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1. Introduction and summary
The workshop in Leiden has been attended by 26 participants. The first day has been
devoted fully to presentations, the second day to discussions.
The presentations of the workshop can be divided into two groups:
1. Presentations dealing with lessons learned and best practice risk analysis
techniques (Schellschmidt, Genter, Cuenot, Van Eijs, Frick, Bos, Van Wees,
Karytsas)
2. Presentations dealing with future outlook for uptake of EGS (Ledru, Kohl,
Harcouet)
Within groups of presentations a three-partite division could be made in different aspects
of risk assessment:
a) Optimum decision and risk techniques for assets and prospects performance
assesment (e.g. Bos, Schellschmidt, Van Wees, Kohl )
b) Compliance to regulatory (HSE) constraints, including operational hazards
analysis (e.g. Frick, Cuenot, van Eijs)
c) Public relations issues (e.g. Karytsas)
The discussions of the workshop on the following day focused on how to contribute to
answers to key questions, to be delivered by ENGINE:
• What we assumed on (EGS) resource potential for power production before
ENGINE?
• Are Unconventional Geothermal Resources, UGR promising for power
production?
• What are critical (knowledge) gaps/barriers in current workflow to reach
considerable uptake of Power production?
Prior to ENGINE, forecasts have been made for resource potential (Fig. 1), reflecting a
steady growth based on successful geothermal exploitation such as in Iceland and Italy
(Larderello). The EU promotes research on the uptake of geothermal with an objective of
the FP call to further develop, and to use the existing learning curve of EGS for power
production in range 8-15 ct/kwh, so we have a limit, leading to 5 cts/kwh in 2020.
In order to identify the critical (knowledge) gaps/barriers in current workflow to reach
considerable uptake of Power production targeted by the EU within the targeted
electrivity price ranges, ENGINE needs to deliver an overview of the prospect portfolio,
focused on:
• Assessment of a European portfolio of geothermal prospects, identifying how
ENGINE aided in enlarging the portfolio
• Definition of sub-economic vs. economic prospects
• Identification of key (research) challenges in exploration and production workflow
and exploitation improvements which can make sub-economic prospects
profitable
• Legislation and PR issues
In the following sections we describe these items through subsequent sections.
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Figure 1. Forecast of EU whitepaper in 1995 and renewed targets by EGEC in 2007.

2 General concept of risk evaluation during the development of EGS
The major stages of development of Enhanced Geothermal Systems define a life cycle
comprising (Fig 2):
- Investigation of Unconventional Geothermal Resource and Enhanced
Geothermal System
- Drilling, stimulation and reservoir assessment that can be divided in
o Site exploration
o Site development
- Exploitation, economic, environmental an social impacts that can be divided in
o Production and abandonment

Figure 2 EGS Life cycle

Each stage includes several phases and involves pluri-disciplinary approaches that can
be run in parallel or successively. Decisions are taken at critical moments of the
development of the project, marked by go/no go milestones (Fig 3). Review of best
practices and lessons learned from the different projects and partners enable the
definition of a workflow on which well proven methods and risk assessment can be
identified.

Figure 3 Decisions taken during project execution, resulting in different outcomes
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Techno-economic assessment for exploration and exploitation

For assessment of resource potential we identified a simple framework, reasoning from
techno-economic project evaluation.
At every step we need to be capable to “sell” the project. This means we need to
demonstrate the economic benefit or performance of a project.
The economic performance of a project can be predicted through its Net Present Value
(NPV), which is the net income a project-developer will realize when the project is
executed. The calculation is based on techno-economic models which are capable of
taking into account both critical geological and geo-ENGINEering aspects such as
temperature, flow rate, combined with economic factors such as electricity price and tax
regime (Fig. 4 / 5). Instead of NPV often unit technical cost (UTC) calculations is used as
a key performance indicator giving the electricity price for which the project has an NPV
of 0 (break even point).
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Figure 4 : Calculation of the Net Present Value of a project. The NPV is calculated based on a
forecast of cash-out (capital expenditure (CAPEX), operational expenditure (OPEX), on one hand
and cash-in, based on the revenues of the sold electricity. The Undiscounted cash flow (UCF) is
the difference of Cash in and cash out. The discounted cash flow (DCF) takes into account the
costs project funding (marked by a discount rate). Cumulative DCF results in the NPV at the end
the project (from presentation of van Wees)
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Figure 5: techno-economic chain of models capable of calculating geothermal performance
(NPV). The chain is subdivided in 4 components. Geological basin properties (temperature)
(BAS), underground development policy (UDP), surface development policy (SDP) and
commercial aspects (CF) (from presentation of Van Wees)

Figure 6 Technical unit costs (Electricity costs CHF/kWh) of different geothermal development
options in Switzerland (from presentation of Kohl). These are preliminary outcomes.

