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INTRODUCTION

Enhanced geothermal systems (EGS) allow a widespread use of the enormous untapped geothermal energy potential. EGS
measures are generally intended to improve productivity (or injectivity) of a geothermal reservoir by increasing the overall
transmissivity of the reservoir rocks. This goal is envisaged by various methods that are dependent on the geological system,
comprising the rocks, the rock structures, the tectonic situation as well as the stress field (Huenges et al. 2018). Besides the
controlled enhancement of the reservoir, the sustainable operation of the system presents a challenge, as newly opened fractures
may close again with reduced reservoir pressure and because of chemical interaction with the fluid, which may lead to precipitation
and reduced permeability (see e.g. Brehme et al 2017). Another challenge lies in the side effects of hydraulic treatments, as the high
fluid pressures applied and the large fluid volumes injected in such treatments sometimes induce seismic events that can be felt at
the surface or even provoke damage and jeopardize the public acceptance of a project (see Lee et al 2019). These issues are
addressed by the DESTRESS project (Demonstration of soft stimulation treatments in geothermal reservoirs). The project aims to
demonstrate a concept-based approach to develop an EGS that takes the site-specific geological requirements into account.
DESTRESS has three overall objectives: 1) increase transmissivity of the reservoir, ii) maintain productivity of the system and 1iii)
minimize the level of induced seismicity. The concepts are based on experience in previous projects, on developments in other
fields, mainly the oil & gas sector, on scientific progress made on topics such as fluid-rock interaction, the improved determination
of the stress field and on the analysis of induced seismicity.

For the demonstration in various geological environments representative for large parts of Europe (representing ~80 % of rock
types and adequate settings), the DESTRESS concept will be applied at several sites. In general, we will use a “soft stimulation”
approach. Soft Stimulation is a collective term for geothermal reservoir stimulation techniques that aim to achieve enhanced
reservoir performance while minimizing environmental impacts including induced seismicity. Soft stimulation includes techniques
such as cyclic/fatigue stimulation, multi-stage stimulation, chemical stimulation and thermal stimulation. This implies a stimulation
treatment with minimized environmental hazard, to enhance the reservoir performance in several geological settings covering
granites, sandstones, and other rocks, and systems where operations have caused significant reduction in productivity due to
mineral precipitation. In all cases, risks will be managed at the specific sites with a demonstration of the reduced environmental
footprint, and lessons learned will be disseminated to the public (see Hofmann et al 2018, Hofmann et al 2019). Risk management
will also include the demonstration of non-standard risk monitoring or tools controlling performance. The business cases will be
shown with cost and benefit estimations based on the proven changes of system performance. All the steps included in the
DESTRESS approach are designed to be transferrable to other sites, such that the concepts can become the basis for a standardized
procedure in the development of EGS projects.

BUSINESS CASE

The application of soft stimulation techniques will have an impact on geothermal energy production cost and public acceptance.
The techno-economic evaluation includes the investment decisions. Therefore, a structured approach for decision making in project
development and operation was investigated. Following the single steps of the decision analysis approach, a techno-economic
methodology was developed (Reith et al 2018, Welter 2018) with uncertainty integrated into the 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) (Figure 1). Risk mitigation measures were identified
and quantified with respect to soft simulation technique based on relevant technical and non-technical factors (Welter et al 2019).
The quantification is based on widely-used economic key performance indicators. The application of IGEM allows to determine
future trends and to draw up a road map and further recommendations.
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Figure 1: Model overview on the integrated geothermal energy model capable of investigating the impact of soft stimulation
measures on technical and economic key performance indicators; PDF = probability distribution function; TW =
thermal water.

