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Summary		

All	energy	technologies	bear	risks	to	society,	and	deep	geothermal	energy	is	no	exception,	

as	past	projects	have	induced	seismicity.	The	risk	of	induced	seismicity	includes	extreme	

events	 as	well	 as	 uncertainty.	 Risk	 appraisal	 is	 a	method	 to	 enhance	 information	 for	

decisions	that	involve	negative	impacts.	It	combines	both	the	technical	dimensions	of	risk	

as	well	as	the	societal	response	to	it,	where	risk	communication	plays	a	central	role.	By	

including	 benefits,	 the	 present	 thesis	 expands	 such	 risk	 appraisal	 at	 first.	 It	 then	

investigates	 communication	 of	 extreme	 events	 and	 uncertainty	 to	 facilitate	 future	

appraisal.		

Discussion	emerges	about	where	to	ideally	site	deep	geothermal	energy	projects:	rural	

areas	minimize	potential	damage	due	to	induced	seismicity	but	residual	heat	cannot	be	

purposefully	used	in	many	cases;	whereas	urban	areas	with	many	residential	buildings	

and	infrastructure	imply	high	potential	damage	due	to	induced	seismicity	but	effective	

use	 of	 residual	 heat.	 The	 first	 study	 monetizes	 12	 deep	 geothermal	 energy	 siting	

scenarios	 using	 cost-benefit	 analysis	 from	 the	 private	 and	 social	 perspective.	 The	

scenarios	that	are	different	in	siting	and	capacity	are	coupled	to	purposefully	modelled	

induced	seismicity	risk.	Monte	Carlo	and	sensitivity	analyses	account	for	uncertainties.	

The	second	study	appraises	societal	response	to	such	siting	scenarios	and	explores	how	

well	the	public	accepts	four	different	deep	geothermal	energy	siting	scenarios	within	an	

online	 survey	 (N	 =	 814).	 The	 study	 contrasts	acceptance	 ratings	 of	 the	 four	 different	

scenarios	 (within-subjects	 design)	 with	 ratings	 between	 Switzerland	 and	 Germany	

(between-subject	 design).	 Results	 from	 the	 technical	 appraisal	 suggest	 to	 site	 deep	

geothermal	energy	where	considerable	heat	can	be	sold	but	damage	due	to	IS	remains	

limited	but	not	necessarily	zero	thus	towns.	In	contrast,	the	societal	appraisal	suggests	

that	the	public	prefers	projects	sited	in	remote	areas	while	ideally,	using	residual	heat.	

The	results	in	Switzerland	and	Germany	were	rather	similar,	but	the	Swiss	public	was	

generally	more	positive.	Importantly,	induced	seismic	risks	affected	acceptance	ratings	

most.	Thus,	policies	to	reduce	the	risk	of	induced	seismicity	must	be	given	the	highest	

priority	to	gain	public	acceptance.	

In	 face	 of	 extreme	 events	 and	 uncertainty,	 the	 third	 study	 tests	 three	 incrementally	

different	 risk	 communication	 formats	 (qualitative,	 qualitative	 and	 quantitative,	

qualitative	 and	 quantitative	 with	 risk	 comparisons)	 for	 low-probability	 high-
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consequence	seismic	events.	It	also	tests	how	the	public	reacts	to	disclosing	uncertainty	

and	 whether	 reactions	 are	 different	 for	 identical	 induced	 seismicity	 risks	 from	 deep	

geothermal	 energy	 and	 shale	 gas.	 Respondents	 found	 formats	 with	 quantitative	

information	the	most	exact	and	liked	them	the	most.	Disclosing	uncertainty	made	the	risk	

communication	 less	 clear,	 less	 easy	 to	 understand	 and	 increased	 concern	 but	did	 not	

affect	trust	in	scientists.	Above	all,	the	technology	for	which	risks	are	communicated	and	

its	 acceptance	 mattered	 strongly:	 respondents	 in	 the	 shale	 gas	 condition	 found	 the	

identical	 risk	 communication	 less	 trustworthy	 and	more	 concerning	 than	 in	 the	 DGE	

conditions.	They	also	liked	the	risk	communication	overall	less.		

The	present	 thesis’	results	add	to	timely	discussion	about	 the	emerging	technology	of	

deep	 geothermal	 energy	 in	 research	 and	 science.	Within	 the	 thesis’	 conclusion,	 their	

implications	 are	 discussed	 and	 suggestions	 for	 further	 scientific	 investigations	 are	

derived.		
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Zusammenfassung		

Alle	Energietechnologien	bergen	Risiken	für	die	Gesellschaft	und	Tiefengeothermie	 ist	

keine	Ausnahme,	 da	 vergangene	 Projekte	 Seismizität	 induziert	 haben.	Das	Risiko	 von	

induzierter	 Seismizität	 beinhaltet	 extreme	 Ereignisse	 und	 Unsicherheiten.	

Risikobewertung	 ist	 eine	 Methode	 um	 Entscheidungen	 zu	 informieren,	 die	

möglicherweise	 negative	 Auswirkungen	 haben.	 Dabei	 wird	 die	 technische	

Risikodimension	 mit	 der	 gesellschaftlichen	 Reaktion	 auf	 diese	 kombiniert.	 Mit	 der	

Berücksichtigung	 von	 Vorteilen,	 erweitert	 diese	 Dissertation	 zunächst	 solche	

Risikobewertung.	Danach	untersucht	sie	Kommunikation	von	extremen	Ereignissen	und	

Unsicherheiten,	um	künftig	den	Austausch	von	Bewertungsresultaten	zu	vereinfachen.		