3.1

Incorporation of uncertainty

The effect of Uncertainty in earth parameters can be incorporated through
• Discrete scenarios (e.g. having distributed fractured vs localized flow along
faults), each having a probability for the scenario
• A continuous distribution of values in a scenario
The effect of both can be evaluated statistically through using a scenario tree and Monte
Carlo simulation (e.g. Floris and Peersmann, 1999). The calculations result in an
average NPV or so called expected monetary value EMV, and higher and lower values.
Underground scenarios and parameter values higher than EMV are called the upside,
whereas values less than 0 are called downside. Quantitatively a measure for the
downside can be defined through the average of negative NPVs multiplied by the
probability of reaching the downside. In the example in Figure 7 the EMV is
approximately zero. The downside is in the order of 200 k€, and the upside is of equal
magnitude. No project-developer likes to execute project which has a average return of
0, and a downside of this size.

K=1.5..2

K=4

Figure 7. Expectation curve for NPV (horizontal, k€) for a geothermal prospect (DBHE) with two
equally probable scenarios with different rock conductivities. The average value of the NPV is
approximately 0. The downside is approximately-200 k€.

3.2

Maximizing the upside and minimizing the downside during Exploration and
production= “increasing the POS”?

One the major tasks for project development under uncertainty is to reduce the financial
risk (minimizing the downside) and maximizing the upside (reflected through an
increased NPV or lower UTC). The way to do this is to use:
1. Newly defined good scenarios because of benefitting from the exploration
learning curves.
2. Lowered UTC and new ENGINEering options because of optimized production or
new production technologies, again subject to lessons learned.
3. Staged and quantitative approaches to exploration and production, incorporating
decision tollgates and staged investments allowing to discriminate between good
(upside) and bad (downside) scenarios with limited investments.
-

-

-

-

1 By establishing for the first time a sustainable loop between an injection well and
production wells, the Soultz experiment has shown the feasibility on the
enhancement of natural geothermal systems. Fracture systems within the
sedimentary basin and granitic basement act as channel for water convective cells
and may constitute natural geothermal reservoir at depth. Stimulation tests by
hydraulic fracturing and acid leaching result in an increase in permeability that
improves the hydraulic performance of the heat exchanger. These results have been
used to define new targets in the vicinity of the Soultz experiment. Thus, the Landau
project, mastered in 4 years from 2004 to 2007, has reached in a first production well
a natural reservoir in a permeable fracture zone at the top of the basement and
successfully stimulated non productive injection well, making the project
economically feasible. The Landau project can be considered as a spin-off project
from the Soultz experiment and shows that the lessons learned have increased the
Probability Of Success (POS) in the geological environment. The large number of
on-going projects in the Upper Rhine region in Germany provides an exceptional
opportunity to reach a critical number of experiments for extrapolating at the regional
case. A research project could then be initiated to evaluate how the POS can be
significantly increased from the group of projects sharing the risk and how the
lessons learned from Soultz and Landau can be used to define a strategy for
generalising the development of geothermal energy in the Rhine Graben. Gains in
POS and learning curve expected for this type of geothermal resource will be used to
attract investors. Extension to comparable geological contexts at the scale of Europe
will be tested.
2 Efficiency of electricity plants has improved significantly, allowing to operate from
temperatures of 150°C instead of 200°C. This has resulted new prospects and
significantly lowered UTC because of less deep drilling. Examples benefiting from
lower required temperatures are Unterhaching and Landau. Lower temperature
requirements also bring into scope different types of geothermal plays, such as
highly permeable karstic rocks as in Unterhaching.
3 Staged approaches in exploration and production have proved very successful in
the oil and gas industry, capable of minimizing downside and maximizing upside.
The quantitative approach makes a clear distinction between prospects during
exploration and production.
3 a :For EGS exploration we can build a NPV calculation template (Fig. 8), which
calculates NPV for a project, given that the exploration concept has been successful.

