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Abstract 

The EU H2020 project DESTRESS shall demonstrate the application of stimulation techniques in 

different plays. The overall goal is an improvement of hydraulic reservoir parameters with minimal 

impact on environment and residents. Besides the applied research the investigation of risk factors as 

well as the economic effect of soft stimulation is a part of the DESTRESS project. The report at hand 

combines the topics uncertainty/risk factors and economic evaluation. The integration of uncertainty 

in general and uncertainty of risk factors in particular, is a further development step in the techno-

economic evaluation of geothermal power. 

The integration of uncertainty into techno-economic modelling is not completely new in industries 

looking for underground resources. One of the synergies coming from oil and gas business is the 

approach of decision analysis that integrates techno-economic evaluation with uncertainty into 

decision making. Decision analysis is presented in detail in this report. The approach shall improve the 

quality of decisions in project development and operation and thereby enhance the success of 

geothermal projects. The uncertainty caused by risk factors is a major topic of this report. The 

quantification of risk factors presented in this study, enables the integration of uncertainty into 

techno-economic modelling. Identification and quantification of risk factors are important elements of 

risk management. For project developers/operators the risk mitigation, as part of risk management, is 

even more interesting. Therefore, mitigation measures and the evaluation of mitigation measures are 

also analyzed. The main subject of the study at hand is a techno-economic model of geothermal heat 

and power plants which is developed to determine the impact of technical and economic risk factors 

on levelized cost of heat and electricity. To investigate those correlations, the Monte Carlo method is 

used. Altogether the model consists of three main parts: the reservoir, the thermal fluid cycle and the 

heat or power plant, respectively. The power plant is implemented as an Organic Rankine Cycle. Pure 

power or heat generation as well as combined heat and power in parallel and serial setup are 

considered. Furthermore, both continuous operation and heat-driven operation dependent on a 

predefined heat load are considered. The model is explained in detail and applied to the three selected 

demonstration sites. The aim is to demonstrate the “integrated geothermal energy model” (IGEM) and 

evaluate soft stimulation measures including uncertainty caused by risk factors. On the example of the 

Soultz-sous-Forêts site, the possibilities and first results of power plant optimization with the Monte-

Carlo approach are demonstrated. In addition, the technical effects of the implemented risk factors 

are shown. The implemented risk factors also affect model parameters on an economic level. These 

effects are demonstrated on the example of the heat plant in Mezöberény (Hungary). The Mezöberény 

site is also used to show the enhancement of hydraulic parameters through a stimulation and their 

effect on selected key performance indicators (KPI). The report is concluded with a comparison of pure 

electricity provision and combined heat and power (CHP) on the example of a fictitious site in the 

Upper Rhine Graben (Germany). Based on the frame conditions of this site, a comparison is drawn 

between geothermal heat supply and other renewable and conventional energy sources capable of 

large-scale heat provision. 

 



Introduction 1 

 

1 Introduction 

1.1 Deliverable 2.2 in the context of DESTRESS 

The DESTRESS project has the overall goal to investigate, improve and demonstrate the application of 

the Enhanced geothermal system (EGS) approach. EGS allow the usage of geothermal reservoirs that 

can’t be exploited under the naturally given techno-economic frame conditions. Low hydraulic 

conductivities prevent an enormous potential of renewable energy to be used. Therefore, EGS 

measures aim to improve the productivity of a geothermal reservoir by increasing the hydraulic 

conductivity of the reservoir. DESTRESS puts forward the idea of soft stimulation. Soft stimulation is a 

collective term for geothermal reservoir stimulation techniques that aim to increase reservoir 

performance while minimizing environmental impacts including the risk posed by induced seismicity. 

Soft stimulation includes techniques such as cyclic/fatigue stimulation multi-stage stimulation, 

chemical stimulation and thermal stimulation. 

The developments achieved in DESTRESS shall be demonstrated considering the site-specific geological 

requirements. Thereby three overall goals shall be followed: 

 
Figure 2: DESTRESS overall goals for the demonstration of stimulation activities 

The demonstration of the DESTRESS concept is applied at a variety of different sites representing the 

majority of reservoir properties as they can be found in Europe. Thereby the soft stimulation approach 

is in the focus of any demonstration activities, meaning a minimization of environmental hazards. This 

also includes a comprehensive and progressive risk management together with a detailed investigation 

of the caused environmental footprint.  

The soft stimulation concepts applied in DESTRESS are the developments based on the experiences in 

previous projects, synergies from other fields, mainly the oil and gas sector, but also the scientific 

progress reached in fields like i.e. fluid-rock interactions. The better understanding of fluid-rock 

interaction enables a more accurate determination of the stress field which leads to an improved 

analysis of induced seismicity. 

Within work package 2 of the DESTRESS project the impact of soft stimulation on the techno-economic 

performance including public acceptance of a geothermal project has to be analysed. Common cost 

accounting in business case calculations are insufficient to reflect the characteristics of geothermal 

energy production, because the key technical data can vary widely and are often poorly characterized 

in early project phases. To deal with this aspect, experiences from the oil and gas industry E&P 

industries are applied by developing and using a Monte Carlo (MC) based cost calculation model. The 

necessary probability distributions and cost data are taken from the results of task 2.1 and 2.2, and 

from the assessment of the latest geothermal power production technologies, especially the most 

recent optimizations of Organic Rankine Cycles. The completed model is validated using the existing 

data from geothermal power plants in operation. Further effort is spent on the adaption of the MC 

based cost calculation model on regional markets. For the evaluation of geothermal projects, the 

common accounting key performance indicators (KPI) such as internal rate of return (IRR), net present 

value (NPV) and levelized cost of energy (LCOE) will be used. The LCOE methodology opens the 

possibility of a techno-economic comparison with other technologies in the field of energy provision. 

However, whereas most other renewables are incapable of directly providing heat, geothermal is 

Increasing 
reservoir 

transmissivity

Maintaining 
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environmental 

impact
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particularly suited to district heating or combined heat and power (CHP) application. To demonstrate 

the economic and environmental benefits of heat and CHP provision these usage pathways of 

geothermal energy are also mapped in the model. Another major aim of the MC based cost calculation 

model is the detailed analysis of technical and non-technical risk factors. 

 

1.2 Investment decisions supported by simulation model 
This section 1.2 discusses how simulation models support the investment decision-making process by 

computing state variables of possible futures1. The processes discussed are generic and apply equally 

to geothermal fields that may have to be developed using alternative well stimulation techniques. 

Investment decision-making is however a complex process, especially in case of large uncertainties 

about the productive system (such as when dealing with the poorly sampled subsurface, early in its 

asset life-cycle) and about the commercial aspects to be expected. These generic processes are 

described here, as they constitute important boundary conditions on how models should be designed 

and used.  

1.2.1 Decision analysis process 
The technical / economic model to be delivered as part of the DESTRESS project aims at computing a 

series of well-founded time-series of state variables and Key Performance Indicators (KPIs), to 

compare, on a consistent basis, alternative investment options for developing a geothermal field. The 

absolute value of the model’s output and the comparative difference between alternative 

development options should help decision-makers to further mature a project until Final Investment 

Decision (FID). The targeted technical / economic model has a role in the Decision Analysis process’s, 

steps 2, 3 and 4 (see Table 1 below). 

The Decision Analysis (DA) process is the main building block of a company’s project maturation 

(Decision Gate / DG process) and asset life-cycle processes. The DA process feeds into the DG process, 

which on its turn drives the physical and economic evolution of a subsurface asset. The objective of 

the DG process is to phase the capital commitment from project initiation to FID, and only commit a 

next DG-phase’s capital when sufficient clarity has been obtained to proceed. The headlines of these 

three processes are described in Table 1 below. Note that different companies may have their 

individual variants on these processes. Depending on the project maturity (decision gate) and the 

asset’s life-cycle phase, different data will be available, and different types of decisions to be analysed 

will be pertinent. Also, different tools, whether qualitative or (semi-) quantitative, will be appropriate.  

Table 1 Main processes governing the evolution of a subsurface asset along its life-cycle 

Decision Analysis process 
Feeding each Decision Gate  

Decision Gate process 
Maturing a project to FID and start of 
operation 

Asset life-cycle process 
Evolving along an asset’s phases 

Step 1 – Framing the problem: defining 
project alternatives, decision hierarchy, 
discussing value drivers and risk drivers, 
main uncertainties, which KPIs to use as 
decision criteria 

Decision Gate 1 - Approval of Project 
Initiation: validate basis to pursue 
the business opportunity; initiate the 
project 

Phase 1 – Exploration: discovering 
a subsurface resource that is 
established to be economical 

Step 2 – Set-up quantitative models: 
agree which model / model functionality 
to use, including uncertainty 

Decision Gate 2 - Approval of 
Concept Short List: confirm that 
resolution of uncertainties supports 

Phase 2 – Appraisal: obtaining 
additional information on the 
discovered subsurface resource in 

                                                           
1 Note that a common definition of a ‘decision’ is: an irrevocable allocation of scarce resources. Decision-makers make these 
allocations. 
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Decision Analysis process 
Feeding each Decision Gate  

Decision Gate process 
Maturing a project to FID and start of 
operation 

Asset life-cycle process 
Evolving along an asset’s phases 

quantification method (fitness-for-
purpose of model detail) 

continuation of definition and move 
to Concept selection. 

order to optimize its development 
plan 

Step 3 – Generate range of outcomes: 
deterministic ranges or probabilistic 
histograms of KPIs 

Decision Gate 3 - Project Concept 
Selection and Definition: confirm 
approval of the Concept Selection 

Phase 3 – Development: 
developing the appraised resource 
by drilling wells and installing 
surface facilities 

Step 4 – Perform sensitivity analysis: 
establish which uncertain input 
parameters have most impact on risk and 
value 

Decision Gate 4 - Approval to issue 
PDO / PIO: Project considered sound 
and ready to execute, prior to and 
conditional on PDO / PIO approval.  

Phase 4 – Operation, i.e. 
production, including incremental 
development 

Step 5 – Apply decision criteria: describe 
process and recommend optimal 
solution / way forward; communication 

Decision Gate 5 - Approval to Start 
Execution (Final Investment Decision 
/ FID): confirm that conditions as at 
DG Review # 4 are still valid. 

Phase 5 – Decommissioning / 
abandonment 

Step 6 – Assess decision quality: a look-
back analysis of the DA process. Assess 
whether the decision process had 
sufficient quality in terms of: appropriate 
frame, meaningful reliable information, 
creative alternatives, clear values and 
trade-offs, logically correct reasoning, 
fostering learning and working towards 
“best practices”, commitment to action. 

Decision Gate 6 - Approval to Start 
Operation: To confirm ready to start 
operation and hand over of 
Operatorship 

 

 Decision Gate 7 - Post 
Implementation Assessment: assess 
to what degree the objectives of the 
development project have been 
fulfilled. To provide experience 
feedback for future projects. 

 

  

The targeted DESTRESS geothermal project evaluation tool is aimed primarily at assessing situations 

where uncertainties are large and, therefore, precision of the predicted physical processes cannot be 

obtained. The tool should be applicable and useful primarily in case of sparse information on the 

geothermal reservoir and rather contrasting development options (thereby targeting the ‘concept 

selection’ of DG 3). Therefore, the tool aims essentially at a geothermal asset that is relatively 

immature, i.e. early in its life-cycle phase (say, phases 1-3 in Table 1 above), and early in its project 

maturation (say, decision gates 1-3 in Table 1 above, until concept selection).  

1.2.2 Types of decisions 
With the targeted DESTRESS tool decision in an early project phase can be answered. Typically, these 

decisions pertain to a relatively immature geothermal asset, i.e. early in its life-cycle and project 

maturation phase (say, DG 1-3). In the following examples for these decisions are given: 

• Explore yes/no a mapped, but undrilled prospect. 

• Appraise yes/no a mapped, drilled resource; and if so, establish the number and sequence of 

appraisal wells. Understand the value of new information by translating alternative 

information outcomes into alternative reservoir development plans.  
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o Note: the targeted DESTRESS tool will not model spatial heterogeneity of the reservoir. 

Hence, the tool will not help in optimizing the location of a new well. However, the 

effect of spatial heterogeneity in terms of reinjected cold-water breakthrough into the 

production well can be modelled in the DESTRESS tool, i.e. if a 3D reservoir simulation 

study has been done.  

• Concept selection for developing the appraised resource; understanding the economic 

feasibility of the geothermal resource. This includes, for example: 

o Number, sequence, spacing/pattern and timing of development wells to be drilled 

▪ Producers 

▪ Injectors 

▪ Number of well clusters 

o Well design: depth, diameters, completions, vertical lift 

o Types and frequency of well stimulation jobs to be done 

▪ Soft stimulation vs. conventional stimulation + associated costs. 

▪ Impact on skin factor remediation + impact on post stimulation job skin build-

up.  

o Decision on type of energy utilized 

▪ Heat plant (HP) 

▪ Combined heat and power plant (CHP) 

▪ Power plant (PP) 

o Technical configuration of surface facilities to be installed: 

▪ Pressure condenser outlet 

▪ Pressure feed pump outlet 

▪ Temperature superheater outlet 

▪ Recuperated energy 

1.2.3 Project maturity 
As discussed in section 1.2.1 and in Table 1 above, a project’s maturity evolves along the so-called 

Decision Gates (DGs). It is important to understand how project evaluation tools, such as the targeted 

DESTRESS tool, can help maturing a project along these Decision Gates. After having reached the next 

Decision Gate, a formal Decision Gate Review (DGR) is held, during which the project’s maturation is 

tested. In case the DGR has fulfilled the requirements of management, then in principle the 

management allocates a new budget to work towards the next DGR, and so on.  

In Appendix A, Table 18 - Table 24, a possible breakdown into phased decisions related to a project’s 

maturity (‘Decision Gates’) is given (Jonkman, Bos, Breunese, Morgan, & Spencer, 2000). It is 

considered that this process is a possible analogue for analysing geothermal asset development cases. 

For the case studies envisaged by the DESTRESS tool, the requirements of DGR #1, #2 and/or #3 are 

likely to be applied, at least to some extent. Note however that this DG process pertains to capital-

intensive, complex projects that are subject to significant uncertainties. For less costly, less complex 

and less uncertain projects, a much simpler process could be adopted.  

1.2.4 What do managers need to make good decisions? 
First, let us discuss what managers need to make adequate decisions. Many conferences have been 

held around this theme. A consensus seems to be: 

• They need to know if the team evaluated a range of different alternatives that have been 

framed because of their pre-supposed relevance.  

• For each alternative they need to understand: 

o The value (including the option value) and its top drivers; 
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o The risk and its top drivers; 

o What combination of outcomes would cause them to change their choice. 

• They need to be convinced that the calculated uncertainty range reasonably captures the 

range of possible outcomes. 

• They need to have confidence that their decision is robust under a range of possible 

assumptions. 

• They want to know that all projects / alternatives have been evaluated on a consistent basis, 

and that the evaluation tool is based on sound principles. Also, they would like to know how 

the evaluation tool has performed in the past and which potential pitfalls the tool may have.  

In conclusion, the DESTRESS tool takes a central place in the Decision Analysis (DA) process. The 

DESTRESS tool should be designed such that it can reasonably well capture the impact that a decision 

will have on the asset’s future (technical and economic) performance. 

1.2.5 Purpose of the DESTRESS tool 
The purpose of the DESTRESS tool is to feed the Decision Analysis (DA) process and thereby support 

the project maturation / Decision Gate process (see also Table 1 on page 2). In the tables of section 

1.2.3 above, where the Decision Gate Review requirements are discussed, there is in principle a role 

for quantitative tools to address many of the indicated questions. As discussed in the last paragraph 

of section 1.2.1, the application range of the tools is aimed mainly at decision support for early Decision 

Gates and early in an asset’s life-cycle, i.e. when there is a relative data paucity. The targeted DESTRESS 

tool is not aimed at detailed computations of physical processes in the three spatial dimensions with 

important spatial heterogeneities, nor at detailed time-steps. The latter computations would be 

pertinent in case of availability of more detailed data and in case of more detailed decisions such as 

locating a next well to be drilled, or the detailed design of a production facility (i.e. in case of a decision 

gate beyond ‘concept selection’).  

To provide support to the indicated type of decisions, the targeted DESTRESS tool processes physical, 

technical, economic and planning data into deterministic and probabilistic time-series of heat 

production, electricity production and cash flows, and into (histograms of) KPIs, which can be used as 

decision criteria. Examples of KPIs are: NPV, IRR, LCOE, maximum exposure, GWhth and GWhe sales, 

Unit Technical Cost, CO2 emissions to the atmosphere avoided, etc. (see also section 4.2 on page 64). 

Moreover, the tool will help performing a sensitivity analysis to obtain insight into which parameters 

contribute most to the uncertainty in a KPI.  

1.2.6 Tool design 

1.2.6.1 Principal design concepts 

The tool design is based on the following main concepts: 

• The tool uses analytical equations only. These are fast to solve and therefore allow more 

comprehensive uncertainty and holistic analysis. Iterative calculations within a time-step are 

avoided as much as possible.  

• Spatial heterogeneity cannot be modelled in detail. The reservoir is represented in a zero-

dimensional point. For each well reservoir-averaged physical property is used. Similarly, state 

variables are assumed to be constant within a modelling time-step.  

• Per time-step, the system’s state variables are computed in the physical variables domain and 

converted into the time domain using the planning assumptions (i.e. timing of a new well, of a 

workover). The time-step used in the model is 1 year. Per time-step, stabilised conditions are 

presumed.  
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• Producers and injectors differ in terms of their hydraulic properties i.e. their skin factor, II, or PI.  

• Modelling of physics: 

o Reservoir initial static situation: “Heat in Place”. 

o Reservoir dynamics: Material balance in case of semi-steady-state inflow. No material balance 

modelling in case of steady-state inflow (i.e. in case of geothermal doublet). No conductive 

heat flow in the reservoir during the asset’s productive life. All heat flow is convective flow 

related to the production / injection of water by the wells.  

o Reservoir dynamics: Decline of produced water temperature in production wells, i.e. after the 

breakthrough of the (cold) injected water. This is represented by a simple analytical function, 

which can be derived from a separate 3D thermal reservoir simulation study.  

o Reservoir/well dynamics: (semi-)steady-state radial well inflow equation, both for producers 

and injectors. The drainage area per well is assumed to be the area of the reservoir divided by 

the number of wells.  

o Skin factor: given a build-up rate, the skin (for producers, and for injectors) is computed per 

time-step. Following a well stimulation job, the skin factor is re-set at its given starting value 

o Intra-well dynamics: Vertical Flow Performance (VFP), computing p and T between bottom 

hole and tubing head as a function of the production rate, well/tubing geometry, and absolute 

value of pressure (p) & temperature (T) at the upstream end. Calculation of flowing tubing heat 

temperature (FTHT) & flowing tubing head pressure (FTHP) and flowing bottom hole 

temperature (FBHT) & flowing bottom hole pressure (FBHP) of the re-injected thermal water. 

o Heat exchange / thermodynamics in surface facilities. Enthalpy and entropy calculations to 

transfer energy to a binary cycle, evaporate the working medium of the binary cycle and 

convert steam into electricity. Calculation of h, s, p and T for a defined number of state points. 

  

• Planning variables: 

o Timing of geophysical / geological survey CAPEX, drilling expenditures, (facility) CAPEX, well 

workovers, stimulation jobs, etc. 

o Timing of first production 

o Build-up time to plateau production 

o Automatic stopping criteria: (1) Following onset of production decline (i.e. MWhth/yr and 

MWhe/yr sales), the field is shut-in when Net Cash Flow has been <0 for more than n 

consecutive years; or (2) the field is shut-in when FBHT of production well < minimum required 

FBHT.  

o After the field is permanently closed-in, an automatic mandatory observation / monitoring 

period is started with the associated monitoring OPEX. At the end of this period, the field is 

decommissioned / abandoned, with the associated abandonment CAPEX.  

 

• Modelling of economics:  

o For tax purposes, the project / geothermal asset is assumed to be stand-alone / ring-

fenced, i.e. the tool does not consolidate the asset being studied into a corporate portfolio 

of assets.  

o Discounted Cash Flow analysis (DCF), with a fixed discount rate in time.  

o Fiscal regimes of specific countries are included through an adaption of the interest rate. 

A method is presented by (Konstantin, 2013) for the determination of interest rates 

including taxes. The calculation rules together with exemplary results can be found in 

chapter B of the annex.  

Depreciation is not included into the calculations. This would demand for a detailed profit 

and loss account. Cost engineering with the methodological approach used in the 

Integrated geothermal model (IGEM) (see chapter 3) shows a range of accuracy. The used 
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approach is classified by (Lemmens, 2015) as category 3 according to (AACE, 2016). Which 

means an accuracy range of – 20 % to + 30 %. Given the uncertainty in the input 

parameters and following the „fitness for purpose” approach stated by (Bos, 2005) 

together with the recommendation for project evaluation by (Konstantin, Praxisbuch 

Energiewirtschaft – Energieumwandlung, -transport und -beschaffung im liberalisierten 

Markt, 2013), an in deep profit and loss account seems over ambitious under the given 

circumstances. 

o Various types of government stimulation / subsidies (capex, per MWh sold, etc.). 

▪ Premium tariff for electricity  

• Uncertainty modelling:  

o The tool is based on the concept of Monte Carlo sampling of those input variables to which 

the user has assigned a pdf (probability density function).  

o The tool will not model multiple discrete uncertainty scenarios as in a scenario-tree (with 

chance nodes and discrete scenario branches, each having a finite probability, with all 

branch probabilities adding up to 100%). 

o The input pdfs can be correlated stochastically. In case of conflicting correlations, the 

correlation matrix is solved, and the stochastic correlations are re-set.  

o Decisions, continuous uncertainties and deterministic assumptions are clearly 

distinguished. 

o The tool computes histograms of KPIs, and probabilistic time-series of state variables (i.e. 

p90-p50-p10 forecasts2).  

o The tool allows multi-variate sensitivity analysis by computing sorted tornado diagrams 

according to standard measures such as contribution to variance and rank correlation. 

Correlations between input variables and output KPIs, and between output KPIs / output 

KPIs are also computed. 

1.2.6.2  “Fitness for purpose”  

Although tools are often designed to be generic to be able to address a wide range of cases, any tool 

will nevertheless invite a debate on its “fitness for purpose” to address the given research question. 

This debate can be quite complex and can go much in-depth. The essential question is always: Which 

tool functionality is required to allow decision-makers to be confident about the conclusions of the DA 

(Decision Analysis) process to a given well-formulated research question? In other words, they would 

like to understand whether improved tool functionality would change the conclusions of the DA 

process. Such a sensitivity analysis to understand whether the DA conclusions would change if another 

tool or another fundamental functionality were selected is however seldom done. The tool’s fitness-

for-purpose for a given research question therefore demands some a priori judgement of the required 

level of detail (i.e. physical/technical process descriptions, economics, planning aspects, HSE impact, 

spatial and temporal resolution, etc.). Another question sometimes is whether the tool is primarily 

aimed at comparing decision alternatives, thereby focusing on the differences in KPIs, or whether the 

tool is also supposed to provide absolute values that are correct.  

An a priori judgement of the tool’s required functionality to address typical geothermal project 

evaluations that pertain to the Life-cycle phases 1-2/3, and to Decision Gates 1-3 (see Table 1 on page 

2), is given in the beginning of this section. More detailed tool design concepts (modelling principles) 

are, in our opinion, normally unnecessary for a sound comparison of project alternatives that are 

subject to large uncertainties. The precise level of detail within the various concepts mentioned above 

                                                           
2 Note that a pxx (i.e. p50) forecast is not the forecast obtained by assigning the p50 values to the uncertain input variables and 
then running the tool deterministically. Rather, the p50 forecast is the result of running all stochastic realizations completely, 
and then computing per time-step the statistics. The concatenation in time of all p50 values is then defined as the p50 forecast. 
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is however still to be established. But on headlines we believe our main design concepts to be adequate 

for addressing research questions that include holistic modelling (full technical chain and economics) 

and comprehensive uncertainty modelling (Monte Carlo sampling etc.).  

Trading-off model precision (i.e. no detailed physics modelling but rather approximate physics 

modelling, no detailed spatial heterogeneity modelling, no small time-step modelling) to the benefit 

of more uncertainty and holistic modelling3 is considered justified for life-cycle phases 1-2/3, and 

Decision Gates 1-3. See also Figure 3 below: 

 

Figure 3: “The modelling cube” (Bos, 2005) 

Rather than using high-precision models from the onset of a study, it is recommended to reduce model 

precision (whilst preserving the “essence” of the physics in terms of fit-for-decision-making-purpose), 

and opt for maximum integration & uncertainty modelling, thereby moving closer to the ideal corner. 

 

                                                           
3 Reference is made here to two well-known quotes, i.e. 1) George Box (1976): “All models are wrong, but some are useful” 
(Journal of the American Statistical Association), and 2) Carveth Read (1920): “It is better to be vaguely right than exactly 
wrong” (in his book ‘Logic: Deductive and Inductive’). Paradigms like these are at the basis of the DESTRESS tool.  
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2 Methodological background for a techno-economic evaluation 

including uncertainty 

As discussed in chapter 1.2 the techno-economic evaluation of a project, also called investment 

decisions, is a generic approach that can be found in basically every business discipline. Therefore, a 

general introduction in financial mathematics and the standard processes of investment decisions is 

out of the scope of this report. Here it shall be referred to the widely available literature. For the 

DESTRESS project uncertainty, also but not only caused by risk factors, plays a major role within the 

techno-economic evaluation. As mentioned in chapter 1.2 decision analysis gives the structure for this 

approach. Besides the rather theoretical structure practical questions like the identification of risk 

factors and the integration of uncertainty into techno-economic evaluations shall be discussed within 

this chapter. 

2.1 Decision analysis as methodological approach for comparing options 
Decision Analysis (DA) and Decision Quality (DQ) have become standard organizational concepts for 

complex decision-making problems under uncertainty4. Since the DESTRESS project aims at “industry 

ownership”, which calls for a practical decision-making approach, and as decision-making relies on 

much more than collecting data, setting up a case and running models, it is deemed appropriate to put 

the DESTRESS WP2 activities in such wider context.  

DA comprises the following steps5: 

› Clear articulation of the decision to be made 

› Framing 

› Recognition of a decision hierarchy 

› Development of alternatives 

› Identification of uncertainties 

› Valuation, including probabilistic analysis 

› Sensitivity analysis 

› Interpretation and communication 

› Assessment of decision quality (DQ) 

Establishing Decision Quality is the last step in the Decision Analysis process. It essentially is a look-

back on the decision process to assess whether it had sufficient quality. Criteria are:  

› Appropriate frame 

› Meaningful, reliable information 

› Creative alternatives 

› Clear values and trade-offs 

› Logically correct reasoning 

› Fostering corporate learning and working towards “best practices” 

› Commitment to action 

The DA process can be depicted as follows:  

                                                           
4 See i.e. http://www.decisionprofessionals.com/library/DecisionPedia  
5 See i.e. (HOWARD & ABBAS, 2016) 

http://www.decisionprofessionals.com/library/DecisionPedia
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Figure 4: Steps in the Decision Analysis (DA) process, including detailed sub-processes 

Each main DA step comprises several sub-processes where the decision / uncertainty space must be 

defined and assumptions on process parameters must be made. The targeted DESTRESS tool is 

essentially aimed at supporting the quantitative DA-steps 2, 3 and 4, where the quantitative 

calculations are prepared or performed. As DESTRESS focuses on soft stimulation, the tool should be 

able to compare conventional vs. soft-stimulation techniques of geothermal wells, when developing 

and producing the geothermal asset. This comparison should be framed in DA-step 1.  

2.2 Uncertainty within techno-economic evaluations – continuous and discretised 

representation of uncertainty 
Uncertainty on the realization of a parameter (at a defined point in time as well as over a time-series) 

causes an infinite number of possible scenarios. A first experiment of mind would be to think about a 

defined number of scenarios. But as there is an endless number of scenarios, this task is ambitious as 

long as the parameter in question is not framed by either technical (i.e. limited number of balls in a 

lottery), conceptual or any other kind of frame condition (Gleißner, 2015) (Coopersmith, Dean, 

McVean, & Storaune, 2010/2011). For the sake of techno-economic modelling Figure 5a presents the 

described mind-set. 

Techno-economic modelling as it is done during the DESTRESS-project has the goal to support 

investment decisions. Thereby, techno-economic models are also subject to the effect of uncertainty 

as described above. To be able to integrate uncertainty into investment decisions the so-called 

scenario technique is often used. There, in most cases, three scenarios are chosen to describe the 

uncertainty of parameters as follows (Gleißner, 2015): 

› Best case: The most favourable realistic possibility of realization 

› Worst case: The most pessimistic realistic scenario 

› Base case: The most probable scenario 

Often investment decisions are built only on information on the actual value of the investigated 

parameter/parameters, while there is no statement on the probability of occurrence/frequency of 

realization of the discretized scenarios. If this information can be given either through empirical data 

or expert elicitation the value of information can be increased. Figure 5b pictures the situation when 
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besides the value for a certain scenario also the probability of occurrence is known. The description of 

a discretized scenario through a set of values and their probability of occurrence is already a binominal 

probability distribution function. 

 

Figure 5: Uncertainty on the realization of a parameter in techno-economic modelling 

Faced with the enormous number of possible realizations it is challenging to decide on a discretized 

unbiased scenario, pointed out by (Gleißner, 2015). Through a continuous probability distribution 

function as shown in Figure 5c, this problem can be solved. Standardized mathematical descriptions of 

probability distribution can be found in literature on statistics. As shown in Figure 5c often a normal 

distribution describes the reality quite well. 

While the scenario technique without information on probabilities can be handled with simple 

spreadsheets, binominal probability distribution functions (PDF) or continuous PDF (Figure 5b and 

Figure 5c) already need a Monte-Carlo-Simulation. The additional gain of information for decision 

making and the possibility of doing sensitivity analysis emphasized by (Gleißner, 2015) (Coopersmith, 

Dean, McVean, & Storaune, 2010/2011) to identify the most important input parameters for a certain 

key performance indicator (KPI). On the other hands side, more information with the goal of increasing 

modelling precision, can also weaken the decision-making process. The fit for purpose approach is 

postulated by (Bos, 2005). He points out, that models are for insight into the complex relationships 



Methodological background for a techno-economic evaluation including uncertainty 12 

 

that govern the technical and economic feasibility of an (investment) project. Thereby, more 

information is not a goal of modelling: insight is the goal. More information is not necessarily useful. 

Probabilistic models, using binominal or continuous PDFs, are generally more insightful and less biased 

than deterministic models, as used with the scenario technique. This is especially true, when 

uncertainties are relatively large. This enhanced insight may improve the quality of a decision (see 

chapter 1.2.1 and 2.1). Probabilistic models require however more skills and time to run and analyse. 

Within probabilistic simulations discretized and continuous PDF are not opposite concepts but can be 

combined in decision trees. Figure 6 shows an example for a decision tree. Through following a branch 

at each chance node, a discretized scenario is pictured. The scenario chance given for each branch 

shows the binominal probability distribution. At the end nodes (leaves) continuous distributions can 

be integrated. The whole decision tree is calculated in a Monte-Carlo-Simulation to get a value for the 

desired KPI for each scenario (see also (Coopersmith, Dean, McVean, & Storaune, 2010/2011)) 

 

Figure 6: Decision tree on the example of a “drill/no-drill” decision (Bos, 2017) 

All uncertainties that are deemed to be significant for the model’s output KPI histograms and 

probabilistic time-series should be modelled as uncertainties. In the end, all decisions to be evaluated 

should obviously receive the full range of possible outcomes with their probabilities. In practice, 

however, many companies take a short-cut and only model a few uncertainties discretely, or 

approximate continuous uncertainties by a few values only (i.e. low-medium-high – LMH). The level of 

integration of uncertainty can range from the above mentioned LMH-approach to a Real-Option-

Valuation. Thereby not only endogenous but also exogenous uncertainties can be included. A 

taxonomy is presented by (Bos, 2017) that tries to structure the different levels of the integration of 

uncertainty into techno-economic modelling. 
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Figure 7: Taxonomy on the integration of uncertainty into investment decisions (Bos, 2017); DR = Discount rate; DCF = 

Discount of cash flow; DTA = Decision tree analysis; LMH = Low-Medium-High scenarios; multiscen = multiple 

discrete scenarios; cDTA = Condition decision tree analysis; dynoptions = dynamic options – decisions taken after 

acquiring new information in the future; MC = Monte-Carlo-Simulation; cont pdf = Continuous probability 

distribution functions; volmarketinfo = volatile market information (i.e. oil price over time); updatedexp = 

Updated expectation – new simulations after following a certain path in reality; increcom = incremental 

economics 

2.3 Risk analysis process conducted within the DESTRESS project 
The identification and quantification of risk factors was published in (Reith, Hehn, Mergner , & Kölbel, 

2017) but shall be summarized in the following as it is the basis for the modelling of risk factors within 

WP2. As pointed out by (Macmillan, 2000) multiple definitions for risk can be found in the literature. 

For this report, risk shall be defined as “Probability of an undesired impact multiplied by the magnitude 

of that undesired impact” (Bos & Wilschut, 2011). Following this definition, risk factors are “Model 

input parameter that have a high potential impact on risk” (Bos & Wilschut, 2011). 
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Figure 8: Quantitative risk assessment process (Abrahamsson, 2002) (Reith, Hehn, Mergner , & Kölbel, 2017) 

Risk factors can have a generic character like accidents or delays, they can be linked to certain 

operations like the handling of hazardous goods during a chemical stimulation but can also be site 

specific like the effect of local geology on operations. The focus of this report is the evaluation of soft 

stimulation measures in general, therefore site-specific effects shall not be included in the 

investigations. For the identification and quantification of risk factors the so-called quantitative risk 

assessment process, presented in deliverable 2.1, is used. Figure 8 gives a short overview of the 

quantitative risk assessment process first published by (Abrahamsson, 2002) and adapted by (Reith, 

Hehn, Mergner , & Kölbel, 2017). As a first step, the “Definition of scope and objectives” must be 

conducted (see chapter 2.3.1). Afterwards, the identification of risk factors can take place (see chapter 

2.3.2). To limit the quantification effort, an additional step is introduced. Between the identification 

and the quantification of risk factors, a prioritization is performed which is explained in chapter 2.3.3. 

Chapter 2.3.4 then finally gives a short overview on the quantification of risk factors. 

2.3.1 Definition of scope and objectives 
The DESTRESS project focuses on the demonstration of soft stimulation activities. The goal is to 

enhance hydraulic properties of existing sites with a minimum environmental impact. Therefore, the 

risk analysis takes the same focus and investigates only the uncertainties caused by risk factors directly 

associated with the stimulation measures. 
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2.3.2 Identification of risk factors 
A structured approach is presented by (Reith, Hehn, Mergner , & Kölbel, 2017) based on expert 

elicitation that is designed to ease the identification of risk factors. The expert elicitation is done in a 

group discussion with a project schedule as a basis. In Figure 2 the project schedule for the risk 

identification at the Mezöberény project in Hungary (chemical stimulation) is presented. The questions 

listed within each project phase shall serve as a starting point for the identification process. 

 

Figure 9: Project schedule adapted to a chemical stimulation of geothermal systems 

The outcome of an expert elicitation as it is described above would be a “risk inventory”. A database 

of risk factors associated with the investigated operation/project that states at least name, description 

of cause and description of effect for each identified risk factor. 

2.3.3 Prioritization of risk factors 
For the prioritization of risk factors contradictions to existing literature can be found. For example, in 

(Bos & Wilschut, 2011) the ranking/prioritization is done by a sensitivity analysis on modelling results. 

In DESTRESS the prioritization of risk factors is already done before the techno-economic modelling 

and the results (prioritized list of risk factors) are implemented into the techno-economic model. This 

allows a preliminary overview on the most important risk factors without modelling effort. And for the 

following modelling steps, the reduced number of risk factors limits the effort needed to implement 

risk factors into the techno-economic model. Nevertheless, a prioritization before modelling is 

methodological weaker and resilient. 
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Figure 10: Prioritization process with the example of a temperature gradient 

Figure 10 gives an overview on the prioritization process also published in (Reith, Hehn, Mergner , & 

Kölbel, 2017). The ranking of the risk factors is done by a methodology called “risk heat map” shown 

in Figure 10c. Within the risk map, the probability of occurrence (POO) is drawn over Risk associated 

costs (RAC). Risk factors with high probability and high risk associated costs are prioritized. For the use 

of risk heat maps a single value for risk associated costs and probability of occurrence is needed. But 

risk factors are uncertain and thereby connected to a continuous PDF. This fact makes it difficult to 

derive a single value for risk associated costs and probability of occurrence.  

A solution is the definition of key performance indicators (KPI) that can map the whole range of the 

PDF associated with a risk factor. For the definition of these KPI in a first step, discretized scenarios 

must be defined along the PDF (see chapter 2.2). As can be seen in Figure 7a and Figure 7b a “base 

case” and a “low case” is needed. The “base case” represents the most likely outcome, while the “low 

case” describes a less likely but realistic negative outcome. Through the definition of these two 

scenarios a binominal PDF is created. 

The first KPI is a single value for the probability of occurrence. It is estimated by giving the probability 

of having a realization worse than the base case (see Figure 10a). the second KPI gives the risk 

associated costs. They are derived by assuming a normal distribution between the low and the base 

case. For this PDF the conditional value at risk (CVaR) can be calculated. To be able to get the CVaR, 

risk associated costs for the base and the low case must be estimated beforehand. Through this 

approach it is possible to use the risk map as a tool for prioritization, through aggregating the 

information associated with a continuous PDF. 