RISK MANAGEMENT FOR SOFT STIMULATIONS

In the framework of DESTRESS, risk management for deep geothermal energy deals with risk governance during soft stimulation
operations of geothermal reservoirs for both chemical and hydraulic stimulations as well as for sustainable operations such as long-
term exploitation (Baujard et al., 2017; Baujard et al., 2018). Thus, a series of risk assessment and workflows have been achieved
for both soft chemical stimulation (Peterschmitt et al., 2018) and for seismic risk related to hydraulic stimulation (Grigoli et al.,
2017). Such methodology aims to provide a reliable decision tool to operators to estimate environmental risk like induced
seismicity following reservoir operations. Thus, an Adaptative Traffic Light Systems (ATLS) has been developed and tested with
real and synthetic datasets (Grigoli et al., 2018; Mignan et al., 2019). It considers, in a probabilistic way, data such as real time
induced seismicity and geomechanical model.

In parallel to risk assessment, several acceptability studies have been conducted in various EU countries (France, Germany, the
UK), in which different methodologies have been applied (Chavot et al., 2018). Most of them were implemented in areas where
geothermal stimulations had been performed or are planned: in France (Soultz, Rittershoffen (Figure 2), Northern Alsace,
Strasbourg area), in Switzerland (Basel, Geneva, Haute Sorne, St Gallen) and in the UK (Chavot et al., 2019; Ejderyan et al., 2019).
Some dedicated work related to stakeholder engagement has been conducted with European industrial developers.

Figure 2: Soft stimulation operations at Rittershoffen geothermal site in the Upper Rhine Graben where injectivity was
improved by a factor 4 (Baujard et al., 2017).
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Finally, the risk management was also studied by investigating risks related to stimulation or sustainable exploitation of geothermal
resource by using non-standard monitoring techniques. Sensors have been deployed for investigating buildings’ vulnerability
during geothermal exploitation (Soultz-sous-Foréts, , Rittershoffen). A set of 500 buildings was surveyed in an area of around 130
km? (Megalooikonomou et al., 2018; Pittore et al., 2018). The analyses performed comprised the data collected in the field around
the operational power plant of Soultz and the geothermal plant of Rittershoffen as well as experimental work and numerical
modelling activities on CWI (Coda Wave Interferometry) reproducing the mechanical and acoustic behavior of a typical reservoir
rock (Azzola et al., 2018a, b). A specific analysis for characterizing the present-day stress field in the Rittershoffen geothermal
wells has been done (Azzola et al., 2019).

APPROACHES FOR SOFT STIMULATION - GENERAL

Specific challenges of the different European settings require technological approaches foreseen in the DESTRESS concept with a
dedicated treatment procedure. Initially, DESTRESS planned five fixed geothermal sites to perform soft stimulation treatments:
Klaipeda, Westland, Soultz-sous-Foréts , Pohang, Haute-Sorne (Huenges et al 2018). While implementing the project and planning
the stimulations, various obstacles occurred and the further availability of the sites in Klaipeda, Westland, Pohang and Haute-Sorne
was not valid. This caused a significant reduction of possibilities to execute the foreseen experiments. Fortunately, the project
consortium managed to find a substitution for Klaipeda > Mez6berény (Brehme et al 2020), Pohang > Geldinganes (Hofmann et al
2020) and Haute-Sorne > Bedretto (Meier et al 2020).

APPROACH FOR SANDSTONE FORMATION WITH FORMATION DAMAGE

At the Klaipeda site, in sandstone, the analysis indicates that a complex interaction of physical, chemical and biological processes
during operation led to the reduction of injectivity in one of the wells (Brehme et al. 2018). Each process that affects injectivity may
require a special measure to enhance the production and fulfill environmental constraints. Therefore, Brehme et al. (2017)
developed an iterative approach, the so-called Feedback Adjustment Procedure. This sequence of treatment, analysis, feedback,
ranking of induced processes and final measures leads to the adequate treatment for soft rock reservoirs, such as sandstones. The
foreseen treatment could not be applied at the Klaipeda site due to economic obstacles of the site owner. Therefore, the
methodology is applied at the Mezdbereny site in Hungary (Figure 3). The foreseen combined hydraulic-acidization treatment is
presented by Brehme et al (2020) in this issue.