This NPV should be larger than 0. The Probability of success (POS) of finding a
validated exploration concept determines the EMV through:
-

EMV = - (1-POS) Exploration_costs + POS * NPV

-

Let us use a simple example to demonstrate the concept:
NPV = 3 MLN
POS = 30%
Exploration_costs = 2.5 MLN

-

EMV = -0.7 * 2.5 + 0.3* 3 = -1.75 + 0.9 = -0.85 MLN

The staged decisions can be displayed in a decision tree, in which times points
downwards (Fig. 8). In Fig. 8 we have drawn the tree for the example above. This results
in a negative outcome of EMV of -0.85 MLN. Now if we would be able to define other
exploration techniques which are cheaper and be done before the full scale exploration,
than this may increase the value of the project. Let us assume that the exploration in
Fig.8 dealt with drilling an geothermal exploration well close to a deep drilled oil and gas
well for which we can apply well-seismic which can give additional information prior to
drilling the geothermal exploration well. The seismic can reveal natural fracture zones in
the rock (cf Presentation Cuenot – Soultz) prior to drilling the next well. In this case, let
us assume we have to spend 0.5 MLN for the seismic in the first well, resulting in a total
exploration costs of 3 MLN after the geothermal exploration well has been drilled. The
decision tree is displayed in figure 9. Let us assume the seismic increases the POS to
75%. In this case the EMV becomes positive, although we spend more money on
exploration. Added value comes from using intermediate exploration results allowing to
abort the project at relative low costs (i.e. seismic).
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Fig. 8: Decision tree for exploration. Squares in the decision tree denote decisions downwards
follow a favored decision option (red colored branch in the tree), circle in the tree denote events
with for each branch a particular probability. Triangles denote leaves in the tree for which NPV
can be calculated. Exploration costs are also a NPV. We need to decide today if we are going to
explore a project (top decision). If we abort exploration NPV is zero (left branch). If we continue
(right hand branch), we have 70 % chance of failure resulting in 2.5 MLN loss, and 30 % chance
of success resulting in an income of 3 MLN. The right hand branch results in negative outcome
for EMV of -0.85 MLN, so the decision taken today is to do no exploration for the prospect
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Fig. 9: Staged approach in exploration. This is an example for doing seismic in an existing well
first (cost to operator at failure 0.5 MLN) and drilling the geothermal exploration well only after
running seismic has identified fracture zones. If unsuccessful this gives an option to stop the
exploration after the seismic campaign spending 0.5 MLN instead of the 2.5 MLN in Fig. 8. The
EMV of the project is now positive resulting in a positive exploration decision for the prospect.

-3b) For production we are already in the right hand branch. Staged approaches during
production deal in particular with optimizing production scenarios based on information
obtained during exploration. Particular exploration scenarios may be linked to particular
production scenarios obtaining best value for invested money. Examples include scaling
electricity production facilities and injection pumps to flow rates from exploration and
testing
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Resource potential Portfolio

For the exploration portfolio we have learned in ENGINE we can identify 4 promising
groups. In the future we need to identify more prospects adding to the resource portfolio
(Fig. 10) and we need to move existing prospects from lower right to the efficient frontier.
The way forward is to give exploration directions, improve workflow, solve technological
gaps and adopt new technology.
For these 4 types we should develop an outlook for the development of successful
operation of prospects and current barriers for exploration. In each type the barriers are
different. For each type we can also expect (as shown for Soultz) that in early projects
there is no balance between R&D costs and commercial benefits. However as shown for
Landau, benefits for research projects come through learning curves and proves of
exploration concepts which can be exported to other areas effectively selling the
research projects. In fig. 11, we have indicated how we envisage that proven prospects
may evolve throughout Europe taking the concepts from the four types. The proposal is
to work this out for the Reference Manualin more detail for the different types, including
a more thorough techno-economic evaluation.
Prospect group

Description

HT volcanic areas

Most important areas. Examples Iceland, Larderello,
Milos, Guadeloupe.