Eine	Diskussion	über	den	idealen	Standort	für	Tiefengeothermieanlagen	ist	entstanden:	

in	 ländlichen	 Gebieten	 ist	 das	 Risiko	 von	 induzierter	 Seismizität	 gering,	 aber	 die	

Restwärme	 von	 Tiefengeothermie	 kann	 oftmals	 nicht	 effizient	 genutzt	 werden.	 In	

städtischen	Gebieten	mit	vielen	Wohngebäuden	und	anderen	Infrastrukturen,	hingegen,	

ist	 das	 Risiko	 von	 induzierter	 Seismizität	 gross,	 aber	 die	 Restwärme	 kann	 effizeint	

verwendet	 werden.	 Die	 erste,	 technische	 Studie	 der	 Dissertation	 monetarisiert	 12	

verschiedene	 Szenarien	 zur	 Standortwahl	 von	 Tiefengoethermieanlagen	 aus	 privater	

und	gesellschaftlicher	Sicht.	Die	Szenarien	unterscheiden	sich	in	Standort	und	Kapazität	

der	Anlage	und	werden	an	ein	vereinfachtes	Modell	für	induzierte	Seismizität	gekoppelt.	

Monte	Carlo	und	Sensitivitätsanalysen	tragen	für	Unsicherheiten	Rechnung.	Die	zweite	

Studie	 bewertet	 gesellschaftliche	 Reaktion	 auf	 vier	 solcher	 Szenarien	 und	 untersucht	

deren	 öffentliche	 Akzeptanz	 mit	 Hilfe	 einer	 online	 Umfrage	 (N	 =	 814).	 Die	 Studie	

kontrastiert	Akzeptanz	der	vier	Szenarien	(within-subjects	design)	zwischen	schweizer	

und	deutschen	Befragten	(between-subject	design).		

Die	technische	Bewertung	schlät	vor,	Tiefengeothermieanlagen	so	zu	platzieren,	dass	ein	

beachtlicher	 Teil	 der	 Restwärme	 verkauft	 werden	 kann	 und	 gleichzeitig	 potentieller	

Schaden	 durch	 induzierte	 Seimizität	 begrenzt	 bleibt,	 nicht	 notwendigerweise	

ausgeschlossen,	 also	 in	 Ortschaften.	 Im	 Gegenzug	 dazu	 schlägt	 die	 gesellschaftliche	

Bewertung	 vor,	 Tiefengeothermieanlagen	 in	 ländlichen	 Gegenden	 zu	 platzieren,	 und	

alternative	 Verwendung	 der	Wärme	 zu	 finden.	 Die	 Bewertungen	 in	 der	 Schweiz	 und	

Deutschland	waren	 relativ	ähnlich,	 jedoch	war	die	Schweizer	Öffentlichkeit	 insgesamt	

positiver	 eingestellt.	 Das	 Risiko	 von	 induzierte	 Seismizität	 beeinträchtige	
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Akzeptanzeinstufungen	 am	meisten.	 Daher	 sollten	Massnahmen	 zur	Minimierung	 des	

Risikos	induzierter	Seismiziät	höchste	Priorität	haben.		

Angesichts	 extremer	 Ereignisse	 und	 Unsicherheiten,	 untersucht	 die	 dritte	 Studie	

verschiedene	Formate	(qualitativ,	qualitativ	und	quantitativ,	qualitativ	und	quantitativ	

mit	Riskiovergleichen)	zu	deren	Kommunikation.	Sie	untersucht	auch	die	Reaktion	auf	

Information	 über	 Unsicherheiten	 und	 ob	 sich	 die	 Reaktion	 für	 Kommunikation	 über	

Tiefengeothemie	 und	 Schiefergas	 unterscheidet.	 Befragte	 fanden	 Formate	 mit	

quantitativer	Information	am	exaktesten	und	schätzen	es	am	meisten.	Kommunizieren	

von	Unsicherheiten	verschlechterte	Klarheit	und	Verständnis	der	 Information	und	rief	

mehr	 Besorgnis	 hervor.	 Das	 Vertrauen	 in	 Wissenschaftler	 wurde	 dadurch	 nicht	

beeinflusst.	 Vor	 allem	die	 Technologie,	 für	die	Risiken	 kommuniziert	wurde,	war	 von	

Bedeutung:	 Befragte	 fanden	 die	 identische	 Kommunikation	 für	 Schiefergas	 weniger	

vertrauenswürdig	und	mehr	besorgniserregend	als	für	Tiefengeothermie.		

Die	 Resultate	 der	 Dissertation	 tragen	 zur	 aktuellen	 Diskussion	 in	 Praxis	 und	

Wissenschaft	über	die	aufkommende	Technologie	Tiefengeothermie	bei.	Die	Dissertation	

beschliesst	 mit	 ihren	 Implikationen	 und	 Vorschlägen	 für	 weitere	 wissenschaftliche	

Untersuchungen.	
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1 Introduction	
	

1.1 General	introduction		

	