2.3.4 Quantification of risk factors 
The quantification of risk factors or uncertainty in general is best done with empirical data or an 

analytical correlation. As described in (Reith, Hehn, Mergner , & Kölbel, 2017) such data is only rarely 

available. This claim was challenged for the risk factors prioritized in (Reith, Hehn, Mergner , & Kölbel, 

2017). Chapter B presents an in deep literature review on the quantifiability of the prioritized risk 
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factors. The focus is on the quantification of their likelihood and on their impact (technical or 

economic) on power plant development/operation. 

The literature review found that geothermal reservoir stimulation is a relatively uncharted technology 

and little empirical data exists that could be used to build stochastic models. The factors that influence 

the prioritized risk factors are often inherently uncertain and very dependent on the locality, culture 

or physical-geological conditions. A “true” quantitative, stochastic assessment of the risks therefore 

proved to be not feasible. The main factors that influence the single risk factors are sorted out from 

the literature presented in chapter B.2.1-B.2.8. Additionally, recommendations for the mitigation are 

given. 

A semi-quantitative assessment regarding the risk factor as well as quantifiable parameters are given 

where possible. For example, the issue of public acceptance can be estimated beforehand by several 

parameters specific to the location. As another example, “formation damage by fluid-fluid and fluid-

rock interactions” can also be estimated. But these estimations are limited because of the special 

boundary conditions that apply to geothermal reservoirs. In contradiction, other factors, such as 

political instability or tool loss, are subject to great uncertainties and attempts to quantify these are 

not productive. 

Based on the results presented in chapter B (Annex), a semi quantitative method had to be used to 

describe the PDF of the investigated risk factors. As shown in chapter 2.2 (see also Figure 5) the 

uncertainty of a parameter can be described by a continuous PDF. If the continuous PDF is not known 

or because of simplicity it shall not be used, a PDF can be discretised. Ideally the discretization would 

be done on empirical data. If there is no empirical data, expert elicitation has proven to be a reliable 

source of information (Bos & Wilschut, 2011). To simplify the process for the participating experts a 

limited number of discretised scenarios must be defined. In practice the so called Low-Medium-High-

approach (LMH) is widely used. By using the discretised scenarios as supporting points, a probability 

distribution (i.e. normal distribution, Weibull-distribution …) can be selected that describes the 

discretised scenarios best. Figure 11 shows this approach as an example of a temperature gradient. 

Three discretized scenarios consisting of a dataset of probability and effect [°C/km] form the basis for 

the selection of a continuous PDF, in that case a normal distribution is seen. This simplified approach 

can be used if time, data availability or scarcity of resources limit the possibilities for the identification 

of an appropriate continuous PDF. 
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Figure 11: Identification of a continuous probability distribution based on discretised scenarios 

While the probability of occurrence is expressed in the same way for each risk factor, the effect of a 

risk factor can vary widely. The effect of risk factors must be described in a way, that it can be used as 

model input parameters. Units that are not used in the techno-economic model are not appropriate 

to describe a risk factor. Therefore, the effect of risk factors must be translated into technical 

parameters, economic parameters or time. Risk associated costs, changes in technical parameters or 

delays in the project schedule have proven to be appropriate. Thereby correlations must be respected, 

i.e. while drilling several wells delays must be shifted from well to well.
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3 IGEM – Integrated geothermal energy model 

The IGEM in its current development status is based on the techno-economic model used in (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018) 

and has been further developed by the DESTRESS-partners University of Glasgow (UoG), Netherlands 

organization for applied scientific research (TNO) and Energie Baden-Württemberg (EnBW). In the 

following a brief introduction shall be given. For further information, please refer to (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018). 

The IGEM consists of several sub models that are merged through a model backbone. One of the 

central development approaches of the IGEM is the usage of Monte-Carlo-Simulations. The “Monte 

Carlo Method” is a powerful tool to solve problems, where analytical approaches fail or can only be 

implemented with considerable effort. It is used in diverse scientific disciplines for quantitative 

analysis. Basis for this is many similar random experiments. The goal is the analysis of the system 

behaviour in the random experiments. From the results obtained conclusions on the real system 

behaviour can be drawn (Dunn & Shultis, 2011) (Bundesverband Geothermie, 2018). Is the method 

used in a simulation, the term Monte Carlo simulation that is used by (Dunn & Shultis, 2011). Monte-

Carlo-Simulations are often used to integrate uncertainty into models. Within work package 2 of the 

DESTRESS project, a clear focus is put on the integration of uncertainty into techno-economic 

modelling. The uncertainty comes from parameters as well as from risk factors. In addition, the report 

at hand also documents new approaches in power plant modelling. While (Welter, Technisch-

ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018) used a 

heuristic optimization for the identification of an optimal power plant design, UoG and EnBW 

integrated the Monte-Carlo-approach into the optimization of power plant designs. The heuristic 

optimization used in (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus 

Tiefengeothermie in Deutschland, 2018) limited the solution space by changing only one parameter in 

a defined step size. The power plant modelling presented in this report manipulates five central 

parameters at different state points of the power plant. Thereby, the solution space is enlarged, and 

the optimal solution can be better approximated. IGEM is using the Monte-Carlo approach on two 

different topics that are statistically independent. The integration of uncertainty, mainly caused by risk 

factors, as well as the simulation and optimization of power plants designs. While both fields are 

methodologically integrated in the main model, they are technically separated in the actual code to 

limit the computational effort. The power plant modelling is outsourced from the main model. Based 

on a set of deterministic, technical input parameters, the Monte-Carlo-Simulation for the power plant 

is done before running the main model. The results (multiple deterministic power plant designs) are 

stored in a database and can accessed by the main model through a function defined by a parameter 

set. 
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Figure 12: Model overview on the integrated geothermal energy model 

Figure 12 gives an overview of the “Integrated geothermal energy model”. The model is organized in 

five different parts. As a starting point the input data set is fed into the model. This includes uncertain 

parameters i.e. risk factors, which are described with a PDF. In the centre of Figure 12 the technical 

models are pictured. Between the single models only data on the physical state of the thermal water 

is exchanged. Starting from the reservoir model a closed loop is simulated. This includes: 

• Drawdown in the production reservoir 

• Temperature and pressure reduction in the production wellbore 

• Energy utilization in the power/heat plant 

• Pressure and temperature changes in the injection well  

• Up arching in the injection reservoir  

• Pressure coupling with production reservoir. 

All technical models feed data into the economic model, where different cost engineering approaches 

are used to calculate costs, earnings and the different KPI. Uncertainty mainly caused by risk factors 

also plays an important role in the economic evaluation. Risk factors are often integrated into the 

model by using risk associated costs that put a burden on the economic results. The technical as well 

as the economic models use yearly time steps. Thereby the model is static on a short time step but 

dynamic over the whole observation period. Maintenance costs, a decrease of reservoir temperature 

or any other time dependent changes show their effect in specified/calculated time steps (=years). 

According to the rules of financial mathematics’, all costs are discounted/compounded to the base 

year, which is the year with the first delivery of energy to customers. 

The technical models are described in detail in chapter 3.1. Starting with the reservoir model in chapter 

3.1.1, the model describing the thermal water circuit in chapter 3.1.2 and the energy utilization in 

chapter 3.1.3. Within the economic model in chapter 3.2 first the evaluated key performance 

indicators are introduced, followed by the methodological approach of cost engineering in chapter 3.2, 
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the used cost functions in 3.2.2 and the adaptions to different European markets in chapter 3.2.3. A 

flow chart of the programming of the overall model can be found in chapter D.1 of the annex. 

3.1 Technical model 
In the following the three technical models will be described in detail. Each technical model 

manipulates the physical conditions of the thermal water. The single models are connected through 

the transfer of data on the physical status of the thermal water. The whole technical model is designed 

as a closed loop system. All thermal water produced from the reservoir is also injected back.  

3.1.1 Reservoir model 
The following chapter introduces the reservoir model. Besides an introduction of basic analytical 

equations, the general frame conditions of the model are presented, and the input data are explained. 

Additionally, the effect of stimulation is quantified and the possibility of time dependent changes in 

injectivity are evaluated.  

3.1.1.1 Basic analytical equations used 

The reservoir model is based on two main principles, i.e. 1) the material balance equation, and 2) the 

stabilised radial well inflow equation for vertical wells completed on a porous and permeable reservoir. 

The material balance represents the reservoir as a single tank (zero-dimensional, i.e. a point in space) 

in which a uniform pressure exists. The evolution of the average reservoir pressure in time is a function 

of the net volume (‘material’) withdrawn from the reservoir (i.e. the volume produced minus the 

volume injected), and of the compressibility of the fluid and of the rock. Hydraulic communication to 

remote volumes, away from the main reservoir, may also influence the pressure in the reservoir. 

The basic well inflow equation describes how a vertical well, completed with full penetration of a 

horizontal reservoir layer, produces fluids as a function of a pressure difference applied between the 

reservoir and the bottom of the well. The flow rate is a function of variables such as reservoir 

permeability, skin factor, fluid viscosity, drainage area diameter and well diameter. The basic solution 

for the inflow is based on the radial diffusivity differential equation for a homogeneous porous 

reservoir, on the assumptions of a vertical line-source (i.e. a vertical well), and of fluids with a small 

and constant compressibility. Two situations are distinguished:  

1. Steady-state flow from the reservoir into the production well and from the injection well into 

the reservoir: this means that as much volume is withdrawn from the reservoir as injected (net 

underground withdrawal = 0). The pressure gradient between injectors and producers, and 

the absolute level of the reservoir pressure remains constant in time. As the net underground 

withdrawal is zero (i.e. the reservoir pressure does not change in time), the material balance 

equation is superfluous. Only the stabilised steady-state well inflow equation is used.  

2. Semi-steady-state flow from the reservoir into the production well: this means that the net 

underground withdrawal (UW) is unequal to zero, and the reservoir pressure decreases if UW 

> 0. Normally, this is for instance achieved in case of no (re-)injection of the produced water. 

In this situation, both the material balance equation and the stabilised semi-steady-state well 

inflow equation are used to describe the reservoir/well performance.  

The pertinent analytical equations can be found in the reservoir engineering literature e.g. (Krusemann 

& de Ridder, 2000). 

3.1.1.2 Modelling choices made 

1. Wells of each category (injection/production) are identical: no differentiation is made between wells 

of the same category. The reservoir is assumed to be homogenous, and skin factors, FBHPs are 
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assumed to be identical in all production/injection wells. Nevertheless, injection and production 

reservoirs can be described by different hydraulic and geological parameters. Skin factors and FBHPs 

in injection wells can be different.  

2. Pressure vs. rate-constrained: The reservoir produces rate-constrained (i.e. a flow rate is given to 

the simulation model) until a pressure-constraint, i.e. a maximum drawdown/build-up in a well, is 

violated. The pressure constraint then takes over and the flow rate is re-calculated. The flow rate is 

given, together with the maximum pressure constraint. If the rate, given the minimum FBHP or the 

FTHP, does not violate the pressure constraint, then the given rate applies. Else, the pressure 

constraint applies.  

3. Reservoir flow regimes (Darcy vs. fracture-dominated flow): two approaches are enabled, i.e.  

i. The flow rate is calculated from the fundamental equations and reservoir properties (Darcy 

flow from reservoir into well or vice versa, (semi-)steady-state radial inflow equation) 

ii. The flow rate or the PI / II is user-defined. A well’s rate, or PI and II, are input, rather than 

calculated from the fundamental properties. For example, in tight crystalline rock Darcy 

primary porosity flow will not apply, and only fracture flow may be possible. Although 

analytical equations exist to compute fracture flow from basic reservoir properties, they are 

not enabled in the DESTRESS tool (estimating the required fundamental properties would 

imply that poorly verifiable assumptions must be made).  

Approach i. is applied when the flow is matrix-dominated, and the fundamental reservoir properties 

can be estimated, while approach ii. can be used when the flow is fracture-dominated and/or when 

the fundamental reservoir properties are difficult to estimate or when the user prefers to impose a 

given rate, rather than calculating it from the fundamental properties. 

4. Representation of stimulation effects  
For wells, a dynamic skin build-up rate can be specified to model the gradual decline in well 
productivity / injectivity due to fines migration or geochemical precipitation, resulting in the wellbore 

or wellbore vicinity being clogged. If positive (i.e. skin > 0/yr), a well’s rate will gradually decline in 
time. However, this decline can often be remedied by ‘stimulating’ the wells. A user defined 
stimulation job frequency (number of years in between two stimulation jobs for a producer and 
injector, respectively) can be defined. All wells will receive this treatment accordingly and yield the 

skin or  II/PI. This again results in an increase in production or injection rate, given the drawdown 
specified. The workover OPEX is automatically accrued to the cashflow. See therefore also chapter 
3.1.1.6 

In line with the above two approaches, the effect of stimulation can be modelled either by specifying 

a post-stimulation change in the skin factor (in case of primary / Darcy porosity), or by specifying a 

change in the PI or II (i.e. in case of tight crystalline rock). Since all wells are assumed to be identical, 

this stimulation effect applies equally to all wells of the same category (injection/production). 

Currently, the DESTRESS tool enables a skin factor that can change in time (skin to be specified in 

1/yr). A more meaningful variation could however be that the skin factor evolves with i.e. the 

cumulative production or injection per well. Given a time-step’s production, the skin-factor can then 

be calculated in the time-domain. However, establishing a parametric, empirical relationship to 

describe the evolution of a well’s skin factor to our knowledge has not yet been done. 

5. Representation of reservoir performance degradation  

The overall average reservoir performance can deteriorate due to injecting cooled water, which may 
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trigger geochemical precipitation of minerals in the pores or joints/fractures. This effect is described 

in detail in chapter 3.1.1.6. Due to simulation complexity and availability of data, the approaches 

documented in the literature weren’t implemented in the DESTRESS model. 

6. Representation of temperature depletion in production well  

The analytical DESTRESS tool can model temperature depletion in the production well by specifying a 

breakthrough time for the total field, when the cooled injection water reaches the production wells. 

This assumption is valid, since all production wells are assumed to be identical. If the breakthrough 

time is below the user defined operating life of the power plant, the production rate can be adapted. 

An analytical approach is presented by (Schulz & Jobmann, 1989) for the calculation of the 

breakthrough time. 

3.1.1.3 Populating the model with site data 

The model is in principle generic, i.e. it applies in principle to a wide range of reservoir characteristics. 

But in any case, it cannot substitute a software specifically designed for reservoir analysis. The user 

however has to accept the modelling simplifications made, and judge for herself/himself to which 

extent these simplifications may negatively affect the validity of the outcomes (see also section 1.2.6 

in this report, paragraph on “Fitness-for-purpose”, where the trade-off between 

precision/holistic/uncertainty modelling is discussed). Averaging detailed well data and spatially 

averaging this data between the different wells to obtain one average value that is representative for 

the injection/production reservoir, is however not trivial. It is beyond the scope of this report to 

present some of the available methods, and reference is made to the pertinent textbooks.  

Populating the tool to run a case means that all the required input data are specified. This can mean 

that so-called ‘scalar input variables’ (deterministic data i.e. reservoir temperature) or time-series data 

have to be filled in (‘vector data’). Preparing the data for all decision alternatives is normally rather 

time-consuming. Not only should detailed data (i.e. well logs, representative information on skin 

evolution, etc.) be upscaled and averaged, but they should also be made internally consistent (i.e. 

CAPEX and OPEX) and be consistent between alternative decisions. This requires a great deal of 

expertise and judgement. The input data will come from a multitude of sources, and quality control is 

paramount to avoid ‘rubbish in, rubbish out’.  

Note that both in the scalar and time-series input data, a more detailed representation of the 

conventional vs. soft stimulation activities and effects may have to be enabled in the DESTRESS tool. 

In the current version, a stimulation job is defined in terms of its frequency (1/yr, for injectors and 

producers, respectively), duration (days, this reduces the field’s ‘uptime’), its cost (OPEX) and its effect 

in terms of skin (or PI, II). Then the skin build-up rate (skin/yr) for injectors and producers, 

respectively, is applied to compute a well’s declining productivity / injectivity. 

3.1.1.4 Verification of reservoir model 

All models should in principle be ‘verified’ to gain confidence in their predictive capabilities. For several 

reasons, however, model verification is not trivial. To name a few: 

Indeed, an important complication for verifying a model are the uncertainties in the system properties, 

combined with a range of alternative development and operational options (‘controllable’) that are 

typically modified relative to the assumptions made at time of forecasting, during the forecast horizon. 

The question of what is to be verified, and how is to be clarified: the input data and/or the model’s 

parametric relationships? Should the input data be ‘inverted’ / estimated from the observed reservoir 

performance (pressures, rates, etc.)? And if the model does not have the spatial and time resolution 

that one would wish with hindsight, should this resolution be improved? Is the modelling environment 
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then still adequate? Moreover, the long-time-horizons complicate the issue. For example, if the asset 

is immature and there is a relative data paucity, should one ‘verify’ the initial model based on the newly 

acquired data? Or is this just hindsight that is not useful at time of making the forecast? In practice, 

one continuously updates the model and renders it in line with the historical observations. Moreover, 

models tend to become much more detailed (i.e. individual wells will be history-matched, rather than 

only the total reservoir performance).  

In practice, all models are initialized and then are forward looking, based on diligently selected 

numerical values for the input variables. Analytical models describe, up to some extent, the pertinent 

physics and consider the planning and economic variables to derive plausible time-series and KPIs. 

Analytical models are used to compute complex chains / interactions and uncertainties. The parametric 

relationships of the model are often accepted when making a choice for a model (presuming the model 

to be ‘fit-for-purpose’), and the model is then initialized to match the starting conditions. For example, 

initializing cumulative production / injection and current reservoir pressure may require updating the 

hydraulically connected reservoir volume. Observed FTHPs and well rates may require updating the 

wells’ PIs an IIs (or permeability, skin factor, etc.). 

Another way to ‘verify’ the model is to study the model’s partial derivatives when doing sensitivity 

analysis / Monte Carlo analysis. Studying the many ∂y/∂x, for example a ∂KPI/∂(input variable) such as 

∂(cum volume injected)t=t1 / ∂(permeability), will help understanding whether the model is consistent 

with the underlying theories. When doing multi-variate analysis, however, the partial derivatives are 

not explicitly calculated, but the statistical trend and sign of the sensitivity (i.e. contribution to 

variance) should match the underlying theory.  

To a large extent, the user of the tool is responsible for specifying input data that are consistent. For 

example, when supplying a breakthrough volume and trend for the temperature decline in a well, then 

the user should ascertain that this volume/trend is consistent with the number of wells, 

injector/producer ratio and drainage area supplied to the same input deck.  

3.1.1.5 Effect of stimulation 

Reservoir stimulation is common practice to enhance the productivity and injectivity of low 

permeability geothermal reservoirs (Zimmermann, Blöcher, & Huenges, 2012). To improve the 

probability of an economic success, tailored stimulation techniques are used. Especially in Enhanced 

Geothermal Systems the poor hydraulic connection between production well and injection well is a 

common problem (Portier, Vuataz, Nami, Sanjuan, & Gérard, 2009) The different stimulation 

techniques can roughly be divided into mechanical and chemical stimulation, whereby combinations 

of both as acid fracturing are common practice. The main goal of mechanical stimulation is to fracture 

the reservoir by inducing artificial stress within the formation. The hydraulic stimulation plays an 

important role particularly within the mechanical stimulation. Hydraulic fracturing usually refers to 

failure of the rock. The shearing effect should occur when the fluid injection is below fracturing 

pressure but above the pressure in an existing fissure. This injection decreases the effective stress and 

thus puts the medium closer to the shear failure envelope. Alternatively, the injection can promote a 

shear displacement along already existing fracture planes (Chabora, et al., 2012). Chemical stimulation 

aims to improve fluid flow by removing restricting mineral phases, predominately by acidizing (Portier, 

Vuataz, Nami, Sanjuan, & Gérard, 2009). Besides adaption to given geological conditions, hydrofluoric 

acid (HF) and hydrogen chloride acid (HCl) or mixtures of them (“mud acid”) are the standard acids for 

chemical stimulations. HCl dissolves carboniferous rocks as limestone or dolomite, whereas HF is used 

for clay minerals and silica. To enhance conductive paths along fracture planes, acidizing of fractures 

is mostly accompanied by a pressure build-up for allowing the compound to penetrate deeper into the 

reservoir (Portier, Vuataz, Nami, Sanjuan, & Gérard, 2009). Acidizing of an existing fracture should 
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focus on maintaining the treating fluid inside that fracture. Chemical stimulation is further used to 

remove mineral precipitations occurred during the geothermal energy production. 

 

Figure 13: Relative improvement through stimulation 6 

To evaluate the effect of stimulation measures, a literature review on published data for stimulation 

activities is conducted. In total, data on 136 geothermal stimulation jobs conducted since 1970 in 

15 countries is acquired (see Appendix C). Figure 13 shows the relative improvement achieved by the 

different stimulation jobs, including chemical, hydraulic and thermal stimulation techniques. The 

relative improvement shows a wide range depending on technical and geological issues. The expected 

value of improvement of the considered jobs is 314 %. 84 % of all cases show an improvement, 

whereby 75 % show an improvement larger than 23 %. 

 

Figure 14: Relative improvement through hydraulic stimulation 6 

 

                                                           
6 RELATIVE IMPROVEMENT – Z = (X-Y)/Y; IMPROVEMENT OF A VALUE X RELATIVE TO ITS INITIAL VALUE 
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Figure 15: Relative improvement through chemical stimulation 6 

Figure 15 illustrate the relative improvement achieved by the hydraulic and chemical stimulation jobs, 

respectively. Although the success of both stimulation measures depends on different frame 

conditions, Figure 15 and Figure 16 confirm that, when applied correctly, both stimulation measures 

show similar success rates. The expectation value of improvement of the considered jobs is 448 % for 

hydraulic stimulations and 232 % for chemical stimulations. 75 % of all hydraulic stimulations show an 

improvement of at least 20%, while only 18 % of all hydraulic stimulations show no or a negative effect. 

For chemical stimulations 75 % of all measures show an improvement higher than 25 % and 89 % have 

an improvement higher than 0. 

Focusing on the simulation data with available PI-data (see Figure 16), 93 % of all published stimulation 

jobs improved the productivity index. In Figure 16, it is also noticeable that the highest improvements 

are derived by hydraulic stimulation.  

 

Figure 16: Stimulations with published PI 6 

Regarding the simulation with available II-data (see Figure 17), 88 % of published stimulation jobs 

improved the injectivity index. It is also implied that the highest improvements are derived by chemical 

stimulation. This might be due to the distribution of the stimulation type. Here the majority are 
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chemical stimulation jobs. The improvement gained by hydraulic stimulation seams to range widely 

without a certain trend. 

 

Figure 17: Stimulations with published II 6 

Based on the data presented above, an existing continuous probability distribution is identified that 

describes the data well and can be implemented into the IGEM. A best fit was possible with an “Inverse 

Gaussian” distribution as can be seen in Figure 18. On the left-hand side of Figure 18 one can see the 

fit for chemical stimulations and on the right-hand side for hydraulic stimulations. In both cases the 

Inverse Gaussian distribution shows good accordance with 5 %- and the 95 %-percentile. Furthermore, 

the standard deviation also shows good accordance. The Inverse Gaussian distribution has an infinite 

maximum. Therefore, the maximum result a random pick from the distribution is limited to the 

maximum values identified in the literature research. For thermal stimulations only one data point is 

published. An improvement of 117% documented by (Baujard C. , et al., 2017) through a thermal 

stimulation at the geothermal power plant in Rittershofen (France). Faced with the scarcity of data, 

one fixed value for the effect of thermal stimulation is implemented into the IGEM. 

0,001

0,01

0,1

1

10

100

1000

C
h

e
m

ic
al

H
yd

ra
u

lic

C
h

e
m

ic
al

C
h

e
m

ic
al

H
yd

ra
u

lic

C
h

e
m

ic
al

C
h

e
m

ic
al

C
h

e
m

ic
al

C
h

e
m

ic
al

H
yd

ra
u

lic
, T

h
e

rm
al

H
yd

ra
u

lic

C
h

e
m

ic
al

C
h

e
m

ic
al

C
h

e
m

ic
al

C
h

e
m

ic
al

Th
er

m
al

H
yd

ra
u

lic

C
h

e
m

ic
al

C
h

e
m

ic
al

C
h

e
m

ic
al

C
h

e
m

ic
al

C
h

e
m

ic
al

C
h

e
m

ic
al

H
yd

ra
u

lic

C
h

e
m

ic
al

C
h

e
m

ic
al

H
yd

ra
u

lic

H
yd

ra
u

lic

C
h

e
m

ic
al

C
h

e
m

ic
al

H
yd

ra
u

lic

C
h

e
m

ic
al

H
yd

ra
u

lic

C
h

e
m

ic
al

R
e

la
ti

ve
 im

p
ro

ve
m

e
n

t 
[#

]

pre II [l/(s*bar)] post II [l/(s*bar)]



IGEM – Integrated geothermal energy model 28 

 

 

Figure 18: Description of the data on the effect of stimulation with a continuous distribution 

The presented data will be used in the IGEM to describe the uncertainty related to the effect of 

stimulation measures. This approach has been critically reflected. On the one hand side the 

generalization of the effect of a stimulation is deceptive. Local geological, geophysical and geochemical 

frame conditions have a major influence on the success of a stimulation. On the other hands side, from 

a statistical point of view, case specific details become less important with a growing number of cases 

that form the basis for a PDF. An argumentation based on statistics could be questioned by challenging 

the data source. Have unsuccessful projects been published? Is the quantification method for the 

effect of stimulation in the different references comparable? Answers to these questions can only be 

given on a qualitative basis. The database used is the result of an in-deep literature review. 

Nevertheless, completeness can’t be guaranteed. For the quality of published data, the authors of this 

study have a strong faith in the work of the scientific community. A different approach would have 

been to simulate the effect of stimulation for each investigated site based on geological, geophysical 

and geochemical data. Having the “fit for purpose approach” on techno-economic modelling (Bos, 

2005) in mind and knowing on the complexity of such simulations (Hoffmann, 2019) (Zimemrmann, 

2019) (Guinot, 2019) (Genter, 2019), it is decided not to include simulations of that extent into the 

IGEM. Evaluating pros and cons, the suggested approach for mapping the effect of stimulation in the 

techno-economic modelling of the DESTRESS project fulfills the scientific approach and can map the 

desired effect very well.  

3.1.1.6 Change of II/PI over time 

The change of II/PI over time can have a decisive influence on the reservoir performance and hence 

the energy produced from a geothermal field. So, the precise knowledge of geological and geochemical 

conditions forms an essential prerequisite for a successful geothermal operation. Injection 

experiments demonstrate that mineralogical properties of the wellbore strongly influence the 

behaviour of injectivity perturbations. Thus, for the further investigations, a simplified categorization 

of the three formation lithologies is proposed (clastic/crystalline/carbonatic).  

3.1.1.7.1 Clastic reservoirs 

Field experience and core percolation tests show that II/PI impairment over time are prevalent 

associated with matrix-type clastic reservoirs as a consequence of one and more damaging factors 

(Ungemach, 2003), whereas the followings are major problems:  

i. fine particle migration/settling processes and relative pore throat bridging, pore 

retention/bridging and formation plugging 
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The predominate damage from internal/external fines migration or geochemical precipitation results 

in the clogging of the wellbore or wellbore vicinity and consequently modifies the skin-factor of the 

impaired formation. If positive, the injectivity index will gradually decline in time. Thus, a model to 

predict the decline in injectivity that properly accounts for both the build-up of clogging and infiltration 

of particles is desirable. In this concern the knowledge of the particle/pore/fissure size distribution, 

injected solids concentration, permeability of the formation and fluid velocity is of utmost importance 

to determine whether internal or external filter cakes are formed. Models are conducted (Egberts, 

Heedderik, van der Meer, & Vernoux, 1995; Shutong, 1997; Eric van Oort, 1993) with the goal of 

calculating II/PI decline using the aforementioned parameters. To enable these simulations in the 

DESTRESS techno-economic, a lack of the preceding parameters within the frame of DESTRESS 

consequently leads to an enormous uncertainty and thus is not recommended to implement. 

ii. Fluid incompatibilities and subsequent supersaturation/precipitation of solid particles and 

clay swelling 

Physical-chemical conditions, particularly the flow velocity and salinity of the reinjected brine 

determine the damage associated with clay swelling and clay particle stability. Hence the dispersion of 

colloidal clay particles is clearly related to fresh water, it seems less important in geothermal 

reinjection, as the latter generally involves saline brines. Empirically, a higher salinity correlates with 

higher flow rates that can be achieved before the particles migrate and the reduction in permeability 

is less pronounced (Ochi & Vernoux, 1996), which is why this group of PI/II-changes is not considered 

within the DESTRESS techno-economic modelling. 

3.1.1.7.2 Crystalline reservoirs 

In tight crystalline reservoirs (i.e. Upper Rhine valley, Central Europe), primary porosity flow will not 

contribute to the overall flow and only natural or induced secondary fracture flow may be possible (i.e. 

fractured wells). Freshly opened fractures after stimulation treatments can face hydrothermal 

transformation at their exposed surfaces. Through the contact of feldspars with geothermal brine, a 

transformation into clay minerals and their subsequent swelling can occur. Additional mineral 

transformation reactions are mentioned by (Schmidt R. , Bucher, Drüppel, Mundhenk, & Stober, 

2017a; Schmidt, Bucher, & Stober, Reactivity of geothermal reservoir rocks under temperature 

conditions found in the Upper Rhine Graben (Germany), 2017b) and attributed to aperture changes. 

Further the heat-depleted brine may trigger adverse thermochemical reactions and the consequent 

formation of scaling caused by pressure induced CO2 degassing (Ungemach & Roque, 1988; Vetter, 

Kandarpa, Stattom, & Veith, 1987) and has a major impact on the permeability of the overall system. 

3.1.1.7.3 Carbonate dominated reservoirs 

Regarding the reinjection in carbonate rocks minor injectivity disturbances occur in terms of scaling or 

clogging. Opposed, the reinjection of heat-depleted geothermal brines into carbonates after thermal 

usage positively affects the injectivity due to an enhanced solution index as a function of temperature 

difference or pressure increase of the reinjected brine (Rükhaak, et al., 2015). Examples from the 

Molasse Basin (Megies & Wassermann, 2014) indicate cavitation and associated micro-seismicity after 

years of operation. Similar effects are well documented in CO2 sequestration in carbonate reservoirs 

(Izgec, Demiral, Bertin, & Akin, 2006). Here a distinctive feature is that either a permeability 

improvement or permeability reduction can be obtained as shown in Table 2. An injectivity 

improvement is noticed as highly non-uniform dissolution patterns which forms additional pathways 
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in the shape of channels. Thus, an enhancement in injectivity, or at least in varying degrees a constant 

injection rate owing to an offset of possible scale can be expected. 

Table 2:  Overview of near well reservoir processes affecting productivity and injectivity of a geothermal well in a fractured 

porous carbonate reservoir (injectivity index II = injection rate/bottom hole pressure increase) (Megies & 

Wassermann, 2014). 

 
PROCESS POSSIBLE EFFECT 

ON INJECTIVITY 

1 Carbonate transport by near well dissolution in cold water 

and far well precipitation 

Long term II 

increase 

2 Variation of fracture aperture at well inflow by pressure 

variation 

Short term II 

improvement 

3 Increase of fracture aperture by rock cooling Short term II 

improvement 

4 Decrease of hydraulic conductivity around the injection well 

by increase of reservoir fluid viscosity caused by cooling 

Short term II 

reduction 

5 Transition from laminar to turbulent flow regime near the 

well at high flow rates 

Short term II 

reduction 

Regarding the DESTRESS techno-economic simulation tool a lithology unbiased consideration appears 

to be mistaken, since it is documented by several authors that mineralogical attributes of varying 

reservoir-types have a lithology-related impact on the injectivity impairment. Due to lacking 

information, an implementation of the proposed simulations is not valuable and thus a model for II 

changes over time not feasible. Attempting to enable this function in the DESTRESS tool requires 

further knowledge of mineral reaction rates and preceding processes to quantify these. Thus, within 

the current situation of DESTRESS it is dissuaded to implement this contemplation due to high 

uncertainties. 

3.1.2 Thermal water circuit (TWC) 
The term "thermal water circuit" summarizes all parts of the geothermal system, that are necessary 

for the connection of the geothermal reservoir to the surface power plant. According to (Hoth, Seibt, 

Kellner, & Huenges, 1997) a thermal water cycle for the use of geothermal fluids consists of production 

wells, connecting lines, pressure retaining devices, filters, slop pits, heat exchangers and injection 

wells. In addition, production and injection pump can also be part of the thermal water circuit if they’re 

installed. The following section 3.1.2.1 describes the structure of the technical model of the thermal 

water circuit. This model is validated in section 3.1.1.4. 

3.1.2.1 Technical model for the thermal water circuit 

The model of the thermal water circuit connects the power plant and the reservoir model. Based on 

given temperature and pressure values of the thermal water in the reservoir, pressure and 

temperature at the power plant entrance are determined. Likewise, from the corresponding values at 

the power plant output, the pressure and temperature values that the geothermal fluid has upon re-

entry into the reservoir are determined. In the following, the calculation of the thermal water pressure 

and the thermal water temperature within the thermal water cycle is explained. Only production and 

injection wells including pumps and heat exchangers are considered. Connecting lines, pressure 

retaining devices, overhead filters and sloping pits are neglected. 

To determine the pressure and temperature of the thermal water in the well, knowledge of the well 

geometry is necessary as the diameter and angle of the well influence pressure losses and heat 
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exchange with the environment. In addition, temperature calculations require information about the 

temperatures in the soil surrounding the hole. Both the geometry of the hole and the temperatures in 

the subsurface are specified by the user for the simulation. Figure 19a shows schematically a vertical 

and a deflected hole. 

 

Figure 19: Schematic structure of production and injection wellbore 

Geothermal wells- are constructed telescopically. The deviation is approximated as a kink at the kick-

off point. In fact, the deviation angle is steadily built up starting at the kick-off point, so that, as shown 

schematically in Figure 19, there is a bend rather than a kink. Typically, build-up rates of less than 1.5 ° 

(Ngugi, 2002) to 4.5 ° (Legarth, 2003) are reached per 10 m. In Figure 19a, z means the vertical depth 

(true vertical depth, TVD) and s describes the measured depth (measured depth, MD) which is the 

drilled distance. In vertical wells TVD and MD are identical. The calculation of pressure and 

temperature of the thermal water in the well is done in sections. Within each section, the diameters, 

the wellbore, the angle of the well and the geothermal temperature gradient are constant. Figure 19b 

shows a schematic representation of a section of a cemented wellbore. In the borehole with a diameter 

𝑑𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒, the thermal water flows in the casing with the inside diameter 𝑑𝑖
𝑐𝑎𝑠𝑖𝑛𝑔

 and the outer 

diameter 𝑑𝑎
𝑐𝑎𝑠𝑖𝑛𝑔

. The space between soil and casing is filled with cement. In the injection well, 

pressure and temperature of the thermal water at the surface are known, coming from the power 

plant model. By means of section-by-section calculation of temperature and pressure changes based 

on these known values, pressure and temperature can be determined at the lowest point of the 

wellbore, i.e. at the reservoir inlet. Conversely, in the production well, the pressure and temperature 

of the thermal water at the lowest point of the well are known as initial values of the reservoir model. 

Accordingly, pressure and temperature within the wellbore can be determined analogously to the 

procedure for the injection well, the sections being run through from bottom to top. Figure 62 shows 

a flow chart for the wellbore model. 

In order to determine the course of the thermal water pressure and temperature in the borehole, as 

shown in Figure 62, the at-rest water level (𝐻𝑇𝑊
𝑎𝑡−𝑟𝑒𝑠𝑡) is first calculated on the basis of the given 

parameters. This is determined by the prevailing reservoir pressure and the density of thermal water, 

which is assumed to be constant across the well (see Equation (1)). According to (Francke, 2014), this 

approximation is permissible for the calculation of the at-rest water level. 
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𝐻𝑇𝑊
𝑎𝑡−𝑟𝑒𝑠𝑡 =

𝑝𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟

𝜌𝑇𝑊∗𝑔
   (1) 

For the position of the pump it is assumed that it is installed 50m below the water level (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018). 

It is necessary to know the pump position to assign the pressure and temperature increase caused by 

the pump to the correct wellbore section. Subsequently, the pressure and temperature calculations 

for the wellbore sections are made which will be explained in more detail below. 

Pressure calculation 

The thermal water pressure at the outlet of each wellbore section (𝑝𝑇𝑊,𝑜𝑢𝑡 ) is derived from the 

pressure at the inlet of the respective section (𝑝𝑇𝑊,𝑖𝑛), the change in hydrostatic pressure (∆𝑝ℎ𝑦𝑑𝑟𝑜), 

the pressure losses due to friction (∆𝑝𝑙𝑜𝑠𝑠) and, if applicable, the pressure increase by the pump 

(∆𝑝𝑝𝑢𝑚𝑝) according to the equation (2). 

𝑝𝑇𝑊,𝑜𝑢𝑡 = 𝑝𝑇𝑊,𝑖𝑛 + ∆𝑝ℎ𝑦𝑑𝑟𝑜 + ∆𝑝𝑙𝑜𝑠𝑠 + ∆𝑝𝑝𝑢𝑚𝑝   (2) 

The change in hydraulic pressure is coupled to the change in position z of the fluid in the wellbore as 

shown in equation (3). 

