal deposits worldwide allows to assume the 
following.  Since the whole rock mass drilled by SG-3 
was water-bearing, measurements of temperatures 
were taken in water, not at the contact. Forced 
convection, inevitably arising in the borehole even after 
long standing, also causes some problems. Besides, 
the available hydrothermic information makes it 
possible to assume both the presence of an ascending 
heat flux, conditioned by temperature difference 
between upper and lower levels of the earth’s crust, 
and the existence of lateral movement of hydrotherms 
in laminated rock mass, what significantly complicates 
taking measurements of temperatures of separate 
blocks of rocks in the geological structure under study 
and does not allow to unambiguously interpret the 
origin of  internal variations of heat flux. Thus, special 
investigations performed by N.N. Khristoforova with 
co-authors showed that the temperature gradient in 
crystalline basement rocks amounted to 3°С/100 m. 
The temperature curves clearly show a regular 
interstratification of rocks with a high and low 
thermogradient. Low- and high-gradient layers are 
considered to be zones of convective heat and mass 
transfer (Khristoforova et al., 1999). Considering 
above, we suppose that real temperature regime within 
the structure of the Pechenga hydrothermal system 
may substantially differ from that accepted (Rychagov, 
2002). 
     The study of structure and geothermic examination 
of strata composing the base of the East European 
Platform, drilled open with deep and super deep 
boreholes, indicate that the interior of the platform 
accommodates hydrothermal systems (solution 
temperatures ≥ 150°С). The latter belong to convective 
cells the lower parts of which according to indirect data 

are sunk not only into the base of the earth’s crust but 
also into the upper mantle. We believe that such a 
system is the Pechenga one, drilled open with the Kola 
super deep borehole SG-3 (Kolskaya…, 1984; 
Khristoforova et al., 1999). Formation, migration and 
discharge of hydrothermal solutions are predetermined 
by geological history of this region.  
     Only hydrogeology of the upper levels of the 
Pechenga system has been studied in a detail. 
Hydrothermal solutions at depths of more than 2-3 km 
have higher alkalinity (рН = 8.5-9.4) and a chloride-
hydrocarbonate sodium-calcium composition with a 
mineralization of 3.7 to 51 g/l.  There were established 
affluxes of chloride-sodium (possibly, hydrocarbonate-
chloride) solutions at a depth interval of 5345 to 7000 
m. Below 7050 m they become high-pressure highly 
mineralized chloride-calcium and chloride-calcium-
sodium  solutions (Kolskaya…, 1984). High pН values 
of waters drilled open by SG-3 are evidential of an 
active ongoing «hydrogen metamorphism» of rocks in 
the given geological section at present. A complex of 
hydrothermal minerals is formed as result of a 
hydrogen metamorphism: calcium zeolites, potassium-
containing micas, adularia, quartz, montmorillonite and 
other (Naboko, 1962). The hydrothermal solution upon 
interacting with allumosilicate rocks develops a higher 
amount of dissolved SiO2, a part of which changes 
into colloid silica acid (silica gel) that actively 
participates in cation sorption (Belousov et al., 1998). 
High рН values are typical for porous solutions of 
present-day hydrothermal systems, having a certain 
chemical composition similar to waters of the 
Pechenga system. We assume, that this analogy may 
indicate a long circulation of solutions within the 
Pechenga structure interior. In all, the available 
hydrogeological and hydrochemical data allow to draw 
only a general analogy between a super deep-level 
hydrothermal system and hydrothermal-magmatic 
systems of modern volcanism areas.  A detailed 
analysis of altered rocks and minerals may contribute 
to study of hydrotherms. 
     This problem can be resolved by means of a set of 
other techniques (thermobarometry, petrological, 
isotope-geochemical etc.,) and by comparison with 
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other better studied in this respect modern 
hydrothermal-magmatic systems. A reason for this 
conclusion is suggested by important genetic 
inferences deduced by investigators of the Pechenga 
structure. They assume that the structure underwent 
the development stages of underwater oceanic 
volcanic ridge and island-arc uplift. The analogues of 
these structures are middle oceanic ridges that host 
submarine high-temperature hydrothermal systems 
depositing massive and embedded sulphides in 
paragenesis with silica minerals (Bischoff, Dickson, 
1975; Bogdanov, 1997). The Pechenga present-day 
hydrothermal system inherits the geothermic regime 
that took shape at the early stages of the infancy of the 
crust in the Baltic shield area. Its basic distinction from 
hydrothermal systems of present-day volcanism is in a 
deeper localization of a convective hydrothermal cell. 
This imposes on evolution of super deep-level 
hydrothermal systems some peculiarities:  
hydrodynamic isolation of water-bearing collectors is 
possible and hydrotherms may be positioned in a 
substantially different area of P-T diagram for aqueous 
solutions as compared to the solutions of the modern 
volcanism regions. If thermodynamic conditions of 
“volcanic hydrotherms” are close to the boiling curve, 
then the solutions of “platform hydrotherms” adjoin the 
line of an average geothermic gradient (Rychagov, 
2002). In this respect, a more detailed study of such 
systems is needed to undestand the realization 
mechanisms of geochemical barriers. The work was 
done with a financial support of the Russian Fund of 
Fundamental Research (Project 06-05-64689a). 
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ABSTRACT 
 