All	energy	technologies	bear	risks	to	society	and	a	lot	of	their	consequences	have	become	

physically	palpable	in	the	past:	deep	geothermal	energy	projects	have	induced	seismicity;	

hydropower	dams	have	ruptured;	wind	turbines	blades	have	broken	off;	nuclear	plants	

have	 released	 hazardous	 material	 and	 coal-fired	 power	 plants	 have	 posed	 threat	 to	

climate	 (Burgherr	 and	Hirschberg,	 2008;	 Edenhofer	 et	 al.,	 2011;	 Giardini,	 2009).	 The	

energy	sector	ranks	second	in	the	list	of	man-made	accidents	because	of	such	and	further	

incidents	 (Burgherr	 and	 Hirschberg,	 2014).	 Despite	 the	 potentially	 real	 physical	

consequences,	risk	can	be	regarded	as	a	mental	construct	(Renn,	2008a).	This	dual	risk	

characteristic	becomes	obvious	in	oftentimes	rather	diverging	technical	and	human	or	

collective	 societal	 risk	 assessments.	 Reasons	 for	 this	 divergence	 are	 explored	 in	

literature,	 for	 instance	 (Kasperson	 et	 al.,	 1988;	 Slovic,	 1987).	 To	 reflect	 this	 dual	

characteristic	of	risk,	this	thesis	adopts	a	rather	broad	definition	in	that	“risk	refers	to	

uncertainty	 about	 and	 the	 severity	 of	 the	 consequences	 of	 an	 activity	 or	 event	 with	

respect	to	something	that	humans	value”	(IRGC,	2017,	p.	5).		

	

Risk	 appraisal	 is	 a	 method	 to	 synthesize	 knowledge	 for	 decisions	 which	 potentially	

involve	negative	impacts	(IRGC,	2017).	It	links	the	physical	assessments	and	the	response	

of	relevant	stakeholders	to	the	risk	in	concern	assessment	and	is	part	of	the	conceptual	

risk	governance	framework	(Figure	1).	Risk	communication	and	stakeholder	engagement	

are	 strongly	 emphasized	 for	 the	 internal	 exchange	 but	 also	 for	 outreach	 (Renn	 et	 al.,	

2011).	The	presented	appraisal	as	well	as	the	entire	risk	governance	framework	focus	

primarily	on	negative	consequences.	Yet,	such	risks	of	energy	technologies	are	not	taken	

for	 their	 own	 sake	 but	 for	 the	 benefits	 of	 energy	 security	 (Renn,	 2008a;	 Trutnevyte,	

2014).	 Energy	 security	 benefits	 societies	 with	 an	 available,	 affordable,	 and	

environmentally	 compatible	 energy	 supply	 (International	 Energy	 Agency,	 2018;	

Sovacool	and	Brown,	2010).		
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Figure	1	Risk	governance	framework	(IRGC,	2017	p.	9)	

	

Deep	geothermal	energy	can	enhance	society’s	energy	security	with	its	benefits	such	as	

abundancy	and	availability	of	resources;	it	can	be	price	competitive	with	other	renewable	

energy	resources	and	emits	no	direct	greenhouse	gases	(Beerepoot,	2011;	Chamorro	et	

al.,	 2014;	 Clauser	 and	 Ewert,	 2017).	 However,	 past	 deep	 geothermal	 projects	 have	

induced	seismicity	(Bommer	et	al.,	2006;	Edwards	et	al.,	2015;	Majer	et	al.,	2007;	Zang	et	

al.,	2014).	The	risk	of	induced	seismicity	includes	low-probability	high-consequence	risks	

and	uncertainty	(Gischig,	2015;	Mena	et	al.,	2013;	Trutnevyte	and	Azevedo,	2017;	van	der	

Elst	et	al.,	2016).	Ultimately,	society	needs	to	find	ways	to	balance	and	decide	on	risks	and	

benefits	of	deep	geothermal	energy	(Giardini,	2009).		

	

By	including	benefits,	the	present	thesis	expands	such	risk	appraisal	to	facilitate	more	

balanced	decisions.	Appraisal	of	deep	geothermal	energy	is	timely	and	adds	to	current	

research	 efforts.	 Merely	 some	 tens	 of	 operating	 projects	 worldwide	 illustrate	 its	

emerging	 character	 (Lu,	 2018;	 Schilling	 and	Esmundo,	 2009).	 Future	 development	 of	

deep	 geothermal	 energy	 depends	 on	 political	 support	 as	 well	 as	 on	 successful	

demonstration	of	implementation	(Clauser	and	Ewert,	2017;	Purkus	and	Barth,	2011).	
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Ongoing	 research	 focuses	 on	 the	 technical	 feasibility,	 including	 most	 notably	 the	

understanding	and	managing	of	induced	seismicity	(Tomac	and	Sauter,	2017).	Also,	some	

studies	have	started	to	add	to	the	second	aspect	of	appraisal,	societal	response,	to	deep	

geothermal	energy	and	its	risk	(Manzella	et	al.,	2018;	Pellizzone	et	al.,	2017;	Stauffacher	

et	al.,	2015)	but	an	integrated	approach	seems	to	be	lacking.		