∆𝑝ℎ𝑦𝑑𝑟𝑜 = 𝜌𝑇𝑊 ∗ 𝑔 ∗ ∆𝑧   (3) 

It is important to pay attention to the sign of z: If the sections in the production well are calculated 

from the reservoir towards the top ground level, the sign is negative. In the case of the injection well, 

i.e. for a passage through the sections from top ground level towards the reservoir, the sign is 

correspondingly positive. The thermal water density ρTW is assumed to be constant in sections, i.e. it 

varies over the length of the hole. 

The pressure losses due to friction in the individual sections are calculated using expression (4) (Oertel 

& Reviol, 2015) (Schlagermann, 2014). 

∆𝑝𝑙𝑜𝑠𝑠 =
1

2
∗ 𝜌𝑇𝑊 ∗ 𝑢𝑇𝑊

2 ∗ |∆𝑠| ∗ (
𝜆

𝑑
𝑖
𝑐𝑎𝑠𝑖𝑛𝑔 + 𝜁)   (4) 

|∆𝑠| describes the length of the pipe section as the absolute value of the difference of the measured 

depth. When calculating the pressure loss, the speed of the thermal water 𝑢𝑇𝑊 is calculated in sections 

based on the inner diameter of the piping. In addition, the density of the thermal water is assumed to 

be constant over all sections. This simplification is reasonable because the density of the geothermal 

fluid varies by less than 10 % in the typical pressure and temperature range of geothermal wells (see 

(Welter, Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in 

Deutschland, 2018)) and the pressure change ∆ploss is small in relation to ∆phydro. For the 

determination of the pipe friction coefficient 𝜆 and the drag coefficient 𝜁 a distinction must be made 

between laminar and turbulent pipe flow and between hydraulically smooth and hydraulically rough 

pipes. 

In the deepest section of the well, the geothermal fluid usually enters and leaves the well through a 

filter (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in 

Deutschland, 2018). This is considered in this section of the hole similar to the procedure of (Fischer, 

2010). A constant inflow over the filter section is assumed (Fischer, 2010). As a result, the flow velocity 

in the filter increases linearly and the pressure loss (Δp𝑙𝑜𝑠𝑠
𝑓𝑖𝑙𝑡𝑒𝑟

) is given by equation (5). 
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𝛥𝑝𝑙𝑜𝑠𝑠
𝑓𝑖𝑙𝑡𝑒𝑟

=
1

6
∗ 𝜌𝑇𝑊 ∗ 𝑢𝑇𝑊

2 ∗ 𝜆 ∗
|∆𝑠|

𝑑
𝑖
𝑐𝑎𝑠𝑖𝑛𝑔   (5) 

In this case, 𝑢𝑇𝑊 describes the velocity of the thermal water which sets itself at the nominal mass flow 

in the wellbore. In the present model, it is assumed that the filter section occupies the entire user-

defined deepest wellbore section. 

Temperature calculation 

The temperature of the thermal water at the outlet of each section of the well shall be determined on 

the basis of the inlet temperature (𝑇𝑇𝑊,𝑖𝑛) and the temperature difference as a result of the heat 

transfer (∆𝑇𝐻𝐸) to the ground and, if applicable, the temperature difference ∆𝑇𝑝𝑢𝑚𝑝 generated by the 

pump, as specified in equation (11). The latter is only included in the section in which the pump is 

installed. 

𝑇𝑇𝑊,𝑜𝑢𝑡 = 𝑇𝑇𝑊,𝑖𝑛 + ∆𝑇𝐻𝐸 + ∆𝑇𝑝𝑢𝑚𝑝   (6) 

In the following it is explained how the temperature differences are calculated from equation (6). 

For the determination of ∆𝑇𝐻𝐸, the approach presented by (Ramey, 1962) for determining the 

temperature profile of a fluid injected into a borehole is evaluated section by section. The expression 

used is shown in equation (7). 

∆𝑇𝑇𝑊 = 𝑇𝑇𝑊,𝑖𝑛 −
𝑑𝑇𝑔𝑒𝑜

𝑑𝑠
∗ ∆𝑠 − 𝑇𝑔𝑒𝑜(𝑧 = 𝑧𝑜𝑢𝑡) +

𝑑𝑇𝑔𝑒𝑜

𝑑𝑠
∗ 𝐹(𝑡) − [𝑇𝑇𝑊,𝑖𝑛 +

𝑑𝑇𝑔𝑒𝑜

𝑑𝑠
− 𝑇𝑔𝑒𝑜(𝑧 = 𝑧𝑜𝑢𝑡)] ∗

𝑒
−∆𝑠

𝐹(𝑡)   (7) 

∆𝑇𝑇𝑊 stands for the change of the thermal water temperature over a section depending on the 

measured depth (MD) s and the observation time t. The latter is the time elapsed between the start of 

production of geothermal fluids and the observation time of the stationary state depicted in the 

simulation. In (Ramey, 1962), a value of 30 days is set for the observation period. 𝑇𝑔𝑒𝑜 describes the 

temperature in the rock surrounding the borehole. The gradient of this temperature in z-direction is 

assumed to be constant in sections in this paper. 𝑧𝑜𝑢𝑡 symbolizes the depth at which the outlet of the 

respective section lies. 𝐹(𝑡) is a time function according to context (8). 

𝐹(𝑡) =
𝑚̇𝑇𝑊∗𝑐𝑝,𝑇𝑊∗[𝜆𝑔𝑒𝑜+0,5∗𝑑𝑖

𝑐𝑎𝑠𝑖𝑛𝑔
∗𝑘∗𝑓(𝑡)]

𝜋∗𝑑
𝑖
𝑐𝑎𝑠𝑖𝑛𝑔

∗𝜆𝑔𝑒𝑜

   (8) 

Here 𝑑𝑖
𝑐𝑎𝑠𝑖𝑛𝑔

 describes the inner diameter of the casing in the borehole as shown in Figure 19. 𝜆𝑔𝑒𝑜 

stands for the thermal conductivity of the rock and k for the heat transfer coefficient from the thermal 

water into the rock. 𝑓(𝑡) describes a dimensionless time function of the heat transfer in the ground. 

The quantities k and 𝑓(𝑡) are of decisive importance for the sufficiently precise approximation of the 

real conditions. Particularly the determination of the heat transfer coefficient k is difficult in many 

applications. For the application to geothermal energy wells, however, the thermal resistance within 

the borehole can be neglect (Ramey, 1962). This simplification corresponds to the assumption that the 

temperature in thermal water and piping is the same in the stationary state. Furthermore, the 

cementation is neglected and its thermal conductivity with that of the surrounding rock. The 

associated idealized temperature profile is shown in Figure 19. Under this assumption equation (8) is 

simplified to expression (9). 

𝐹(𝑡) =
𝑚̇𝑇𝑊∗𝑐𝑝,𝑇𝑊∗𝑓(𝑡)

2∗𝜋∗𝜆𝑔𝑒𝑜
   (9) 
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The specific heat capacity of the thermal water 𝑐𝑝,𝑇𝑊 is calculated at the inlet of each section 

as described in Section 2.3 and assumed to be constant over the section (Francke, 2014). For 

the still unknown time function f(t) (Ramey, 1962) uses the equation for transient heat 

conduction of a line source in an infinite radial system (equation (10)). 

𝑓(𝑡) = − 𝑙𝑛 (
𝑑𝑎

𝑐𝑎𝑠𝑖𝑛𝑔

4∗√𝑎𝑔𝑒𝑜∗𝑡
) − 0,29 +

(𝑑𝑎
𝑐𝑎𝑠𝑖𝑛𝑔

)
2

4∗𝑎𝑔𝑒𝑜∗𝑡
   (10) 

Using expression (7), the thermal water temperature at each outlet can be determined for each section 

of the injection well. Equation (7) can be applied in the same form to the production well if the 

measured depth (MD) s is substituted by the measured distance from reservoir s* (see Figure 19a). 

(Haagort, 2004) describes the (Ramey, 1962) approach as "excellent approximation after a short 

transient period during which the temperature is overestimated". (Ramey, 1962) gives a duration of 

about 7 days after which this period ends. (Beckers K. J., 2016) also uses the (Ramey, 1962) approach, 

which proves its continuing relevance. In addition to the heat transfer between thermal water and soil, 

equation (6) considers the temperature increase caused by the pump (∆Tpump) possibly installed in 

the completed borehole. According to (Francke, 2014), the increase in temperature due to the pump 

results from equation (11). 

∆𝑇𝑝𝑢𝑚𝑝 = ∆𝑇𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 + ∆𝑇𝑙𝑜𝑠𝑠   (11) 

∆𝑇compression stands for temperature increase by isentropic compression and ∆𝑇𝑙𝑜𝑠𝑠 for temperature 

increase by dissipation in pump and motor. Expression 3.30 describes the respective calculation rule 

for the temperature increase by compression (Francke, 2014). 

∆𝑇𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 =
𝛽𝑇𝑊∗𝑇𝑇𝑊

𝜌𝑇𝑊∗𝑐𝑝,𝑇𝑊
∗ ∆𝑝𝑝𝑢𝑚𝑝   (12) 

𝛽𝑇𝑊 symbolizes the thermal expansion coefficient of the thermal water and ∆𝑝𝑝𝑢𝑚𝑝 the increase in 

pressure by the pump. Both the specific heat capacity 𝑐𝑝,𝑇𝑊 and the 𝜌𝑇𝑊 of the thermal water are 

calculated at the inlet of each section according to the approaches presented in (Francke, 2014) and 

assumed to be constant over the section (Francke, 2014). For the determination of the temperature 

increase by friction losses, a distinction is made between submersible pump (ESP, equation (13)) and 

line shaft pump (LSP, equation (14)). With ESP, the engine is in the wellbore and is surrounded by 

thermal water. Heat losses from the engine are therefore transferred to the geothermal fluid. (Francke, 

2014) The engine of the LSP, on the other hand, is located on the surface of the earth and the resulting 

heat is not transferred to the thermal water or only to a negligible extent. 

∆𝑇𝑙𝑜𝑠𝑠
𝐸𝑆𝑃 =

∆𝑝𝑝𝑢𝑚𝑝∗(1−𝜂𝑖𝑠∗𝜂𝑚𝑜𝑡)

𝜌𝑇𝑊∗𝑐𝑝,𝑇𝑊∗𝜂𝑖𝑠∗𝜂𝑚𝑜𝑡
   (13) 

∆𝑇𝑙𝑜𝑠𝑠
𝐿𝑆𝑃 =

∆𝑝𝑝𝑢𝑚𝑝∗(1−𝜂𝑖𝑠)

𝜌𝑇𝑊∗𝑐𝑝,𝑇𝑊∗𝜂𝑖𝑠
   (14) 

Here 𝜂𝑖𝑠 stands for the isentropic efficiency and 𝜂𝑚𝑜𝑡 for the motor efficiency of the pump. The 

temperature difference calculated in this way is considered in the wellbore section in which the pump 

is installed. Like the specific heat capacity 𝑐𝑝,𝑇𝑊, the density of the thermal water 𝜌𝑇𝑊 is calculated as 

described in (Francke, 2014). 

After determining the pressure and temperature curve in the wellbore, the pressure difference to be 

provided by the pump is calculated. A distinction must be made between production wells (equation 

(15)) and injection wells (equation (16)). 
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𝛥𝑝𝑝𝑢𝑚𝑝
𝑝𝑟𝑜𝑑

= 𝑝𝑇𝑊,𝑖𝑛
𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡

− 𝑝𝑇𝑊,𝑜𝑢𝑡
𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒   (15) 

𝛥𝑝𝑝𝑢𝑚𝑝
𝑖𝑛𝑗

= 𝑝𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 − 𝑝𝑇𝑊,𝑜𝑢𝑡
𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒    (16) 

In the case of production wellbore, the pressure difference in the Δ𝑝𝑝𝑢𝑚𝑝
𝑝𝑟𝑜𝑑

 is measured as the difference 

between the pressure at the power plant inlet 𝑝𝑇𝑊,𝑖𝑛
𝑝𝑜𝑤𝑒𝑟 𝑝𝑙𝑎𝑛𝑡

 and the outlet pressure from the 

production borehole 𝑝𝑇𝑊,𝑜𝑢𝑡
𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒. 𝑝𝑇𝑊,𝑜𝑢𝑡

𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒 is determined according to program sequence presented in 

Figure 62. For the injection well, the pressure difference in the pump Δ𝑝𝑝𝑢𝑚𝑝
𝑖𝑛𝑗

 is calculated from the 

reservoir pressure 𝑝𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟  and the calculated outlet pressure from the injection well without pump 

𝑝𝑇𝑊,𝑜𝑢𝑡
𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒. If the pressure differences determined are negative, no production or injection pump must 

be used. 

Finally, the pressure curve is corrected by the impact of the pump pressure in the respective section 

and the electrical pump power is calculated. Expression (17) describes the relationship between the 

pressure difference in the pump and its electrical power. 

𝑃𝑝𝑢𝑚𝑝 =
𝑚̇𝑇𝑊∗𝛥𝑝𝑝𝑢𝑚𝑝

𝜌𝑇𝑊∗𝜂𝑖𝑠
   (17) 

The density of the thermal water is approximated to the density of the thermal water at the respective 

borehole entrance. In the case of the production well, the borehole inlet is at the lowest point of the 

borehole, while in the case of the injection well it is at the earth's surface.  

3.1.2.2 Verification of TWC model 

A validation of the model of the thermal water cycle against the Soultz-sous-Forêts site is proving to 

be difficult because extensive simplifications have been made to the real conditions. In Soultz-sous-

Forêts, a total of three boreholes are used for the production and injection of thermal water recently. 

The present model considers only duplicates, i.e. systems with an injection well and a production well. 

Furthermore, it is assumed that geothermal fluid exclusively enters the wellbore in a well-defined 

range at the lowest part of the borehole. This is also not the case in Soultz-sous-Forêts. Decisive for a 

successful modelling of the site with the help of the available model is first and foremost a sufficient 

correspondence between the real and modelled thermal water temperature at the power plant 

entrance at a given mass flow. Not less important is a correspondence between the real and modelled 

pump power of production and injection pumps. The modelled temperature losses in the production 

well at the Soultz-sous-Forêts site are less than 20 K. According to information of the operator of the 

Soultz-sous-Forêts geothermal power plant, the modelled temperature loss is sufficiently close to the 

measurable temperature losses (Hehn, 2018). The power demand of the production pump during 

operation is overestimated by less than 10 % compared to real operating data (Hehn, 2018). The 

deviation can be explained through the simplifications in the reservoir model. It is nevertheless, far 

below the uncertainties surrounding the cost estimates. (AACE, 2016). 

3.1.3 Energy utilization model 
As described at the beginning of this chapter, the power plant model is divided into the technical part 

for determining all relevant system sizes and the economic part for calculating the costs incurred. In 

the following, the technical sub-model is first described, considering all possible uses of geothermal 

energy. Pure power generation, pure heat supply and combined heat and power generation in parallel 

or series connection are conceivable. Subsequently, the validation of the power plant model is 

presented. 
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3.1.3.1 Technical description of the energy utilization model 

Within the scope of the present work, a single-stage Organic-Rankine-Cycle (ORC) plant is modelled. 

Besides the ORC power-plant concept there is also the Kalina concept, named after its inventor, which 

could be used for low temperature electricity provision. Although the Kalina-Cycle shows advantages 

in very low temperatures over the ORC concept, it has never been able to prevail in the market. Today 

there are only a few Kalina power plants in operation. As Kalina cycles don’t play a role in the 

international market, they are not investigated within this study. 

In addition to the pure provision of electricity, the simultaneous provision of electricity and heat (CHP 

- combined heat and power) are studied. For CHP, three circuit variants are being investigated. Heat 

extraction can be connected in parallel or in series, or a combination of both (Eyerer, et al., 2017). The 

wiring diagram of the system is shown in Figure 20. 

 

Figure 20: Schematic depiction of ORC with CHP 

The central element of the power plant is the clockwise working medium circuit, consisting of the 

components of working medium pump, optional recuperator, evaporator, turbine, generator and air 

condenser. Other condenser types are not considered. Furthermore, a heat exchanger (HE) in parallel 

and series connection is provided for the decoupling of heat if the other design of the power plant 

permits. CHP in series connection can be provided if the temperature of the thermal water after the 

evaporator is above the specified minimum injection temperature. Heat extraction in parallel is 

possible if the minimum temperature difference in the evaporator is maintained, even if only part of 

the available thermal water flow is routed through it. The necessary condition for this is that the 

thermal water temperature at the power plant outlet without bypass is above the minimum injection 

temperature. The determination of the maximum possible bypass mass flow is described in more detail 

in the section on the evaporator. The state changes of the working medium between the state points 

entered in Figure 20 are determined within the “BasicCycle.m” working medium circuit routine, as 

explained in the corresponding section. These are described as key points below:  

• 1 → 2: Pressure increase in feed pump 

• 2 → 3: Heat supply in recuperator 

• 3 → 4: Pre-heating to boiling point in evaporator 

• 4 → 5: Complete evaporation in evaporator 

• 5 → 6: Overheating in evaporator 

• 6 → 7: Decompression in turbine 
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• 7 → 8: Heat removal in recuperator 

• 8 → 9: Pre-cooling to dew point in condenser 

• 9 → 10: Complete condensation in condenser 

• 10 → 1: Undercooling in condenser (not considered in this work) 

The state points in the working medium cycle are visualized for illustration in Figure 21 for a pure 

working medium such as isobutane Figure 21a and an azeotropic working medium mixture Figure 21b 

in a qualitative temperature entropy diagram. 

 

Figure 21:  Comparison between pure working medium and zeotropic working medium mixture in an ORC (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018) 

Pure working mediums evaporate and condense almost isothermally. Mixtures of working mediums, 

on the other hand, exhibit sliding temperatures during evaporation and condensation due to the 

different evaporation and condensation temperatures of the individual components. In this context, 

zeotropic mixtures of working mediums exhibit a temperature glide at each composition (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018). 

Mixtures of working mediums, which do not exhibit temperature glide at a certain composition 

(azeotropic mixtures), are not considered in this study. The use of mixtures of working mediums can 

have an advantageous effect on the efficiency of the power plant, since the temperature profiles of 

working mediums and thermal water or air can be adjusted to each other as a result of temperature 

sliding during evaporation and condensation. Thus, the exergy losses in the cycle can be reduced and 

the efficiency increased accordingly (Welter, Technisch-ökonomische Analyse der Energiegewinnung 

aus Tiefengeothermie in Deutschland, 2018) (Heberle, 2013). The power plant shown in Figure 20 is 

implemented in Matlab. A simplified programming flow chart can be found in Figure 22 and in Figure 

61 in the Annex. Matlab is used for this purpose. The first step is done in the EnergyConversionShell.m. 

There site-specific data such as flow rate, temperature, pressure and salinity of the geothermal fluid 

are read in. Furthermore, the parameters to be varied within the Monte-Carlo simulation and their 

upper and lower limits are defined. A defined number of Monte Carlo iterations are then run through 

to simulate a large number of different power plant designs. The power plant model used here is a 

single-stage ORC plant and consists of individual Matlab routines called upon within the 

“EnergyConversion.m” program. The input and output variables of the heat exchanger models of 

evaporator, recuperator and condenser are illustrated in Figure 23 to Figure 27. In the following, the 

different sub models of the ORC presented in more details. 
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Figure 22: Program flow chart overall model with routine names 

Working medium cycle (BasicCycle.m):  

The working medium cycle is mapped with its own Matlab routine and is evaluated based on the 

process parameters from Table 6, which were sampled during the Monte-Carlo simulation. Thereby 

temperatures, enthalpies and entropies of the work medium for the ten defined state points shown in 

Figure 20 are determined using the NIST database according to (Lemmon, Huber, & McLinden, NIST 

Standard Reference Database 23: Reference Fluid Thermodynamic and Transport Properties REFPROP, 

Version 9.1, 2013). The selected pressures and pressure losses in the system determine the pressure 
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at the respective point of state before and after the feed pump. In all heat exchangers, as in 

(Chacartegui, Sanchez, Munoz, & Sanchez, 2009), a pressure drop of 2% is assumed. Within the same 

routine, feed pump and turbine are modelled with a firmly defined isentropic efficiency of 80%, 

respectively 85% and as a value of motor and generator an efficiency of 96% is assumed 

(Schlagermann, 2014). The generator also has a gearbox, the efficiency of which is approximated to be 

98% (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in 

Deutschland, 2018). 

Whether and to what extent a recuperator is installed in the system is randomly varied in the Monte-

Carlo simulation (see chapter 3.1.3.3). If the decision is made in favour of a recuperator, the working 

medium cycle, initially evaluated without such a recuperator, is modified using the 

“RecuperatorQuick.m” routine. As a result, state points 3 and 8 change according to the recuperated 

heat. During the modification, the preservation of the minimum temperature difference is considered 

for the determination of the maximum recuperated heat. The procedure is based on (Kemp, 2007), as 

explained in the following section on the evaporator. 

The heat exchangers are considered in more detail to calculate the required heat exchanger area. The 

evaporator, condenser, recuperator and the heat exchanger or exchangers for heat extraction at CHP 

are simplified and modelled as shell-and-tube heat exchangers (SHE), which are operated in counter-

current mode. Compared to plate heat exchangers, these are to be preferred particularly for 

geothermal fluids with high salinity due to their better suitability for high pressures and easier cleaning 

(Schlagermann, 2014). In the following, the individual heat exchangers and the correlations used to 

determine their area are explained. The terms hot and cold do not represent certain temperature 

levels but define the heat-emitting fluid (hot) and heat-absorbing fluid (cold). 

Evaporator (Evaporator.m): 

 

Figure 23:  Schematic depiction of evaporator in ORC-model 

In the evaporator, the working medium flow corresponds to the cold flow, i.e. it absorbs heat. The 

sketch of the SHE shows the input variables for the Matlab routine. Pressure, temperature and 

enthalpy of the working medium at the state points of the ORC are required, as well as the working 

medium composition and properties of the thermal water at the power plant entrance. Furthermore, 

the minimum permissible temperature of the thermal water after the evaporator must be known, 

which is defined by the lower limit of the Monte Carlo parameter TTW in Table 6. In addition, Figure 23 

shows the output variables of the routine. These are the heat transfer surfaces for preheating (APH), 

evaporation (AEV) and overheating (AOH) and the working medium mass flow. Another output is the 
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maximum thermal water mass flow required for combined heat and power generation in parallel 

connection (bypass) in the present design of the ORC, which can be routed past the evaporator. The 

last output value represents the temperature of the thermal water after the evaporator for both cases 

with and without heat extraction in parallel. 

Working medium and bypass mass flow can be determined by using the temperature profiles of 

thermal water and working medium. This is done based on the methodology of pinch analysis (Kemp, 

2007), so that the defined minimum temperature difference ∆𝑇𝑚𝑖𝑛 between hot and cold current is 

maintained. Figure 24 illustrates the procedure used for this purpose. 

 

Figure 24:  Heat integration for thermal water and working medium in evaporator 

For all calculations, the specific heat capacity of the thermal water 𝑐𝑝,𝑇𝑊 is assumed to be constant 

over the considered temperature and pressure range. The admissibility of this simplification is 

demonstrated in (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus 

Tiefengeothermie in Deutschland, 2018). Figure 24 shows the temperatures over the enthalpy flow of 

the cold (here yellow) and hot streams (here red). The slope of the curves depends on the reciprocal 

value of the product of mass flow and specific heat capacity. In the evaporation range of the working 

medium, however, the curve is horizontal, since no temperature change occurs during the evaporation 

of a pure working medium. This type of diagram is typical for the graphical solution of heat integration 

problems. The aim of the investigation is to determine the working medium mass flow, the maximum 

recoupable bypass mass flow and the outlet temperature of the thermal water at the maximum bypass 

mass flow rate while maintaining the minimum temperature difference ∆𝑇𝑚𝑖𝑛 at each point in the 

evaporator. The different status points of the thermal water (TW) and working medium within the 

evaporator are shown in Figure 24 with the Roman numbers I to IV. The temperatures of the working 

medium at these points are input data of the evaporator routine and thus known. The same applies to 

the specific enthalpies of the working medium and the properties of the thermal water at the entrance. 

The exact shape of the working medium curve can therefore only be influenced by the working medium 
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mass flow and the outlet temperature of the thermal water (𝑇𝑇𝑊,𝐼). First, it is assumed that the entire 

available thermal water mass flow is led through the evaporator and that the entire extractable heat 

is transferred to the working medium flow. This allows to determine the maximum working medium 

mass flow with equation (18). 

𝑚̇𝑊𝑀 =
𝑚̇𝑇𝑊∗(𝑇𝑇𝑊,𝐼𝑉−𝑇𝑇𝑊,𝐼)∗𝑐𝑝,𝑇𝑊

ℎ𝑊𝑀,𝐼𝑉−ℎ𝑊𝑀,𝐼
  (18) 

In this equation, 𝑚̇ stands for the mass flow, 𝑇 for the temperature, 𝑐𝑝 for the heat capacity, and ℎ for 

the enthalpy. The WM and TW indices stand for work fluid and thermal water. The enthalpy ℎ𝑊𝑀,𝐼 is 

the enthalpy of the working medium at the temperature at state point I (𝑇𝑇𝑊,𝐼). Figure 24 displays this 

constellation with curves with filled squares, which represent the state points. For the verification of 

the assumption, it must now be checked, whether the minimum temperature difference between hot 

and cold current at each point of the heat exchanger is maintained. If this condition is fulfilled for 

points I, II and IV, the temperature difference is also sufficient at all intermediate points via ∆𝑇𝑚𝑖𝑛. At 

point IV, the compliance with the minimum temperature difference is guaranteed by choosing 

adequate definition of the boundary values for the Monte Carlo parameters T6 and p2. For shoulder 

point II, the thermal water temperature is derived with equation (19), under the assumption of 

maximum working medium mass flow. 

𝑇𝑇𝑊,𝐼𝐼 = 𝑇𝑇𝑊,𝐼𝑉 −
𝑚̇𝑊𝑀

𝑚𝑎𝑥∗(ℎ𝑊𝑀,𝐼𝑉−ℎ𝑊𝑀,𝐼𝐼)

𝑚̇𝑇𝑊∗𝑐𝑝,𝑇𝑊
  (19) 

Based on the results of equation (19), it is examined whether at point II the minimum temperature 

difference is maintained. If this is not the case, the working medium mass flow rate in equation (19) is 

reduced iteratively until the minimum temperature difference is surpassed at point II. In Figure 24, the 

temperature 𝑇𝑇𝑊,𝐼𝐼, on the thermal water curve, migrates to the right assuming a higher value than 

before the iteration. The outlet temperature of the thermal water behaves in the same way when an 

iteration must be carried out. The adjusted outlet temperatures of the thermal water and the 

temperature of the thermal water at point II are displayed as unfilled squares on the thermal water 

curve in Figure 24. 

The procedure for determining the maximum bypass mass flow in accordance to Figure 24 is described 

under the assumption, that no iteration of the working medium mass flow is necessary. In this case, 

the solid yellow curve, with filled squares for identification of the state points, represents the 

temperature profile of the working medium. 

First, it is assumed that the thermal water can be cooled down to the predefined minimum outlet 

temperature (𝑇𝑇𝑊,𝐼
𝑚𝑖𝑛 ). This temperature enters the system in Figure 24 at the lowest position of the 

ordinate. It is an input variable of the evaporator model and thus known. With the mentioned 

assumption, the minimum necessary thermal water mass flow through the heat exchanger can be 

calculated and with the available mass flow of the geothermal fluid, results in the maximum bypass 

mass flow according to equation (20):  

𝑚̇𝐵𝑦𝑝𝑎𝑠𝑠
𝑚𝑎𝑥 = 𝑚̇𝑇𝑊 − 𝑚̇𝑇𝑊

𝑚𝑖𝑛 = 𝑚̇𝑇𝑊 −
𝑚̇𝑊𝑀,𝐼𝑉∗(ℎ𝑊𝑀,𝐼𝑉−ℎ𝑊𝑀,𝐼𝐼)

𝑐𝑝,𝑇𝑊∗(𝑇𝑇𝑊,𝐼𝑉−𝑇𝑇𝑊,𝐼
𝑚𝑖𝑛 )

  (20) 

Now, the temperature difference between working medium and thermal water at point II is calculated. 

To check, whether the minimum temperature difference is maintained, Equation (21) is used. 

𝑇𝑇𝑊,𝐼𝐼 = 𝑇𝑇𝑊,𝐼𝑉 −
𝑚̇𝑊𝑀∗(ℎ𝑊𝑀,𝐼𝑉−ℎ𝑊𝑀,𝐼𝐼)

𝑚̇𝑇𝑊
𝑚𝑖𝑛∗𝑐𝑝,𝑇𝑊

  (21) 
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The temperature of the thermal water is modified, if the minimum temperature difference should not 

be met at this point. That results in the following equation: 

𝑇𝑇𝑊,𝐼𝐼 = 𝑇𝐴𝑀,𝐼𝐼 + ∆𝑇𝑚𝑖𝑛  (22) 

In this case, the maximum bypass mass flow is calculated with the modified temperature 𝑇𝑇𝑊,𝐼𝐼 and 

equation (20): 

𝑚̇𝐵𝑦𝑝𝑎𝑠𝑠 = 𝑚̇𝑇𝑊 − 𝑚̇𝑇𝑊
𝑚𝑖𝑛 = 𝑚̇𝑇𝑊 ∗

𝑚̇𝑊𝑀∗(ℎ𝑊𝑀,𝐼𝑉−ℎ𝑊𝑀,𝐼𝐼)

𝑐𝑝,𝑇𝑊∗(𝑇𝑇𝑊,𝐼𝑉−𝑇𝑇𝑊,𝐼𝐼)
  (23) 

The achievable bypass mass flow in this case is lower than the one calculated with equation (20). 

Afterwards, the temperature of the thermal water after the evaporator is determined assuming that 

the bypass mass flow is actually being led around the evaporator:  

𝑇𝑇𝑊,𝐼 = 𝑇𝑇𝑊,𝐼𝑉 −
𝑚̇𝑊𝑀∗(ℎ𝑊𝑀,𝐼𝑉−ℎ𝑊𝑀,𝐼)

𝑚̇𝑇𝑊∗𝑐𝑝,𝑇𝑊
  (24) 

In case the heat extraction is realized in parallel, the temperature profile of the thermal water assumes 

the shape of the pale red line in Figure 24. 

Depending on the shape of the temperature profiles of thermal water and working medium, the 

minimum temperature difference can also be undercut at point I, even though it is maintained at point 

II. In this case, the procedure described above for point II must be repeated for point I and thus the 

shape of the temperature profiles adapted. The heat exchanger surface areas can be determined based 

on the completely determined temperature profiles. Since the thermal water mass flow through the 

evaporator is included in the calculations presented in chapter Calculation of overall heat transfer 

coefficientE (equation (65)), two design variants of the evaporator are taken into account. A first 

variant without bypass is realized by “Evaporator.m” and a second variant with maximum bypass mass 

flow by “EvaporatorBypass.m”. The surface area calculation is carried out for both options and the 

values are output from the routine. To determine the areas, various geometry parameters and other 

variables must be defined, which are listed in Table 3 together with the corresponding parameters for 

all other heat exchangers. 

Table 3: Parameters for calculating heat exchanger surfaces a: (Towler & Sinnott, 2013), b: (Wolf & Kirchner, 2013), c: 

(Heberle & Brüggemann, Thermo-economic analysis of zeotropic mixtures and pure working fluids in organic 

rankine cycles for waste heat recovery, 2016) 

  Evaporator Condensator Recuperator 

Pipes Outer diametera da 50mm 25mm 25mm 

 Wall thicknessa 2,8mm 2,1mm 2,1mm 

 Positioning Aligning Aligning aligning 

 Average spacinga 1,25*da 1,25*da 1,25*da 

 Heat conductivityb 20W/mK 20W/mK 20W/mK 

 Fins widthc - 0,3m - 

 Fins heightc - 3mm - 

 Fins spacingc - 2mm - 

 Fluid TW AM AM 

Jacket Clearancea 0,1m 0,1m 0,1m 

 Fluid WM air WM 

Fluids Max. velocity gasb 20m/s 30m/s 20m/s 
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 Max. velocity liq.b 1,5m/s 1,5m/s 1,5m/s 

 Number passages 1 1 1 

The parameters are either taken from literature or selected based on the values found in literature. 

Thermal water is highly corrosive and thereby tends to contaminate the heat exchangers. Therefore, 

it flows inside the evaporator pipes. The outer diameter and wall thickness of these pipes are selected 

to be larger than in the other heat exchangers (Towler & Sinnott, 2013). In general, in this model the 

fluid, which causes more pollution, is passed through the pipes. If no distinction can be made on the 

basis of this criterion, the hotter fluid is assigned to the pipes (Towler & Sinnott, 2013) (Wolf & 

Kirchner, 2013). 

 

Figure 25: Division into subsections of evaporator for pre-heating 

All heat exchangers in this model share the same subdivision of each section into ten sub-sections. For 

example, the evaporator section, in which the preheating of the working medium takes place, is 

divided into ten equidistant, individual sections based on the temperature. This subdivision for the 

evaporator is indicated in Figure 23. In the actual evaporation part of the heat exchanger, the 

subdivision into sub-sections is carried out based on the vapour content. Where superheating takes 

place, the evaporator is subdivided into ten sub-sections based on temperature. The sub-sections and 

edges are numbered from left to right from 1 to 10 and 11, respectively, in relation to Figure 23, so 

that, for example, an edge value with index 1 represents the left edge of the sub-section with index 1. 

The boundary value with index 2 forms the right margin of subsection 1 and at the same time the left 

margin of subsection 2 and so on. Figure 25 shows this division as an example of a subdivision based 

on temperature. To determine the fluid properties at the edges, it is assumed that pressure losses only 

occur after a main section in the heat exchanger (e.g. at the transition from preheating to evaporation). 

Thus, the pressure values at the edge of each section are constant within a main section. The NIST 

database (Lemmon, Huber, & McLinden, NIST Standard Reference Database 23: Reference Fluid 

Thermodynamic and Transport Properties REFPROP, Version 9.1, 2013) is then used to calculate 

physical properties for the corresponding working medium. The specific enthalpy ℎ, the specific heat 

capacity 𝑐𝑝, the density 𝜌, the kinematic viscosity 𝜂, the thermal conductivity 𝜆 and the vapour content 

𝑋 or the temperature 𝑇 for the edges of all subsections are determined. The boundary values of the 

material properties obtained in this way and the temperatures or vapour contents are arithmetically 

averaged to approximate the respective values within each subsection. Within each subsection, the 

fluid properties are assumed to be constant, but vary from one to another. With the help of the 

described procedure all prerequisites for the calculation of the heat exchanger areas of each individual 
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section are given within the evaporator routine. The calculation procedure is described below and is 

based on the approach presented in (Heberle & Brüggemann, 2016) and (Welter, Technisch-

ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018). The heat 

exchanger area of each individual section (i) can be calculated using equation (25). 

𝐴𝑖 =
𝑚̇𝑊𝑀∗(ℎ𝑊𝑀,𝑖+1

𝑒𝑑𝑔𝑒
−ℎ𝑊𝑀,𝑖

𝑒𝑑𝑔𝑒
)

𝑘𝑖∗∆𝑇𝑖
𝑙𝑛   (25) 

The working medium mass flow 𝑚̇𝑊𝑀 is known from the calculations above. The specific enthalpies 

ℎ𝑊𝑀,𝑖+1
𝑒𝑑𝑔𝑒

 and ℎ𝑊𝑀,𝑖
𝑒𝑑𝑔𝑒

 are the left and right boundary values of the subsection and thus taken from the 

NIST database according to (Lemmon, Huber, & McLinden, NIST Standard Reference Database 23: 

Reference Fluid Thermodynamic and Transport Properties REFPROP, Version 9.1, 2013). 𝑘𝑖 stands for 

the overall heat transfer coefficient of the subsection. With equation (26), the logarithmic temperature 

difference ∆𝑇𝑖
𝑙𝑛 between hot and cold current for each range from the temperatures of the working 

medium and thermal water are calculated at the edges of the subsections.  

∆𝑇𝑖
𝑙𝑛 =

∆𝑇𝑖+1
𝑒𝑑𝑔𝑒

−∆𝑇𝑖
𝑒𝑑𝑔𝑒

𝑙𝑛 (
∆𝑇

𝑖+1
𝑒𝑑𝑔𝑒

∆𝑇
𝑖
𝑒𝑑𝑔𝑒)

  (26) 

With 

∆𝑇𝑖+1
𝑒𝑑𝑔𝑒

= |𝑇𝑇𝑊,𝑖+1 − 𝑇𝑊𝑀,𝑖+1|, and ∆𝑇𝑖
𝑒𝑑𝑔𝑒

= |𝑇𝑇𝑊,𝑖 − 𝑇𝑊𝑀,𝑖|. 

To calculate the heat exchanger area, equation (25) with the heat transfer coefficient 𝑘𝑖 is used. The 

procedure for determining the thermal transmittance is explained in the section E of the appendix. 

That way, all areas of the individual sub-sections can be determined. The total area is calculated by 

adding the individual results and is then determined by the Evaporator routine broken down into the 

main areas preheating (PH), evaporation (EV) and overheating (OH). 

Condenser (Condenser.m):  

To determine the condenser surface areas, considerations must be made to maintain the minimum 

temperature difference, similar to the evaporator. Since the working medium mass flow is already 

known from the evaporator routine, the procedure is simplified. In principle, the heat transfer from 

the working medium flow to the air flow in the condenser is also considered based on the Pinch 

method (Kemp, 2007) and is therefore not explained in detail here. The different states of the air in 

the condenser are determined using the NIST database (Lemmon, Huber, & McLinden, NIST Standard 

Reference Database 23: Reference Fluid Thermodynamic and Transport Properties REFPROP, Version 

9.1, 2013). Equations of state according to (Lemmon, Jacobsen, Penoncello, & Friend, 2000) are used 

to describe the fluid air. Information on the viscosity and thermal conductivity of air is provided by 

(Lemmon & Jacobsen, 2004). It is defined that the cooling air shall not heat up by more than 10K. The 

result of these considerations for the condenser are the output variables air mass flow and outlet 

temperature of the air. Furthermore, the condenser surface areas and the fan power are determined. 