Figure 3: Conceptual Chemical Stimulation with acidisation to remove obstacles in pores (e.g. carbonates and fines)
(foreseen in Mezoberény)

The knowledge about the setup of the Mezobereny site is limited to historical data with short-term tests of the geothermal system.
Analysis suggests several reasons for injection -triggered occlusion, i.e. mineral precipitation, fines migration, microbiology, well
completion and permeability as well as connectivity of the reservoir layers. Figure 4 shows two possible scenarios for reservoir
layer connectivity in the target section of Mezobereny (Brehme et al 2020). Both scenarios, (A) given connectivity or (B) not given
connectivity due to geological set-up or formation damage, should be treated chemically to remove occlusion patterns. The
temperature of the Mezdbereny production horizon is 110°C, which allows to also perform a thermal stimulation. The combination
of a chemical stimulation with a thermal stimulation promises an increased effect of the stimulation leading to an increased
permeability after each stimulation type.
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Figure 4: Options for the underground of Mezobereny site with 2 wells based on the given gamma-ray logs. A) with a
connected production and B) not connected in the underground.

APPROACH FOR GRANITE FORMATION WITH FORMATION DAMAGE

The creation of the deep hot reservoir in Soultz-sous-Foréts began in 1999, making use of existing local geological knowledge from
the former local oil industry. Four deep wells were drilled: GPK-1 to ~3600 m depth and GPK-2 to GPK-4, all from the same well
pad, to >5000 m, these wells being deviated to separations of ~700 m at depth. The project was designed with well GPK-2
producing brine at ~150 °C from fractured granite, with wells GPK-3 and GPK-4 used for reinjection at ~70 °C. However, well
GPK-4 has underperformed; the principal activity planned for DESTRESS is its remediation via soft stimulation to achieve a soft
chemical stimulation of a Soultz-sous-Foréts geothermal well GPK-4.

Figure 5: Conceptual chemical stimulation with acidisation to weaken strength of particles (e.g. calcite or illite) in
contractions of fractured rocks (Soultz-sous-Foréts)

The purpose is to provide stimulation to improve the hydraulic performance of the Soultz-sous-Foréts deep well GPK-4 (Figure 5).
However, well integrity issues have to be taken into consideration. Therefore, a preliminary evaluation proposes to inject a total of
100m? of acids for the three fractured zones to be distributed according to the mineral composition occurring the natural fractures
(more carbonates for Zone at 4924 m). For operating, the chemical injection is foreseen for three different depth-sections by means
of focused injection with coiled tubing by starting with the deepest one.

APPROACHES FOR CRYSTALLINE BASEMENTS
Cyclic stimulation

The idea of a soft stimulation differs from a conventional hydraulic fracturing with monotonic injection of high-pressure fluid
(Figure 6). The new treatment can be called fatigue hydraulic fracturing, i.e. the fluid is injected in pressure cycles with increasing
target pressure, separated by depressurization phases for relaxing the crack tip stresses (Zang et al 2018). Effectively, larger
permeability is created at lower pressure by many extra generated microfractures and wash-out at the fracture tip as shown in
Figure 6b. In order to demonstrate the effect of such cyclic hydraulic treatments in granites, granodiorites and/or in tight
sandstones, this procedure became a crucial part of DESTRESS. This treatment method aims at reducing seismic and
environmental risks and providing plannable results of the stimulation. So far, the DESTRESS treatment in the Pohang well PX-1
showed that applying the cyclic stimulation and an adapted traffic light system (Hofmann et al 2018) kept the seismic level under
the given threshold of M2. It is important to note that Lee et al (2019) investigated the effect of induced seismicity in the context of
the M5.5 Pohang earthquake in 2017 and concluded that injection in PX-1 induced seismicity, but in a spatially and hydraulically
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distinct volume of rock, and it is not believed to have played a role in triggering the damaging earthquake. Nevertheless, the effect
of the stimulation on productivity in PX-1 was poor so far because the second well PX-2 was in another hydraulic regime and only
a side track to the seismic cloud around PX-1 would have led to a success. A number of research activities of the DESTRESS
participants are ongoing to explain the large earthquake, e.g. Meier et al. (2020). Westaway and Burnside (2019) considered the
possibility that hydrochemical “corrosion” of the granite by the injected surface water contributed. As the project in Pohang was
stopped after the M5.5 event, Geldinganes was chosen for the demonstration as described by Hofmann et al (2020).