	

Therefore,	this	thesis	aims	to	integrate	risk	and	benefits	for	a	more	balanced	appraisal	of	

deep	geothermal	energy.	After	a	brief	technical	introduction	to	deep	geothermal	energy	

and	 associated	 risk	 of	 induced	 seismicity	 (Chapter	 1.2),	 the	 present	 thesis’	 research	

objectives	are	introduced	(Chapter	1.3).	Subsequently,	a	cost-benefit	analysis	of	different	

deep	 geothermal	 siting	 options	 pursues	 the	 technical	 appraisal	 (Chapter	 2),	while	 an	

acceptance	study	pursues	the	societal	appraisal	(Chapter	3).	Significant	uncertainty	that	

became	apparent	during	the	first	study	and	potential	low-probability,	high-consequence	

events	 inspired	 a	 risk	 communication	 study	 (Chapter	 4).	 Finally,	 the	 thesis	 concludes	

with	main	findings,	limitations	and	implication	for	practice	and	further	research	(Chapter	

5).	
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1.2 Deep	geothermal	energy	and	induced	seismicity		

	

Deep	geothermal	energy	 can	enhance	 energy	 security	 in	 face	of	 climate	 concerns	and	

nuclear	phase-out.	 It	 is	expected	to	contribute	significantly	 to	 the	 future	world	energy	

supply.	 By	 2050,	 all	 geothermal	 energy	 applications	 together	 can	 supply	 up	 to	 40	

countries	worldwide	serving	17	%	of	world	population	(Bertani,	2016).	More	specifically,	

deep	geothermal	energy	can	supply	3%	of	global	electricity	and	5%	of	global	heat	demand	

by	2050	(Beerepoot,	2011;	Goldstein	et	al.,	2011).	The	prognosis	further	indicates	that	

100	GWe	 thereof	 will	 come	 from	 enhanced	 geothermal	 system	 (EGS)	 resources	

(Beerepoot,	2011)	while	Europe’s	share	of	sustainable	EGS	capacity	estimates	at	35	GWe	

(Chamorro	et	al.,	2014).	As	of	today,	there	is	approximately	13	GWe	installed	geothermal	

capacity	 worldwide	 (International	 Renewable	 Energy	 Agency,	 2017;	 Montague	 et	 al.,	

2016).	 This	 capacity	 spreads	 over	 countries	 like	 France,	 USA,	 Australia,	 Japan,	 South	

Korea	(Breede	et	al.,	2013;	Lu,	2018).	Prospectively,	more	countries	are	to	follow	with	

implementing	deep	geothermal	energy.	For	instance,	Germany	supports	development	of	

deep	 geothermal	 energy	 and	 Switzerland	 has	 formulated	 ambitious	 targets	 at	

implementing	 an	 annual	 capacity	 of	 4.4	 TWhe	 until	 2050	 (Bundesministerium	 für	

Wirtschaft	und	Energie,	2018;	Swiss	Federal	Office	of	Energy,	2013).	

	

First	applications	of	 extracting	heat	 from	 the	deep	 subsurface	 reach	back	 to	 the	20th	

century	in	Larderello,	Italy	(Burgherr	et	al.,	2015).	The	subsurface	enables	a	variation	of	

geothermal	 heat	 applications	 as	 temperature	 increases	 with	 a	 thermal	 gradient	 of	

3	°C/	100	m	(Barbier,	2002):	heat	pumps	supply	shallow	geothermal	energy	(depths	up	

to	 400	m)	 for	 heating	 as	 well	 as	 cooling	 applications	 (Edenhofer	 et	 al.,	 2011).	 High-

temperature	geothermal	systems	use	heat	above	70	°C,	found	at	2-3	km	depth,	for	heating	

applications	 without	 requiring	 heat	 pumps	 (Schechinger	 and	 Kissling,	 2015).	 Deep	

geothermal	energy	with	temperature	levels	well	above	100	°C	commonly	found	at	3-5	km	

depth,	 enables	 electricity	 and	 heat	 production	 (Schechinger	 and	 Kissling,	 2015).	

Commonly,	 two	different	deep	geothermal	 reservoirs	are	distinguished:	hydrothermal	

and	enhanced	geothermal	systems	(EGS).	Hydrothermal	systems,	also	known	as	aquifers,	

are	reservoirs	with	high	natural	permeability	and	water	reserves.	In	contrast,	EGS	which	

are	 also	 known	 as	 hot	 dry	 rock	 (HDR)	 systems,	 are	 artificially	 created	 subsurface	
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reservoirs	 where	 permeability	 is	 enhanced	 by	 injecting	 fluids	 under	 high	 pressure	

(DiPippo	and	Renner,	2014).		

	

Deep	 geothermal	 energy	 is	 a	 reliable	 base-load	 energy	 resource	 (Tester	 et	 al.,	 2007).	

Compared	to	other	renewable	energy	resources,	deep	geothermal	energy	can	be	equally	

affordable	 while	 its	 facilities	 require	 smaller	 land	 use	 (Evans	 et	 al.,	 2009).	 If	 all	

geothermal	fluids	are	reinjected	into	the	subsurface,	there	are	no	direct	CO2	emissions	

for	electricity	production	(Beerepoot,	2011).	This	might	chance	when	the	entire	lifecycle	

is	considered,	especially	for	EGS	where	creating	the	reservoir	is	relatively	complex.	Here,	

emission	estimates	range	from	8	to	69	gCO2eq/	kWhe	(Lacirignola	et	al.,	2014;	Treyer	et	

al.,	2015).	Thus,	in	favorable	conditions,	EGS	performs	better	than	a	reference	electricity	

mix,	however	the	uncertainties	are	considerable	(Frick	et	al.,	2010a).	As	the	EGS	reservoir	

is	artificially	created,	 it	can	be	deployed	nearly	everywhere	(Clauser	and	Ewert,	2017;	

Tomac	and	Sauter,	2017).	