The latter is calculated according to equation (27). 

𝑃𝐹𝑎𝑛 =
𝑚̇𝐴𝑖𝑟∗∆𝑝𝐹𝑎𝑛

𝜌𝐴𝑖𝑟∗𝜂𝐹𝑎𝑛
  (27) 

To calculate the fan power, 100 Pa is assumed for the pressure increase ∆𝑝𝐹𝑎𝑛 by the fan and 70% for 

the total fan efficiency 𝜂𝐹𝑎𝑛. The values were derived from manufacturer data (Systemair, 2018) and 

a valid EU directive (EU, 2009). Furthermore, the density of the air is approximated with the value at 

ambient pressure and inlet temperature. An energy balance around the condenser results in the air 
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mass flow 𝑚̇𝐴𝑖𝑟, which is necessary for cooling the working medium. Figure 26 shows a schematic 

diagram of the condenser. 

Input variables of the condenser routine are the temperatures, pressures and enthalpies at state points 

8 to 10, the mass flow and the composition of the working medium. In addition, the inlet temperature 

and pressure of the air flowing through the condenser jacket, as well as the minimum temperature 

difference. The determination of the heat exchanger surfaces in the sections of the heat exchanger is 

like the calculation steps for the evaporator. The difference is that in the condenser the working 

medium flows in the tubes and air flows through the jacket, while in the evaporator there is thermal 

water in the tubes and working medium in the jacket. In addition, fins on the outside of the tubes are 

considered to improve heat transfer. The two main areas of pre-cooling and condensation of the 

condenser are divided into 10 sub-areas, analogous to the evaporator. All equations for calculating the 

overall heat transfer coefficient are described in chapter E of the annex. The total area of the 

condenser is calculated by adding the individual areas for precooling and condensation. 

 

Figure 26: Schematic depiction condenser in ORC-model 

Recuperator (Recuperator.m): 

 

Figure 27: Schematic depiction recuperator in ORC-model 

The recuperator is schematically shown in Figure 27. In the recuperator routine, the heat exchanger 

area is determined from the temperatures, pressures and enthalpies at state points 2, 3, 7 and 8, as 

well as the composition of the working medium. For the calculation of the evaporator, based on the 
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“pinch method” (Kemp, 2007) (see page 40), the recuperator state points are already examined. So, 

the temperature profiles of hot and cold flow can be calculated like the approach shown in Figure 24. 

This ensures, that the minimum temperature difference is maintained. All in all, the recuperator model 

is a simplified version of the evaporator or condenser model. But the number of tubes in the 

recuperator must be calculated according to equation (64), to maintain the maximum fluid velocities 

given in Table 3. This is mandatory before calculating the heat exchanger area analogously to Equations 

(25) and (65). In the recuperator, the hot working medium stream flows inside the pipes, the cold one 

inside the jacket. 

Heat Exchanger CHP (HeatExchanger.m): 

The heat exchangers, which are used for heat extraction and pure heat supply, correspond in principle 

to the preheating section of the evaporator. The hot thermal water flows in the pipes, in accordance 

with the design instructions of (Towler & Sinnott, 2013), the cold water of the heating network flows 

in the jacket. The correlations used to calculate the area thus remain the same as for preheating, only 

the material properties of the working medium are substituted for those of water. Calculations to 

maintain the minimum temperature difference according to (Kemp, 2007) are necessary, as explained 

in detail in the corresponding passage on the evaporator. Similar to the recuperator, this takes place 

in HeatTransfer.m before the heat exchanger routine (see flow chart Figure 22). Constant 

temperatures of 70°C and 45°C are assumed for the outgoing flow and return flow in the heat network, 

respectively. If these temperatures cannot be achieved without falling below the minimum 

temperature difference, the additional amount of heat required is also determined, but must be 

provided by a boiler. As no steam-operated heating networks are considered, no phase change of a 

heat transfer fluid occurs. 

The application case of pure heat supply is regarded as a special case of the system, in which simply 

no working medium circuit is implemented. Only the Matlab routines “HeatTransfer.m” and 

“HeatExchanger.m” shown in Figure 22 are required. In this case, the distinction between parallel and 

series connection for heat extraction also becomes obsolete. Only one heat exchanger is then 

considered for transfer to the heat network. Pure power generation is also regarded as a special case 

of the power plant diagram shown in Figure 20, in which heat is not decoupled either in parallel or in 

series. The Matlab routines “HeatTransfer.m” and “HeatExchanger.m” are therefore neglected in this 

case. 

3.1.3.2 Verification of the power plant model 

Data from the Soultz-sous-Forêts site are used to validate the technical power plant model. Table 4 

shows the comparison between the modelled state points, heat transfer areas, capacities and mass 

flows of the ORC, and the available power plant data from Soultz-sous-Forêts. 

Table 4:  Comparison ORC-model with Soultz-sous-Forêts a: input parameter at validation, b: from energy balance of 

recuperator (Seibel, 2018) 

State point 1 2 3 4 6 7 8 10 

Tmodel [°C] 24,9 26,7 38,3 118,8 120a 47,8 32,2 24,9 

TSoultz [°C] 24,2 26,5 38,1 111,2 118,4 50,8b 34,0 24,2 

pmodel [bar] 3,5a 28,9a 28,4 27,8 27,2 3,7 3,6 3,5 

PSoultz [°C] 3,5 28,9 28,2 26,6 26,4 - 3,6 3,5 

hmodel [kJ/kg] 2588 264,6 293,0 531,5 696,1 629,1 600,7 258,8 
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hSoultz [kJ/kg] 257,0 264,1 292,5 502,3 696,3 632,3b 603,9 257,0 

HE-surface area APH Aevap Acond Arecup     

Model 401m2 148m2 6485m2 93m2     

Soultz 338m2 168m2 - -     

Power PPumpe Pturbine PGenerator PFan     

Model 167kW 1874kW 1761kW 112kW     

Soultz ≈150kW 1810kWc 1725kW 120kW     

Mass flow 𝒎̇𝑾𝑴 𝒎̇𝒂𝒊𝒓       

Model 27,9kg/s 970kg/s       

Soultz 28,3kg/s 1040kg/s       

 

Isobutane is chosen as the working medium for modelling as in the real power plant. The NIST database 

(Lemmon & Jacobsen, 2004) is used to determine the substance properties. All information about the 

different working medium states is derived from the equations of state for isobutane according to 

(Bäcker & Wagner, 2006). Viscosity and thermal conductivity are determined using expressions valid 

for isobutane according to (Vogel, Küchenmeister, & Bich, 2000) and (Perkins, 2002). The temperature, 

pressure and enthalpy values shown are rounded to one decimal place. All pressures are given as 

absolute pressures, i.e. the sum of ambient pressure and overpressure in the plant. To carry out the 

validation, the pressure levels before and after the feed pump (points 1 and 2) are firmly defined in 

the model according to the present comparative values. For the validation of the model against Soultz-

sous Forêts data, no combined heat and power generation is considered, since only electricity 

generation takes place there. The state points 5 and 9 are not considered because there are no 

comparative values for them. At state point 7, temperature and enthalpy in the real power plant can 

be estimated from an energy balance around the recuperator. The thermal water temperature at the 

power plant entrance is 160°C and about 70°C at the exit. The mass flow of the geothermal fluid 

corresponds to 33.3 kg/s and its pressure is between 2200 and 2250 kPa (Seibel, 2018) (Turbodem, 

2015). The salinity of the thermal water is considered according to Table 5. 

Table 5:  Salinity of thermal water at DESTRESS-locations, a: (Sanjuan, et al., 2016); b: (Kft., Geo-Log, 2012) c: (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018), TDS: total 

dissolved solids 

Location Na [g/ l] K [g/l] Ca [g/l] Cl [g/l] TDS [g/l] 

Soultz-sous-Forêtsa 28,1 3,2 7,2 58,6 99,0 

Mezöberényb 1,9 ≈0 ≈0 0,3 6,6 

Oberrheingrabenc 38,2 3,3 7,8 78,0 127,3 

In general, the temperature, pressure and enthalpy values show good agreement between the model 

and the comparative data: The percentage differences between model and real data are less than 5% 

everywhere and are significantly lower in most places. 

Regarding temperatures, the maximum deviation is almost 2% at state point 4 related to values in the 

unit Kelvin. This difference is due to the modelling of the evaporator. Simplified, it is assumed that 
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state point 4 lies exactly on the boiling line of the working medium. In fact, the working medium leaves 

the preheater with a lower temperature and is heated in the evaporator up to the boiling line. A larger 

preheater area and correspondingly smaller evaporator area in the model can therefore be expected 

compared to the power plant data. In fact, this behaviour can be observed when comparing the heat 

exchanger surfaces in Table 4. The temperatures at points 1 and 10 of the model are larger than the 

power plant data. In the presented model, sub cooling in the condenser is neglected as mentioned 

above. Therefore, the working medium is just condensed out at points 1 and 10 in the model, while in 

fact it is slightly undercooled. Accordingly, the deviation observed there appears plausible and, with 

an enthalpy increase of about 1%, represents a negligible influence on the model results. 

The pressure values of the model deviate by up to 5% from the state points of the power plant in 

Soultz-sous-Forêts, because the pressure losses in evaporator, condenser and recuperator are 

estimated to be 2% (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus 

Tiefengeothermie in Deutschland, 2018). The deviations result mainly from the neglect of the pressure 

losses in the recuperator. They are tolerable due to the low influence of the pressure on the specific 

enthalpy of the working medium compared to the temperature. The differences in the enthalpy values 

correspond approximately to those of the temperature values and are therefore justified and 

acceptable. 

For the heat transfer surfaces in Table 4, the maximum deviation is approximately 17 %, with data 

available only for the preheating and evaporation sections of the evaporator. One reason for the 

deviation has already been discussed above. Another factor is the geometry parameters selected, such 

as the pipe diameter, which have a strong influence on the determined area. Therefore, greater 

uncertainties are to be expected for the heat exchanger surfaces than for the state points. By changing 

the choice of geometry parameters, these could be adapted to the existing conditions in Soultz-sous-

Forêts but would not gain increased significance for other locations. Furthermore, there is no usable 

data available on the geometry parameters of the heat exchangers used, because ORC plants for 

geothermal applications are usually handed over turnkey by the supplier. Therefore, the differences 

are acceptable. Good agreement between model and real power plant is achieved with less than 7% 

difference for the determined performances of turbine, generator and fan of the air-cooling tower. For 

the feed pump, the deviation of almost 19% is significantly greater, but the comparative value of the 

real power plant is also subject to uncertainties (Seibel, 2018). The mass flows of working medium and 

cooling air in the model and in reality, correspond sufficiently well with a deviation of less than 10%. 

All in all, the real conditions at the Soultz-sous-Forêts power plant site are precisely mapped by the 

model. Larger deviations only appear for the determined heat exchanger surface areas of preheater 

and evaporator, whereby a large part of the deviation results from the idealized separation between 

the two heat exchangers in the model and the selected geometry parameters. 

In addition to validation data from the DESTRESS site Soultz-sous-Forêts, comparative data are 

available from a simulation model validated against real operating data of the geothermal power plant 

Oberhaching (Eyerer, 2018), which is operated by Erdwärme Grünwald GmbH. In general, there are 

good similarities with deviations of less than 10 %. Even the few available real operating data from the 

same location (Eyerer, et al., 2017) can be mapped well with the power plant model described in 

section 3.1.3.1. Particularly, the achievable power plant output at given thermal water parameters 

corresponds sufficiently precisely to the real data. 

3.1.3.3 Monte-Carlo-approach for power-plant optimization 

A large number of technical parameters must be defined for the design of the individual components 

and their interaction in the ORC. Among other things, the pressure levels before and after the feed 
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pump, the maximum overheating, the size of the recuperator, the composition of the working medium 

and the injection temperature of the thermal water must be defined. These parameters result in 

overriding properties of the ORC, such as pump and turbine performance, working medium mass flow 

and heat transfer surfaces. Almost all process parameters of the ORC have not only technical but also 

economic consequences, i.e. they influence not only the performance of the system but also its price. 

Therefore, the selection of an ORC system that is technically and economically optimal is a complex 

task and the exact numerical solution requires a great deal of effort. This problem is addressed in the 

present study with the help of the Monte Carlo method. The Monte Carlo method is a powerful tool 

for solving problems where analytical approaches fail or can only be implemented with considerable 

effort. It is used for quantitative analysis in various scientific disciplines. The basis for this is a large 

number of similar random experiments. The aim is the analysis of the system behavior in random 

experiments. From the results obtained, conclusions can be drawn about the real system behavior. 

(Dunn & Shultis, 2011). If the method is used in a simulation, the term Monte Carlo simulation is used 

(Dunn & Shultis, 2011). 

To implement this approach, the pressure levels at state points 1 and 2, the temperature at state point 

6, the recuperated internal energy between state points 7 and 8 and the outlet temperature of the 

thermal water from the evaporator are defined as degrees of freedom in the present model. These are 

varied randomly and independently of each other, so that any plant design with all resulting variables 

is created. Table 6 provides an overview of the different degrees of freedom of the Monte Carlo 

approach with their upper and lower limits. All parameters are equally distributed within the assigned 

upper and lower limits. 

Table 6:  Overview Monte-Carlo-parameters power plant 

Parameter Upper limit Lower limit 

𝑝1 0,5𝑝2  𝑝(𝑋 = 0, 𝑇𝑎𝑖𝑟,𝑖𝑛) 

𝑝1  

If      𝑇𝑇𝑊,𝑖𝑛 − ∆𝑇𝑚𝑖𝑛 < 𝑇𝑐𝑟𝑖𝑡 − ∆𝑇𝑚𝑖𝑛 

        𝑝(𝑋 = 1, 𝑇 = 𝑇𝑇𝑊,𝑖𝑛 − ∆𝑇𝑚𝑖𝑛) 

Else 𝑝(𝑋 = 1, 𝑇 = 𝑇𝑐𝑟𝑖𝑡 − ∆𝑇𝑚𝑖𝑛) 

1,5𝑝1 

𝑇6  𝑇𝑇𝑊,𝑖𝑛 − ∆𝑇𝑚𝑖𝑛   𝑇(𝑋 = 1, 𝑝2 ∗ 𝜁𝑒𝑣𝑎𝑝 ∗ 𝜁𝑐𝑜𝑛𝑑) 

∆ℎ7,8  Pinch-analysis 0𝑘𝐽/𝑘𝑔 

𝑇𝑇𝑊,𝑜𝑢𝑡  𝑇𝑇𝑊,𝑖𝑛 − 50𝐾  55°𝐶 

Altogether, the generation of many different concrete design options replaces a numerical 

optimization of the ORC. If enough different possibilities are considered, a design, which is sufficiently 

close to the actual optimal solution, can be assumed. An exact determination of the necessary number 

of iterations to determine the optimal power plant design with regard to the electricity generation 

costs is not possible. Methods such as those described by (Driels & Shin, 2004) refer to the 

determination of the number of iterations necessary for the mean value of the results of a Monte Carlo 

simulation to be sufficiently close to the mean value of the same Monte Carlo simulation with an 

infinite number of repetitions. In the present case, however, no expected value for the electricity 

production costs is sought, but rather the technically and economically optimal power plant design. 

Therefore, the number of power plant designs evaluated in the overall model is limited upwards by 

the following considerations: The Monte-Carlo method is used for power plant designs in order to save 

iterations and thus computing time compared to a heuristic optimization as in (Welter, Technisch-

ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018). In addition 
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to the application for the DESTRESS research project, the model is also intended for estimating 

electricity production costs in early phases of project development in the corporate environment and 

must therefore deliver results in a limited time. For this reason, the number of evaluated power plant 

designs is limited to 1000 per site. 

3.2 Economic model 
Figure 12 shows a schematic representation of the overall model for the technical-economic evaluation 

of a geothermal energy utilisation plant, considering uncertainties and risk factors, as set out in the 

present study. 

The technical part of the model, which is divided into power plant, thermal water circuit (TW circuit) 

and reservoir, is shown in the middle. The thermal water parameters are passed on the interfaces 

between the individual technical models, so that the flow of geothermal fluid from the reservoir 

through the production well into the power plant and subsequently through the injection well back 

into the reservoir is mapped in the model. Within the technical sub-models, all system properties 

required for economic evaluation are determined and passed on to the corresponding economic sub-

models. These can be found in the right part of Figure 12. In the power plant model, for example, the 

heat exchanger surfaces and component power are relevant for cost estimation. Within the economic 

sub-models, the investment and operating costs of the power plant, thermal water cycle and reservoir 

are determined. With the help of these costs and the technical properties of the system, the “Levelized 

costs of electricity” (LCOE) are calculated and used for the technical-economic evaluation of the overall 

system. Additionally, other KPI well known from financial mathematics are calculated within the 

techno-economic model (see chapter 4.2). The LCOE are calculated according to context (28). The 

calculation of the net electricity production costs enables an economic comparison of different types 

of electricity generation. (IEA; NEA; OECD, 2015) 

𝐿𝐶𝑂𝐸𝑛𝑒𝑡 =
𝐼0+𝑍+∑ (1+𝑖)−𝑡𝑡𝑚𝑎𝑥

𝑡 ∗(𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛−𝑅)

∑ (1+𝑖)−𝑡𝑡𝑚𝑎𝑥
𝑡 ∗𝜏𝑣∗𝑃𝑒𝑙,𝑛𝑒𝑡 

  (28) 

𝐼0 stands for the investment costs and 𝑍 for the interest during the construction period. Due to the 

time lag between the start of the construction and the commissioning of the power plant, the 

investment costs are incurred before the start of the period under consideration (𝑡𝑚𝑎𝑥). They are 

referenced to the beginning of the period under consideration by means of the construction period 

interest rate 𝑍. The calculatory interest rate 𝑖 of 7%, including income taxes, is estimated using the 

method of (Konstantin, 2017). For a detailed description of this procedure, please see (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018). 

𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 describes the operating costs in relation to an operating year. 𝑅 stands for heat revenue 

from cogeneration. Furthermore, 𝑣 symbolizes the annual full load hours for power generation at the 

power plant and 𝑃𝑒𝑙,𝑛𝑒𝑡 its net electrical output, meaning the power fed into the grid minus its own 

consumption. The cost items in equation (31) consist of the costs of the three components of the 

overall system. Revenues only accrue in the power plant part: 

𝐼0 = 𝐼0
𝑃𝑜𝑤𝑒𝑟𝑝𝑙𝑎𝑛𝑡

+ 𝐼0
𝑇𝑊𝑐𝑖𝑟𝑐𝑢𝑖𝑡 + 𝐼0

𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟  (29) 

𝑍 = 𝑍𝑃𝑜𝑤𝑒𝑟𝑝𝑙𝑎𝑛𝑡 + 𝑍𝑇𝑊𝑐𝑖𝑟𝑐𝑢𝑖𝑡 + 𝑍𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟   (30) 

𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝑃𝑜𝑤𝑒𝑟𝑝𝑙𝑎𝑛𝑡

+ 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝑇𝑊𝑐𝑖𝑟𝑐𝑢𝑖𝑡 + 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟   (31) 

𝑅 = 𝑅𝑃𝑜𝑤𝑒𝑟𝑝𝑙𝑎𝑛𝑡  (32) 



IGEM – Integrated geothermal energy model 51 

 

The basis for the calculation cost items for each technical sub-model is explained in Section 3.2.2.1 for 

the power plant, in section 3.2.2.2 for the thermal water cycle and in Section 3.2.2.1 for the reservoir. 

The calculated annual costs and revenues are modified over the period under consideration with the 

aid of nationally resolved producer price indices (EUROSTAT, 2018a) or consumer price indices 

(EUROSTAT, 2018b) in order to consider price increases over the period under consideration. 

Particularly for systems with fixed electricity remuneration, it may be more economical to purchase 

the electricity required for pumps and other consumers instead of producing it yourself. Therefore, in 

addition to the net LCOE, the gross LCOE are also calculated according to equation (33). 

𝐿𝐶𝑂𝐸𝑔𝑟𝑜𝑠𝑠 =
𝐼0+𝑍+∑ (1+𝑖)−𝑡𝑡𝑚𝑎𝑥

𝑡 ∗(𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛+𝐶𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦−𝑅)

∑ (1+𝑖)−𝑡𝑡𝑚𝑎𝑥
𝑡 ∗𝜏𝑣∗𝑃𝑒𝑙,𝑔𝑟𝑜𝑠𝑠 

  (33) 

For this purpose, the costs for the purchased electricity (𝐶𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦) are considered in the electricity 

meter and all costs are referred to the gross electrical output 𝑃𝑒𝑙,𝑔𝑟𝑜𝑠𝑠. 

For pure heat generation, the “Levelized costs of heat” (LCOH) are calculated instead of LCOE. As in 

the case of gross electricity generation cost, electricity must be purchased for the consumers (pumps 

and condenser fans) in the case of pure heat generation. Since no own demand for heat of the power 

plant is considered, the distinction between net and gross LCOH is omitted. 

𝐿𝐶𝑂𝐻 =
𝐼0+𝑍+∑ (1+𝑖)−𝑡𝑡𝑚𝑎𝑥

𝑡 ∗(𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛+𝐶𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦−𝑅)

∑ (1+𝑖)−𝑡𝑡𝑚𝑎𝑥
𝑡 ∗𝜏𝑣∗𝑄̇ 

  (34) 

𝑉 stands here for the full load hours regarding the heat generation of the power plant. 

3.2.1 Module costing approach 
The investment costs are calculated using the module costing technique (MCT), which was originally 

developed for estimating the costs of chemical plants (Turton, Bailie, Whiting, Shaeiwitz, & 

Bhattacharyya, 2013). The method is also widely used for energy plants, such as ORC plants in (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018), 

(Schlagermann, 2014), (Astolfi, 2014), (Collings, Yu, & Wang, 2016 ), (Wang, Li, Li, & Wu, 2015) and 

(Toffolo, Lazzaretto, Manente, & Paci, 2014). According to (AACE, 2016), such estimates differ from 

real costs by about -20% to +30%. The methodology is explained in Section 3.2.2.1 page 53 following 

(Toffolo, Lazzaretto, Manente, & Paci, 2014) and (Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 

2013). 

3.2.2 Cost engineering approaches for the technical sub-models 
In the following the different cost engineering approaches for the single sub-models are explained. As 

far as possible, the above explained module costing approach is used. If no data from literature was 

available or could not be deducted from existing plants, other approaches had to be found. Besides 

the main technical models “Power/heat plant”, “Thermal water circuit” and “Reservoir” a special focus 

is put on the approaches for stimulation costs and the line shaft pump, as these correlations didn’t 

receive much attention in techno-economic modelling for geothermal energy systems, yet. 

3.2.2.1 Power/Heat plant 

In this section, the various cost items relating to the power plant and the method of calculating the 

investment costs for ORC and CHP are presented together with the assumptions made. Since a power 

plant that is thermodynamically optimally tailored to the geothermal energy source is not necessarily 

the most economical solution for the power plant operator, it is essential to consider the technology 

and economy of the power plant together. For example, the integration of a recuperator for heat 
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transfer from the hot working fluid before the condenser to the cold working fluid before the preheater 

is always advantageous from a purely thermodynamic point of view. In practice, however, the price of 

the recuperator is an important decision factor. If the heat recoverable by the recuperator is more 

expensive than the promotion of geothermal energy, no investment decision is made in favour of a 

recuperator. Table 7 provides an overview of all cost items relating to the power plant, including 

categorization according to equations (28) to (32). The individual cost items are described in the 

following with the associated cost functions. 

Table 7: Overview of the power plant costs (MK: IDC=Interest during construction; STHE=shell-and-tube heat exchanger) 

 Cost item Category Cost function 𝒕𝒛 (IDC) Operating 
lifetime 

𝐈  Property 𝐼0 𝑓(𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛) 3.5 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐈𝐈  ORC 𝐼0  0.5 years  

a Turbine and 
generator 

 𝑓(𝑝𝑜𝑤𝑒𝑟)  25 years 

b Feed pump  𝑓(𝑝𝑜𝑤𝑒𝑟)  10 years 

c STHE (preheating, 
evaporation) 

 𝑓(𝑎𝑟𝑒𝑎)  10 years 

d Air condenser  𝑓(𝑎𝑟𝑒𝑎)  25 years 

e Fan  𝑓(𝑝𝑜𝑤𝑒𝑟)  25 years 

𝐈𝐈𝐈  CHP 𝐼0  0.5 years  

a STHE  𝑓(𝑎𝑟𝑒𝑎)  10 years 

b Boiler  𝑓(𝑝𝑜𝑤𝑒𝑟)  25 years 

𝐈𝐕  Preliminary 
planning 

𝐼0  5 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

a Project 
management 

 0.06 ∗ (𝐶𝐼 + 𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼)   

b Approval  50,000 EUR   

c Energy concept  100,000 EUR   

𝐕  Technical 
planning 

𝐼0 0.015 ∗ (𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼) 2 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐕𝐈  Assembly 
insurance 

𝐼0 0.002 ∗ (𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼) 2 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐕𝐈𝐈  Maintenance 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 0.03 ∗ (𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼) - - 

𝐕𝐈𝐈𝐈  Staff 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 130,000 𝑡𝑜 180,000 𝐸𝑈𝑅 - - 

𝐈𝐗  Insurance 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 0.006 ∗ (𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼) - - 

𝐗  Other 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 0.01 ∗ (𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼) - - 

XI  Heat revenue 𝑅 𝑓(𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛) - - 
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For all investment costs, in addition to the costs themselves, the approximate time of completion  

𝑡𝑧 is also shown in Table 7, which is necessary for the calculation of the accrued interest 𝑍 for the 

construction period. The interest during construction (IDC) from equation (30) is determined with 

relation (35) (Konstantin, Praxisbuch Energiewirtschaft, 2017). 

𝑍 = 𝐼0 ∗ [(1 + 𝑖)𝑡𝑧 − 1]  (35) 

In contrast to the electricity production costs for 𝑖, the real imputed interest rate without income taxes 

is used, which amounts to 4.15% in the present study (Welter, Technisch-ökonomische Analyse der 

Energiegewinnung aus Tiefengeothermie in Deutschland, 2018). The IDC describes the costs arising 

from the fact that certain investments are made before the start of plant operation. During this period, 

the money could have been invested differently and would have yielded interest. This loss of interest 

forms the IDC and thus an additional cost item. Furthermore, the operational lifetime is shown in Table 

7. If the operational lifetime of a component ends before the operating time 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 is reached, the 

module in question must be replaced and the allocated investment costs are incurred again. 

In order to validate the economic part of the power plant model, confidential data on the investment 

costs of the ORC power plant at Soultz-sous-Forêts (see chapter 3.1.3.2) are used (EnBW, 2015). The 

present model underestimates the actual costs incurred by less than 10% and thus lies within the 

expected uncertainty interval of -20% to +30% according to (AACE, 2016). Figure 28 shows the 

component costs modelled as shares of the total price. 

 

Figure 28: Modelled component costs of Soultz-sous-Forêts 

The power plant-related costs can be divided into investment and operating costs or revenues, as 

shown in Table 7. The cost functions and assumptions assigned to the respective cost positions are 

explained below. First, the module costing approach according to the methodology of (Turton, Bailie, 

Whiting, Shaeiwitz, & Bhattacharyya, 2013) is presented, which is used to determine the investment 

costs of the ORC. 

Module cost calculation according to (Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013): 

The investment costs 𝐼0 of the ORC are approximated by using the methodology according to (Turton, 

Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013). All direct and indirect costs are referred to the costs 

of the individual modules for "basic conditions". "Basic conditions" describe the use of a component 

Condensator 36%

Fan 20%Recuperator 2%

Turbine 13%

Generator 5%

Feed pump 3%

Preheater 13%

Evaporator 8%
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made of standard material (usually steel) and at a working pressure equal to the ambient pressure. 

The cost functions have the form: 

𝑙𝑜𝑔10(𝐶𝑃
0) = 𝐾1 + 𝐾2 𝑙𝑜𝑔10(𝜅) + 𝐾3(𝑙𝑜𝑔10(𝜅))2  (36) 

Here, 𝜅 is the power or area parameter of the individual module and 𝐾1, 𝐾2 and 𝐾3 are component-

specific constants. Deviations from the basic conditions are considered by the factors 𝐹𝑝 and 𝐹𝑀, which 

depend on the system pressure or construction material. The pressure factor is determined according 

to equation (37). 

𝑙𝑜𝑔10(𝐹𝑝) = 𝐶1 + 𝐶2 𝑙𝑜𝑔10(𝑝) + 𝐶3(𝑙𝑜𝑔10(𝑝))2  (37) 

𝐶1, 𝐶2 and 𝐶3 are module-specific constants, too. The component costs ("bare module cost") result 

from relationship (38). 

𝐶𝐵𝑀 = 𝐶𝑝
0 ∗ 𝐹𝐵𝑀 = 𝐶𝑝

0 ∗ (𝐵1 + 𝐵2 ∗ 𝐹𝑝 ∗ 𝐹𝑚)  (38) 

𝐵1 and 𝐵2 are component-specific weighting factors for the pressure and material factors. 𝐹𝐵𝑀 is the 

total correction factor to determine the module costs. 

Investment costs 𝑰𝟎:  

For the feed pump, preheater, evaporator, condenser, condenser fan and generator, cost functions of 

the form described above are used. For the turbine, however, an expression by (Astolfi, 2014) is used 

for a two-stage turbine where 18% of its total mechanical power is generated by the second stage. In 

this context, the term stage refers to the number of rings of the rotor blades and associated guide 

vanes of a turbine. A two-stage turbine thus has two rotors and two guide vanes each. In this study, 

the turbine is also considered simplified as a two-stage turbine of the same design. In practice, turbines 

used in ORC can also have more than two or only one stage (Astolfi, 2014). 

𝐶𝐵𝑀 = 𝐾1𝜅𝑛1 + 𝐾2 ∗ 2𝑛2  (39) 

𝐾1, 𝐾2, 𝑛1 and 𝑛2 are obtained by (Astolfi, 2014) by the regression of the curve to known design data 

of various turbines. 𝜅 is the power of the turbine. Please consult (Astolfi, 2014) for more detailed 

information. According to (Astolfi, 2014), the costs of the recuperator are also determined not with 

the help of the MCT but with an exponential expression that is derived from the manufacturer's data: 

𝐶𝐵𝑀
𝑅𝑒𝑐 = 450000 ∗ (

𝜅

1000
)

0,7
   (40) 

For the recuperator 𝜅 corresponds to the recuperator area in m2. 

For the remaining components, module-specific constants modified from (Turton, Bailie, Whiting, 

Shaeiwitz, & Bhattacharyya, 2013) are used in the present work ( (Astolfi, 2014); (Wang, Li, Li, & Wu, 

2015)). Table 1 provides an overview of the coefficients used for the ORC. The coefficients for all other 

components whose costs are determined with the help of the MCT are listed in Table 10. 

Table 8: Coefficients for module cost calculation of the ORC (Sources: (a): (Astolfi, 2014); (b) (Wang, Li, Li, & Wu, 2015);  

(c) centrifugal pump, steel; (d) steel casing, steel pipes; (e) steel pipes) 

 Pump (a) Preheater (a) Evaporator (a) Condenser (a) Fan (b) Turbine (a) 

𝑲𝟏 3.985 5.105 5.105 4.151 3.176 240,000 

𝑲𝟐 0.000294 -0.374 -0.374 0.234 -0.137 61,750 

𝑲𝟑 0.143 0.190 0.190 0.0497 0.341  
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𝒏𝟏      0.99 

𝒏𝟐      1.06 

𝜿 𝑃[kW] 𝐴[m2] 𝐴[m2] 𝐴[m2] 
𝑚̇𝐴𝑖𝑟 [

kg

s
] 𝑃[kW] 

𝑪𝟏 -3.870 -3.351 -3.351    

𝑪𝟐 2.953 1.915 1.915    

𝑪𝟑 -0.762 -0.281 -0.281    

𝑩𝟏 1.89 1.63 1.63 0.96   

𝑩𝟐 1.35 1.66 1.66 1.21   

𝑭𝒎 1.5 (c) 1 (d) 1 (d) 1 (e)   

𝑭𝑩𝑴     1  

For the components of the cogeneration or pure heat extraction, an impact factor according to 

equation (42) is considered. The preheaters and evaporators are considered separately in the cost 

estimation, since the heat exchangers in practice can often also be realized as two components. Thus, 

unwanted economies of scale are avoided through joint consideration.  

The costs of the heat exchangers for the decoupling of heat are calculated analogously to the approach 

for preheater and evaporator. To cover the heat requirement, which is not covered by the geothermal 

system, a peak-load boiler is used. Its costs are calculated according to equation (41). (Turton, Bailie, 

Whiting, Shaeiwitz, & Bhattacharyya, 2013). 

𝐶𝐵𝑀
𝐵𝑜𝑖𝑙𝑒𝑟 = 𝐶𝑝

0 ∗ 𝐹𝐵𝑀 ∗ 𝐹𝑝 ∗ 𝐹𝑇   with 𝐹𝐵𝑀 = 2 and 𝐹𝑇 = 1  (41) 

The pressure factor 𝐹𝑝 is formed for the boiler using the coefficients 𝐶1  = -0.01633, 𝐶2  = 0.056875 and 

𝐶3 = -0.00876 as described in equation (37). 𝐶𝑝
0 is calculated with the constants 𝐾1 = 2.0829, 𝐾2 = 

0.9074 and 𝐾3 = -0.0243 used in equation (36). (Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 

2013) 

The benchmark for the cost functions of (Astolfi, 2014) is US dollars in 2013 (USD2013). Therefore, the 

calculated costs are converted, using the chemical engineering plant cost index (CEPCI) as proposed by 

(Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013) to the base year 2016, which is selected in 

this paper. The same applies to the cost function for the condenser fan according to (Wang, Li, Li, & 

Wu, 2015) with reference year 2009 and for the cost correlation of the boiler according to (Turton, 

Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013) with the reference year 2001. The calculated costs 

are then expressed in USD2016, converted into euros at the exchange rate given in (BMF, 2016), so 

that the following amounts can be reported as Unit EUR2016. 

According to (Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013), in order to deduce the total 

costs for the integration of the components from the pure component costs, a surcharge of 18% for 

uncertainty, planning and handling is taken into account for small to medium-sized changes to an 

existing plant (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie 

in Deutschland, 2018). This mark-up factor is used for replacement investments at the end of the 

service life of a component. In the case of a completely new construction, a further 50% of the 

component costs are added (Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013), so that the 

total costs of the Plant can be estimated as the sum of the module costs modified with the total mark-

up factor, using equation (42). 

𝐶𝑃𝑃,𝑔𝑒𝑠 = 1,68 ∗ ∑ 𝐶𝐵𝑀,𝑖𝑖   (42) 
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As the ORC plant in the present model is taken over by the supplier on a turnkey basis in analogy to 

projects already realised, the exact costs for uncertainty, planning, handling, land development and 

periphery for the power plant are unknown (Welter, Technisch-ökonomische Analyse der 

Energiegewinnung aus Tiefengeothermie in Deutschland, 2018) and are taken into account for the 

preliminary estimate of the purchase price as shown above. 

The investment costs for the property of the power plant (point I in Table 7) are calculated according 

to the empirical equation (43), which is derived from the findings of (Welter, Technisch-ökonomische 

Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018) and (Schlagermann, 

2014). 

𝐶𝑃𝑟𝑜𝑝𝑒𝑟𝑡𝑦 = [−3 ∗ 10−5 (𝑃𝑒𝑙 +
𝑄̇𝑚𝑎𝑥

20
)

2

+ 2,4 ∗ (𝑃𝑒𝑙 +
𝑄̇𝑚𝑎𝑥

20
) − 90] ∗ 𝐶𝑆𝑢𝑟𝑓𝑎𝑐𝑒 ∗

𝑃𝐿𝐼

𝑃𝐿𝐼𝑟𝑒𝑓
  (43) 

The electrical and thermal power of the power plant is to be entered in kilowatts. Depending on the 

location, the price is modified with the corresponding price level indices (PLI) for commercial buildings 

(EUROSTAT, 2018a). PLIs for land prices are not available. Overall, land costs can only be approximated 

with great uncertainty due to the strong local price volatility. 

Point IV of Table 7 describes the costs for the preliminary planning of the geothermal plant. The power 

plant related costs for the project management in the planning phase are considered with 6% of the 

sum of costs I, II and III. A flat rate of EUR 50,000 respectively EUR 100,000 is assumed for approval 

and energy concept. 

Under cost item V, the technical planning is estimated at 1.5% of costs II and III. Under cost item VI, 

the assembly insurance is estimated at about 0.2% of the same costs. 

Operating costs 𝑪𝑶𝒑𝒆𝒓𝒂𝒕𝒊𝒐𝒏 and revenues 𝑹:  

The operating costs 𝑪𝑶𝒑𝒆𝒓𝒂𝒕𝒊𝒐𝒏 operation from Table 7, in contrast to the investment costs, are 

incurred continuously during operation and are reported as annual costs. They are thus influenced by 

price increases on the one hand and by interest rate effects on the other. The latter are considered 

according to equation (28) using the present value factor (1 +  𝑖)𝑡. Price increases are included using 

the arithmetic mean of consumer price indices between 2010 and 2017 (EUROSTAT, 2018a). The 

average value is derived from country-specific data depending on the location of the installation under 

study. 