Figure 6: Synoptic view of the fracture process zone resulting from a) conventional hydraulic fracturing with monotonic
increase of injection pressure (HF), and b) fatigue hydraulic fracturing with frequent phases of depressurization and
oscillating pulses during pressurization phases (FHF). In (b), rock chips removed from fracture faces through high-
frequency vibrations (secondary pump) and washed out to the fracture tip allow a change in the local stress field in
depressurization phases of the FHF treatment. A larger fracture process zone is created (b) compared to the case
with continuous fluid injection in the conventional hydraulic fracturing (a) (Zang et al. 2018).

The stimulation treatment in Geldinganes, a peninsula north of Reykjavik is foreseen for autumn 2019 and will be accompanied by
an extended online seismic monitoring program (Figure 7).

Figure 7: Seismic monitoring stations "online" in the frame of the DESTRESS project (http://veitur.isor.is/stationview/#).
All these stations are reporting to ISOR in real-time (200Hz).
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Multi-stage stimulation

We assume that an economically viable EGS project in a randomly fissured crystalline rock is more probable with an efficient
method for sectioning and successfully stimulating individual sections (Figure 8). This shall lead to a reduction of the seismic risk.
These technologies exist in other industries, namely oil and gas, but must be adapted to and tested for geothermal operating
conditions. The advantage of the multi-stage system, compared to the single-stage system, becomes obvious if one compares the
vertical single-stage open hole system with the multi-stage system. Individual stimulations were performed in several sections of a
deep borehole in Helsinki and they showed seismicity under a given threshold (Kwiatek et al 2019). However, the data do not
show an improvement of hydraulic properties so far and zonal isolation seems not yet to be reached. The Bedretto project of
DESTRESS will be focused on demonstrating solutions to overcome such obstacles, e.g. applying new zonal isolation techniques
(Meier 2020).

Haute Sorne
Multistage stimulation concept for deep project

Bedretto
Demonstration of concept with dimensions of deep project
Multistage stimulation (MS) vs open hole stimulation (OHS)
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Figure 8: Concept for multistage stimulation demonstration in the Bedretto underground lab. The findings will help to
bring the delayed Haute-Sorne site project or others later to a success.

INTELLIGENT TOOLS CONTROLLING PERFORMANCE AND ENVIRONMENT

Components of best practice workflows for assessing the effects of chemical and hydraulic stimulations have been developed. For
chemical stimulation, focus has been on the use of image analysis techniques for characterizing mineralogical and chemical
components, as well as porosity and permeability characteristics of rock samples, as crucial input for the assessment of the
effectiveness of chemical stimulations (Kong Xiang-Zhao, Jin Ma, and Martin O. Saar pers. Comm. 2019, and UoG,Rob Westaway
pers. Comm., University of Glasgow X-CT Scanning and Image Analysis 2019). For hydraulic stimulation, focus has been on the
use of both computationally fast models and dedicated computationally more demanding modelling tools. The aim is the
assessment of permeability enhancement and induced seismicity during hydraulic stimulations. Models have been applied for the
Pohang EGS site and summarized (Candela et al 2019; Wassing et al 2019, and Fokker and Wassing 2019). Model results show
that in addition to the effects of pore pressure diffusion, the mechanical processes of poroelasticity and stress transfer (by creep or
through the interaction of smaller earthquakes) can have an effect on seismicity potential during stimulations.

Additionally, components for best practices and workflows for technical and environmental performance monitoring have been set
up; e.g. GFZ has successfully applied Distributed Acoustic Sensing (DAS) at the EGS Site of Grof8 Schonebeck (Krawczyk et al
2019, Henninges et al 2019). Furthermore, a best practice guideline “Good Practice Guide for Managing Induced Seismicity” was
prepared. New techniques for real-time detection of induced seismicity have been developed and tested (Grigoli et al 2018a) and, of
course, there is still ongoing work on the large magnitude EQ in Pohang (Grigoli et al 2018b).