	

Despite	the	promise	of	deep	geothermal	energy	as	a	source	of	clean	energy	it	bears	the	

risk	 of	 inducing	 potentially	 damaging	 seismicity	 during	 creating	 and	 operating	 the	

reservoir	(Giardini,	2009).	Examples	of	induced	seismic	events	above	M	4	include	deep	

geothermal	 projects	 in	Berlin,	 El	 Salvador	 or	 the	Geysers,	 USA	 (Bommer	 et	 al.,	 2006;	

Majer	et	 al.,	 2007);	whereas	 induced	seismic	events	above	M	3	 include	St.	Gallen	and	

Basel,	both	Switzerland,	or	projects	in	the	Cooper	Basin,	Australia	(Edwards	et	al.,	2015;	

Zang	et	al.,	2014).	More	recently,	potential	connections	are	scrutinized	between	a	M	5.4	

seismic	event	and	the	deep	geothermal	energy	project	in	Pohang,	South	Korea,	as	well	as	

between	a	clearly	noticeable	M	2.4	seismic	event	and	the	deep	geothermal	energy	project	

in	Poing,	Germany	(Bayrischer	Rundfunk,	2017;	DESTRESS,	2018;	Grigoli	et	al.,	2018).	

The	investigation’s	final	results	are	presently	pending.		

	

Induced	 seismicity	 occurs	 by	 injecting	 highly-pressurized	 fluid	 into	 the	 deep	

underground	 to	 enhance	 or	 create	 permeability.	 The	 permeability	 influences	 how	

efficiently	heat	can	be	extracted	from	the	deep	underground.	The	high-pressure	injection	

alters	 existing	 pore	 pressure,	 rock	 formations,	 temperature	 gradient	 and	 ultimately,	

stress	levels	(Rubinstein	and	Mahani,	2015).	This	change	in	stress	levels	can	cause	rock	

failure	which	leads	to	seismic	tremors.	A	certain	degree	of	seismic	tremors	can	be	helpful	
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for	 reservoir	 creation	 and	 therefore	 is,	 at	 times,	 intentionally	 induced	 (Gischig	 et	 al.,	

2014).	Literature	distinguishes	between	“induced”	and	“triggered”	seismicity.	Both	terms	

describe	 seismicity	 provoked	 by	 human	 activity.	 Induced	 seismicity	 refers	 to	 stress	

changes	and	resulting	seismicity	that	can	be	directly	linked	to	human	activity.	In	contrast,	

triggered	seismicity	refers	to	stress	changes	that	are	un-proportionally	high	in	relation	

to	human	activity	and	presumably	occur	on	a	previously	seismic	prone	fault		(McGarr	et	

al.,	2002).	This	thesis	primarily	looks	at	induced	seismicity.		

	

In	addition	to	deep	geothermal	energy,	induced	seismicity	is	a	side	effect	of	a	series	of	

sub-surface	 activities	 and	 has	 experienced	 substantial	 growth	 during	 the	 last	decade,	

especially	in	North	America	and	Europe	(Ellsworth,	2013).	Injection	of	wastewater	from	

oil	 or	 gas	 production	 has	 contributed	 most	 prominently	 to	 this	 increase	 in	 induced	

seismicity	(Keranen	et	al.,	2014;	Weingarten	et	al.,	2015),	but	also	 fluid	 injection	 from	

enhanced	 oil	 recovery,	 hydraulic	 fracturing	 (“fracking”)	 of	 low-permeability	 shale	

formations	and	carbon	capture	and	storage	activities	have	remarkably	induced	seismicity	

in	the	last	years	(Evans	et	al.,	2012;	McGarr	et	al.,	2015;	Zoback	and	Gorelick,	2012).	A	

prominent	examples		induced	seismicity	is	the	M	5.7	earthquake	Oklahoma,	USA,	in	2011	

associated	to	wastewater	injection	(Keranen	et	al.,	2013)	

	

Uncertainty	is	inherent	to	forecasting	induced	seismicity	within	deep	geothermal	energy	

risk	assessments.	Forecasting	approaches	are	based	on	the	physical	processes	described	

above,	 on	 statistical	 models	 or	 on	 a	 combination	 of	 both,	 so-called	 hybrid	 models	

(Gaucher	et	al.,	2015).	Thus	far,	induced	seismicity	risk	assessments	do	not	rule	out	low-

probability	 high-consequence	 seismic	 events	 that	 can	 occur	 on	 previously	 unknown	

faults	in	the	deep	underground	and	can	reach	up	to	M	7	(Gischig,	2015;	Mena	et	al.,	2013;	

van	der	Elst	et	al.,	2016).	Lack	of	data	and	unknowns	lead	to	significant	uncertainty	and	

expert	disagreement	when	forecasting	induced	seismicity	(Giardini,	2009;	Gischig,	2015;	

Trutnevyte	and	Azevedo,	2017;	Trutnevyte	and	Wiemer,	2017).		
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1.3 Thesis’	context	and	motivation		

	

The	Swiss	Energy	Strategy	targets	at	implementing	an	annual	deep	geothermal	energy	

capacity	of	4.4	TWhe	until	2050	(Swiss	Federal	Office	of	Energy,	2013).	Assuming	major	

technological	progress	within	the	next	years,	a	back-of-the-envelope	calculation1	reveals	

a	 requirement	 of	 roughly	 33	 plants,	 each	 with	 a	 capacity	 of	 20	MWe	 (Evans,	 2015).	

Currently,	Switzerland	produces	no	electricity	from	deep	geothermal	energy	after	 two	

projects	were	abandoned	because	of	induced	seismicity	concerns	(Edwards	et	al.,	2015).	