According to (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in 

Deutschland, 2018), the operating costs of the geothermal power plant are divided into the following 

items: insurance costs against electronic and machine breakdowns accounting for 0.6% of the 

investment costs, maintenance and repair costs amounting to 3% of the investment costs, and costs 

for other operating resources accounting for 1% of the investment costs. Business interruption 

insurance accounts for 0.6% of the annual income. In addition, personnel costs are allocated to the 

power plant at a flat rate of EUR 130,000 per year for plants with a thermal output of less than 30 MW. 

The thermal capacity refers to the thermal energy extracted from the thermal water stream. Personnel 

costs of around EUR 180,000 are assumed for larger plants. These estimates are based on the values 

used in (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in 

Deutschland, 2018). 

Cogeneration of heat and power generates both electricity and heat. The latter is considered in the 

schematic of electricity production costs according to equations (28) and (32) respectively. The heat 
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revenues 𝑅 result from the amount of heat decoupled over one year multiplied by the heat-related 

full load hours of the power plant. 

3.2.2.2 Thermal water circuit 

The module costing method (Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013) (see page 54) 

is not used to calculate the price of the components of the thermal water circuit, due to the lack of 

suitable correlations. Instead, correlations according to (Welter, Technisch-ökonomische Analyse der 

Energiegewinnung aus Tiefengeothermie in Deutschland, 2018) and (Schlagermann, 2014) are used to 

determine the various cost items. Table 9 provides an overview of the investment and operating costs 

related to the thermal water circuit. The individual calculation regulations are explained in more detail 

in the following. In particular, the investment or replacement costs for the pumps (cost item II) 

represent a considerable cost factor due to the short service life of only about one year in the case of 

ESP or about four years in the case of LSP (Schröder & Schneider, 2014) compared with, for example, 

the ORC components. 

Table 9: Overview of the costs of the thermal water cycle (MK: IDC=interest during construction; ESP=electrical 

submersible pump; LSP=line shaft pump) 

 Cost item Category Cost function 𝒕𝒛 (IDC) Operating 
lifetime 

𝐈  Property 𝐼0 𝑓(𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛) 3.5 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐈𝐈  Pumps 𝐼0  1 years ESP: 1 year 
LSP: 4 years 

a Production pump  𝑓(𝑝𝑜𝑤𝑒𝑟)   

b Riser pipe  𝑓(𝑙𝑒𝑛𝑔𝑡ℎ)   

c Power cable  𝑓(𝑙𝑒𝑛𝑔𝑡ℎ)   

d Pump installation  𝑓(𝑧𝑃𝑢𝑚𝑝)   

e Injection pump  𝑓(𝑝𝑜𝑤𝑒𝑟)   

𝐈𝐈𝐈  Filter / pressure 
vessel 

𝐼0 𝑓(𝑣𝑜𝑙𝑢𝑚𝑒) 1.5 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐈𝐕  Preliminary 
planning 

𝐼0  5 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

a Project 
management 

 0.06 ∗ (𝐶𝐼 + 𝐶𝐼𝐼𝐼

+ 𝐶𝐼𝑉) 
  

b Approval  100,000 EUR  𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐕  Technical planning 𝐼0 0.015 ∗ (𝐶𝐼𝐼𝐼 + 𝐶𝐼𝑉) 2 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐕𝐈  Insurance 𝐼0  3.5 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

a Drilling risk  0.035 ∗ (𝐶𝐼𝐼𝐼 + 𝐶𝐼𝑉)   

b Lost-in-hole  280,000 EUR   

c Liability  100,000 EUR   

𝐕𝐈𝐈  Maintenance 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 0.03 ∗ (𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼) - - 

𝐕𝐈𝐈𝐈  Insurance 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 0.006 ∗ (𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼) - - 

IX  Other 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 0.01 ∗ (𝐶𝐼𝐼 + 𝐶𝐼𝐼𝐼) - - 

The costs of the thermal water circuit are divided into investment and operating costs. The associated 

cost functions and assumptions are discussed in the following section. 



IGEM – Integrated geothermal energy model 58 

 

Investment costs 𝑰𝟎:  

Cost item I is the cost of the property from which the wells to exploit the reservoir will be drilled. These 

are calculated in relation to (44). 

𝐶𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 = 𝑛𝐷𝑟𝑖𝑙𝑙𝑠𝑖𝑡𝑒𝑠 ∗ 𝐴𝐷𝑟𝑖𝑙𝑙𝑠𝑖𝑡𝑒 ∗ 𝐶𝐴𝑟𝑒𝑎 ∗
𝑃𝐿𝐼

𝑃𝐿𝐼𝑟𝑒𝑓
  (44) 

For the number of drilling sites 𝑛𝐷𝑟𝑖𝑙𝑙𝑠𝑖𝑡𝑒𝑠, the value 2 is assumed as a lump sum in this study, since 

only doublets are considered. The area required per drilling site 𝐴𝐷𝑟𝑖𝑙𝑙𝑠𝑖𝑡𝑒 is estimated at 6,000 m2. 

Furthermore, an average value of 60 
EUR

m2  is used for the property price 𝐶𝐴𝑟𝑒𝑎 (Seitz, 2015). Depending 

on the location, the price is modified with the corresponding price level indices (PLI) for commercial 

buildings as in the cost function of the land for the power plant (EUROSTAT, 2018c). 

According to (Schlagermann, 2014), the costs for the ESP production pump under point II of Table 9 

are determined in kilowatts depending on its hydraulic power 𝑃hyd with the aid of empirical correlation 

(45). 

𝐶𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑝𝑢𝑚𝑝 = 14,000 ∗ 𝑃ℎ𝑦𝑑
0,68 with 𝑃ℎ𝑦𝑑 = 𝑉̇ ∗ ∆𝑝  (45) 

The hydraulic power is calculated as the product of the volume flow and the pressure difference of the 

fluid conveyed. 

In addition, there are the costs for the riser pipe, the pipe section between the earth's surface and the 

pump. These result from the product of the installation depth of the pump 𝑧𝑃𝑢𝑚𝑝 (50 m below the 

static water level) and the length-specific costs of about 80 
EUR

m
 (Schlagermann, 2014). Furthermore, 

the costs for the power cable of an ESP are considered if such a cable is used: 

𝐶𝑃𝑜𝑤𝑒𝑟𝑐𝑎𝑏𝑙𝑒 = 𝑧𝑃𝑢𝑚𝑝 ∗ (80 + 0.02 ∗ 𝑃𝐻𝑦𝑑)  (46) 

The cost of installing the pump is shown in Equation (47). 

𝐶𝑃𝑢𝑚𝑝𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 = 10,000 + 5,000 ∗ (4 +
𝑧𝑃𝑢𝑚𝑝

250
)  (47) 

With the help of the MCT according to (Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013), the 

investment costs of the injection pump are determined under cost item II. Table 10 shows the 

coefficients used. However, in the first step the component costs 𝐶𝐵𝑀 are estimated according to 

equation (48). 

𝐶𝐵𝑀
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛𝑝𝑢𝑚𝑝

= 1,500 ∗ 𝜅0.48  (48) 

The filters respectively the pressure vessels are listed under cost item III. A total of four of these are 

used. Their price is estimated with the help of the MCT according to (Turton, Bailie, Whiting, Shaeiwitz, 

& Bhattacharyya, 2013). The coefficients used are listed in Table 10. The pressure factor for the filters 

respectively for the pressure vessels is calculated using equation (49) (Turton, Bailie, Whiting, 

Shaeiwitz, & Bhattacharyya, 2013). 

𝐹𝑝 = (
(𝑝+1)∗𝑑

2∗[850−0.6∗(𝑝+1)]
+ 0.00315) ∗

1

0.0063
  (49) 

Where d stands for the diameter and p for the pressure of the components. Their volume is estimated 

using the continuity equation and the assumption of a flow velocity of 0.15 
m

s
. The volume of the 

components is then calculated from the pressure of the components. 
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Table 10: Coefficients for module cost calculation of the thermal water circuit ((a) (Turton, Bailie, Whiting, Shaeiwitz, & 

Bhattacharyya, 2013); USD2001) 

 Injection pump (a) Pressure vessel (a) 

𝑲𝟏  3.4974 

𝑲𝟐  0.4485 

𝑲𝟑  0.1074 

𝜿 𝑃 [kW]  𝑉 [m3]  

𝑪𝟏 0.3935  

𝑪𝟐 0.3957  

𝑪𝟑 -0.00226  

𝑩𝟏 2.25 2.25 

𝑩𝟐 1.82 1.82 

𝑭𝒎 1.77 (c) 1.77 

Either all other investment costs under points IV to VI are approximated with lump sums or with lump 

sums depending on the investment costs I, II and III (see Table 9). 

Operating costs 𝑪𝑶𝒑𝒆𝒓𝒂𝒕𝒊𝒐𝒏:  

In relation to the thermal water circuit, the costs for maintenance, insurance and other operating costs 

are considered as operating costs. All cost items are calculated pro rata to the investment costs. The 

costs for maintenance amount to 3% of the cost items II and III from Table 9. 0.6% of the same 

investment costs are due for insurance and a further percentage for other operating costs (see Table 

9). 

3.2.2.3 Reservoir 

All costs associated with the reservoir are listed in Table 11. As with the other sub-models, the various 

cost items in the reservoir are broken down into investment and operating costs. In the following, the 

individual cost items with the associated estimates respectively cost functions from Table 11 are 

explained. The costs are estimated on the basis of (Welter, Technisch-ökonomische Analyse der 

Energiegewinnung aus Tiefengeothermie in Deutschland, 2018) and (Schlagermann, 2014), whose cost 

information is largely derived from expert knowledge in the geothermal sector. 

Table 11: Overview of reservoir costs (MK: IDC=interest during construction) 

 Cost item Category Cost function 𝒕𝒁 (IDC) Operating 
lifetime 

𝐈  Exploration 𝐼0  4 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

a Purchase / analysis of 
existing data 

 180,000 EUR   

b 3D seismics  25,000 
EUR

km2   

𝐈𝐈  Exploitation 𝐼0  2 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

a Drilling costs  𝑓(𝑝𝑜𝑤𝑒𝑟)   

b Exploitation drilling 
site 

 250,000 EUR   

c Setup drilling place  250,000 EUR   



IGEM – Integrated geothermal energy model 60 

 

d Moving drilling 
equipment 

 60,000 EUR   

e Recultivation drilling 
site 

 50,000 EUR   

f Stimulation  1,100,000 EUR   

g Borehole 
measurements 

 65 
EUR

m
   

h Circulation test  350,000 EUR   

i Production test  150,000 EUR   

𝐈𝐈𝐈  Project management  0.06 ∗ (𝐶𝐼 + 𝐶𝐼𝐼)   

𝐈𝐕  Technical planning 𝐼0 0.015 ∗ (𝐶𝐼𝐼𝑎 + 𝐶𝐼𝐼𝑒) 2.5 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐕  Seismic monitoring 𝐼0 150,000 EUR 3.5 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐕𝐈  Public relations work 𝐼0 100,000 EUR (until 
start of operation 

annually) 

4 years 𝑡𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 

𝐕𝐈𝐈  Seismic monitoring 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 40,000 EUR - - 

𝐕𝐈𝐈𝐈  Maintenance 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 0.005 ∗ (𝐶𝐼𝐼𝑎 + 𝐶𝑉) - - 

𝐈𝐗  Liability insurance 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 90,000 EUR - - 

X  Public relations work 𝐶𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 40,000 EUR - - 

 

Investment costs 𝑰𝟎:  

Most of the investment costs related to the reservoir are estimated using lump sum costs or as shares 

of other cost items ( (Schlagermann, 2014); (Welter, Technisch-ökonomische Analyse der 

Energiegewinnung aus Tiefengeothermie in Deutschland, 2018)). The costs for the exploration of the 

reservoir (point I) are composed of a lump sum of 180,000 EUR and the costs for the construction of a 

3D seismic survey of about 25,000 
EUR

m2 . According to (Welter, Technisch-ökonomische Analyse der 

Energiegewinnung aus Tiefengeothermie in Deutschland, 2018), the seismic area to be covered in 

square kilometres is approximated with the help of the (50) context. 

𝐴𝑆𝑒𝑖𝑠𝑚𝑖𝑐 = (𝑧𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔
𝑚𝑎𝑥 + 4 + ∆𝑥) ∗ (∆𝑥 + 4)  (50) 

∆𝑥 symbolizes the distance between the production and injection wells. This distance is estimated with 

the distance at the deepest point of the borehole, the depth of which is determined by 𝑧𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔
𝑚𝑎𝑥 . 

Under cost item II, which covers the costs for the exploitation of the reservoir, mainly lump sum 

estimates according to (Welter, Technisch-ökonomische Analyse der Energiegewinnung aus 

Tiefengeothermie in Deutschland, 2018) are used. Only the measurements of the borehole (cost item 

IIg) are related to the length of the two boreholes and are given as 65 
EUR

m
 . In addition, the drilling 

costs, which constitute a decisive cost item, are estimated in more detail. Equation (51) describes the 

cost correlation used. 

𝐶𝐷𝑟𝑖𝑙𝑙𝑖𝑛𝑔 = 1.1 ∗ 106 ∗ 𝑒𝑥𝑝(5 ∗ 10−4 ∗ 𝑠)  (51) 

Where 𝑠 stands for the drilled section (MD). For illustration, please refer to Figure 19. 
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Project management (point III) and technical planning (point IV) are estimated at 6% of cost items I 

and II and 1.5% of cost items IIa and IIe respectively. Seismic monitoring under cost item V requires 

investment costs of approximately EUR 150,000. For public relations work, supporting public 

acceptance of the geothermal project, annual expenditure of EUR 100,000 is to be expected from 4 

years before the start of production. 

Operating costs 𝑪𝑶𝒑𝒆𝒓𝒂𝒕𝒊𝒐𝒏: 

In addition to investment costs, operating costs are incurred for the seismic monitoring of the 

reservoir. These costs are estimated at around EUR 40,000 (Point VII in Table 11). Furthermore, the 

boreholes and all equipment must be kept operational. Therefore, the maintenance costs are about 

0.5% of the sum of the investment costs IIa and V per year. The costs of a liability insurance are about 

90,000 EUR per year. Eventually, the public relations work must be continued during operation. For 

this purpose, approximately EUR 40,000 per year are required. ( (Welter, Technisch-ökonomische 

Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018); (Schlagermann, 2014)) 

3.2.2.4 Costs of soft stimulation measures 

Cost functions as presented in chapter 3.2 are normally based on data given by finalized projects. In a 

retro perspective, often through regression analysis, functions/approaches are developed that can 

give the historical data points. For the DESTRESS project (Reith, Hehn, Mergner , & Kölbel, 2017) 

presented cost functions based on the experience of projects in France. Since until the submission date 

of this report, no soft stimulations measures were conducted in the DESTRESS project, the already 

presented cost functions must be used.  

3.2.2.5 Costs of Line shaft pumps 

Available LSP technology on the market  

A downhole geothermal Line Shaft Pump is a vertical centrifugal pump driven by a motor installed on 

surface through a shaft. Lineshaft vertical pumps were first developed in the early 1900s for pumping 

shallow water wells mainly for agriculture in Western United States. The very first application of 

downhole geothermal LSPs was at the world’s first binary power plant in East Mesa, California in the 

late 1970s. Unfortunately, these units were nothing more than simple water well pumps and had failed 

after a month of operation. Thus, the design of the downhole geothermal LSP has evolved over the 

years with greater resistance to wear, deeper settings, higher temperatures and greater pump life.  

The wide use of LSP in water wells became possible after the development and adaption of an oil 

lubrication system for LSP. Currently, there are about 190 downhole geothermal LSP in operation in 

California, Nevada, Utah and Idaho, and very few pumps in the rest of the world (Germany, France, 

Japan and Mexico). All these pumps are designed by FROST CONSULTING/ITT GOULDS with oil 

lubricated bronze bearing (Frost, 2010). 

In the 1980s the geothermal utilization in Iceland increased with a focus on district heating application 

with medium enthalpy geothermal resources. Icelandic engineers (FLOWAYS) therefore have 

developed an alternative to the oil lubricated bronze bearing, based on water lubricated Teflon 

bearing. By using water, this technology has a lower impact on the environment compared to oil 

lubrication. Bowl assembly is based on FLOWAYS design, operating at higher speed than ITT GOULDS 

design. Currently, there is about 100 Downhole geothermal LSP in operation in Iceland and some in 

other countries. Unfortunately, Icelandic Downhole LSPs are limited to 300 m setting depth, whereas 

ITT DOULD pumps can be operated up to 735 m depth. 
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In central European conditions i.e. the Upper Rhine Graben, most downhole production pumps are 

installed at a depth below 300 m, therefore ITT GOULDS LSP is the only LSP available on the market for 

such operating conditions. The first oil lubricated downhole geothermal LSP in Europe was put in 

operation in 2007 in Landau, followed in 2012 by Insheim and in 2016 by Rittershoffen and Soultz-

sous-Forêts. Some experiences with Icelandic LSP were carried out at Soultz-sous-Forêts from 2008 to 

2012 but with a very limited success (Ravier, Graf, & Villadangos, Operating a lineshaft production 

pump in a small pump chamber under highly aggressive geothermal fluid conditions: results from the 

Soultz EGS site, 2015). 

CAPEX 

Capital expenditure related to LSP of the geothermal heat plant at Rittershoffen was investigated in 

detail by ES-Géothermie. CAPEX in euros for such pump installed in Europe was estimated in following 

formula (52) using the rule of six-tenths. In this formula, CAPEX includes strainer, pump, lubstring, 

production column, discharge wellhead, wellhead thermal compensator, surface pump supporting, 

electrical motor, frequency driver, lubrication system and connection, installation preparation, 

installation at depth and start-up. 

𝐶𝐴𝑃𝐸𝑋(𝑧, 𝑃ℎ𝑦𝑑𝑟𝑜)  =  470000 + 700 × 𝑧 + 225000 × (
𝑃ℎ𝑦𝑑𝑟𝑜

450
)0.67  (52) 

Where z is the setting depth in meters and Phydro the hydraulic power of the pump in kW. 

OPEX 

Electrical consumption is the main operating cost position. After nearly 3 years of operation, overall 

efficiency of the LSP installed at Rittershoffen, including the electrical motor and surface cables, can 

be calculated to 70%. Other operating costs are related to oil bearing consumption and maintenance 

of surface equipment. Annual oil consumption for the lubrication of the bearings is about 40 barrels 

per year in 2018. The oil injected is dispersed into the cased wellbore, floats on top of the water level 

and is recovered every four months during a half day of shut down. The oil for lubrication represents 

an operational expenditure of nearly 16 k€ per year including oil recycling. During geothermal plant 

shut down every 4 months, motor and lineshaft must be uncoupled and coupled during start-up 

procedure. Therefore, crane and maintenance operations are required, representing about 6 k€ per 

shut down over 1 day. The surface mechanical seal must be replaced every two years, which costs 

about 6 k€ for the spare part. Bearings of the electrical motor also must be replaced every 5 years 

during a long shut down period. The costs of such an operation sum up to nearly 15 k€. Based on this 

data, annual OPEX of downhole geothermal LSP can be estimated with formula (53).  

𝑂𝑃𝐸𝑋(𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔, 𝑃𝑒𝑙𝑒𝑐 , 𝑃ℎ𝑦𝑑𝑟𝑜 ) =
𝑃ℎ𝑦𝑑𝑟𝑜

0.7
× 𝑃𝑒𝑙𝑒𝑐 × 𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 +  28000€ 

Where z is the setting depth in meters and Phydro the hydraulic power of the pump in kW. 

Assumptions on operational life in comparison to ESP 

Oil lubricated downhole production line shaft pumps have a typical operational life time of 10 to 15 

years in a non-hostile environment. Under the conditions faced in central Europe i.e. the Upper Rhine 

Graben, a minimum service life of 4 years can be achieved, like in Landau (Frost, Case History of the 

Lineshaft Downhole Geothermal Pump in Ladau, 2013). As a comparison an electrical submersible 

pump (ESP) was tested at Soultz-sous-Forêts in 2008 and failed after 10 months of operation. ESP 

manufacturers never published data on the service life of their products under harsh conditions as 

faced in the Upper Rhine Graben. In contrast, the service life of ESP in the Bavarian area, with lower 

downhole temperatures of about 140°C, increases to 2-3 years. Based on the experience of different 
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operators in that area, this seems to be the highest lifetime. According to literature data this is also an 

average for the Hoteline 550 ESP of Schlumberger (Lobianco & Wardani, 2010). 

3.2.3 Adaption of the model to different European markets 
The adaption of the financial mathematics calculation to the different European countries is done on 

three levels.  

The calculated annual costs and revenues are modified over the period under review using nationally 

resolved producer price indices (EUROSTAT, 2018a) or consumer price indices (EUROSTAT, 2018b) in 

order to take price increases into account over the period under review. 

Comparative European price level indices (PLI) for the industrial category “machinery and equipment” 

(EUROSTAT, 2018c) are used to adjust the calculated investment/operation costs to different European 

markets. The cost functions refer to the European average of the European Union in its current 

composition (EU28), to which 100% is assigned as an index. For the individual European markets, the 

respective costs are calculated by multiplying them by the corresponding PLI determined through the 

choice of the country. 

Furthermore, for the calculation of reference heat prices a gas boiler is used. Heat supply with boilers 

generates fuel costs which are considered by the site-specific gas price for industrial customers 

(EUROSTAT, 2018d). 
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4 Framing the problem 

4.1 Framing the problem – clarification of the term 
‘Framing the problem’ is the first step in the Decision & Risk Analysis business process that companies 

apply when defining a new project or investment opportunity (see Figure 4 on page 10). ‘Framing’ 

consists of articulating the nature of the opportunity and how to analyse its technical and economic 

feasibility. It starts by the company’s Decision Board’s (management team’s) recognizing the situation 

and approving the proposal of further analysing and maturing the opportunity. To this end, they will 

have to approve spending manpower resources to study the opportunity and report back to 

management. In principle, resources will only be committed for completing the work until the next 

step or ‘Decision Gate’, at which time a new decision can be made to pursue the opportunity and 

commit additional resources.  

Typically, the first decision gate (DG1) following the approval of project initiation (DG0) is to approve 

the ‘frame’ of the analysis, i.e. which decision alternatives to compare, which uncertainties to consider, 

and how to set up the subsequent detailed decision-analytical process. Issues such as which decision 

criteria to use, which strategic considerations to consider (i.e. alignment with the company portfolio 

of projects), the decision timeline and decision hierarchy are also reviewed and agreed. Moreover, the 

analytical tools to be used will have to be agreed, including how to do the final sensitivity analysis, how 

to re-define the frame following the sensitivity analysis in order to analyse any risk mitigation measures 

and/or options that can capture the upside value of the project, how to compare the quantified 

performance predictions associated with the various decision alternatives, and how to include non-

quantitative issues such as social acceptance, political risk, etc.  

For a first sensitivity analysis of which decision alternatives are to be included in the frame, a qualitative 

ranking of the alternatives is often made. For example, alternatives 1 - n are scored qualitatively in 

terms of relative expected benefit (on short-term production / cash, on longer-term performance such 

as cashflow, NPV and IRR, on HSE, etc.) by assigning i.e. indicative scores (--, -, 0, +, ++, etc.) for the 

expected impact of an alternative on the given KPI. Also, the risks per decision alternative are to be 

qualified in this way. This may result in deleting certain alternatives as they score too low compared 

to their competing alternatives.  

After having discussed the main decision alternatives and uncertainties, the framing-step may be 

formalized in a decision/scenario tree, which will form the basis for further quantitative computations.  

4.2 KPIs and time-series investigated 
For the techno-economic investigation the used key performance indicators (KPI) play an important 

role. Decision makers usually use multiple KPI for the evaluation of a decision alternatives. The IGEM 

can provide every technical or economical detail of the simulation starting from the heat exchanging 

area of the preheater over the temperature loss in the boreholes down to the labour costs during 

operation. The pure amount of information would overwhelm decision makers, so that the output KPIs 

are reduced to KPIs often used in energy industry. The used KPIs can roughly be structured in technical, 

economic and techno-economic KPIs. Below, the main KPI that are used to describe a decision 

alternative are listed. For further information on the single KPI, please revere to the model description 

in chapter 3 or the relevant literature on project evaluation. 

• Levelized costs of energy (LCOE) 

• Internal rate of return (IRR) 

• Net present Value (NPV) 
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• Payback-Time (PBT) 

• Net electrical power 𝑃𝑒𝑙,𝑛𝑒𝑡 

• Gross electrical power 𝑃𝑒𝑙,𝑔𝑟𝑜𝑠𝑠 

• Thermal power 𝑃𝑡ℎ 

• Investment costs 

All KPI are calculated dynamically. The term dynamic is often simplified to a consideration of the 

inflation. But dynamic means the discounting of a series of payment. Whether the calculations are 

done real (without inflation) or nominal (with inflation) depends on the investigated time frame (Can 

the inflation rate be predicted over long times?) and the techno-economic evaluation rules valid for 

the organization investigating a project (Konstantin, 2013). The investigated time frame of an 

evaluation must be defined individually. One could either orientate oneself on legal/political, technical 

or economic frame conditions. In the past years, the development of renewable energies in Europe 

was largely supported by legal/political support systems. The easiest of them is a fixed feed-in-tariff 

that is guaranteed over a defined time frame. The support system in France currently guarantees a 

feed-in-tariff for 15 years, while the German system supports renewable energies over 20 years. While 

in France the feed-in-tariff is defined individually per power plant (225 €/MWh for Soultz) in Germany 

there is a general feed-in-tariff of 252 €/MWh (Ravier, 2019) (Bundesministerium für Justiz und 

Verfassungsschutz, 2018). From a techno-economic point of view the period under review is based on 

the useful life of cost-intensive components of the overall geothermal power plant system. (Hondo, 

2005), (Frick, Kaltschmitt, & Schröder, 2010) and (Schlagermann, 2014) have unanimously chosen a 

period of 30 years. (Hondo, 2005) bases its choice on experience from existing power plants. (Frick, 

Kaltschmitt, & Schröder, 2010) see the power plant as a limiting factor, whereas (Schlagermann, 2014) 

uses the progressive wear of liners and casings in the borehole as a reference point. In accordance with 

(Welter, Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in 

Deutschland, 2018) and to ensure comparability with other investigations a period of observation of 

30 years is chosen. 

4.3 Investigated risk-factors 

4.3.1 Risk-factors for the investigated stimulation measures 
The definition of what a ‘risk-factor’ is, should be agreed upon first. The point is that in a complex 

system many variables interact, and that it is often the precise combination of these variables that 

determines the effect in terms of system performance. Therefore, a simple partial derivative approach 

around some deterministic base case does not suffice. Two approaches for defining a risk-factor can 

be distinguished, i.e.  

1) An a priori, qualitative approach (pre-modelling), and  

2) An a posteriori, quantitative approach (post-modelling).  

For the former approach, a ‘risk-factor’ may be defined as an uncertain model input variable (i.e. a 

non-controllable) of which it is believed a priori (i.e. before quantitative modelling) that the most 

adverse value of its presumed range will result in driving a given base-case KPI, in a univariate 

sensitivity analysis, towards or beyond a given acceptance norm. Because of complex relationships and 

interactions between uncertain multi-variables that a priori (i.e. without a quantitative model) cannot 

be comprehended in-depth, this rather simplified but pragmatic, qualitative definition is proposed 

here. The qualitative risk-factors thus identified can be subsequently nominated for more in-depth, 

quantitative analysis. These risk-factors should be discussed and ranked qualitatively when ‘framing 

the problem’ (see Decision Analysis step 1, Figure 4 on page 10). 
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When however, using a fully probabilistic quantitative model (approach 2), let us assume that a ‘risk-

factor’ is an uncertain model input variable, which in the multivariate sensitivity analysis has a 

‘contribution to variance’ of a given KPI that is large enough to drive, on its own, the mean-value of 

this KPI beyond a given acceptance norm. For example, if the NPV acceptance norm is zero, the square-

root of the ‘contribution to variance’ (i.e. the standard deviation) of the NPV from the reservoir 

permeability is 6, and the mean-NPV is 5, then the reservoir permeability is a risk-factor. Therefore, 

when referring to a risk-factor one should specify the following information: 1) the KPI to which it 

pertains; 2) the acceptance norm of this KPI. And ideally, one should also specify the definition of a 

risk-factor. This could be denoted, for example, as follows for the two approaches, respectively: 

− Risk-factor: reservoir permeability (mean NPV<0); method: a priori qualitative univariate SA 

− Risk-factor: reservoir permeability (mean NPV<0); method: a posteriori quantitative multivariate 

SA, contribution to variance 

The study at hand follows the a priori, qualitative approach. DESTRESS considers itself as applied 

research. Therefore, the techno-economic model further developed in DESTRESS targets project 

developers. It is assumed that this target group has only limited amount resources available for 

modelling. Following the qualitative approaches developed and presented in (Reith, Hehn, Mergner , 

& Kölbel, 2017), the risk factors presented in Table 12 were implemented in the IGEM and will be 

evaluated in chapter 5. The integration of additional risk factors is possible with limited effort. 

Table 12: Risk factors in soft stimulation measures  (Reith, Hehn, Mergner , & Kölbel, 2017) 

# Risk factor Description of cause Description of effect 

1 Public 
Acceptance 

Citizen groups or NGO's being against 
the project  

→ impact of accidents occurred in 
other Project sites 

Loosing permission, strong 
delay, loss of bankability (after 
planning before drilling) 

2 Lack of 
information 

Lack of information in engineering 

→extra data needed for planning the 
stimulation,  

→from the point of view of authorities 

More/additional measuring 
effort 

→redesign based on the new 
information,  

3 Induced 
seismicity (with 
time delay after 
injection) 

High pressure within formation triggers 
seismicity 

Losing public acceptance, 
surface damage, losing 
permission depending on the 
regulations, Project shut down 

4 Change in 
legislations 

Accident occurred in another Project, 
additional extensive seismic 
monitoring and precautions etc. 
needed 

Loosing permission, strong 
delay, not receiving permission 

5 Induced 
seismicity 
exceeding 
threshold  

High pressure within formation triggers 
seismicity 

Losing public acceptance, 
surface damage, losing 
permission depending on the 
regulations, Project shut down 

6 Loss of 
effectivity 

Injection pressure damages casing 
cement, poor cement job 

Not getting permeability 
increase expected, loss of 
project because it is 
economically not viable 
anymore 
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7 Fluid-rock 
interactions 

Interactions including reactions with 
proppants, wrong selection of acids 
(concentrations of acids), inhibitors, 
proppants 

Clogging of well, reduction of 
permeability, loss of project 

8 Fluid-fluid 
interactions 
(thermal brine 
and chemicals) 

Interactions including reactions with 
proppants, wrong selection of acids 
(concentrations of acids), inhibitors, 
proppants, microbiological processes, 
oxygen entrance 

Clogging of well, reduction of 
permeability, corrosion, H2S and 
other gasses production 

9 Political 
Instability 

Change in the government on all levels 
of politics that could affect the project 

Loosing permission or get extra 
official requirements 

10 Lost in hole 
(measuring tool) 

Problems in additional logging with 
loss of tool, purely related to soft 
stimulation and the additional data 
needed 

Workover or fishing needed, 
Losing the well, delay 

 

4.3.2 Deduction of Probability density functions 
The stimulation of the reservoir is an integral component of the development of the geothermal 

reservoirs, if the quality of its hydraulic properties is not sufficient for economic operation. At the same 

time the stimulation is associated with high costs, not always successful and can have an impact on 

the environment. A goal of the DESTRESS project is therefore the quantitative analysis of risks arising 

from the stimulation of reservoirs at various European geothermal sites (Reith, Siefert, Mergner, Kölbel 

, & Münch, 2018). In this study, the ten most important risk factors identified by (Reith, Hehn, Mergner 

, & Kölbel, 2017) are therefore implemented. Table 13 provides an overview of the risk factors 

considered. It describes the model parameters influenced in each case as well as the effect in the 

negative scenario estimated by expert interviews, published in (Reith, Hehn, Mergner , & Kölbel, 2017), 

and the probability of occurrence of this negative scenario. The following two assumptions are made 

for all risk factors (6 to 8 in Table 13) that affect the permeability of the reservoir: First, the individual 

changes in permeability add up to a total change. And secondly, the individual deviations and the 

cumulative change of the permeability is such that the reservoir permeability decreases maximum an 

order of magnitude based on its initial value. 

Table 13: Parameters for the integration of risk factors in techno-economic modelling 

 Risk factor Influenced Parameter Effect Probability  

1 Public Acceptance 
Investment 

Public Acceptance (XIf) 
660’000 € 8,2% 380’000 € 

2 Lack of information 
Investment  

Exploration (II) 
260’000 € 6,4% 140’000 € 

3 

Induced seismicity 

(with time delay 

after injection) 

Investment 

Public Acceptance (XIf) 
1’400’000 € 1,6% 600’000 € 

4 
Change in 

legislations 

Investment 

Planning (III) 
2’300’000 € 2,0% 1’000’000 € 

5 

Induced seismicity 

exceeding 

threshold  

Investment 

Public Acceptance (XIf) 
1’000’000 € 1,6% 420’000 € 
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6 Loss of effectivity 
Permeability 

Reservoir 

Decrease to 

10% 
2,0% 

Depends on 

location 

7 
Fluid-rock 

interactions 

Permeability 

Reservoir 

Decrease to 

10% 
1,7% 

Depends on 

location 

8 

Fluid-fluid 

interactions 

(thermal brine and 

chemicals) 

Permeability 

Reservoir 

Decrease to 

10% 
1,7% 

Depends on 

location 

9 Political Instability 
Investment 

Planning (III) 
2’300’000 € 1,2% 930’000 € 

10 
Lost in hole 

(measuring tool) 

Investment 

Reservoir (V) 
2’300’000 € 1,3% 940’000 € 

 

All risk factors are entered the model using a half-normal distribution with a mean value of 0 and are 

varied independently of each other. This is shown schematically as a probability density function and 

cumulative probability function in Figure 29. 

 

Figure 29: Example for a half normal distribution with 𝜇 = 0 and 𝜎 = 10 

By means of effect and probability of occurrence the standard deviation of the semi-normal 

distribution can be estimated through the sigma level. The procedure is illustrated in the following 

with an example pictured in Figure 29. The probability of occurrence given by (Reith, Hehn, Mergner , 

& Kölbel, 2017) is translated as the probability that the effect of each risk factor will be at least equal 

to or greater than the effect given in Table 13. Assuming the effect of a risk factor on a model 

parameter would have a probability of occurrence of 4.5% and would trigger an unspecified effect with 

a value of 20 in this negative scenario. In addition, the probability density is semi-normally distributed 

with an unknown standard deviation. In relation to the cumulative probability, the probability of 

occurrence means that the effect on the associated model parameter does not exceed the specified 

value of 20 in 95.5% of all cases and mathematically corresponds to a confidence interval. To any half-

normal distribution, a confidence interval can be allocated, i.e. each probability of occurrence can be 

assigned with a value for 𝑧𝑐. In the example shown in Figure 29 𝑧𝑐 equals 2. As the limit of the 

confidence interval is still known, which here is corresponds to the known threshold value of the effect 

(20), the standard deviation can be determined according to equation (54) (Schiefer & Schiefer, 2018; 

Driels & Shin, 2004). 
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𝜎 =
𝐸𝑓𝑓𝑒𝑐𝑡

𝑧𝑐
   (54) 

Using the known half-normal distributions of the effect of the different risk factors to the 

corresponding model parameters listed in Table 13 the Monte Carlo simulation of the overall model 

can be conducted. As for the power plant model, the question of the necessary number of iterations, 

also needs to be answered for the simulation of the effect of risk factors. Here again, the methodology 

according to (Driels & Shin, 2004) is used to estimate the number of iterations. According to the 

methodology, for a Monte Carlo simulation with predefined number of iterations (test run), the 

standard deviation 𝑠𝑥 and the mean value x of the results is determined. In the present study the LCOE 

are the KPI of interest. The LCOE are calculated including model parameters (see Table 13) influenced 

by the risk factors listed in Table 12. For a specified relative error E, which must not be exceeded, and 

an associated confidence interval with confidence level 𝑧𝑐  the number of necessary iterations can be 

determined according to (Driels & Shin, 2004) with (55). 

𝑛 = (
𝑧𝑐∗𝑆𝑥

𝐸∗𝑥̅
)

2
   (55) 

For a permitted error of 5% and a confidence interval of 95% the result of equation (55) read as follows: 

N iterations are required to determine the real mean value of the distribution with 5% accuracy in 95% 

of the cases. The methodology according to (Driels & Shin, 2004) assumes a normally distributed 

population. In the half-normal distribution, the one-sided confidence intervals and levels correspond 

to the two-sided confidence intervals and levels of the normal distribution. The methodology can thus 

be adopted completely. However, the consideration of several different power plant variants in the 

overall model results in different values for the required number of iterations depending on of the 

power plant design under consideration. Especially for power plant variants with net electricity 

production costs that exceed the minimum value via the power plant variants, high values for the 

number of necessary iterations will have to be used. As an example, the number of Monte Carlo 

iterations for the simulation of the risk factors for the Soultz-sous-Forêts site (pure power generation) 

is estimated with a maximum permitted error of 0.5% and a confidence interval of 99.7% (Zc value 3). 

With a test population of 1000 power plant designs and 150 risk factor iterations, the maximum 

number of iterations is 139. 

4.3.3 Risk mitigation measures and their effect on PDFs 
The risk assessment process presented in chapter 2.3 (starting from page 13) serves the identification, 

prioritization and evaluation of risk factors. Within a holistic risk management approach presented in 

Figure 8 the risk assessment can be enriched with risk mitigation measures to become a risk 

management scheme. By managing/mitigating the identified risk factors the realization of risk factors 

can be prevented or at least the probability of occurrence reduced. Table 14 presents risk mitigation 

for the Top-10 risk factors presented in (Reith, Hehn, Mergner , & Kölbel, 2017). The single risk 

mitigation measures are structured in categories called “technical”, “planning” and “organizational”. 