DISSEMINATION

The dissemination strategy of DESTRESS includes promotion and maintenance of an efficient, proactive, and open communication
within DESTRESS and with interested stakeholders (Figure 9). To this aim, the DESTRESS group constantly published latest news
on the project website (www.destress-h2020.eu) and distributed them via newsletters. A constant growth of visitors and readers
proves a success of these measures. In addition, DESTRESS supports and promotes various internal and external events. The
project group successfully established a site-access program for interested stakeholders and published a series of best-practice
reports on the website. Therefore, non-experts in the respective field get an easy access to complex aspects of geothermal heat
extraction:  Decision Analysis, Geochemistry and Hydrochemistry, Well Construction, Risk Assessment, Pulse Testing,
Environment, Hydraulic, Chemical and Thermal Stimulation, Induced Seismicity Management, Well Testing and Reservoir
Characterization, In-situ Stress Estimation in Geothermal Reservoir, and others in future.
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Figure 9: Relevant stakeholders and professional societies for improved stimulation technologies in geothermal wells, which
were included and coordinated as part of a communication strategy.

CONCLUSIONS

The aim of achieving enhanced performance of geothermal reservoirs while minimizing environmental impacts requires specific
stimulation concepts based on the geological setting and the needs of the plant operation. DESTRESS delivers recommendations on
a broad field of aspects concerning soft stimulation. This includes risk management consisting of risk assessment and strategies for
risk mitigation, monitoring, governance and public acceptance. Furthermore, DESTRESS presents good practices for applying the
treatments and evaluating specific costs, installing good-practice workflows and tools for monitoring and controlling performance
and environment with the overall goal of achieving good practices for improving and developing sustainable productivity and
injectivity of geothermal reservoirs. The demonstrated practices for stimulation of geothermal reservoirs are applicable for various
geological settings achieving an optimized performance with minimized impact on environment.

The DESTRESS project still continues. At this point of the project life cycle, our results confirm the practicability of soft
stimulation, which must be designed based on local requirements. Other sites will be further included in the project to demonstrate
our approach and to assess both, the environmental and financial downs and upsides of EGS developments.

ACKNOWLEDGEMENT

The DESTRESS project is funded by the European Commission’s Horizon 2020 Research and Innovation Programme under grant
agreement No 691728. This work was also supported by the New and Renewable Energy Technology Development Program of the
Korea Institute of Energy Technology Evaluation and Planning (KETEP) through a grant funded by the Korean Government’s
Ministry of Trade, Industry & Energy (No. 20123010110010), the National Research Foundation of Korea (NRF) through a grant
(No. NRF-2015K1A3A7A03074226) funded by the Korean Government’s Ministry of Science and ICT, and the Swiss State
Secretariat for Education, Research and Innovation (SERI).

REFERENCES

Azzola J., Griffiths L., Schmittbuhl J., Zigone D., Magnenet V., Masson F., Heap M. J., Baud P., (2018a). Coda wave
interferometry during the heating of deep geothermal reservoir rocks. Geothermal Energy, 6(21). doi:
https://doi.org/10.1186/s40517-018-0107-2.Azzola J., Schmittbuhl J., Zigone D., Magnenet V., Masson F., (2018b). Direct
modeling of the mechanical strain influence on coda wave interferometry. Journal of Geophysical Research: Solid
Earth.123(4): 3160-3177. doi: https://doi.org/10.1002/2017JB015162.

Azzola J., Valley B., Schmittbuhl J., Genter, A., (2019). Stress characterization and temporal evolution of borehole failure at the
Rittershoffen geothermal project, Solid Earth Discussions, 1-64, DOI:10.5194/SE-2019-72, 2019.