Switzerland	 is	 a	 rather	 densely	 populated	 country	 and	 its	 direct	 democracy	 allows	

citizens	in	many	cases	to	accept	or	refute	larger	projects	by	public	vote.	Thus,	technically	

viable	and	societally	acceptable	siting	options	are	crucial	if	the	Energy	Strategy	is	to	be	

implemented	successfully.		

	

Developing	and	operating	deep	geothermal	energy	entails	the	risk	of	inducing	seismicity.	

As	 of	 today,	 the	 risk	of	 induced	 seismicity	 includes	 low-probability	 high-consequence	

events	and	uncertainties	(Giardini,	2009;	Gischig,	2015;	Mena	et	al.,	2013;	Trutnevyte	and	

Azevedo,	2017;	Trutnevyte	and	Wiemer,	2017;	van	der	Elst	et	al.,	2016).	One	strategy	to	

reduce	 potential	 damage	 due	 to	 induced	 seismicity	 is	 to	 site	 deep	 geothermal	 energy	

away	 from	 populated	 spaces	 in	 rural	 areas	 (Bommer	 et	 al.,	 2015;	Majer	 et	 al.,	 2007;	

McGarr	et	al.,	2015;	Trutnevyte	and	Wiemer,	2017).	However,	deep	geothermal	energy	is	

more	attractive	in	terms	of	price	and	reduction	of	CO2	reductions	when	residual	heat	can	

be	used	which	requires	proximity	to	heat	consumers	(Treyer	et	al.,	2015).Thus,	siting	

deep	geothermal	energy	involves	trading	off	induced	seismicity	risk	and	the	benefits	of	

sold	heat	and	avoided	CO2	emissions	(Kraft	et	al.,	2009;	Schenler,	2015):	in	urban,	densely	

built-up	 areas,	 induced	 seismicity	 can	 lead	 to	 significant	 damage	 to	 surrounding	

buildings,	but	residual	heat	from	deep	geothermal	systems	can	be	sold	e.g.	to	a	district	

heating	 network	 (Beerepoot,	 2011;	 Department	 of	 Energy	 &	 Climate	 Change	 (DECC),	

2013;	 Lund	 et	 al.,	 2010;	 Schenler,	 2015).	 In	 remote,	 unpopulated	 areas,	 induced	

seismicity	would	present	less	risk	of	damage	to	buildings,	but	residual	heat	from	deep	

geothermal	energy	cannot	be	purposefully	used	(Bommer	et	al.,	2015;	Majer	et	al.,	2007;	

																																																								

1	Assumptions	for	this	calculation	according	to	Evans	(2015):	enhanced	geothermal	systems;	multiple	
wells;	666	MWe	installed	capacity;	75	%	capacity	factor,	flow	rate	of	250	kg/s;	14	%	net	efficiency	of	
converting	heat	to	electricity		
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McGarr	et	al.,	2015).	Appraisal	of	the	various	siting	options	from	the	technical	as	well	as	

from	the	society	perspective	can	inform	siting	strategies	for	Energy	Strategy	targets.		

	

1.3.1 Cost-benefit	analysis	of	deep	geothermal	energy		

Cost-benefit	 analysis	 can	 	 inform	 decisions	 that	 involve	 risks	 (Fischhoff,	 2015).	 Its	

procedure	has	been	formalized	and	finds	application	within	impact	evaluation	beyond	

risk	 assessments	 (European	 Commission,	 2014).	 These	 evaluations	 can	 concern	

investments	 in	 general	 or	 renewable	 projects	 in	 particular	 (Dreze	 and	 Stern,	 1987;	

Ramadhan	 and	 Naseeb,	 2011).	 Until	 now,	 evaluation	 on	 deep	 geothermal	 energy	 has	

mostly	concerned	 its	 techno-economic	performance	or	 induced	seismicity	 in	 isolation,	

e.g.	 (Beckers	 et	 al.,	 2014a;	 Frick	 et	 al.,	 2010b;	 Mena	 et	 al.,	 2013;	 Zang	 et	 al.,	 2014).	

Integrated	 approaches	 that	 link	 benefit	 of	 deep	 geothermal	 energy	 and	 its	 risks	 of	

induced	seismicity	would	present	a	more	comprehensive	appraisal	to	inform	decisions	

concerning	deep	geothermal	energy	projects.			

	

1.3.2 Acceptance	of	deep	geothermal	energy		

Acceptance	of	deep	geothermal	energy	 is	a	precondition	 for	 its	development	(Barbier,	

2002).	Nevertheless,	social	scientific	evidence	of	acceptance	of	deep	geothermal	energy	

and	 potentially	 induced	 seismicity	 remains	 sparse	 (Moser	 and	 Stauffacher,	 2015;	

Trutnevyte	and	Ejderyan,	2017).	Dispersed	studies	report	general	acceptance	of	 	deep	

geothermal	 energy	 projects	 in	 Australia	 or	 Italy	 (Dowd	 et	 al.,	 2011;	 Pellizzone	 et	 al.,	

2015).	Contrarily,	a	study	from	Germany	reports	that	deep	geothermal	energy	has	the	

potential	to	become	a	contested	technology	and	that	this	development	becomes	apparent	

with	massive	 setback	 in	 production	 efficiency	 (Kunze	 and	 Hertel,	 2017).	 Even	 tough	

benefits	are	discussed	as	the	determining	factor	for	accepting	risk	technologies	such	as	

carbon	capture	and	storage,	nuclear	energy	or	deep	geothermal	energy	projects	 itself	