Thereby it shall be highlighted, that risk mitigation can take place on several levels. Through 

professional equipment, detailed planning and organizational structures that meet industry standard, 

the uncertainty caused by risk factors can considerably be reduced. The costs for risk mitigation 

measures are very project specific and strongly depend on market developments. Therefore, it was 

only possible to give rough figures for risk mitigation measures. In Table 14 for each risk factor, the 

cost for its risk mitigation measures are listed. Political risk can’t be mitigated through dedicated 

measures, as the observance of laws and policies is a mandatory pre-condition for a successful project 

realization. The risk factor “loss in hole” can be mitigated through taking an insurance. This is already 

modelled in the IGEM, so that there are no extra costs listed in Table 14. 
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Table 14: Risk mitigation measures 
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5 Evaluation of decision alternatives based on KPI 

In this chapter the previously presented model for the techno-economic simulation of deep 

geothermal energy provision is applied to selected demonstration sites of the DESTRESS project. At 

the French site Soultz-sous-Forêts pure power generation is investigated. At the geothermal power 

plant of Mezöberény(Hungary), due to the relatively low reservoir temperature of approximately 100 

°C, only pure heat production is considered. Additionally, a fictive location in the German part of the 

Upper Rhine Graben is investigated. As no other DESTRESS demonstration site plans or operatres a 

CHP unit, the CHP solutions implemented in the model will be presented at this case study. 

For all variants with the exception of pure power generation, two different operating cases are 

evaluated. First, a stationary operation of the power plant is evaluated over the entire period of 

observation. In this case only maintenance and repair work is taken into account as down time, which 

leads to about 8000 annual full load hours. To calculate the economic KPIs, it is assumed that the 

total heat generated from CHP will be supplied to a customer. Second, a heat-controlled operation 

of the power plant is considered. A defined heat requirement is covered as much as possible by the 

geothermal plant. The heat demand is specified in the form of an annual duration curve, which is 

formed according to the methodology of Sochinsky (Blesl, et al., 2009). Figure 30 shows an example 

of the annual duration line for a maximum heat demand of 18 MWth and how this demand is covered 

by a geothermal system. For simplification reasons, it is assumed that there is an annual heat demand 

whose maximum heat output corresponds exactly to the maximum heat which can be extracted from 

the geothermal fluid. The maximum amount of heat is transferred when the geothermal fluid is 

cooled down to the minimum injection temperature and used exclusively for heat generation. This 

operation mode does not apply to pure power generation. 

 

Figure 30: Heat and power provision in the heat-controlled operation mode 

In heat-controlled operation at CHP plants, a shift of the thermal water mass flow between heat 

extraction and power plant is possible, as shown in Figure 30. It is assumed that the ORC power plant 

can be operated up to a minimum partial load of 25% without changing the individual state points. 

Under these conditions, the thermal water mass flow used by the power plant is directly proportional 

to the working fluid mass. If the working fluid mass flow is reduced to 25% of the nominal mass flow, 

the required thermal water mass flow is also reduced to 25% of the thermal water mass flow in 

nominal operation. The thermal water not used by the power plant is available for heat extraction in 

partial load operation. Thereby, not only the rated thermal nominal output of the power plant but 

also a range of thermal outputs is available to cover the heat demand profile. The nominal mass flows 
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result from the power plant design. When designing the power plant and CHP components, the 

described mass flow shift is considered. The heat demand that cannot be covered by the mass flow 

shift is provided by a boiler. The investment costs for the boiler are calculated using the methodology 

of (Turton, Bailie, Whiting, Shaeiwitz, & Bhattacharyya, 2013) (see chapter 3.2). When heat is 

provided by the boiler, fuel cost are incurred, which is considered with the help of the local specific 

gas price for industrial customers (EUROSTAT, 2018). On the basis of these assumptions, the electrical 

energy produced can be determined from the heat demand covered (Figure 30 - left). This is 

proportional to the thermal water flow available for the electricity production and results in the heat 

production shown in Figure 30 (right). 

As can be seen from Figure 30 (right), there are different values for full load hours in terms of heat 

and electricity production. The model therefore distinguishes between heat and electricity related 

full load hours. In both cases, the maximum power output is used as the full load, so that the full load 

hours result according to the equation (56). 

𝑇𝑉 = ∫ 𝑄̇
8760

0
 𝑑𝑡 ∙

1

𝑄̇𝑚𝑎𝑥
 𝑏𝑤𝑧.    𝑇𝑉 = ∫ 𝑃

8760

0
 𝑑𝑡 ∙

1

𝑃𝑚𝑎𝑥
    (56) 

An overview of all site-dependent model parameters can be found in Table 15, Table 16 and Table 

17. The required number of Monte Carlo iterations was determined using the methodology described 

by (Driels & Shin, 2004) (see page 49). For the case studies of the sites Soultz-sous-Forêts and Upper 

Rhine Graben, 150 Monte Carlo iterations must be used, while for the Mezöberény site 250 iterations 

are needed. On the example of the case studies below, different functionalities of the IGEM will be 

presented together with the deduction of general results on soft stimulation and power plant 

modelling. 

5.1 Soultz-sous-Forêts 

5.1.1 Presentation of site 
The Soultz-sous-Forêts geothermal project started in 1987 and is the cradle of the European research 

on harvesting geothermal energy in granitic and fractured systems. All over all five wells were drilled 

for research purposes at the site. Besides stimulation techniques, corrosion, scaling, power plant 

technique but also questions concerning the operation of a geothermal power plants were 

investigated by a group of international researchers. After almost 30 years of research, the 

geothermal site is exploiting the fractured basement at 5 km depth, under commercial conditions. 

Between 2015 and 2016 the binary plant on surface was completely renovated. Since June 2016 a 

new ORC-power plant with isobutane as working medium is operated under commercial conditions. 

The gross power of the plant is 1.7 MWel. The geothermal loop is composed of one production well 

GPK-2 and two reinjection wells GPK-3 and GPK-4. After the electricity production the geothermal 

brine is fully reinjected at around 70°C. The volume of reinjected brine is shared between the two 

injection wells, one third in GPK-4 and two third in GPK-3 without using reinjection pumps (Mouchot, 

Ravier, Seibel, & Pratiwi, 2019). All three wells are 5km deep and are cased to roughly 4.5 km in the 

granitic section. Below that depth, the reservoir is made of crystalline basement and underwent 

various kinds of hydraulic and chemical stimulations together with several periods of long-term 

circulations (Cuenot & Genter, 2015) (Schill, Genter, Cuenot, & Kohl, 2017). Although GPK-2 is an 

artesian well, the production of geothermal brine is enhanced by a line shaft pump to around 30 l/s. 

Although the reservoir temperature is slightly above 200 °C the geothermal brine is produced with a 

temperature of 150°C (Baujard C. , et al., 2018) (Schill, Genter, Cuenot, & Kohl, 2017). Since 

commissioning the power plant, between June and August 2016, the overall system showed 

outstanding availabilities. The total plant availability developed from 90% in 2017 to 95.9% in 2018. 

In 2017 routine operational maintenance measures were performed as well as an acid cleaning of 
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the LSP hydraulics, which caused the lower availability compared to 2018. The availability of the ORC 

plant without the thermal water circuit was even higher with 99,8 % for both 2017 and 2018. The net 

efficiency of the ORC plant was 11.5 % in 2017. In that year the gross electrical production was nearly 

9,7 GWh and the total electrical consumption, including ORC auxiliaries and production pump, was 

around 3,7 GWh, resulting in an overall net electrical production for the whole plant of 5,9 GWh. 

These figures varied only slightly for 2018. The gross electricity production was 9,6 GWh together 

with the consumption of the auxiliaries of 3,9 GWh, the overall net electrical production reached 

5,7 GWh (Mouchot, Ravier, Seibel, & Pratiwi, 2019). 

Table 15: Input parameter Soultz-sous-Forêts site 

 Parameter Value/setting Reference 

Reservoir / 

Thermal 

water circuit 

𝑝𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  50,0 MPa (Scheiber J. , 2018) 

𝑝𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 50,0 MPa (Scheiber J. , 2018) 

𝑇𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 201 °C (Schill, Genter, Cuenot, & Kohl, 2017) 

 𝑇𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 201 °C (Schill, Genter, Cuenot, & Kohl, 2017) 

 ℎ𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  1000 m (Scheiber J. , 2018) 

 ℎ𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 1000 m (Scheiber J. , 2018) 

 𝐾𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 4*10-14 m² (Held, et al., 2014) 

 𝐾𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 2*10-14 m² (Held, et al., 2014) 

 𝑆 7,8*10-5 (Guth, 2011) 

 𝜆𝑔𝑒𝑜  1,58 𝑊 ⁄ 𝑚𝐾 (Eppelbaum, Kutasov, & Pilchin, 2014) 

 𝑎𝑔𝑒𝑜  10,28*10-7 𝑚2 ⁄ 𝑠 (Eppelbaum, Kutasov, & Pilchin, 2014) 

 𝑧𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  5000 m (Mouchot, et al., 2018) 

 𝑧𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 5000 m (Mouchot, et al., 2018) 

 Type well Deviated (Brandt, 2013) 

 Type pump LSP (Seibel, 2018) 

 R 700 m (Mouchot, et al., 2018) 

Power plant 𝑚̇𝑇𝑊 33,3 𝑘𝑔 ⁄ 𝑠 (Seibel, 2018) 

 ∆𝑇𝑚𝑖𝑛 5 K Assumption 

 𝑇𝑎𝑖𝑟,𝑖𝑛 15 °C Assumption 

 Working medium Isobutane (Seibel, 2018) 

 𝑝𝑇𝑊,𝑖𝑛
𝐻𝑒𝑎𝑡 𝑝𝑙𝑎𝑛𝑡

 2,2 MPa (Seibel, 2018) 

CHP 𝑇𝐹𝑙𝑜𝑤  70 °C (Averfalk & Werner, 2017) 

 𝑇𝐵𝑎𝑐𝑘 𝑓𝑙𝑜𝑤  45 °C (Averfalk & Werner, 2017) 

 𝑝𝑛𝑒𝑡𝑤𝑜𝑟𝑘  8 bar Assumption 

For the modelling of the Soultz-sous-Forêts geothermal power plant, the input data presented in 

Table 15 is used. Although input data for the simulation is chosen on latest available information, the 

economic key figures are not expected to match the real operational data for two major reasons. The 

high temperature loss between reservoir and wellhead is caused by a thermal interaction between 

the production and the injection well. This site-specific effect is not reflected in the IGEM. 

Economically the commercial operation only must refund the costs of the new over-ground 

installations and the operational costs. The existing boreholes were financed in concluded research 

activities. In contrast to the reality, the costs for simulation planning and under-ground facilities are 
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included in the simulation. Nevertheless, general conclusions can be drawn from the simulation 

results. 

5.1.2 Results of techno-economic modelling 
The DESTRESS project is mainly focussed on soft stimulation with topics like risk management 

concerning stimulation, public acceptance of stimulation, technical design of soft stimulation 

measures … but also techno-economic evaluation of soft stimulation in work package 2. The focus on 

soft stimulation is also kept in work package 2. But work package 2 is also supposed to investigate 

power plant technologies. On the example of the Soultz-sous-Forêts power plant, general tendencies 

in power plant modelling shall be investigated. The IGEM offers the same functionalities but also 

substantial enhancements to the model presented in (Welter, 2018). Therefore, it can be used for 

future investigations with a focus on the energy transformation in a heat, power or combined heat 

and power plant. 

 

Figure 31: Power plant modelling: LCOE over pressure after feed-pump (Pure electricity; LSP; 𝑚̇ = 33 𝑘𝑔/𝑠; 150 Monte-

Carlo iterations; 1000 power plant configurations; working medium isobutene; chemical stimulation; including 

risk factors; without risk mitigation measures) 

The Monte-Carlo simulation approach in power plant modelling is one of the major development 

steps between (Welter, 2018) and the IGEM presented in this report. The investigation of sensitivities 

in power plant modelling opens new possibilities for the optimization of geothermal electricity 

provision. Figure 31 above illustrates the connection between pressure after the feed-pump and the 

LCOE. The pressure after feed-pump is one of the parameters manipulated by the Monte-Carlo 

simulation. The results presented in Figure 31 clearly point out, that the operation of the power plant 

on a high-pressure level has a positive impact on LCOE. 

Such a clear connection between the temperature of the working medium after overheating and the 

LCOE can’t be drawn, as Figure 32 shows. Two local optima could be assumed at 130 °C and 150 °C. 

But there are also data-points with considerably higher and lower temperatures, that show low LCOE. 

A similar picture is drawn when investigating the absolute overheating in Figure 33. Over a wide 

temperature range of around 60 K low LCOE values are reached. These results suggest, that 

overheating has no direct impact on LCOE and therefore doesn’t have to be investigated in further 

detail. 
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Figure 32: Power plant modelling: LCOE over temperature after overheating (Pure electricity; LSP; 𝑚̇ = 33 𝑘𝑔/𝑠; 150 

Monte-Carlo iterations; 1000 power plant configurations; working medium isobutene; chemical stimulation; 

including risk factors; without risk mitigation measures) 

 

Figure 33: Power plant modelling: LCOE over overheating (Pure electricity; LSP; 𝑚̇ = 33 𝑘𝑔/𝑠; 150 Monte-Carlo 

iterations; 1000 power plant configurations; working medium isobutene; chemical stimulation; including risk 

factors; without risk mitigation measures) 

While the influence of overheating on LCOE isn’t clear, the connection between thermal water outlet 

temperature and net power of the overall power plant, including all auxiliaries e.g. production pump, 

is obvious. Figure 34 clearly shows an increase in the net power with a decrease of the thermal water 

outlet temperature. But, chapter 5.3.2 presents the simulation results in Figure 45, which suggest 

that there is no clear correlation between techno-economic KPIs and the overall net power of the 

power plant. In contrast to the overall net power, for the thermal water outlet temperature a 

correlation between LCOE is documented in Figure 35. Although, the correlation is weak, a 

minimization of the LCOE with a decrease of the thermal water outlet temperature is apparent. 
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Figure 34: Power plant modelling: LCOE over overheating (Pure electricity; LSP; 𝑚̇ = 33 𝑘𝑔/𝑠; 150 Monte-Carlo 

iterations; 1000 power plant configurations; working medium isobutene; chemical stimulation; including risk 

factors; without risk mitigation measures) 

 

Figure 35: Power plant modelling: LCOE over thermal water outlet temperature (Pure electricity; LSP; 𝑚̇ = 33 𝑘𝑔/𝑠; 150 

Monte-Carlo iterations; 1000 power plant configurations; working medium isobutene; chemical stimulation; 

including risk factors; without risk mitigation measures) 

The risk factors presented in chapter 4.3.1 have an effect either on technical or economic model 

parameters. Effects of risk factors on economic model parameters are investigated in detail in 

chapter 5.2.2. In the following, the technical effects of the modelled risk factors shall be investigated. 

As presented in chapter 4.3.1 risk factors 6, 7 and 8 have an influence on the permeability of the 

reservoir surrounding the production/injection wellbore. Figure 36 shows for the power plant 

configuration number 9, the influence of the changing permeability at the production well (left) and 

the injection well (right) on the LCOE. The cumulated effect of all risk factors is limited to a minimum 

permeability of 10 % of the initial permeability stated in Table 15. Neither at the injection well nor at 

the production well, a change of the permeability has an obvious effect on the LCOE. This could be 

explained by a superimposition of the economic effect of risk factors over the technical effect.  
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Figure 36: Effect of a changing permeability on the LCOE (Pure electricity; LSP; 𝑚̇ = 33 𝑘𝑔/𝑠; 150 Monte-Carlo iterations; 

power plant configuration 9; working medium isobutene; chemical stimulation; including risk factors; without 

risk mitigation measures) 

A direct correlation can be drawn between the permeability and the electrical power demand of the 

production pump. By changing the permeability, the inflow into the well and thereby the dynamic 

water level changes. The dynamic water level determines the pump entrance pressure and thereby 

the pressure difference that must be supplied by the production pump. This correlation is visible 

Figure 37 (left). Although this connection is very clear, no explicit correlation between the power 

demand of the production pump and the LCOE can be drawn. Figure 37 (right) only shows a boundary 

for the maximum power demand, that correlates with the limitations on permeability change around 

the production and injection well. 

 

Figure 37: Effect of permeability on production pump power demand and LCOE (Pure electricity; LSP; 𝑚̇ = 33 𝑘𝑔/𝑠; 150 

Monte-Carlo iterations; power plant configuration 9; working medium isobutene; chemical stimulation; 

including risk factors; without risk mitigation measures) 

5.2 Mezöberény 

5.2.1 Presentation of site 
The Mezöberény geothermal site can be found in the Pannonian basin (encircled by the Carpathian 

Mountains). Its origins can be tracked to the Early-Middle Miocene. Through a rolling back 
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subduction, the basement was pulled off the basin. Thereby the thickness of the crust was reduced, 

which is today 22-26 km thick. This brings the hot asthenosphere closer to the surface and creates a 

heat anomaly. A mean heat flow density of 90-100 mW/m2, and an average geothermal gradient of 

45°C/km was published by (Royden, Horvath, & Buchfiel, 1982) for the Pannonian basin. After an 

isostatic descent of the thinned crust the basin that was formed was filled up by Pannonian sediment 

sequences. These sediments are mostly composed by clastic rocks of different grain size. 

According to (Horváth, et al., 2015), the Lower Pannonian sediments are mostly impermeable while 

the upper Pannonian formations contain vast porous, permeable sand and sandstone beds. These 

sandstone layers are only between 1-30 m thick and show only a little horizontal extension. Whereas 

the sand lenses form a hydraulically unified system with an area of 40.000 km² and an average 

thickness of 200-300 m. The reservoir has an average permeability of 500-1500 mD with a bulk 

porosity of 20-30 %. While generally a uniform hydrostatic pressure distribution can be expected, 

local changes through recharge and discharge have to be expected (Tóth A. , 2012) (Dövényi, Horváth, 

Liebe , Gálfi, & Erki, 1983). Another potential layer for geothermal use is made up of carstified 

Mesozoic rocks. Around 20 % of all geothermal wells in Hungary are producing from this geothermal 

reservoir. 

The use of geothermal resources has a long tradition in Hungary. The Pannonian Basin has already 

been used in Roman times. Since 1925 there is a balneological use followed by an agricultural use. 

The use of geothermal water without reinjection led to a decrease of the water level. For the former 

artesian wells production pumps must be used, today. Consequently, the reinjection of used 

geothermal water has become mandatory. The injection into sandstone reservoirs as a counter 

measure is only recently done (Tóth A. N., 2016) (Szanyi, et al., 2010). 

Between 2011 and 2012 the Mezöberény geothermal site was constructed. The goal was to power a 

geothermal heating system with geothermal water from the Békés Basin. The Production well was 

planned to exploit the higher upper Pannonian Sandstones of the Zagyva Formation, due to a poor 

sandstone formation with low productivity the production well was deepened to the Ujfalu-

Formation. The injection well was deepened to inject into the same reservoir. When the system was 

finished in August 2012 one production well (B-115) with a depth of 2003 m, and one reinjection well 

(K-116) with a depth of 2001 m were put into service. But after a short operation time the injectivity 

dropped dramatically and the operation was stopped due to injectivity problems. A chemical and 

mechanical cleaning was performed in 2017, which had the goal to remove the clogging of the 

downhole filters. But since then no long-term operation has taken place (Siklósi, 2017). Table 16 

summarizes the modelling input parameters of the Mezöberény power plant. 

Table 16: Input parameter Mezöberény site 

 Parameter Value/setting Reference 

Reservoir / 

Thermal 

water circuit 

𝑝𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  19,0 MPa (Geo-Log Kft., 2012) 

𝑝𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 17,1 MPa (Geo-Log Kft., 2012) 

𝑇𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 80 °C (Geo-Log Kft., 2012) 

 𝑇𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 100 °C Calculated according to temperature gradient 

 ℎ𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  400 m Assumption 

 ℎ𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 400 m Assumption 

 𝐾𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 9,5*10-14 m² (Geo-Log Kft., 2012) 

 𝐾𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 5,0*10-14 m² (Geo-Log Kft., 2012) 
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 𝑆 7,8*10-5 (Geothermia Expressz Kft., 2016) 

 𝜆𝑔𝑒𝑜  1,58 𝑊 ⁄ 𝑚𝐾 (Eppelbaum, Kutasov, & Pilchin, 2014) 

 𝑎𝑔𝑒𝑜  10,28*10-7 𝑚2 ⁄ 𝑠 Assumption 

 𝑧𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  5000 m (Geo-Log Kft., 2012) 

 𝑧𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 5000 m (Geo-Log Kft., 2012) 

 Type well Vertical (Geothermia Expressz Kft., 2016) 

 Type pump ESP Assumption 

 R 1400 m (Geothermia Expressz Kft., 2016) 

Heat plant 𝑚̇𝑇𝑊 4,8 𝑘𝑔 ⁄ 𝑠 (Welter, Brehme, Nowak, Kaymakci, & Kölbel, 2019) 

 𝑝𝑇𝑊,𝑖𝑛
𝐻𝑒𝑎𝑡 𝑝𝑙𝑎𝑛𝑡

 2,2 MPa Assumption 

 𝑇𝐹𝑙𝑜𝑤  70 °C (Averfalk & Werner, 2017) 

 𝑇𝐵𝑎𝑐𝑘 𝑓𝑙𝑜𝑤  45 °C (Averfalk & Werner, 2017) 

 𝑝𝑛𝑒𝑡𝑤𝑜𝑟𝑘  8 bar Assumption 

 

5.2.2 Results of techno-economic modelling 
The production well of the geothermal site at “Mezöberény” exploit the reservoir at a depth of 

roughly 2000 m where geothermal water with a temperature of 100 °C can be found. This 

temperature level qualifies the site for geothermal heat provision. Compared to the average 

geothermal heat gradient of 3 K/100m, Mezöberény offers favourable conditions for geothermal 

heat provision with a heat gradient of 5 K/100m. Unfortunately, the site suffers from poor hydraulic 

frame conditions. (Welter, Brehme, Nowak, Kaymakci, & Kölbel, 2019) give a mass flow rate of 

4,8 kg/s. The low flow rate leads to a considerable heat loss along the wellbore (see chapter 3.1.2), 

which additionally negatively affects the techno-economic evaluation of the geothermal site. In the 

simulated case, the heat plant inlet temperature of the geothermal water is 23 % below the reservoir 

temperature. Data from operational sites, shows an average temperature loss of 5 - 10 % (Welter, 

2018). 

 

Figure 38: Temperature loss in the wellbore at Mezöberény site (Basecase; pure heat provision; baseload; ESP; 𝑚̇ =

4,8 𝑘𝑔/𝑠; no stimulation; no risk factors) 

Besides the technical frame conditions, the techno-economic evaluation also depends on the 

demand for the provided energy. In contrast to electricity, heat can’t be transported economically 

over long distances. Therefore, it must be distributed locally. The IGEM integrates the customer 

structure through the evaluation of two demand structures. The derivation of the baseload load 
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operation and the heat-controlled operation can be found starting from page 71. Figure 39 compares 

the two simulated cases. Through following the demand curve, the heat-controlled case only has 

3’840 full-load hours, while the baseload case operates 8’001 h, only stopping for maintenance. This 

leads to a relative reduction of produced heat by 108% in the heat-controlled case. Additional gas 

costs and the effect of discounting (see equation (34)) lead to 67 % lower LCOH, compared to a 

baseload operation. 

 

Figure 39: Comparison of baseload and heat-controlled energy provision for the Mezöberény case (Basecase; pure heat 

provision; ESP; 𝑚̇ = 4,8 𝑘𝑔/𝑠; no stimulation; no risk factors) 

 

Figure 40: Effect of stimulation for the Mezöberény site (250 Monte-Carlo iterations; chemical stimulation; including risk 

factors; without risk mitigation measures) 

As explained above, poor hydraulic properties of the Mezöberény wellbores adversely affect the 

economic operation of the project. The soft stimulation approach investigated in DESTRESS aims to 

enhance the hydraulic conditions of a site with minimum impact on the environment and people. In 

the example of the Mezöberény site, it shall be demonstrated which impact a stimulation could be 

related to the techno-economic performance of a site. The simulated cases shall picture a soft 

stimulation treatment. Therefore, the risk factors presented in chapter 4.3.1 are included in the 

simulation as well as the risk mitigation measures presented in chapter 4.3.3. All other frame 

conditions are kept constant with respect to the base-case presented in Table 16. Figure 40 shows 

the effect of stimulation, simulated for the Mezöberény site according to the literature data 

presented in chapter 3.1.1.5. Besides the simulated results of the soft stimulation job, the original 

flow rate as well as the 25 %-, 50 %- and 75 %-percentile of the distribution are plotted. As discussed 

in chapter 4.3.1 the effect of stimulation depends on multiple frame conditions of geological, 
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geophysical and chemical nature. Therefore and because of the limited data availability, the 

presented results should be interpreted conservative. 

For the above presented effect of stimulation, the impact on the techno-economic evaluation is 

presented in Figure 41. The presented box plots give the median of the distribution (horizontal line 

in the middle of the box), the 75 %-percentile (upper limit of the box), the 25 %-percentile (lower 

limit of the box) and the Minimum/Maximum of the distribution shown by the whiskers. With an 

increase of flow rate a decrease of the LCOH can be observed. This effect is expected. Components 

with a high investment, e.g. wellbores, are not sensitive to the flow rate, so that the produced energy 

escalates quicker with the growing flow rate than the costs do. More important for the evaluation of 

uncertainty is that the width of the distribution is reduced with an increase of flow rate. Caused by 

the bigger amount of produced energy, the impact of single cost categories and the uncertainty on 

them is reduced. This example demonstrates, that the “economies of scale”, already investigated in 

(Welter, 2018), not only show their positive effect on the general techno-economic evaluation (more 

economic project) but also reduce the impact of uncertainty. 

 

Figure 41: Effect of increased flow rate on techno-economic performance (Pure heat provision; baseload; ESP; 250 

Monte-Carlo iterations; chemical stimulation; including risk factors; without risk mitigation measures) 

Within the investigations presented in Figure 40 and Figure 41, the uncertainty on the effect of 

stimulation is investigated. It is possible to show that even without including risk mitigation measures 

(RMM) stimulation can be a valuable tool for improving the techno-economic performance of a 

project. The overall goal of DESTRESS is to keep/enhance the improvement of stimulation measures 

while reducing the impact. That is done by risk mitigation measures, which are described in detail in 

chapter 4.3.3. RMM cause additional costs to the project development. But, they influence the 

uncertainty on risk associated costs. That means, the application of RMMs is always balancing 

between uncertainties and invests. For the case of Mezöberény, this balancing is presented in Figure 

42. It turns out, that for the chosen modelling parameters (PDFs for risk factors, costs of mitigation 

measures …) the RMM start to have a positive impact, with the Median. That means; in over 50 % of 

all cases the soft stimulation approach with RMM is the better choice only focusing on investment 

costs. This purely quantitative evaluation ignores qualitative effects of using risk mitigation measures. 

Mainly on the public acceptance side and when dealing with authorities, the qualitative effect of risk 

mitigation measures can’t be over emphasized. The above described effect is supported when 

including technical effects (change of permeability; see chapter 4.3.1) into the investigation. The box 

plots in Figure 43 show selected key figures of the Monte-Carlo simulation on the Mezöberény case 

with and without risk mitigation measures. The observations presented in Figure 42 are supported. 

RMM have a traceable positive effect on the techno-economic evaluation of a geothermal project. 
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Figure 42: Stimulation costs including risk associated costs (RAC = Risk associated costs; Pure heat provision; baseload; 

ESP; 𝑚̇ = 4,8 𝑘𝑔/𝑠; 250 Monte-Carlo iterations; chemical stimulation; including risk factors; with/without risk 

mitigation measures) 

 

Figure 43: Effect of risk mitigation measures on the techno-economic performance (wRMM = With Risk mitigation 

measures; woRMM = Without Risk mitigation measures; Pure heat provision; baseload; ESP; 𝑚̇ = 4,8 𝑘𝑔/𝑠; 

250 Monte-Carlo iterations; chemical stimulation; including risk factors; with/without risk mitigation measures) 

5.3 Upper Rhine Graben 

5.3.1 Presentation of site 
The DESTRESS project had to undergo several changes for the demonstration. Technical, 

organizational and political issues forced the DESTRESS consortium to change the demonstration 

sites. When finalizing this study in early 2018, only the sites in Soultz-sous-Forêts and Mezöberény 

were in a status, being able to provide the required data. Therefore, to demonstrate the IGEM, in 

particular CHP, and show the effect of soft stimulation measures, a fictitious example is created. As 

a location the German side of the Upper Rhine Graben is chosen. The input data for the “Upper Rhine 

Graben” site, presented in Table 17, is fictitious, but based on expert knowledge. At the “Upper Rhine 

Graben” site, two deviated boreholes are assumed to explore the Buntsandstein in a depth of 

3600 m. Through its favourable conditions with a reservoir temperature of 160 °C and a flow rate of 

120 kg/s the site can be used for all types of heat provision. It is also assumed that a heat network 

with unlimited capacity can transport heat to customers. Further data on the site can be found in 

Table 17. 
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Table 17: Input parameter Upper Rhine Graben site 

 Parameter Value/setting Reference 

Reservoir / 

Thermal 

water circuit 

𝑝𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  33,1 MPa Assumption 

𝑝𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 33,1 MPa Assumption 

𝑇𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 160 °C Assumption 

 𝑇𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 160 °C Assumption 

 ℎ𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  420 m Assumption 

 ℎ𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛

 420 m Assumption 

 𝐾𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 1,43*10-13 m² Assumption 

 𝐾𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 1,43*10-13 m² Assumption 

 𝑆 1*10-8 Assumption 

 𝜆𝑔𝑒𝑜  2,3 𝑊 ⁄ 𝑚𝐾 Assumption 

 𝑎𝑔𝑒𝑜  9*10-7 𝑚2 ⁄ 𝑠 Assumption 

 𝑧𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛  5000 m Assumption 

 𝑧𝐼𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 5000 m Assumption 

 Type well Deviated Assumption 

 Type pump LSP/ESP Assumption 

 R 1500 m Assumption 

Power plant 𝑚̇𝑇𝑊 120 𝑘𝑔 ⁄ 𝑠 Assumption 

 ∆𝑇𝑚𝑖𝑛 5 K Assumption 

 𝑇𝑎𝑖𝑟,𝑖𝑛 15 °C Assumption 

 Working medium Isobutane Assumption 

 𝑝𝑇𝑊,𝑖𝑛
𝐻𝑒𝑎𝑡 𝑝𝑙𝑎𝑛𝑡

 2,2 MPa Assumption 

CHP 𝑇𝐹𝑙𝑜𝑤  130 °C Assumption 

 𝑇𝐵𝑎𝑐𝑘 𝑓𝑙𝑜𝑤  65 °C Assumption 

 𝑝𝑛𝑒𝑡𝑤𝑜𝑟𝑘  8 bar Assumption 

 

5.3.2 Results of techno-economic modelling 
Heat and electricity have a different exergy level. Therefore, the techno-economic comparison of 

pure electricity provision and CHP is challenging from a methodological point of view. According to 

(IEA; NEA; OECD, 2015), heat is assessed economically with a heat price and integrated into the LCOE 

calculations as revenues (equation (28)). In (Welter, 2018) the sensitivity of the results to the heat 

price was already investigated. This shows a methodological shortcoming of the LCOE approach. 

Therefore, in the following different KPIs are used for the comparison of electricity provision and 

CHP. For the results presented in Figure 44, a heat price is derived by taking 50 % of the household 

gas price. In contrast to heat, renewable electricity in Germany is supported by law. The subsidiary 

system guaranteed by the “Erneuerbaren Energie Gesetz” (EEG) is simplified in this study to a feed-

in-tariff. Following the EEG, a fixed remuneration of 252 €/MWh for 20 years is assumed (BMWi, 

2018). As the period of observation in this study is 30 years (see chapter 4.2) the remaining time is 

evaluated with 100 €/MWh according to (Capros, et al., 2016). 
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Figure 44: Comparison of pure electricity provision and CHP based on IRR, NPV and LCOE (Pure electricity/CHP provision 

with parallel setup; baseload; ESP; 𝑚̇ = 120 𝑘𝑔/𝑠; 150 Monte-Carlo iterations; 1000 power plant 

configurations; hydraulic stimulation; including risk factors; with risk mitigation measures) 
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Figure 44 shows the results of a comparison between pure electricity provision and CHP at the 

fictitious site “Upper Rhine Graben”. The Assessment is based on the internal rate of return, the net 

present value of the investment, as well as on the Levelized costs of electricity. These KPI are drawn 

on the ordinate, while on the abscissa, the investigated power plant configurations are pictured. The 

Monte-Carlo-Simulation of the power plant generates a defined number of randomly sampled 

configurations. The optimality of configurations is evaluated in the economic model. Low LCOE, a 

high IRR, or a high NPV can serve as selection parameters. The presented power plant configurations 

are selected by having an IRR > 1 % and sorted in descending order subject to their IRR. 

For CHP only 6 out of 1000 power plant configurations fulfil the selection criteria, while at least 34 

out of 1000 power plant configurations for pure electricity provision, have an IRR > 1 %. Fewer CHP 

plant configurations show a positive IRR. This would suggest that under the given assumptions on the 

market prices, pure electricity provision should be preferred as it is less sensitive to a non-optimal 

power plant configuration/operation. This finding contradicts the studies presented by 

(Schlagermann, 2014) and (Welter, 2018). Both studies investigated CHP and saw an advantage over 

pure electricity provision. (Schlagermann, 2014) as well as (Welter, 2018) used LCOE as a KPI for their 

investigations. Based on LCOE as KPI, the results presented in Figure 44 are consistent with other 

studies. Half of the presented CHP configurations show lower LCOE than the best pure electricity 

configuration. The apparent contradiction between LCOE and the other KPI can be explained on a 

methodological basis. While LCOE-calculations have the energy price as a result, IRR and NPV have it 

as an input parameter. Given the frame conditions of this simulation with subsidies included, 

apparently contradicting results can be explained. This illustrates the macro-economic character of 

LCOE as KPI, while NPV and IRR rather have a micro-economic focus. With methodological differences 

one can also explain power plant configurations with zero NPV but a positive IRR. The NPV 

calculations are based on an interest rate of 5,42 % as an input parameter, while for IRR calculations, 

the interest rate is an output. Methodological correct, power plant configurations with an IRR lower 

than 5,42% don’t have a positive NPV. Figure 44 also shows that none of the CHP plants is listed as 

an electricity plant. This suggests that the power plant configuration must be optimized on the 

intended purpose. The results presented in Figure 44 are based on a parallel CHP setup. For the same 

setup, the net power of the single power plant configurations is presented in Figure 45. On average 

the net power of CHP plants is 50 % below the net power of pure electricity plants. Figure 45 also 

points out that none of the techno-economic KPI is directly correlated with the net electrical power 

of the plant. Power plant configuration 783 has the third highest net power but the second lowest 

IRR. 

It can be summarized that under the given frame conditions power plants with pure electricity 

provision show higher IRRs compared to CHP. Nevertheless, CHP power plants also can generate 

interesting IRRs with over 7%. Additionally, it was shown that a purely technical optimization is not 

constructive for an investor. 
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Figure 45: Net electrical power for power plant configurations selected on their IRR (Pure electricity/CHP provision with 

parallel setup; baseload; ESP; 𝑚̇ = 120 𝑘𝑔/𝑠; 150 Monte-Carlo iterations; 1000 power plant configurations; 

hydraulic stimulation; including risk factors; with risk mitigation measures) 

On the example of the “Upper Rhine Graben”-site it shall be investigated, whether geothermal heat 

provision is competitive to other large-scale heat provision technologies. Studies on the German 

energy system show that for scenarios with a further increase of renewables and a decrease of CO2 

emission, geothermal energy plays an important role in heat provision (Blesl M. , 2014) (Fleischer, 

2019). (Blesl M. , 2014) forecasts in 2050 a renewable share in the district heating system of 

68 – 88 %, which will mainly be supplied by geothermal energy. The trends shown in the mentioned 

forward-looking studies can be reinforced by calculations done with the IGEM. Figure 46 compares 

LCOH of large-scale energy provision technologies. All technologies are designed for the use in a 

district heating system. Besides geothermal energy, solar thermal energy, bio-methane, waste 

incineration and three different application of natural gas are compared. For geothermal energy flow 

rate of 60 kg/s, 80 kg/s, 100 kg/s and 120 kg/s including hydraulic soft stimulation with risk mitigation 

measures are investigated. The results show that geothermal energy is the most competitive 

renewable heat provision technology. Compared to bio-methane geothermal energy shows a relative 

reduction of heat provision costs of 96 - 128 %. And, in relation to solar thermal energy a 

considerable relative reduction of 33 – 76 % is calculated. Generally speaking, conventional heat 

provision technologies can still provide heat with lower costs. Especially subsidized natural gas-

powered CHP and waste incineration plants show lower LCOH. Nevertheless, according to the results 

presented in Figure 46 geothermal energy is already competitive with natural gas boilers and un- 

subsidized CHP. Considering further technological development and economies of scale as 

investigated in (Janczik, 2014) and (Welter, 2018), respectively, a further decrease of LCOH of 

geothermal energy can be assumed. 
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Figure 46: Comparison of LCOH of-large-scale heat provision technologies (Ertle, 2018) (Pure heat provision; baseload; 

150 Monte-Carlo iterations; hydraulic stimulation; including risk factors; with risk mitigation measures; ESP; 
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6 Summary and conclusions 

Deliverable 2.2 of the DESTRESS work package 2 merges the results of the DESTRESS tasks 2.1, 2.2 & 

2.3. The overall goal was to improve techno-economic evaluation of geothermal energy provision. 

Besides pure modelling and simulation issues, improvements in techno-economic evaluation also arise 

from the methodological approach of evaluation. Using synergies from the oil & gas industry, the 

report at hand presents decision analysis. A structured approach for decision making in project 

development and operation. Following the single steps of the decision analysis approach, uncertainty 

can be integrated into techno-economic modelling. Based on this methodological structure it was 

possible to implement risk factors, and the uncertainty that comes with them, into a techno-economic 

simulation tool called Integrated geothermal energy model (IGEM). 