Baujard C., Genter A., Dalmais E., Maurer V., Hehn R., Rosillette R., Vida J., Schmittbuhl J. (2017). Hydrothermal
characterization of wells GRT-1 and GRT-2 in Rittershoffen, France: implications on the understanding of natural flow
systems in the Rhinegraben. Geothermics. 65, 255-68.



Huenges et al.

Baujard C., Genter A., Cuenot N., Mouchot J., Maurer V., Hehn R., Ravier G., Seibel O., Vidal J. (2018). Experience from a
successful soft stimulation and operational feedback after 2 years of geothermal power and heat production in Rittershoffen
and Soultz-sous-Foréts plants (Alsace, France), Geothermal Resources Council Transactions, 2241-2252

Brehme M.,Nowak K., Marko A., Istvan S., Huenges E. (2020) Injection triggered occlusion of flow pathways in a sedimentary
aquifer in Hungary; Proceedings World Geothermal Congress 2020 Reykjavik, Iceland, April 26 — May 2, 2020.

Brehme M., Blocher G., Regenspurg S., Milsch H., Petrauskas S., Valickas R., Wolfgramm M., Huenges, E. (2017) Approach to
develop a soft stimulation concept to overcome formation damage — A case study at Klaipeda, Lithuania. 42nd Workshop on
Geothermal Reservoir Engineering 1-5 (2017).

Brehme M., Regenspurg S., Leary P., Bulut F., Milsch H., Petrauskas S., Valickas R., Blocher G. (2018). Injection-triggered
occlusion of flow pathways in geothermal operations, Geofluids, 2018, https://doi.org/10.1155/2018/4694829

Candela Th., Ampuero J. P., Van Wees J. D., Fokker P., Wassing B. (2019). Semi-analytical fault injection model: effect of fault

roughness and injection scheme on induced seismicity, European Geothermal Congress, EGC 2019, The Hague, June 11-14,
2019.

Chavot P., Masseran A., Bodin C., Serrano Y., Zoungrana J. (2019). Geothermal energy in France. A resource fairly accepted for
heating but controversial for high-energy power plants. In. Pellizzone A., Manzella A., Allansdottir A.(eds.) Geothermal
Energy and Society. Springer, Lecture Notes in Energy, 105-122. doi:10.1007/978-3-319-78286-7.

Chavot Ph., Heimlich C., Masseran A., Serrano Y., Zoungrana J., Bodin C. (2018). Social shaping of deep geothermal projects in
Alsace: politics, stakeholder attitudes and local democracy. Geothermal Energy, 2018, 6 (26), €10.1186/s40517-018-0111-6.

Ejderyan O., Ruef F., Stauffacher M. (2019). Geothermal Energy in Switzerland: Highlighting the role of context. In. Pellizzone A.,
Manzella A., Allansdottir A. (eds.) Geothermal Energy and Society. Springer, Lecture Notes in Energy, 239-257.
doi:10.1007/978-3-319-78286-7.

Fokker P. A., Wassing B. (2019). A fast model for THM processes in geothermal applications, European Geothermal Congress,
EGC 2019, The Hague, June 11-14, 2019.

Grigoli F., Cesca. S., Priolo E., Rinaldi A. P., Clinton J. F., Stabile T. A., Dost B., Garcia Fernandez M., Wiemer S., Dahm T.
(2017). Current challenges in monitoring, discrimination and management of induced seismicity related to underground
industrial activities: a FEuropean perspective, Review of Geophysics, American Geophysical Union (AGU),
DOI:10.1002/2016RG000542

Grigoli F., Scarabello L., Bose M., Weber B., Wiemer S., Clinton J.F. (2018a). Pick-and waveform-based techniques for real-time
detection of induced seismicity. Geophys. J. Int. (2018) 213, 868—884.

Grigoli, F., Cesca, S., Rinaldi, A.P., Manconi, A., Lopez-Comino, J.A., Clinton, J.F., Westaway, R., Cauzzi, C., Dahm, T., Wiemer,
S. (2018b). The November 2017 Mw 5.5 Pohang earthquake: A possible case of induced seismicity in South Korea. Science.
DOI: 10.1126/science.aat2010.