Drilling in geothermally active locations can pose 
significant challenges for conventional cement systems 
and circulation methods. To overcome these 
challenges in two geothermal wells in Hawaii, two 
departures from the conventional were applied: (1) a 
lightweight cement slurry created by adding nitrogen to 
the slurry, causing it to foam, and (2) placement of the 
slurry down the annulus, using a process called 
“reverse circulation.” This paper presents two case 
histories that show how these technologies and 
techniques were successfully used in casing 
cementation in two geothermal wells. Only one well is 
described in detail since the operations were similar in 
principle. Foamed cement technology was 
implemented because the stresses caused by 

temperature changes that happen to a cement sheath 
in a geothermal well may crack a conventional cement 
sheath due to heat-induced changes in casing 
diameter. Foam cement sheaths are more ductile and 
can tolerate expansion and shrinking without losing 
their sealing capabilities. Additionally, a geothermal 
well often experiences lost-circulation problems that 
require the reduction of circulation pressures while 
circulating cement in place. To help minimize these 
circulation pressures, cement was pumped in reverse, 
i.e. the cement was pumped down the annulus and 
back up the pipe, rather than pumped down the pipe 
and forced back up the annulus. Reverse circulation 
significantly reduced placement pressures and allowed 
placement of the cement with no apparent losses. 
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ABSTRACT 
 
Specific need and demand for wells to the geothermal 
industry are different than the requirements for the oil 
and gas industry. Usually, when oil or gas operators 
are drilling for hydrocarbons, they stop as soon as the 
hit another formation than sediments. The Geothermal 
industry depends on temperature and therefore they 
keep on drilling until they hit the required bottom hole 
temperature. Therefore bits for this environment are 
hitting often hard and abrasive formations like Granite 
at high temperatures. Smith Technologies has realized 
the circumstances, which are required for the specific 

requirements in drilling this harsh environment rock 
and has developed special engineered roller cone bits, 
the next generation in highly durable and stable fixed 
cutter bits (PDC) as well as diamond impregnated bits 
or hammer bits, to maximize the bit life, reduce tripping 
and projects costs. Our experience in drilling 
metamorphic or igneous rocks is used on wells all over 
the world. This article will give a brief introduction to 
drill bits, what they can do for you and what they can’t. 
It will show the present technologies and which 
technologies will be used tomorrow. 
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ABSTRACT 
 
The lecture explains the special requirements in 
design and technology for Re-Injection Pumps in 
geothermal application. It shows the advantages in 
power consumption, flow rate control, liquid handling 
and life time of plunger pumps against all other pump 

solutions. The explanations include the results of 
internal considerations and discussions of all technical 
and commercial aspects and the reason why decision 
was made at the end in favour of Uraca’s robust heavy 
duty pump design. 
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