The IGEM includes the results published in (Reith, Hehn, Mergner , & Kölbel, 2017) and presents new 

development steps in techno-economic modelling. It offers decisive advantages over existing models 

such as EURONAUT by (Heidinger, 2010), GEOPHIRES by (Beckers, Lukawski, Anderson, Moore, & 

Tester, 2014) or (Beckers & McCabe, 2018) and also features considerable improvements compared 

to the first development step of the IGEM presented in (Welter, 2018): Uncertainty accompanies the 

evaluation of a project over all life cycle steps. In the early phase of project development there is 

considerable uncertainty on frame conditions, while during the realization, risk factors can affect the 

project. Therefore, uncertainties regarding both technical and economic model parameters are 

considered and quantified using the Monte-Carl method. Ten different risk factors are currently 

implemented. Due to the modular structure of the model, additional risk factors can be easily 

incorporated. Furthermore, the present model depicts the geothermal system in more detail than the 

EURONAUT and GEOPHIRES models, from both a technical and an economic point of view, thus 

providing deeper insights into system behaviour. Another significant improvement was possible in 

terms of technical modelling. While in (Welter, 2018) the Organic Rankine Cycle was calculated with a 

heuristic optimization approach, the current version of the IGEM optimizes the power plant with the 

Monte Carlo method. A basis for this step is the model presented in (Collings, Yu, & Wang, 2016 ). This 

new approach enlarges the solution space and thereby improves the quality of optimization. In 

addition to this methodological improvement also the mapping of technical features is improved. The 

introduction of pinch analysis in all heat exchangers guarantees physically consistent power plant 

designs in this model. In addition, the plate heat exchangers considered by (Collings, Yu, & Wang, 2016 

) and (Welter, 2018) are replaced by shell-and-tube heat exchangers, which corresponds to the state 

of the art for geothermal applications. In addition, combined heat and power provision already 

presented in (Welter, 2018) is implemented into the Monte-Carlo simulation of the power plant and 

enriched with the possibility of simulating pure heat generation. 

In general, the model described in chapter 3.1 is improved in its structure and has more efficient 

algorithms in all model parts compared to the first evolution step presented in (Welter, 2018). This 

enables the computation-intensive Monte Carlo simulation to quantify the influence of various risk 

factors while maintaining reasonable calculation times. In addition to the improvements in the 

technical models and the program code, the economic model part is also improved. While maintaining 

the general structure selected correlations are updated to map the reality more closely. 

Supplementary to the adaption of single parameters in existing correlations, completely new cost 

functions are introduced. As an example, the representation of LSP and the updated stimulation cost 

functions can be named. Another important step to meet the demand of DESTRESS is an adaption of 

the geographical focus of the cost engineering sub-models. The model according to (Welter, 2018) is 

restricted to a national study of the German geothermal market. With the model presented in this 
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report, the consideration of the of different European demonstration sites within DESTRESS becomes 

possible. 

The development of a model is a huge task but becomes meaningless if the reality can’t be mapped 

with good accordance, which is another major strength of the IGEM. The technical as well as the 

economic sub-models are validated with extraordinary detailed insight into operational and economic 

data of running geothermal power plants. This step lays the foundation for the significance of the 

IGEM. 

Despite many advantages over existing technical-economic models, there are also fields of 

improvement that could be adapted by future research: The distribution functions for mapping the 

risk factors are currently implemented as semi-normal distributions. As can be seen on the 

implementation of the effect of stimulation, a solid data basis may reveal other distributions to map 

the real data more precisely. While the focus of DESTRESS was clearly on risk factors, future model 

developments could identify and implement uncertain model parameters for further progress in that 

field of research. When integrating further uncertain parameters, one should allow a positive as well 

as negative changes relative to a given base case. Cost engineering models as implemented in the IGEM 

always must be adapted to current market developments. For example, the mapping of stimulation 

costs could benefit from economic data of finalized stimulation measures during the DESTRESS project. 

To improve the technical simulation, the geometry of the air condenser in the ORC could be adapted. 

In the model it is currently designed as a shell-and-tube heat exchanger, in analogy to all other heat 

exchangers. In fact, however, air condensers have a different geometry. Furthermore, Figure 44 shows 

that only very few of the simulated power plant configurations are show a good techno-economic 

performance. By selectively narrowing the modelling space, one loses generality, but improves the 

significance of the results. Another interesting research question would be to investigate the 

sensitivities within the comparison of CHP and pure electricity provision. The same is valid for the 

power plant operation. Uncertainty increases the risk for possible investors. With the integration of 

further uncertainties into the IGEM model parameters could be identified, that could lead to a more 

robust techno-economic configuration of geothermal projects. 

The IGEM still has room for improvement, but its value was already proven with the report at hand. 

From the investigations presented in this report, multiple future research question can be derived. The 

major task in work-package 2 was not the evaluation of single demonstration sites, but the overall 

improvement of techno-economic evaluation in geothermal energy provision. This goal was reached 

by development steps in different fields of techno-economic evaluation: 

• The decision analysis approach gives the methodological framework for making structured and 

sound decisions in geothermal project development and operation. 

• The integration of risk factors into techno-economic modelling opens new possibilities for the 

evaluation of projects. By the integration of uncertainty valuable additional information can 

be given to decision makers. 

• The identification of mitigation measures can be a help for project developers and authorities. 

• Power plant optimization with the Monte-Carlo approach doesn’t only allow a further 

optimization of power plant configurations based on techno-economic results, but also 

investigations on the robustness of power plant configurations. 

• The possibility to simulate heat, CHP and pure power provision in one model allows a 

consistent evaluation of different business models. 

• New approaches in cost engineering give the community a sound database for early stage 

evaluation of geothermal power projects. 
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• The published data on operational power plants enable further development of other techno-

economic models 

Although the results of a techno-economic evaluation are always site specific, the chosen examples 

evaluated in chapter 5 show interesting results that can be used to derive general statements: 

• Under the conditions of the Soultz-sous-Forêts site with a relatively high wellhead 

temperature, low flow rate and isobutane as working fluid operation conditions were 

deduced. While a high operational pressure in the working medium cycle and a low thermal 

water output temperature have a positive impact on the LCOE, the overheating doesn’t show 

a clearly positive impact. 

• The investigation of the effect of risk factors on technical model parameters on the example 

of the Soultz-sous-Forêts site points out, that uncertainty on technical model parameters is 

superimposed by economic uncertainties. Whether this suggestion is valid for real projects 

must be further investigated. 

• On the Mezöberény case it was possible to show that with an increase of produced energy, 

the width of the distribution of results is reduced. Bigger projects therefore can cope with a 

negative realization of single uncertain parameters more easily. 

• The simulations on the Mezöberény case also demonstrate, that although the costs for risk 

mitigation measures seem to be high, their effect is valuable. By considering the probability 

distribution of an uncertain techno-economic KPI, it was shown that risk mitigation measures 

contribute to an economic realization of a project. This statement is only receiving additional 

significance when taking social acceptance into account 

• The comparison of CHP and pure electricity provision on the example of the fictitious Upper 

Rhine case, didn’t only show the importance of using different KPI for the techno-economic 

evaluation, but also the need for a purpose tailored technical configuration of geothermal 

power/heat plants. 

• Geothermal energy is often still blamed for being expensive. On the Upper Rhine case it was 

possible to show that over a wide range of flow rate geothermal energy is competitive to other 

large-scale renewable as well as conventional heat provision technologies. 
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A. Decision gate review process 

As introduced in section 1.2.1 and in Table 1 above, a project’s maturity evolves along so-called 

Decision Gates (DGs). When reaching Decision Gate, a so-called Decision Gate Review (DGR) is 

performed, with the goal to evaluate the maturation of the project. If the decision gate review has 

been fulfilled according to the requirements of management, then the projects gets further funding 

and can proceed. In the following examples for decision gate reviews are presented. 

A.1. DECISION GATE REVIEW # 1: Approval of Project Initiation 

Table 18: DECISION GATE REVIEW # 1: Approval of Project Initiation (Jonkman, Bos, Breunese, Morgan, & Spencer, 2000) 

Objectives of the 

Review 
Key Issues to be Demonstrated Outcome of the Review 

Validate the basis to 
pursue the business 
opportunity 

 

Initiate the project 

− Information has been gathered in a manner 

that ensures the opportunity being initiated is 

understood 

− The correct conclusions have been drawn 

from the information gathered 

− Key risks and costs associated with initiation 

have been identified and can be appropriately 

managed 

− The opportunity has a reasonable chance of 

success and is worth pursuing  

− Value drivers and Stakeholder aspirations are 

identified and understood 

− Alignment with key Stakeholders and a 

strategy for managing the Stakeholders 

relationships 

− Project definition is unambiguous and 

realistic, with agreed and shared objectives 

− The plans for the next stages are realistic and 

fit for purpose and have identified the required 

Skills and Resources 

− Key organizational and support requirements 

have been identified 

− Clarity on future decision points and 

commitments and the data needs to support 

these 

− Basis for any immediate commitments i.e. 

seismic, exploration drilling, is sound (i.e. 

exploration well proposal) 

− Key risks and uncertainties have been 

bracketed on a fully integrated basis, and 

work programmes and 

− processes designed to address them 

Support for project initiation 

(Objectives / activities / resources / 

timing / costs / technology 

applications) 

 

Agreement on terms of reference 

and specific items to be resolved for 

Decision Gate Review # 2. 
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A.2. DECISION GATE REVIEW # 2: Approval of Concept Short List 

Table 19: DECISION GATE REVIEW # 2: Approval of Concept Short List (Jonkman, Bos, Breunese, Morgan, & Spencer, 2000) 

Objectives of the 

Review 
Key Issues to be Demonstrated Outcome of the Review 

To confirm that 

resolution of 

uncertainties 

supports 

continuation of 

definition and move 

to Concept 

selection. 

 

Has the project 

been effectively 

framed and is there 

enough knowledge 

to start the process 

of 

selecting the 

concept and 

defining the plan ? 

− The business environment is understood, and 

the project has been framed within its context. 

All risks/opportunities have been identified, 

prioritised and analysed to define the key 

appraisal strategies. 

− The economics (incl. Costs), are modelled to 

an appropriate level and justify continuation. 

− Scenarios have been developed to cover the 

full range of risks/uncertainties: surface, 

subsurface, operational, infrastructure and 

business environment. 

− Potential options are aligned with the 

objectives, value drivers and key 

stakeholders’ aspirations. 

− Subsurface uncertainty quantification is robust 

over the entire range of possible outcomes. 

− Uncertainties related to schedule, commercial 

environment, competition, government and 

partnering aspects have been identified. 

− All available data has been used in 

subsurface outcome definition, i.e. static and 

dynamic modelling integrates as good as 

possible all observations. 

− Support requirements have been identified 

and accounted for, to the appropriate level of 

detail, in the decision making. 

− The necessary organization and 

resource/skills have been identified and staff 

continuity has been planned through the 

remaining phase(s). 

− There is clarity on future decision points and 

commitments and the data requirements to 

support these. 

− The plans for the next stages are realistic and 

fit for purpose. 

Support for subsurface uncertainty 

range and outcomes 

 

Support for ranges of in-place HC 

resource volumes and technical 

reserves. 

 

Support for range of integrated field 

devt concepts. 

 

Support for continuation into 

Concept Selection. 

 

Agreement on ToR and specific 

items to be resolved for Decision 

Gate Review # 3 
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A.3. DECISION GATE REVIEW # 3: Project Concept Selection and 

Definition 

Table 20: DECISION GATE REVIEW # 3: Project Concept Selection and Definition (Jonkman, Bos, Breunese, Morgan, & 

Spencer, 2000) 

Objectives of the 

Review 
Key Issues to be Demonstrated Outcome of the Review 

To confirm approval 

of the Concept 

Selection. 

The selected development concept and plan for 

project definition and the PDO / PIO7 preparation 

phase: 

− Is realistic and realisable 

− Is founded on key value drivers and 

consideration of critical issues and success 

factors being aligned. 

− Is compatible with the business environment 

and key stakeholder aspirations. 

− Maximises the opportunity value in alignment 

with objectives. 

− Takes account of the full life-cycle of the 

project and maximises the life-cycle value. 

− Incorporates Operations/Maintenance 

requirements. 

− Has been framed with quality cost and 

production data and is linked to a strategy to 

further reduce costs/increase value. 

− The business case remains clear and is 

supported by economics 

− Project execution, contracting and 

procurement strategies have been identified 

and fully considered in the proposed concept 

and plan. 

− Key stakeholders are aligned with plans for 

the concept selection and project definition 

stage: plans cover their ongoing 

engagement/management. 

− The plans for managing risks and 

opportunities are robust and they include an 

assessment of compound risks and appraisal 

strategy revision tied to the value of 

information. 

− The plan to reach and support PDO / PIO7 is 

realistic and addresses all of the project 

attributes (subsurface evaluation, project 

execution, production facilities evaluation and 

project execution, 

− Operations, stakeholder management), and 

identifies the resources needed to deliver. 

− Project management systems and process, 

including Project Execution Plan, SHE / 

Quality Management / Project control and 

Support for the concept selection 

process. 

 

Support for the selected concept. 

 

Support for the plan and cost 

estimates to prepare the basis for 

design, project specifications and 

update of the Project Execution 

Plan (PEP). 

 

Agreement on terms of reference 

and specific items to be resolved for 

Decision Gate Review. #4 

                                                           
7 PDO = Plan for Development and Operation, PIO = Plan for Installation and Operation 
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Procurement, Risk / opportunity management 

etc., have been identified and plans are in 

place for their preparation. 

− Operational items detailed in Decision Gate 

Review #6 to be addressed. 

− The necessary organisation, resource skills 

and planned staff continuity through the 

remaining phase(s) have been identified. 

A.4. DECISION GATE REVIEW # 4: Approval to issue PDO / PIO7 

Table 21: DECISION GATE REVIEW # 4: Approval to issue PDO / PIO1  (Jonkman, Bos, Breunese, Morgan, & Spencer, 2000) 

Objectives of the 

Review 
Key Issues to be Demonstrated Outcome of the Review 

Project considered 

sound and ready to 

execute, prior to 

and conditional on 

PDO / PIO 

approval. 

− Project objectives are clearly defined and 

plans for execution are in place, aligned with 

those objectives. 

− Key stakeholders are aligned with plans for 

execution: plans cover their ongoing 

engagement/management. 

− Full project scope is expressed in tangible 

cost, time and resources with sufficient 

accuracy, and a strategy is in place to further 

optimize costs/increase value. 

− Economics screening has been appropriately 

updated and maximum value has been 

achieved. 

− The risk and opportunity management plan is 

maintained and robust. 

− Project execution plans and contracting 

strategies and plans are appropriate for the 

level of definition, residual risk and uncertainty 

and aligned with the business environment 

and market conditions. Planned contracting 

tactics are optimum and cover both the major 

and minor contracts. 

− The required management systems, 

processes and procedures including Project 

Execution Plan, 

− Procurement Strategy, SHE program, Quality 

Management, Project Controls, Procurement 

and other support functions are defined and in 

place to support the project during the 

execution phase. 

− Appropriate review and audit plans are in 

place for the execution phase and Operations 

hand over. 

− The project completion and hand over 

strategy has been developed. 

− The plans to mobilize operations and 

maintenance resources, systems, processes 

and procedures are in place. 

Support for the PDO / PIO 

 

Agreement on terms of reference 

and specific items to be resolved for 

Decision Gate # 5 Review 

 

Support for the Project Execution 

and Procurement Strategy 
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− The key project team personnel are in place 

to initiate execution according to the plan. 

− Operational items detailed in Decision Gate 

Review #6 (DGR #6) to be addressed. 

− The project resource plan and organization is 

optimum and can be mobilized in accordance 

with the schedule. 

A.5. DECISION GATE REVIEW # 5: Approval to Start Execution 

Table 22: DECISION GATE REVIEW # 5: Approval to Start Execution (Jonkman, Bos, Breunese, Morgan, & Spencer, 2000) 

Objectives of the 

Review 
Key Issues to be Demonstrated Outcome of the Review 

To confirm that the 

conditions as at 

Decision Gate 

Review # 4 are still 

valid. 

− No substantial changes 

− Any changes do not impact situation at DGR 

#4 

− Any changes which do impact the situation at 

DGR #4 have been identified and properly 

addressed through incorporation in forward 

work plans or re-working previous work to an 

appropriate degree. 

Support that conditions at DGR #4 

are still valid 

 

Support that changes to the 

conditions at DGR #4 have been 

properly incorporated, and that 

plans for 

any re-work are appropriate 

 

Agreements of terms of reference 

and specific items to be resolved for 

Decision Gate Review #6. 

A.6. DECISION GATE REVIEW # 6: Approval to Start Operation 

Table 23: DECISION GATE REVIEW # 6: Approval to Start Operation (Jonkman, Bos, Breunese, Morgan, & Spencer, 2000) 

Objectives of the 

Review 
Key Issues to be Demonstrated Outcome of the Review 

To confirm ready to 

start operation and 

hand over of Operator 

ship 

− Objectives for operation and hand over of 

Operator ship are clearly defined and plans 

for execution are in place, aligned with those 

objectives 

− Key stakeholders are aligned with plans for 

execution: plans cover their ongoing 

engagement / management 

− Production operations scope is expressed in 

tangible cost, time and resources with 

sufficient accuracy, and a strategy is in 

place to further reduce costs / increase 

value 

− Economics screening has been 

appropriately updated and maximum value 

has been achieved 

− The risk and opportunity management plan 

is maintained and robust 

− The required management systems, 

processes and procedures including 

Support for start of production 

 

Support hand over of Operator ship 

 

Agreement of terms of reference 

and specific items to be resolved for 

Decision Gate Review # 7 
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Operations Reference Plan, SHE, Quality 

Management, Financial controls and other 

support functions are defined and in place to 

support hand over of Operator ship and 

production operations 

− Appropriate review and audit plans are in 

place for the operation phase and hand over 

of Operator ship 

− The detailed plans to mobilize operations 

and maintenance resources, systems, 

processes and procedures are in place 

− The key operation personnel are in place to 

initiate start-up / handover according to the 

plan 

− The operation resource plan and 

organization is optimum and can be 

mobilized in accordance with the schedule 

− A detailed technical pre-start up audit has 

been satisfactorily completed 

A.7. DECISION GATE REVIEW # 7: Post Implementation 

Assessment 

Table 24: DECISION GATE REVIEW # 7: Post Implementation Assessment (Jonkman, Bos, Breunese, Morgan, & Spencer, 

2000) 

Objectives of the 

Review 
Key Issues to be Demonstrated Outcome of the Review 

To assess to what 

degree the objectives 

of the development 

project has been 

fulfilled 

 

To assess whether 

Operations are being 

undertaken in 

accordance with 

requirements 

 

To provide 

experience feedback 

for future projects 

− Has the project delivered to expectations, is 

it on targets to meet its social, 

environmental and economic promise ? 

− Are the operations and maintenance 

resources, systems, processes and 

procedures performing in accordance with 

the requirements ? 

− What are the key life cycle learning's arising 

from the execution process ? 

− What are the remaining opportunities and 

risks, and how are they being managed ? 

− What actions can be taken at this stage to 

further optimize the opportunity value ? 

− What were keynote best practices and can 

any additional best practices be identified ? 

Support for the Operations 

Reference Plan 

 

Support for the Asset Reference 

Plan 
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B. Quantification of risk factors in soft stimulation activities 

Calculation of interest rates including taxes 

B.1. Introduction 

The EU initiated DESTRESS (Demonstration of soft stimulation treatments of geothermal reservoirs) 

project investigates the effects, effectiveness and efficiency of soft hydraulic stimulation in geothermal 

reservoirs. Soft stimulation techniques aim to improve reservoir performance while minimizing 

environmental impacts such as induced seismicity. Applied techniques include cyclic/fatigue, multi-

stage, chemical and thermal stimulation (Huenges & Ellis, 2016). Hydraulic stimulation in the context 

of geothermal reservoirs differs from hydraulic fracturing, which is also known as fracking and broadly 

applied in the production of unconventional gas reservoirs. Fracturing, as the name implies, aims to 

create new fractures in low-permeability rock formations while the goal in hydraulic stimulation is the 

widening, cleaning and activation of present natural fractures. The creation of new fractures inherently 

bears a greater risk for induced seismic activity. Other notable differences include the reservoir depth, 

which is often in approximately 4 km depth for geothermal reservoirs. Unconventional gas reservoirs 

mostly lie in depths of 1-2 km or less. The stimulation of geothermal reservoirs therefore takes place 

in greater distances from aquifers that are used for drinking water supply than fracking in gas 

reservoirs. The fluids used in stimulation, furthermore, usually contain less to no environmentally 

harmful substances compared to fracturing fluids (Bracke, 2014). 

The following report investigates the risks involved with stimulation practices. The mechanisms behind 

these risks are explained and the causes behind them are described in the most quantitative manner 

possible. The following phenomena are investigated: 

• Public acceptance of the technology 

• Subsurface interactions between stimulation fluid and geological formations 

• Political instability 

• Downhole loss of tools 

• Blowout 

• Induced seismicity 

• Unwanted subsurface hydraulic connections 

• Lack of information in planning and from the view of the authorities 

This report is based on existing research. The engineering of geothermal reservoirs is a relatively young 

approach with only 15 projects realized worldwide since 1972 (Bracke, 2014). Fracking in oil and gas 

has meanwhile been employed in at least 300.000 wells in the USA alone (Perrin & Cook, 2016) and 

been a subject of international controversy. The available resources on the topic are therefore focused 

on the oil and gas industry. Since, as described above, the practices for reservoir engineering differ 

significantly between hydrocarbon and geothermal exploration, research results relevant for this 

report are evaluated critically and put into the context of geothermal reservoirs. 
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B.2. Risk evaluation 

B.2.1. Public acceptance 

Public acceptance is a critical factor in the development of geothermal energy projects and related 

stimulation activities. Quantification of this issue proves difficult, because it is tied to several socio-

economic factors. Public acceptance is furthermore influenced by the values, experiences and 

priorities of individual citizens, which emphasizes the inherently subjective nature of this issue. 

Depending on the locality, further cultural factors may influence the reaction of the population 

towards new developments. In Chile, for example, the spiritual relationship between the population 

and volcanoes has been found to be an obstacle that inhibits public acceptance (Payera, 2018). As 

such, the culture and customs in the development area must be considered. The following study data 

focuses on hydraulic fracturing but, because of the similarities between the technologies, it should be 

an approximation of the public opinion towards soft stimulation. 

The causes of social resistance are manifold. An analysis of German media reports identified four key 

sources thereof (Reith, Kölbel, Schlagermann, Pellizzone, & Allansdottir, 2013) (Carr-Cornish & 

Romanach, 2014): 

• Environmental issues 

• Lack of involvement of the public 

• Not in my backyard (NIMBY)-attitude 

• Financial issues 

The most easily controllable factor of those is arguably the involvement of the public, which might also 

help to mitigate anxiety about environmental and financial issues. 

The involvement and information of the public has been shown to have a drastic influence on the 

public perception and acceptance (Reith, Kölbel, Schlagermann, Pellizzone, & Allansdottir, 2013). This 

involves the provision of information to the public. (Carr-Cornish & Romanach, 2014) found, that 42 % 

of participants were initially unsure of their acceptance towards geothermal energy. After the 

provision of informational material, which highlighted both advantages and risks of the technology, 

only 19 % of the participants felt unsure while the percentage of participants who were in agreement 

with the technology rose from 50 % to 74 %. Information of the public therefore has the potential to 

reduce the part of the population who feels unsure by 45 % while almost 80 % of the “converted” 

participants chose to support the technology afterwards. 

This is in accordance with previous findings that higher subjective knowledge of citizens leads to higher 

acceptance rates (Huijts, Molin, & Steg, 2012). Identifying geothermal energy as a renewable energy 

source also helps to increase the acceptance rate (Dowd, Boughen, Ashworth, & Carr-Cornish, 2011). 

Direct mention of the term “fracking”, on the other hand, decreases the public support that is received: 

When asked about the technology, 42,5 % of the subjects that did not hear the term “fracking” in the 

provided information material judged it as safe, as opposed to 34,5 % of the subject that heard the 

word. Likewise, when asked if the state should apply the technology, 51,6 % of the former group said 

yes as opposed to 36,6 % of the control group. Highlighting the differences between fracking and soft 

stimulation in information campaigns could therefore prove useful in increasing public acceptance. 

Implementing these aspects in a well-designed information campaign can potentially increase the 

amount of acceptance in a given community. Increasing the acceptance by 24 % is possible, as is shown 



Annex 114 

 

by (Carr-Cornish & Romanach, 2014). Transferring this quantification to other projects and 

communities would prove difficult, however. Subject of that study were citizens in Western Australia 

and different results might have been obtained with different target populations. Furthermore, to 

estimate the effect of an information campaign on public acceptance the pre-existing mindset of the 

local population must be known which cannot be expected for most projects. 

Other studies have identified demographic factors that might have an influence on the public 

acceptance of geothermal projects and hydraulic stimulation efforts. Gender appears to be a 

demographic variable that influences acceptance. Several studies show, that men are more likely to 

support emerging technologies, which also applies to geothermal energy and hydraulic stimulation and 

fracturing (Boudet, et al., 2014) (White, 2012). White (2012) identified other factors that influence the 

public acceptance of hydraulic fracturing that might show more spatial variation than gender 

distribution. Demographics in the three US states Pennsylvania, Texas and Louisiana were surveyed 

and linked to the public opinion towards the technology. Exact quantification of the public resistance 

in these states is not given, but a clear difference between the states can be seen with Louisiana 

showing the highest level of public acceptance, Pennsylvania showing the lowest level and Texas taking 

the middle ground. For the sake of semi-quantification, the states are here assigned the acceptance 

levels of low (Pennsylvania), medium (Texas) and high (Louisiana). 

 

Figure 47: Occurrences of threats to groundwater versus the acceptance level towards hydraulic fracturing More incidents 

of groundwater-threats correlate with lower acceptance levels. Data from (White, 2012) 

Figure 47 shows the total occurrences of groundwater threats as a result of hydraulic fracturing in the 

three US states. The least acceptance is observed in the state with the most groundwater threatening 

accidents. Investigating the previously recorded number of incidents in a region that is of interest for 

hydraulic reservoir stimulation can give a good indication as to how much resistance can be expected. 

 

Figure 48: Median household income versus the acceptance level towards hydraulic fracturing. A lower income appears to 

correlate with higher acceptance levels. Data from (White, 2012) 

The median income (Figure 3) appears to correlate negatively with the acceptance levels, which is in 

line with the phenomenon that socially weaker communities appear to be less critical towards new 

technologies (White, 2012). The median household income in 2012 in the USA was $51,017 (US Census 
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Bureau, 2013), which puts the most acceptant state Louisiana more than $6,000 below the US-national 

average while the other two states are similar to the median. These findings might have implications 

for the public resistance in newly developed areas, and a significant negative difference from the 

national median income could be an indicator for stronger public acceptance. The density of wells 

through which hydraulic fracturing has been conducted, appears to have an impact on the public 

acceptance of the technology (Figure 49). The least public acceptance is found where more than 0.04 

wells/km2 have been fractured (White, 2012). 

 

Figure 49: Density of hydraulically fractured wells versus the acceptance level. A lower well density correlates with higher 

public acceptance. Data from (White, 2012) 

Multiple regression analysis of a national survey furthermore identified the political and ideological 

beliefs of the population to be a strong influence on the support of fracking. Egalitarian worldviews of 

the population were found to negatively impact the public acceptance while conservative political 

views positively influenced public acceptance. The magnitude of the influence is very similar for both 

with beta values of 0.284 for the former and 0.28 for the latter (Boudet, et al., 2014). It is unclear, 

however, if extrapolation of this data to specific projects is useful, because of the unique aspects of 

different countries’ political systems. 

The NIMBY-phenomenon raises the question of the distance between the development site and the 

next population centre. An Australian study on the public perception of geothermal energy showed, 

that a large portion of people who are not generally opposed to the technology want the distance from 

their homes to be greater than 100 km (Carr-Cornish & Romanach, 2014). Meanwhile public 

acceptance appears to be higher in regions with a high natural seismic activity, since concerns of 

induced or triggered seismicity are of low concern for the local population (Bommer, Crowley, & Pinho, 

2015).The abovementioned data give an insight into quantifiable parameters that can have an impact 

on the public acceptance. It needs to be emphasized that the resistance of the public against hydraulic 

fracturing is subject to several socio-cultural, economic, ecologic and political factors and therefore 

inherently unpredictable. The potential public acceptance can therefore only be estimated roughly 

according to the criteria listed in Table 25. 

Table 25: Location characteristics and their influence on the public acceptance of geothermal projects and soft stimulation 

Low public acceptance Medium public acceptance High public acceptance 

-Density of stimulated wells is higher than 
average 

-Density of stimulated wells is around 
average 

-Density of stimulated wells is lower than 
average 

-Median household income is above or 
around the national average 

-Median household income is slightly 
national average 

-Median household income is far below 
national average 
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-The political orientation of the population 
is largely liberal 

-The political orientation of the 
population is ambivalent 

-The political orientation of the 
population is largely conservative 

-The population consists of significantly 
more than 50% women 

-The population consists of 
approximately 50% women and 50% men 

-The population consists of significantly 
more than 50% men 

-Over twenty groundwater threatening 
incidents related to hydraulic stimulation 
have occurred in the area 

-Over five groundwater threatening 
incidents related to hydraulic stimulation 
have occurred in the area 

-Less than five groundwater threatening 
incidents related to hydraulic stimulation 
have occurred in the area 

-No public information campaigns were 
conducted 

-A public information campaign was 
conducted 

-A public information campaign was 
conducted including workshops for citizen 
participation 

-Project site is next to a population centre -Project site is 50 km away from the next 
population centre  

-Project site is over 100 km away from the 
next population centre 

Virtually no natural seismicity in the area Low-medium natural seismicity in the 
area 

High natural seismicity in the area 

B.2.2. Fluid-rock and fluid-fluid interactions 

Interactions between drilling and stimulation fluid and the formation rocks can potentially negatively 

alter the reservoir properties. This is called “formation damage” (FD). Since hydraulic stimulation is 

most prominently applied in the hydrocarbon industry, specifically in the production of shale gas, most 

existing literature on fluid-rock interactions refers to shale formations. These shale formations are 

unsuited as aquifers and therefore geothermal fluid reservoirs (Jung, et al., 2002) which leads to a 

scarcity of publications on fluid-rock interactions regarding hydraulic stimulation that are relevant for 

geothermal energy production. Shale formations are still problematic for geothermal exploitation 

because the swelling of reactive clays like smectite is a general issue in drilling (Bloy, et al., 1994). 

 

Figure 50: Influence of temperature on the permeability reduction by fines migration. A significant permeability drop occurs 

for much lower flow velocities U at 129°C than at lower temperatures (a). The reduction in salt concentration γ 

(NaCl) that is needed to mobilize the fines is also significantly lower at higher temperatures (b) (You, Yang, 

Badalyan, Bedrikovetsky, & Hand, 2016) 

A greater issue than clay swelling is the migration of fines, the effects of which have often been 

attributed to the former. The problem is especially relevant for sandstone reservoirs. Fines migration 

is the mobilization of fine particles in the pores which subsequently clog pore throats and reduce 

reservoir permeability. It is triggered by high pore flow velocities and by low salt concentrations (Gray 

& Rex, 1966). High velocities mobilize particles by increasing the kinetic energy exerted onto them. 

Lower salt concentrations lead to the destabilization of the electrostatic bond to the matrix that 
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immobilizes the particle. High ionic strengths counterbalance repellent forces and stabilize the particle. 

A loss in ionic strength causes the repellent forces between particle and matrix to dominate, which 

leads to the mobilization of the particle. These two mobilization processes are also temperature 

dependent. Higher temperatures lead to fines migration commencing sooner than at lower 

temperatures, which is shown in Figure 50 (You, Yang, Badalyan, Bedrikovetsky, & Hand, 2016). The 

permeability drop at a given concentration of NaCl doubles with a T increase from 25 °C to 80 °C and 

it triples with an increase from 25 °C to 129 °C. Most investigations regarding electrolyte concentration 

and fines migration focus on single salt-systems (Quirk & Schofield, 1955) (Khilar & Fogler, 1984). The 

applicability on natural systems suffers from this simplification, since there are almost always 

numerous ionic species present in natural groundwaters. Total ionic strength is a simple measure for 

the sum of the electrolytes in solution and therefore a suitable quantification of mixed salt-systems. 

Ionic strength does influence the mobilization of fines, which has been shown in elaborate 

mathematical models which are, however, based on single salt NaCl systems (You, Yang, Badalyan, 

Bedrikovetsky, & Hand, 2016). The presence of bivalent ions, in natural systems predominantly 

calcium, can significantly reduce the critical ionic strength for fines migration occurs (Khilar & Fogler, 

1984). A study of the two-salt system NaCl-CaCl2 quantifies this influence of Ca on the mobilization 

threshold by observing the molar fraction of sodium and calcium in core injection experiments on a 

sandstone. The results are displayed in Table 26. 

Table 26: Critical ionic strengths for fines migration. Particle mobilization occurs significantly below these thresholds. The 

ionic strengths in dependency of the Ca/Na percentages were determined experimentally (Khilar, Vaidya, & 

Fogler, 1990). 

%Ca %Na Critical ionic strength (M) 

0 100 0,071 ± 5x10-4M 

5 95 0,025 ± 5x10-4M 

10 90 0,005 ± 5x10-4M 

15 85 <<0,001 

Small amounts of calcium in solution mitigate the release of fines by significantly lowering the ionic 

strength threshold for mobilization (Khilar & Fogler, 1984). These results are not directly applicable to 

geothermal applications because of the temperature dependency, however. This increases the risk of 

fines migration even if the critical ionic strength is surpassed in a given reservoir. 

Critical ionic strengths for fines migration. Particle mobilization occurs significantly below these 

thresholds. The ionic strengths in dependency of the Ca/Na percentages were determined 

experimentally (Khilar, Vaidya, & Fogler, 1990). 

At the same time there are various other bivalent ions present in natural systems, which might stabilize 

the particles and further decrease the critical ion strength, preventing fines migration. Considering the 

thermal water at the Mezöberény site in Hungary, which shows an ionic strength of 84 mM and a 

Ca/(Ca+Mg) ratio of 0,554 % (data from the geological log report 116; 318/2012 (Dudas, 2012)), fines 

migration is not expected to become an issue there if thermal effects are neglected. The ionic strength 

of the thermal waters at the Soultz-sous-Forêts site in France is approximately 1,825 M with a 

Ca/(Ca+Mg) ratio of 12,9 % (data from (Scheiber, Nitschke, Seibt, & Genter, 2012)). Here, the 

mobilization of fines also cannot be expected if thermal effects are neglected. Neglecting the thermal 

influence potentially leads to an underestimation of the fines migration risk. Applying the critical ionic 
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strengths from Table 26 to the geothermal fluids should therefore be done with a generous margin of 

error. In Soultz the ionic strength and Ca concentrations are above the critical value by a great margin. 

The reservoir is, furthermore, located in the crystalline basement (Scheiber, Nitschke, Seibt, & Genter, 

2012), which furthermore reduces the risk of fines migration. The siltstone reservoir in Mezöberény 

can be expected to contain a portion of fines that may be significant enough to reduce the 

permeability. The ionic strength of the Mezöberény water is furthermore greater than the threshold 

given in Table 26 but not by as great of a margin as in Soultz. If the temperature effect on the 

mobilization of fines is as great as the model by You et al suggests then fines migration is to be expected 

at the Mezöberény site, which is likely to lead to a reduction in permeability. The considerations 

explained above also apply to the drilling and stimulation fluids that are applied in the exploitation 

process. 

Besides the overall salinity of the water the rate in salinity drop has an influence on fines mobilization: 

Fast drops in ionic strength are more likely to mobilize fine particles than a slow, gradual decrease 

(Jones Jr., 1964). An abrupt decrease may happen if the main reservoir is depleted during production 

and hydraulically connected to a low-salinity aquifer or if a fluid is introduced that has a lower ionic 

strength than the formation water. 

The risk for permeability reductions due to fines migration, which may be as great as 75 % (You, Yang, 

Badalyan, Bedrikovetsky, & Hand, 2016) can, in conclusion, be assessed by the following criteria: 

The risk for permeability reduction up to 75 % by fines migration increases significantly if 

• The reservoir is located in sandstone or comparable porous media 

• No fines-migration inhibitors are present in the system 

• The ionic strength is lower than the critical values given in Table 26 

o The ionic strength should surpass the given thresholds with a large safety margin to 

compensate the mobilizing effect of higher temperatures (see Table 26) 

• The flow velocity is above a critical threshold: <10-4 m/s for T < 80 °C and <2x10- m/s for 

T > 129 °C 

• The reservoir is connected to a low-salinity aquifer 

An exact quantification of the risk of permeability reduction is not possible because of the temperature 

dependence of the mobilization and a lack of empirical data in the available literature. 