Henninges J., Martuganova E., Stiller M., Norden B., Bauer K., Krawczyk C., Huenges E. (2019). Exploration and Monitoring with
Distributed Acoustic Sensing at the EGS Site Grof3 Schonebeck. European Geothermal Congress, EGC 2019, The Hague, June
11-14,2019.

Hofmann H., Zimmermann G., Zang A., Aldaz S., Cesca S., Heimann S., Mikulla S., Milkereit C., Dahm T., Huenges E.,
Hjorleifsdottir V., Snebjornsdottir S.O., Aradéttir E.S., Asgeirsdéttir R.St., Agl’lstsson K., Magnusson R., Stefansson S.A.,
Flovenz O., Mignan A., Broccardo M., Rinaldi A.P., Scarabello L., Karvounis D., Grigoli F., Wiemer S., Hélmgeirsson S.
(2020). Hydraulic Stimulation Design for Well RV-43 on Geldinganes, Iceland; Proceedings World Geothermal Congress
2020 Reykjavik, Iceland, April 26 — May 2, 2020.

Hofmann H., Zimmermann G., Farkas M., Huenges H., Zang A., Leonhardt M., Kwiatek G., Martinez-Garzon P., Bohnhoff M.,
Min K.-B., Fokker P., Westaway R., Bethmann F., Meier P., Yoon K.S., Choi J.W., Lee T.J. and Kim K.Y. (2019). First field
application of cyclic soft stimulation at the Pohang Enhanced Geothermal System site in Korea, Geophys J Int, 217, 926-049.

Hofmann H., Zimmermann G., Zang A. and Min K. (2018). Cyclic soft stimulation (CSS): a new fluid injection protocol and traffic
light system to mitigate seismic risks of hydraulic stimulation treatments, Geothermal Energy, 6, 27.

Huenges E., Ellis J., Hofmann H., Zimmermann G., Brehme M., Farkas M. P., Nowak K., Westaway R., Burnside, N., Min
K., Yoon J., Genter A., Guinot F., Marti M. (2018). Concepts of soft stimulation treatments in geothermal reservoirs, (GRC
Transactions) , 42nd GRC Annual Meeting & Expo (Reno, Nevada, USA 2018), pp. 2435-2448.

Krawczyk C. M., Stiller M., Bauer K., Norden B., Henninges J., Ivanova A., Huenges E. (2019). 3-D seismic exploration across the
deep geothermal research platform Grof8 Schonebeck north of Berlin/Germany. - Geothermal Energy, 7:15.

Kwiatek G., Saarno T., Ader T., Bluemle F., Bohnhoff M., Chendorian M., Dresen G., Heikkinen P., Kukkonen I., Leary P.,
Leonhardt M., Malin P., Martinez-Garzéon P., Passmore K., Passmore P., Valenzuela S. and Wollin C. (2019). Controlling
fluid-induced seismicity during a 6.1-km-deep geothermal stimulation in Finland, Science Advances, 5.

Lee K.-K., Ellsworth W.L., Giardini D., Townend J., Ge S., Shimamoto T., Yeo . W., Kang T.S., Rhie J., Sheen D.H, Chang C.,
Woo J.U., Langenbruch C. (2019). Managing injection-induced seismic risks; Science 24 May 2019: Vol. 364, Issue 6442, pp.
730-732.


http://gfzpublic.gfz-potsdam.de/cone/persons/resource/huenges
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/ellis
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/hannes
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/zimm
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/brehme
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/farkas
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/jsyoon
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/lotte
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/manfred
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/klaus
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/norden
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/janhen
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/aivanova
http://gfzpublic.gfz-potsdam.de/cone/persons/resource/huenges

Huenges et al.

Megalooikonomou K., Parolai S., Pittore M. (2018). Towards performance-driven risk monitoring and early warning system for
geothermal platforms. Geothermal Energy Journal, Special Issue on Induced Seismicity https://doi.org/10.1186/s40517-018-
0094-3.