(L’Orange	Seigo	et	 al.,	2014;	C.	Meller	et	 al.,	 2017;	Visschers	et	 al.,	 2011),	 researchers	

deliberate	risk	of	induced	seismicity	risk	as	most	crucial	for	acceptance		(Bommer	et	al.,	

2006;	Burgherr	et	al.,	2015;	Majer	et	al.,	2007;	Stauffacher	et	al.,	2015;	Visschers	et	al.,	

2011).	
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1.3.3 Communication	of	induced	seismicity	risk	

		 Risk	communication	is	vital	to	facilitate	the	exchange	between	appraisal	form	the	

technical	as	well	from	the	society	perspective.	Also,	when	it	comes	to	induced	seismicity	

risk	 in	 general,	 open	 and	 transparent	 communication	 including	 low-probability	 high-

consequence	events	is	recommended	(Trutnevyte	and	Ejderyan,	2017;	Trutnevyte	and	

Wiemer,	2017).	Yet,	communicating	low-probability	high-consequence	events	remains	

challenging	(Bostrom	and	Löfstedt,	2003).	This	may	be	due	to	different	levels	of	concern	

between	laypeople	and	risk	professionals	or	the	effects	that	framing	of	probability	has	on	

risk	perception	(Henrich	et	al.,	2015;	Slimak	and	Dietz,	2006).	A	recent	review	on	risk	

communication	recommended	risk	comparisons	for	small	probabilities	with	reservation	

(Spiegelhalter,	 2017).	 In	 the	 case	 of	 induced	 seismicity,	 transparent	 communication	

would	also	imply	to	disclose	uncertainty.	Disclosing	uncertainty	increases	the	quality	of	

risk	estimates,	helps	 to	 interpret	more	purposefully	and	ultimately	 improves	decision	

making	 (Fischhoff	 and	 Davis,	 2014;	 Gross,	 2013;	 Spiegelhalter	 et	 al.,	 2011).	 The	

perception	and	reaction	of	the	public	to	induced	seismicity	risk	remains	unclear.	
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1.4 Thesis’	objectives		

	

Ambitious	energy	targets	as	well	as	siting	challenges	motivate	three	main	objectives	for	

this	thesis	that	are	outlined	below.	The	first	and	second	objective	concern	the	appraisal	

of	deep	geothermal	siting	options,	both	monetized	through	technical	appraisal	as	well	as	

societal	 appraisal	 through	 studying	 acceptance.	 The	 technical	 appraisal	 as	 well	 as	

discussion	 in	 literature	 and	 among	 colleagues	 motivate	 a	 third	 study	 which	 tests	

communication	for	low-probability	high-consequence	events	and	uncertainty.		

	

1.4.1 Objective	 1:	 Siting	 enhanced	 geothermal	 systems	 (EGS):	 Heat	 benefits	 versus	

induced	seismicity	risks	from	an	investor	and	societal	perspective	

This	study	quantifies	the	siting	trade-off	using	cost-benefit	analysis	from	both	private	and	

social	 perspectives.	 To	 this	 end,	 this	 study	 models	 12	 EGS	 scenarios	 with	 different	

capacities	 (water	 circulation	 rate	 of	 50	 to	 150	 l/s)	 at	 different	 sites	 (0	 to	 100’000	

residents	nearby)	and	couples	these	to	a	purposeful	induced	seismicity	model.	The	study	

captures	 uncertainties	 using	Monte	 Carlo	 and	 sensitivity	 analyses	 and	 challenges	 the	

claim	to	site	EGS	in	remote	areas.		

	

1.4.2 Objective	2:	Siting	deep	geothermal	energy:	Acceptance	of	various	risk	and	benefit	

scenarios	in	a	Swiss-German	cross-national	study	

Besides	techno-economic	feasibility,	the	acceptance	of	deep	geothermal	energy	is	crucial	

in	its	siting	(Cohen	et	al.,	2014;	Huijts	et	al.,	2012;	Kunze	and	Hertel,	2017;	Wüstenhagen	

et	 al.,	 2007).	 As	 discussed	 above,	 various	 siting	 scenarios	 imply	 different	 risks	 and	

benefits	and	it	is	suggested	that	moving	deep	geothermal	energy	projects	to	remote	areas	

would	not	only	reduce	the	physical	risk	itself	but	also	reduce	the	public	concern	about	

EGS	overall	(Carr-Cornish	and	Romanach,	2014;	Hoşgör	et	al.,	2013).	However,	literature	

presents	perceived	benefits	of	energy	technology	as	the	main	predictor	for	acceptance	

(Bronfman	 et	 al.,	 2012;	 Visschers	 and	 Siegrist,	 2014).	 This	 study,	 for	 the	 first	 time,	

examines	the	degree	to	which	the	public	accepts	various	deep	geothermal	siting	options	

and	their	related	induced	seismic	risks	and	benefits.	It	also	compares	public	acceptance	

in	Switzerland	and	Germany.	The	study	elicits	acceptance	rating	in	an	online	survey	with	
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a	mixed-method	design,	within-subject	design	for	the	various	deep	geothermal	energy	

scenarios	and	between-subject	design	to	compare	the	Swiss	and	German	sample.			