Ultimately permeability losses need to be counteracted by the operating fluid’s chemistry. Inhibitors 

such as cations or polymers can mitigate clay swelling and fines migration. Clay swelling ultimately 

leads to the clogging of pore throats by the mobilization of fine particles, similar to fines migration. 

Reactive clays like those of the smectite group are principally at risk for swelling and subsequent 

dispersion and mobilization. The presence of these clays therefore principally increases the risk of 

formation damage by fluid-rock interaction (Civan, 2007). Identifying these clays before reservoir 

stimulation and adjusting the fluid accordingly is therefore crucial for a successful operation. The 

success of the operation is thus directly linked to the drilling and/or stimulation operator’s experience 

and expertise, which is not possible to quantify beforehand. 

The chemistry of injected fluids shows broad variations depending on the application, and so do the 

interactions with formation fluids. In the context of hydraulic stimulation, the source water is 

important. In the oil and gas industry the use of produced formation water as a base fluid is a common 

practice, which, however, introduces several complications (Li, Al-Muntasheri, & Liang, 2016). 

Produced waters often show high total dissolved solids (TDS) contents. Divalent cations such as calcium 
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and magnesium will precipitate as hydroxides in significant amounts at room temperature at a pH 

above 9,2. The use of highly saline base fluids to stimulate a reservoir with very alkaline formation 

water could thus lead to the clogging of pores by hydroxide precipitates (Li, Al-Muntasheri, & Liang, 

2016). Other authors highlight the risk of the precipitation of scaling by mixing two incompatible brines 

(Mackay, 2003), in the case of geothermal reservoirs the formation and stimulation fluids. The 

precipitation patterns and rates are dependent on the chemistry of the injected fluid, the formation 

fluid, the formation minerals and the pore- and fracture geometries (Jones & Detwiler, 2016). Small 

reservoir heterogeneities have a significant impact on the precipitation behaviour of solids. While the 

mineralogy and fluid chemistry of the underground reservoir are often known reasonably well, 

information about fracture surface roughness and small-scale mineral heterogeneities at reservoir 

depth is hardly possible to obtain. Numerical information about observed permeability drops caused 

by stimulation operations in geothermally relevant reservoirs is rare. A realistic quantification of the 

risk that fluid-rock and fluid-fluid interactions bear is therefore not possible. 

B.2.3. Political instability 

The stability of the political establishment can potentially severely disrupt an entire nation’s energy 

sector. India, for examples, has been struggling to provide a stable energy network to the population 

for decades. This struggle is partly caused by a political system that is characterized by partisanship 

and corruption, leading to unstable flow of federal subsidies and permits (Fukumi, 2012). Regarding 

hydraulic stimulation and fracturing the biggest impact of politics is arguably legislation. With several 

environmental concerns that are linked to the technology, mostly in respect to the production of shale 

gas reservoirs, hydraulic fracturing is a subject of controversy and has even been banned completely 

for gas production in France (Good Energy Alliance Ireland, 2018). The ban does not apply to 

geothermal energy. This principally shows that differentiation between the different applications of 

hydraulic stimulation is possible in policy making. 

If the permit for hydraulic stimulation is legally permitted for a geothermal project, the greatest risk 

through political instability would be the repeal of that permission. The risk is therefore dependent on 

stringency and reliability in policy making. This stringency negatively correlates with political stability 

in countries with relatively low levels of corruption (Fredriksson & Svensson, 2003). Albeit corruption 

exists and continues to be a problem in Europe (EU Commission, 2014), the corruption in relation to 

many developing countries is low. Instability could thus disrupt policies that are in place regarding 

hydraulic stimulation. While indexes for political stability can estimate the risk of sudden policy 

changes in a country, the exact changes or even the directions thereof are subject to a broad variety 

of factors. A change in legislation could lead to a fatal complete ban of hydraulic stimulation activities. 

It could also, however, lead to the deregulation of hydraulic stimulation for economic reasons. There 

is, therefore, an inherent uncertainty that comes with political destabilization and subsequent changes 

in legislation. Even if these uncertainties could be quantitatively accounted for, current models that 

predict political change often fail to do so accurately (Sottilotta, 2013). An accurate quantification of 

the risk that political instability poses to hydraulic stimulation is thus not viable.  

B.2.4. Lost in hole 

The loss of drilling materials such as drilling tools, fluids and logging instruments accounts for roughly 

$3 billion in annual drilling expenses for the oil and gas industry. These costs are caused by both the 

material’s value and resulting non-productive time. 
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The scenario in which hydraulic stimulation would lead to a loss of tools is in subsequent logs. 

According to the legacy of the ocean drilling program there are four main causes that may cause a tool 

to become stuck (Ocean Drilling Programme, 2004): 

• The tool is stuck in a bride or by cavings 

• The tool is not stuck, but cannot be pulled up past a bridge 

• The tool is stuck in the base of the pipe 

• The tool is not stuck but cannot be pulled past the pipe 

Since the occurrence of bridges in the well appears to be a major cause of stuck tools the probability 

of tool loss appears to be linked to borehole stability. Models for wellbore stability exist (Al-Ajmi & Al-

Harthy, 2010) (Ding, Luo, Liu, & Liang, 2018) but not to the accuracy in which they could predict bridges 

that could cause tools to become stuck. Quantification of the risk for stuck tools could be conducted 

by an empirical approach which comprehends existing data about stuck tool occurrences. Such 

datasets or quantifications following this approach are, however, not present in the available English 

literature. A quantification of the “lost in hole” risk is therefore not feasible. 

B.2.5. Blowout 

A blowout is the rapid and uncontrolled release of a fluid (gas or liquid) from the borehole, which may 

lead to the loss of the borehole, economic and ecologic damage and even the loss of human life (Lindi, 

2017). The precursor to such an event is a so called “kick”, which describes the entering of a formation 

fluid into the well. This occurs when the pressure of the formation fluid exceeds the pressure of the 

circulating fluid. The main controlling factor is therefore the injection pressure and mud weight density 

(Azar & Samuel, 2007). Even though detection systems for kicks exist, they are often faulty and lead to 

false alarms, which harshly decrease their reliability (Lindi, 2017). 

A primary cause for blowouts is human error. Linked to this is bad communication between actors, 

which was partly responsible for the catastrophe in 2010 at the “Deepwater Horizon” drilling platform. 

Human error is a risk in a variety of ways such as bad casing installation, violation of planning or 

ignorance towards bad test results (Lindi, 2017). This ignorance is promoted by the tendency of 

warning systems to give false alarms. Cost cutting in general increases the blowout risk. Even if the 

necessary systems are provided and maintained, cost cutting leads to time pressure and long shifts, 

which increase the risk of human error in monitoring. Cost cutting can also lead to faulty cementing, 

which is a known cause of blowouts (Lindi, 2017). 

Failure of technical systems such as the blowout preventer (BOP) or the downhole safety valve (DHSV) 

furthermore lead to accidents. These systems’ failure can be largely avoided by regular maintenance. 

A challenge for hydraulic stimulation is that most kick detection systems are designed for drilling 

operation. The chances of a blowout occurrence increase in the completion phase, which includes 

stimulation (Lindi, 2017). 

Since an increase in permeability increases migration rates and therefore the potential formation 

pressure (Liu, Mentzer, Mannan, & Hasan, 2014), hydraulic stimulation inherently bears a risk for 

blowout. A sudden rise in formation pressure can occur if a secondary, high pressure reservoir is 

connected to the borehole during well completion or drilling (Toth, 2010). Detailed knowledge of the 

geology surrounding the target reservoir, especially regarding further, high pressure reservoirs, is 

therefore a strong indicator for an increased risk of a blowout. Such detailed knowledge is, however, 

lacking in most cases. 



Annex 121 

 

There exist stochastic approaches to estimate the blowout risk (Andersen, 1998) and blow out 

preventers are developed specifically for hydraulic stimulation (USA Patentnr. US5819851A, 1998). The 

issue is, that these approaches are centred around hydrocarbon production. A solid stochastic 

approach regarding the blowout risk of hydraulic stimulation of geothermal reservoirs is currently not 

feasible due to the underwhelming amount of data that is available on the topic. Most available data 

are either specific to oil and gas production or restricted to drilling operations. To summarize the 

results from above, the following factors can be determined that increase the likelihood of a blowout: 

• Cost reduction 

o Decrease of equipment maintenance and testing 

o Overworked staff  

• Unreliability of kick detection systems 

• Presence of secondary high-pressure reservoirs in the vicinity of the target reservoir 

B.2.6. Induced Seismicity  

To estimate the risk of induced seismicity, it’s necessary to identify the parameters that influence the 

occurrence of such events. Several studies (Wiemer, Kraft, Trutnevyte , & Roth, 2017), (Majer, et al., 

2007), (Vlcek, Eisner, Stabile, & Telesca, 2017), (Muntendam-Bos, Roest, & de Waal, 2015), (Van Eijs, 

Mulders, Nepveu, Kenter, & Scheffers, 2006) tried to investigate these parameters in order to control 

seismicity in both gas and geothermal fields and to prevent larger events with critical consequences. 

The Swiss Seismological Service (SED) represented by Wiemer published a “’Good Practice’ Guide for 

Managing Induced Seismicity in Deep Geothermal Energy Projects in Switzerland”, where they did 

some detailed research on the topic of induced seismic. They distinguished the seismic risk of different 

geothermal systems. According to Wiemer, shallow geothermal systems are not known to cause 

earthquakes. In case of EGS, induced earthquakes are required for creating a reservoir. In deep 

hydrothermal projects, target zones are often major fault zones due to their highly increased 

permeability. This includes the chance that the fault zones turn out to be more seismogenic than 

expected (Dieh, et al., 2017).  

Induced earthquakes are caused by a range of physical mechanisms, which act together to a varying 

degree (Wiemer, Kraft, Trutnevyte , & Roth, 2017). The primary physical mechanisms are:  

• Pore pressure change: Increasing pore pressure on pre-stressed faults may eventually cause 

these faults to rupture, releasing generally small fractions. The higher and the more rapid the 

pore pressure changes are, the more likely is the occurrence of seismic events (Muntendam-

Bos, Roest, & de Waal, 2015). A natural example of seismic events due to increased pore 

pressure are rain-triggered earthquakes (Husen, Bachmann, & Giardini, 2007),  

• Earthquake-earthquake interactions: Static and dynamic stress changes of induced 

earthquakes may act as a trigger for additional earthquakes themselves (Catalli, Cocco, 

Console, & Chiaraluce, 2008). 

• Deformation related changes: Volume changes through injection or extraction of fluids 

changes the strain/stress conditions on nearby faults that may be tectonically prestressed 

(Gibowicz & Lasocki, 2001). 

• Temperature changes: Cooling or heating of the reservoir rock by injecting fluids causes local 

thermal contraction or expansion, which can lead to the release of stress. According to 

(Martínez-Garzón , et al., 2014), thermoelastic stress induced by the injection of cool water in 
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the high temperature rock is the dominant reason for induced seismicity in EGS, especially 

near the injection well. 

• Chemical alterations: Chemical alteration due to the injection of non-native fluids can cause 

changes in the coefficient of friction on the fracture surfaces. If the friction is reduced, smaller 

seismic events are more likely to occur. Events with a magnitude M > 3.0 are more likely to 

happen if the friction is increased (Majer, et al., 2007). 

Even though a lot of influencing parameters are known, the interaction between and the influence of 

each is not yet fully understood. Further, the modelling and risk assessment of induced seismicity is 

problematic due to some other uncertainties. The earth crust is critically stressed in most places and 

crisscrossed with faults of all sizes, where both location and current loading status are rarely known 

and cannot be imaged using geophysical techniques (Wiemer, Kraft, Trutnevyte , & Roth, 2017). 

Furthermore, the stress distribution and material properties on the reservoir scale can be highly 

heterogeneous and are often largely unknown. Also, the consequences of infrequent and rare large 

events, that often dominate public discussions, are difficult to estimate, since there are only few or no 

observation data exist, and models are extrapolated well beyond their calibrated range (Wiemer, Kraft, 

Trutnevyte , & Roth, 2017). 

Still, some general statements can be made: The larger the injected volume, the larger the volume of 

rock affected by stressing changes and the more events are likely to happen. Whether or not the 

maximum possible magnitude is also scaling with the injected volume is currently a debated issue 

(Baisch, et al., 2010). Deeper systems are generally believed to be producing more induced 

earthquakes as a consequence of the strength profile, as shown in Figure 51. Furthermore, the seismic 

risk seems to depend on the reservoir rock type. Crystalline basement rocks are typically believed to 

be more seismogenic than sedimentary rocks (Evans, Zappone, Kraft, Deichmann, & Moia, 2012). 

 

Figure 51: Depth dependence of the maximum expected magnitude derived from 1000 model realizations (Gischig & 

Wiemer, 2013). EMS - European Macroseismic Scale 

(Muntendam-Bos, Roest, & de Waal, 2015) describes a guideline for assessing and managing seismic 

risk induced by gas production in the Netherlands. Depending on the probability of seismic events and 
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the estimated maximum magnitude, Dutch gas fields are subdivided into three levels of assessment. 

For low probability fields (level 1), the risk is classified based on three key parameters, which partially 

match with the ones (Wiemer, Kraft, Trutnevyte , & Roth, 2017) published: 1. the ratio between the 

pore pressure drop and the initial pore pressure; 2. the fault density of the reservoir and 3. The stiffness 

ratio between the seal and the reservoir rock, which indicates, whether fluid production causes 

subsidence of the surface or stress on the reservoir rock. Level 2 and 3 assessments include parameters 

like public sensitivity, construction standards of buildings and the risk of fatality for persons in the 

exposed area. In the past, the calculation of the hazard factor by a probabilistic seismic hazard analysis 

(PSHA) has been the standard method to estimate the hazards. A PSHA estimates the likelihood that 

various levels of earthquake-caused ground motion will be exceeded at a given location in a given 

future time period (Budnitz, et al., 1997).  

The Dutch State Supervision of Mines (Staatstoezicht op de Mijnen (SodM)) published several data 

about seismic-risk in Gas fields in the Netherlands (The Dutch State Supervision of Mines (SSM), 2015). 

They estimate the risk resulting from induced seismicity for each building in a specific area by 

computing the local annual individual fatality risk (LAIFR):  

𝑃𝐿𝐴𝐼𝐹𝑅(𝐹) =  ∫ 𝑓ℎ𝑎𝑧(𝑝𝑔𝑎)𝛴𝑎𝐹𝑑𝑎𝑚(𝑝𝑔𝑎, 𝑆𝑎)𝐹𝑓𝑎𝑡(𝑝𝑔𝑎, 𝑆𝑎) 𝑑𝑔𝑝𝑎
∞

0

 

Where pga is the Peak Ground Acceleration, fhaz(pga) is the probability density distribution of the 

hazard, Fdam(pga,Sa) is the cumulative distribution function for building damage (fragility curve) and 

Ffat(pga,Sa) is the cumulative distribution function for fatal injuries (fatality curve). 

The Peak Ground Acceleration is a common way to estimate the hazard of seismic events. It can be 

simply read from an Acceleration record for an earthquake (Figure 52).  

 

Figure 52: Acceleration record for a typical strong tectonic earthquake, with the PGA indicated (The Dutch State Supervision 

of Mines (SSM), 2015). 

Figure 53 shows the societal-risk (fatality curve) for seismic events of different strength for the 

Gronning gas field. According to (Muntendam-Bos, Roest, & de Waal, 2015), this kind of guideline 

refers to the Dutch policy for industrial risk, because a specific seismic-risk policy is non-existent. Since 

a techno-economic risk assessment doesn’t include an estimation of the societal risk, techniques like 

fatality curves are usually not involved. 
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Figure 53: Societal-risk f-N curve for the central area of the Groningen gas field. For reference, the f-N curve for Dutch 

flooding risk is also shown (Muntendam-Bos, Roest, & de Waal, 2015). 

Precondition is, of course, that seismic events occurred in these fields in the past. Since this is not the 

case for most hydrocarbon and geothermal fields, it’s important to estimate the risk before seismic 

events occur. 

In conclusion, there seem to be several parameters that induce seismicity, which influence each other 

more or less. The change of the pore pressure and the decrease of temperature caused by the injected 

fluid were mentioned in several studies as the most important factors. These can be directly related to 

the injection rates of the fluid by hydrofracking. Furthermore, the regional geology, the depth of the 

wellbore, properties and density of the fault regime, chemical alteration of the fracture surface and a 

change in the volume of the reservoir also have an impact of the occurrence and the magnitude of 

seismic events. Induced seismicity risk management is currently a substantial scientific challenge 

because not enough reliable and validated methodologies and tools to assess and monitor the risk 

exist (Giardini, 2009), (Majer, Nelson, Robertson-Tait, Savy, & Wong, 2013) (Wiemer, Kraft, Trutnevyte 

, & Roth, 2017). If seismic events occurred in the investigated fields in the past, the peak ground 

acceleration appears to be a good way to estimate the seismic-risk.  

B.2.7. Lack of information 

The lack of information about a stimulation project increases the risk for the abovementioned issues 

to occur. This is discussed above for the various issues. The chances for a blowout, for example, 

increase if the formation gas pressure is unknown. The risk for induced seismicity is likewise greater if 

the local stress field is unknown and the fracturing flow rates are too high. A lack of information about 

the hydrogeological conditions can lead to communication between geothermal- and drinking water 

reservoirs. Any of these scenarios has great potential to negatively influence public acceptance. The 

mitigation of these issues is, furthermore, more challenging if critical information is missing. Risks that 

arise through missing information and are related to the other risk factors presented in this report are 

discussed more thoroughly in the respective sections. This section focuses on a lack of information that 

is mostly unrelated to the issues mentioned above. Missing information poses a risk to hydraulic 

stimulation in two ways: 

• Data is lacking to properly plan the stimulation 
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• The authorities require more information about the project 

In hydraulic fracturing for shale gas operations several factors play into the operation planning: Pump 

rate; proppant size and concentration; fracture density, spacing, geometry and conductivity; flow back; 

reservoir depth and thickness; seismic events; faults; rock and formation fluid properties. These factors 

vary widely from location to location and knowledge thereof is essential for a successful operation 

(Salman, 2015). While some of these factors like flowback are less relevant for geothermal reservoirs, 

the variety of factors is similar. 

Incomplete reservoir characterization and complex hydraulic and mechanical conditions introduce 

uncertainty regarding the factors mentioned above. This limits the optimization of the technical 

planning (Cheng, Sun, Fu, Carrigan, & Lu, 2012) and the prediction of reservoir performance (Lukyanow 

& Chugunov, 2015). Optimal planning of a stimulation depends strongly on formation properties like 

the rock strength, which requires core samples for laboratory testing, and information about the local 

stress field. The latter is relevant to predict the propagation of opened fractures and therefore the 

orientation of preferential flow paths (Hickman & Davatzes, 2010). Information about stress field and 

natural fracture orientation can be acquired through acoustic and electrical logs (Hickman & Davatzes, 

2010). A lack of this information introduces significant uncertainty regarding the fracture network that 

is created by hydraulic stimulation. This translates into an uncertainty regarding the productivity of an 

enhanced geothermal system (EGS). 

Due to the low number of EGS projects worldwide comprehensive data about the factor mentioned 

above is not available. The lack of engineering information bears some inherent unpredictability 

because of the multitude of factors that influence the success of hydraulic stimulation. Uncertainties 

can be avoided by thorough logging and reservoir characterization beforehand, however (Hickman & 

Davatzes, 2010). Empirical quantification of this risk is therefore not feasible. 

A 2012 study modelled the influence of 11 parameters on fracture density, opened fracture length, 

area density and others. These parameters characterize the “natural fracture topology, in situ stress, 

geomechanical behavior of the rock matrix and joint interfaces, and pumping operation” (Cheng, Sun, 

Fu, Carrigan, & Lu, 2012) and were fed into fracture simulators. The results of the simulation indicate 

that information about the pre-existing fracture network is the most sensitive parameter for well 

optimization (Chen, et al., 2013), but no quantification of the topic is given. A quantification of the risk 

based on analytical methods is therefore not possible. 

The information about hydraulic stimulation that is required by the authorities depends on the country 

and its jurisdiction. The EU has issued some guidelines for hydraulic fracturing which are, however, not 

legally binding for the member states (Commission, 2014). In general, the failure to provide the 

necessary information that are required by the local authorities bears the risk of the withdrawal of the 

operation license. Based off this assumption, knowledge of the required information and adequate 

communication with the authorities is essential. Proceeding a stimulation without providing the 

authorities with the required information results in a very high risk of the termination of the project. 

This risk cannot be quantified due to a lack of empirical data on the topic, but it is essential to avoid it 

by acquiring and providing the necessary information to the local authorities. 

B.2.8. Unwanted subsurface hydraulic connections 

Unwanted hydraulic effects include subsurface hydraulic connections, hydraulic shortcut and ground 

water contamination, all caused by too effective stimulation, wrong doublet design and/or highly 

conductive fault planes. 
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Geothermal doublets or triplets require hydraulic connectivity in the far field on one hand but no 

hydraulic shortcut on the other (Della Vedova, Petronio, Poletto, Palmieri, & Marcon, 2013). A 

hydraulic shortcut occurs if the hydraulic connectivity between the production and the injection well 

is so good, that the cold, injected fluid flows too fast towards the production well and doesn’t warm 

up enough before being produced. For geothermal doublets, the two wells are usually about 1-2 km 

apart (Stober & Bucher, 2014). Detailed information of the reservoir is required, especially of the major 

fault orientation. According to (Della Vedova, Petronio, Poletto, Palmieri, & Marcon, 2013), there are 

3 ways to produce a hydraulic shortcut:  

1. Fault plane: The production and the injection well are in the orientation of a fault plane with 

much better permeability than the reservoir. The permeability of a 0.05 m thick fracture is 

500 to 1000 times higher than of the reservoir. 

a. Therefore, knowledge of thrust and fault systems, which favour the fluid circulation, 

is important to evaluate the position of the 2nd well 

2. Too short distance: If the two wells are too close to each other, the injected fluid can’t warm 

up fast enough before being produced 

3. Too much fracking: Due to too much fracking, the permeability of the reservoir is too good, 

which causes a hydraulic shortcut 

At this point, it’s important to distinguish between hydraulic fracturing to produce shale gas and 

geothermal hydraulic fracturing. Even though acids like HCl and HF are sometimes used in geothermal 

fracture fluids, hydraulic fracturing only relies on the pressure of the injected fluid, which is mainly 

water (Cichon, 2013). Gas fracture fluids can contain components like biocides, aromatic hydrocarbons 

or surfactant to win the gas from the shale. Further information about the chemical addition in gas 

fracture fluids can be found in numerous online platforms (Shale Gas Information Platform & GFZ 

Potsdam, 2018). 

In 2011, Osborn et al. investigated methane contamination of drinking water accompanying gas-well 

drilling and hydraulic fracturing in Pennsylvania and upstate New York. They documented an increase 

of the average methane concentration by nearly factor 20 from 1.1 mg CH4 L -1  to 19.2 mg CH4 L-1 in 

active gas extraction areas (Osborn, Vengosh, Warner, & Jackson, 2011) (Li, Dong, & Wang, 2017). They 

indicate that fluid flow and discharge to shallow aquifers is caused by the high-pressure injection of 

fracturing fluids. According to the Water Authority of Great Neck North, geothermal wells pose many 

threats to the public drinking water. Drilled Boreholes increase the potential for contamination of the 

groundwater exponentially, since, especially if improperly constructed, they act as a connection 

between two aquifers/a zone of contamination and an aquifer (Natural Resource Defense Council 

(NRDC), 2012). Out-of-zone fracture growth can occur while performing hydraulic fracturing. That 

means fractures grow into other geologic formations, potentially including groundwater aquifers. Also, 

connections that already exist due to extensive natural faults and fractures can be more delicate to 

hydraulic fracturing. Neighbouring wells can act as a vertical pathway for the fracturing fluid into 

groundwater aquifers. Therefore, detailed information about existing wells is as important as geologic 

and hydrologic mapping to identify pre-existing natural pathways and groundwater flow. An 

estimation of the freshwater use and the resulting wastewater volume is recommended, too. To avoid 

contamination of the through-drilled layers, proper well construction is important. Therefore, it’s 

necessary to ensure that the casing is properly cemented and that it will be set at least 100 feet below 

the deepest groundwater aquifer that needs to be protected (Natural Resource Defense Council 

(NRDC), 2012). If the well isn’t built properly, failure of the casing can occur during the hydraulic 

fracturing due to the high pressure, too, which potentially leads to groundwater contamination as well 

(Li, Dong, & Wang, 2017). A continuous monitoring of key performance indicators like pressure and 
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injection rates can indicate a transition of fracturing fluid into unwanted layers (Natural Resource 

Defense Council (NRDC), 2012).  

Even though ground water contamination is the biggest threat, there could be other unwanted 

subsurface hydraulic connections. For example, if the fracturing fluid is mixed with the formation water 

of an unknown layer, solid matter could be precipitated out of the fluid (Li, Al-Muntasheri, & Liang, 

2016)That could potentially decrease the permeability. For further information the reader is referred 

to the chapter on fluid-rock and fluid-fluid interactions. 
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C. Literature review - effect of stimulation 

 

Figure 54: Literature review on effect of stimulation 
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Figure 55: Literature review on effect of stimulation 
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Figure 56: Literature review on effect of stimulation 
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Figure 57: Literature review on effect of stimulation 
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Figure 58: Literature review on effect of stimulation 
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Figure 59: Literature review on effect of stimulation 
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D. Program flow charts 

D.1. Overall model 

 

Figure 60: Program flow chart overall model 
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D.2. Power plant 

 

Figure 61: Program flow chart power plant model 
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D.3. Wellbore 

 

Figure 62: Program flow chart wellbore model 
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E. Calculation of overall heat transfer coefficient 

The procedure for determining the heat transfer coefficient in each section of the heat exchanger is 

explained below. Knowing this coefficient, the required heat exchanger areas can be determined as 

described in section 3.1.3.1. The index i is neglected for better clarity. All quantities except diameters 

and mass flows refer to a sub-section i. First the equations for the evaporator are introduced and then 

deviations in the calculation of the heat transfer coefficient in the condenser are presented. The 

procedure for recuperators and heat exchangers for heat extraction corresponds in principle to the 

calculation steps for the evaporator. 

Evaporator: For hot geothermal fluid in the pipes and working medium in the jacket, the overall heat 

transfer coefficient is calculated according to equation (57). 

𝑘 = (
1

𝛼𝑊𝑀
+

𝑟𝑜𝑢𝑡∗𝑙𝑛(
𝑟𝑜𝑢𝑡
𝑟𝑖𝑛

)

𝜆𝑝𝑖𝑝𝑒
+

𝑟𝑜𝑢𝑡

𝑟𝑖𝑛
∗

1

𝛼𝑇𝑊
)

−1

  (57) 

The inner and outer diameter of the pipes can be derived from data in Table 3, where also the heat 

conductivity of the pipe 𝜆𝑝𝑖𝑝𝑒 can be found. To calculate the overall heat transfer coefficient, the heat 

transfer coefficients of thermal water (𝛼𝑇𝑊) and the working medium (𝛼𝑊𝑀) are necessary. These can 

be calculated with the Nusselt-number according to equations (58) and (59). 

𝛼𝑊𝑀 =
𝑁𝑢𝑊𝑀∗𝜆𝑊𝑀

𝑑
ℎ
𝑗𝑎𝑐𝑘𝑒𝑡  and 𝛼𝑇𝑊 =

𝑁𝑢𝑇𝑊∗𝜆𝑇𝑊

𝑑
ℎ
𝑝𝑖𝑝𝑒   (58) 

With 𝑑ℎ
𝑗𝑎𝑐𝑘𝑒𝑡

=
4∗(𝑝𝑡

2−𝜋∗𝑟𝑜𝑢𝑡
2 )

2∗𝜋𝑟𝑜𝑢𝑡
 and 𝑑ℎ

𝑝𝑖𝑝𝑒
= 2 ∗ 𝑟𝑖𝑛  (59) 

Here, 𝑑ℎ stands for the hydraulic diameter. There are several empirical correlations for the Nusselt-

number (Nu), depending on the application. Analogous to (Heberle & Brüggemann, 2016) and (Welter, 

Technisch-ökonomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland, 2018), 

there is a distinction between the Nusselt-number for the jacket and the pipes. For the heat transfer 

in pipes, equations (60) (Sieder & Tate, 1936) and (61) (Kern, 1950) for the jacket are used. 

Pipe (thermal water) 𝑁𝑢𝑇𝑊 = 0,27 ∗ (𝑅𝑒𝑇𝑊)0,8 ∗ (𝑃𝑟𝑇𝑊)0,33 (60) 

Jacket (working medium) 𝑁𝑢𝑊𝑀 = 0,36 ∗ (𝑅𝑒𝑊𝑀)0,55 ∗ (𝑃𝑟𝑊𝑀)0,33 (61) 

The Prandtl-number (Pr) is defined according to equation (62), where 𝑐𝑝stands for the heat capacity, 

𝜂 for the dynamic viscosity, and 𝜆 for the heat conductivity. 

𝑃𝑟 =
𝑐𝑝∗𝜂

𝜆
  (62) 

In order to calculate the Reynolds (Re) number, equation (64) is used, in which 𝜌 stands for the density 

and 𝑢 for the velocity of the investigated fluid (thermal water/working medium). 

𝑅𝑒 =
𝜌∗𝑢∗𝑑ℎ

𝜂
  (63) 

The last unknown parameter is the velocity of the fluid in the respective section. To determine the 

velocity in each section, first the number of pipes n in the heat exchanger is determined taking into 

account the maximum fluid velocity according to equation (64) (Wolf & Kirchner, 2013) (see also Table 

3). 
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𝑛 =
4∗𝑚̇𝑇𝑊

𝜋∗(𝑑𝑖𝑛
𝑝𝑖𝑝𝑒

)
2

∗𝜌𝑇𝑊
𝑚𝑖𝑛∗𝑢𝑇𝑊

𝑚𝑎𝑥
  (64) 

For this purpose, the point of lowest density (𝜌𝑇𝑊
𝑚𝑖𝑛) of the thermal water flowing in the pipe is 

considered. In the evaporator, the density of the thermal water at point IV, the evaporator inlet, is 

used. The number of pipelines n is then determined for the given inner diameter of the pipes, so that 

the maximum velocities at the critical points are just undershot. 

The velocity of the thermal water within the pipelines is calculated as follows: 

𝑢𝑇𝑊 =
4∗𝑚̇𝑇𝑊

𝜋∗𝑛∗(𝑑ℎ
𝑝𝑖𝑝𝑒

)
2

∗𝜌𝑇𝑊 
  (65) 

For the jacket, further considerations are necessary: Using the known number of tubes n and the tube 

spacing defined in Table 3, the tube bundle diameter is estimated according to (Towler & Sinnott, 2013) 

and modified with the jacket clearance to approximate the jacket diameter on its inner side (Equation 

 (66)). The relationship applies to aligned tube bundles with a tube spacing of 1.25*dout and a 

passage (Towler & Sinnott, 2013). A value of 100mm is assumed for the jacket clearance (Towler & 

Sinnott, 2013). 

𝑑𝑖𝑛
𝑗𝑎𝑐𝑘𝑒𝑡

= 𝑑𝑜𝑢𝑡
𝑝𝑖𝑝𝑒

∗ (
𝑛

0,215
)

1

2,207
+ 𝑗𝑎𝑐𝑘𝑒𝑡 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒  (66) 

Using this information, the diameter 𝑑* effective for the flow velocity in the jacket can be calculated 

according to expression  (67) (Wagner, 2004) and finally the fluid velocity in the jacket with 

equation  (68) can be calculated: 

𝑑∗ =
𝑑𝑖𝑛

𝑗𝑎𝑐𝑘𝑒𝑡2
−𝑛+𝑑𝑜𝑢𝑡

2

𝑑𝑖𝑛
𝑗𝑎𝑐𝑘𝑒𝑡

+𝑛+𝑑𝑎

  (67) 

𝑢𝑊𝑀 =
4∗𝑚̇𝑤𝑚

𝜋∗(𝑑ℎ
∗ )

2
∗𝜌𝑊𝑀

  (68) 

In principle, the procedure shown applies to all main sections of the evaporator. If there is a phase 

change of the working medium in the actual evaporating part, the heat transfer coefficient of the 

working medium is replaced by the relationship (69). 

𝛼𝑊𝑀 = 𝛼𝑊𝑀
𝑙𝑖𝑞𝑢𝑖𝑑

∗ {(1 − 𝑋)0,01 ∗ [(1 − 𝑋) + 1,2 ∗ 𝑋0,4 ∗ (
𝜌𝑊𝑀

𝑙𝑖𝑞𝑢𝑖𝑑

𝜌𝑊𝑀
𝑔𝑎𝑠 )

0,37

]

−0,22

+ 𝑋0,01 ∗

[
𝛼𝑊𝑀

𝑙𝑖𝑞𝑢𝑖𝑑

𝛼𝑊𝑀
𝑔𝑎𝑠 ∗ (1 + 8 ∗ (1 − 𝑋)0,7 ∗

𝜌𝑊𝑀
𝑙𝑖𝑞𝑢𝑖𝑑 0,67

𝜌𝑊𝑀
𝑔𝑎𝑠 ]

−2

}

−0,5

  (69) 

X stands for the vapour content and the quantities marked "liquid" and "gas" are determined using the 

procedure described above provided that the working medium is completely liquid or completely 

gaseous. The density 𝜌𝑊𝑀
𝑙𝑖𝑞𝑢𝑖𝑑

 or 𝜌𝑊𝑀
𝑔𝑎𝑠

 is determined by evaluating the NIST database according to 

(Lemmon, Huber, & McLinden, 2013) for the boundary of each subsection during evaporation and then 

averaging the boundary values obtained. The heat transfer coefficients 𝛼𝑊𝑀
𝑙𝑖𝑞𝑢𝑖𝑑

 or 𝛼𝑊𝑀
𝑔𝑎𝑠

 are determined 

by the equations (57) to  (68). Equation (69) thus represents an interpolation between the liquid 

and gaseous state of the working medium at a given temperature and pressure. All equations 

presented apply in the same form to mixtures of working mediums, whereby the material values of 

the mixture must be used (Kind & Saito, 2013). 



Annex 139 

 

Condensator: In contrast to the evaporator, the working medium in the condenser flows in the tubes 

of the heat exchanger. Air flows through the jacket. Accordingly, the indices in equations (57) to (69) 

change from "WM" to "Air" and from "TW" to "WM". To illustrate the influence of the fins, equation 

(61) is replaced by correlation (70) from (Wagner, 2004) 

𝑁𝑢𝑎𝑖𝑟 = 0,38 ∗ 𝑅𝑒0,6 ∗ 𝑃𝑟𝑎𝑖𝑟
0,33 ∗ (

𝐴(𝑤𝑖𝑡ℎ 𝑓𝑖𝑛𝑠)

𝐴(𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝑓𝑖𝑛𝑠)
)

−0,15
  (70) 

The influence of the fins is quantified through the proportion of the outer surface area of the pipe with 

and without fins. This ratio can be calculated with the geometrical data of the fins given in Table 3. 

Furthermore, for the determination of the heat transfer during the phase change of the working 

medium in the tubes of the condenser, correlation (71) (Shah, 1979) applies instead of (69). 

𝑁𝑢𝑊𝑀 = 0,023 ∗ (𝑅𝑒𝑊𝑀
𝑙𝑖𝑞𝑢𝑖𝑑

)
0,8

∗ (𝑃𝑟𝑊𝑀
𝑙𝑖𝑞𝑢𝑖𝑑

)
0,4

∗ [(1 − 𝑋)0,8 +
(3,8∗𝑋0,76∗(1−𝑋)0,04)

𝑝𝑟𝑒𝑑𝑢𝑐𝑒𝑑
0,38 ]  (71) 

The pressure 𝑝𝑟𝑒𝑑𝑢𝑐𝑒𝑑 is a measure for the ratio of boiling pressure and critical pressure and is 

determined using expression (72). 

𝑝𝑟𝑒𝑑𝑢𝑐𝑒𝑑 =
𝑝(𝑋=0,𝑇𝑖)

𝑝𝑐𝑟𝑖𝑡
  (72) 

The heat transfer coefficient can be derived for working medium in a pipe using equation (57). 

 

 



 

Imprint  

 

Project Lead GFZ German Research Centre for Geosciences 
Telegrafenberg 
14473 Potsdam (Germany) 
www.gfz-potsdam.de/en/home/ 

Project Coordinator Prof. Ernst Huenges 
huenges@gfz-potsdam.de 
+49 (0)331/288-1440 

Project Manager Dr. Justyna Ellis 
ellis@gfz-potsdam.de 
+49 (0)331/288-1526 

Project Website  www.destress-h2020.ch 
 

Copyright  Copyright © 2016, DESTRESS consortium, all rights reserved 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Liability claim 

The European Union and its Innovation and Networks Executive Agency (INEA) are not responsible for any use that may be 
made of the information any communication activity contains. 

The content of this publication does not reflect the official opinion of the European Union. Responsibility for the information 
and views expressed in the therein lies entirely with the author(s). 

 

DESTRESS is co-funded by  

National Research Foundation of Korea (NRF) 

Korea Institute for Advancement of Technology (KIAT) 

Swiss State Secretariat for Education, Research and Innovation (SERI) 

 

http://www.gfz-potsdam.de/en/home/
mailto:huenges@gfz-potsdam.de
mailto:ellis@gfz-potsdam.de
http://www.destress-h2020.ch/