Cenozoic
Extensional faults

Example Soultz: Oligocene extensional context type 1Soultz
Characteristics:
 Regional large wavelength anomaly
 Basin including permeable layers
 Intensely fractured zones + hydrothermal
alteration + brines (100g/l)
 Radiogenic basement
 Local convective fluid circulation
 Topographic reliefs
Example Gross Schönebeck – Deep sediments type
Characteristics:
 Water-bearing sandstone
 Critically stressed faults
 Caprock
 Facies
 4 km depth
 Enhancement by fracturing

Deep sediments

Karstic

Fractured granite

Example Unterhaching type kartsified rocks
Characteristics:
 Very high permeability related to karts
 Molasse thick formation
 Fractured carbonate rocks
 Moderate temperature (122°C at 3300 m)
 Low salinity, H2S content
Switzerland (presentation Kohl)

Proven prospects
today

Proven
prospects
5-10 yrs

Fig. 10 identification of proven prospects (projected 5-10 years) in 4 types (green is deep
sediments, red is Cenozoic faults, pink is karstic rock, brown is HT volcanic)

1 cts/kWh

Unit Technical Cost

15 cts/kWh

30 cts/kWh
Risk ( Costs*P(UTC>15cts) )
Figure 11: Portfolio plot of prospects plotting on the vertical axis the average performance (in
UTC) and on the horizontal axis the downside. Projects can be sold if UTC is above a certain
threshold limit (for the EU 15 cts/kWh) and preferably with as low UTC as possible and as low risk
as possible. Plotting all prospects in the plot results in a cloud for which the upper left portion
defines the so-called efficient frontier. These prospects, marked by best expected performance
and least risk will be explored and exploited first. The task of ENGINE is to add prospects to the
portfolio and to come with plans to move prospects from lower right to upper left (arrow).
Examples of movements during ENGINE workshop. UTC has been reduced because of lower
temperatures at Landau compared to Soultz. Gross Schönebeck has learned us how to operate
deep sediments reducing the UTC for another project.
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Legislation, HSE constraints and PR issues

It should also be made clear that the NPV or execution of projects can be strongly
influenced by legislation or lack thereof. Long legislation procedures can delay execution
of a project resulting in a delayed first electricity produced (Fig. 1) resulting in lower
NPV. HSE constraints such as level of earthquakes are difficult to manage and can kill
geothermal projects such as in Basel. Induced seismicity is therefore a major topic
Milos is a good example of low hanging fruit not available for geothermal electricity
because of public opposition against a legally justified operator
6

Key (research) challenges

From the portfolio analysis we will be capable to determine where filling in research gaps
may have largest impact on moving a group of prospects or even introducing new
groups. Starting from the prospect thinking and new staged exploration and improved
production technologies we should be able to fill in the table of P. Ledru (Fig. 12) and
asses the effect in the projected cumulative uptake of geothermal energy (Fig. 13)
Given high risk for exploration for new exploration concepts, refunding of drilling costs in
case of failure may be a good incentive, as feeding tariffs. Key problems and challenges
may deal with exploration but certainly may also be operational (e.g. high pressure in
Hungary) and combination heat and electricity

Impact of
innovation

Priority A

%

Priority B

%

Priority C

%

Resource
investigation

Distribution of heat
at depth in order to
define target with
limited risk

100

Modelling and
imaging potential
permeability
(natural+stimulated)

100

Analysing how a
group of projects
limits the risk
(Rhine grabben)

50

Drilling,
stimulation and
reservoir
assessment

…

…

…

Exploitation,
reservoir
management
and monitoring

…

…

…

Economic,
environmental
and social
impacts

…

…

…

Fig. 12

MWe

The R&D contribution to the learning
curve of Geothermal Energy

MWe

8000

8000

Innovation 4: Reduction of
drilling investment by 50%

4000

Innovation 3: reproducible 3D thermal
modelling of the 1st 5 km, with an error
bar on t°C estimation < 10°C

4000

Innovation 2: reproducible 100% increase
in permeability after stimulation

The R&D input
2000

2000

1179
X

1650
X

usual
Business as

2010
The Soultz Innovation: The Gross schönebeck Innovation: non
connectivity at depth reversible increase in permeability in
between wells
sedimentary basin, sustainability of t°C

Fig. 13
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