Meier P., Bethmann F., Zingg O., Alcolea A., Ollinger D., Tormann T., Castilla R. (2020). Understanding the Pohang EGS
Reservoir and the Need for Advanced Traffic Light Systems; Proceedings World Geothermal Congress 2020 Reykjavik,
Iceland, April 26 — May 2, 2020.

Meier P. (2020). ZoDrEx an European Endeavour for Optimising Zonal Isolation, Drilling and Exploitation of EGS Projects;
Proceedings World Geothermal Congress 2020 Reykjavik, Iceland, April 26 — May 2, 2020.

Mignan A., Karvounis D., Broccardo M., Wiemer S., Giardini D. (2019). Including seismic risk mitigation measures into the
Levelized Cost Of Electricity in enhanced geothermal systems for optimal siting. Applied Energy, 238, 831-
850.https://doi.org/10.1016/j.apenergy.2019.01.109

Peterschmitt A., Hehn R., Bosia C., Cuenot N., Pratiwi A.S., Genter, A. (2018). Risk assessment for chemical stimulation of EGS
reservoirs: Application to EGS geothermal project in the Upper Rhine Graben, Geothermal Resource Council Transactions,
14-17th October, Reno, Nevada, USA.

Pittore M., Haas M., Megalooikonomou K., Silva V. (2018). Risk-oriented, bottom-up modelling of building portfolios with faceted
taxonomies. Frontiers in Built Environment Earthquake Engineering; https://doi.org/10.3389/fbuil.2018.00041.

Reith S., D. Siefert, H. Mergner, T. Kdlbel, and W. Miinch (2017). Risk factors within techno-economic evaluation of soft-
stimulation measures; PROCEEDINGS, 43rd Workshop on Geothermal Reservoir Engineering Stanford University, Stanford,
California, February 12-14, 2018 SGP-TR-213.

Singh A., Peter A. Fokker, Wassing B. T. (2020). A Semi-Analytic Transient Approach to Modelling Plasticity and Stimulation of
Geothermal Wells; Proceedings World Geothermal Congress 2020 Reykjavik, Iceland, April 26 — May 2, 2020.

Wasch L. J., Wassing B., Candela Th., Gan Q., Fokker P. A. (2020). Geothermal Performance — Prediction and Improvement by
Thermo-Hydro-Mechanical-Chemical (THMC) Modelling; Proceedings World Geothermal Congress 2020 Reykjavik,
Iceland, April 26 — May 2, 2020.

Wassing B., Gan Q., Candela Th., Loeve D., Fokker P.A. (2019). Modelling the effect of hydraulic stimulation strategies on fault
reactivation and induced seismicity, European Geothermal Congress, EGC 2019, The Hague, June 11-14, 2019.

Welter S. (2018). Technisch-6konomische Analyse der Energiegewinnung aus Tiefengeothermie in Deutschland. PhD Thesis;
Stuttgart: Universitét Stuttgart.

Welter S., Brehme M., Nowak K., Kaymakci E., Koélbel T. (2019). Identification and quantification of risk mitigation measures
with respect to soft simulation technique based on relevant technical non-technical factors. Potsdam: DESTRESS research
project.

Westaway R., Burnside N. M. (2019). Fault “Corrosion” by Fluid Injection: A Potential Cause of the November 2017 MW 5.5
Korean Earthquake; Hindawi Geofluids Article ID 1280721

Zang A., Zimmermann G., Hofmann H., Stephansson O., Min K.-B., Kim K.Y. (2018) How to Reduce Fluid-Injection-Induced
Seismicity, Rock Mechanics and Rock Engineering (2019) 52:475-493.
Zimmermann G., Hofmann H., Zang A., Stephansson O., Farkas M., Yoon J.S, Huenges E., Zhuang L., Kim K.Y., Diaz M., Min

K.-B. (2020). Cyclic hydraulic stimulation design to develop Enhanced Geothermal Systems (EGS); Proceedings World
Geothermal Congress 2020 Reykjavik, Iceland, April 26 — May 2, 2020.


https://doi.org/10.3389/fbuil.2018.00041