	

1.4.3 Objective	3:	Communicating	low-probability	high-consequence	risk,	uncertainty	

and	expert	confidence:	Induced	seismicity	of	deep	geothermal	energy	and	shale	

gas	

Not	only	deep	geothermal	energy	but	also	other	sub-surface	activities	such	as	hydraulic	

fracturing	 for	 shale	 gas	 can	 induce	 low-probability	 high-consequence	 seismic	 events	

(Ellsworth,	2013).	Considerable	discussion	in	science,	industry	and	policy	about	induced	

seismicity	has	emerged	in	the	USA,	the	Netherlands,	and	also	Switzerland	(Edwards	et	al.,	

2015;	Howarth	 et	 al.,	 2011a;	 van	Thienen-Visser	 and	Breunese,	 2015).	 Good-practice	

guidelines	for	project	operators	recommend	to	communicate	such	low-probability	high-

consequence	events	to	the	public	explicitly	(Majer	et	al.,	2012;	Trutnevyte	and	Wiemer,	

2017).	The	affected	public,	of	course,	might	be	interested	in	learning	about	these	risks	

too.	However,	empirical	evidence	for	designing	induced	seismicity	risk	communication,	

including	 LPHC	 events,	 related	 uncertainty	 and	 expert	 confidence,	 is	 lacking.	 This	

motivates	the	design	and	realization	of	an	online	experiment	with	N	=	590	participants	

from	the	German-speaking	part	of	Switzerland	where	participants’	response	to	different	

formats	(qualitative,	qualitative	and	quantitative,	qualitative	and	quantitative	with	risk	

comparisons)	 for	written	communication	of	 low-probability	high-consequence	seismic	

events	and	to	information	about	uncertainty	and	expert	confidence	was	tested.	This	study	

also	compares	and	contrasts	findings	from	deep	geothermal	energy	with	shale	gas.	The	

study	discusses	implications	for	project	operators,	experts,	and	authorities	involved	in	

conducting	and	regulating	sub-surface	activities	such	as	deep	geothermal	energy,	shale	

gas	and	beyond.		
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Abstract		

	

Enhanced	geothermal	systems	(EGS)	harness	thermal	energy	from	the	deep	underground	

to	 produce	 renewable	 and	 low-carbon	 electricity	 and	 heat.	 Siting	 EGS	 in	 rural	 versus	

urban	areas	 involves	 trading	off	benefits	of	 sold	heat	and	avoided	CO2	emissions	and	

induced	seismicity	(IS)	risk.	In	remote	areas,	IS	risk	is	minimal,	but	EGS	heat	cannot	be	

purposefully	used	for	residential	district	heating.	In	urban	areas,	the	heat	can	be	sold,	but	

EGS	poses	higher	IS	risk.	We	quantify	this	trade-off	using	cost-benefit	analysis	(CBA)	from	

both	private	and	social	perspectives.	We	model	12	hypothetical	EGS	scenarios,	with	EGS	

of	differing	size	(water	circulation	rate	of	50	to	150	l/s)	and	siting	(0	to	100’000	residents	

nearby).	We	bound	uncertainties	using	Monte	Carlo	and	sensitivity	analyses.	According	

to	CBA,	from	the	private	perspective,	large	EGS	(150	l/s)	near	a	large	population	(10’000	

or	100’000	residents),	enabling	high	heat	sales,	are	most	profitable.	The	CBA	from	the	

social	perspective	shows	that	medium-	or	large-sized	EGS	(100	or	150	 l/s)	near	some	

residents	 (1’000	or	10’000)	are	most	beneficial,	 based	on	reasonable	heat	 sales	while	

limiting	potential	IS	damage.	Siting	EGS	in	remote	areas	is	less	favorable,	even	if	expected	

IS	damage	is	zero.		
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2.1 Introduction		

	

Enhanced	geothermal	systems	(EGS)	harness	thermal	energy	from	the	deep	underground	

to	produce	electricity	and	heat.	Electricity	production	requires	subsurface	temperatures	

above	100	°C,	which	are	commonly	found	at	depth	of	at	least	3	km	(Kraft	et	al.,	2009).	At	

this	 depth,	 an	 artificial	 reservoir	 is	 created	 by	 enhancing	 the	 permeability	 of	 the	

subsurface.	 Fluid	 is	 then	 circulated	 through	 the	 reservoir,	 absorbing	 heat	 from	 deep	

underground	 and	 transporting	 it	 to	 the	 surface.	 As	 the	 reservoirs	 can	 be	 artificially	

created,	 in	 contrast	 to	other	 types	of	 geothermal	 systems,	EGS	 (also	 known	 as	petro-

thermal	or	hot-dry-rock	 systems)	 can	be	deployed	nearly	anywhere	 (Chamorro	et	 al.,	

2014).	Other	benefits	of	EGS	are	its	negligible	direct	greenhouse	gas	emissions	(Goldstein	

et	al.,	2011;	Tester	et	al.,	2007),	its	renewable	resource	abundance,	and	its	reliable	base-

load	 availability.	 EGS	 is	 already	 contributing	 to	 electricity	 and	 heat	 production	 in	

Australia,	 France,	Germany,	 and	elsewhere	 (Bertani,	2012),	while	energy	 strategies	 in	

countries	like	Switzerland	(Swiss	Federal	Office	of	Energy,	2013)	and	the	United	States	

(U.S.	 Senate	 Committee	 on	 Energy	 &	 Natural	 Resources,	 2015)	 include	 planned	

implementation	of	EGS	in	the	near	future	which	requires	strategic	siting	of	EGS.	If	sited	

successfully,	 EGS	 can	 technically	meet	 3%	of	 global	 electricity	 and	 5%	of	 global	 heat	

demand	by	2050	(Goldstein	et	al.,	2011).	

	

However,	 creating	 EGS	 reservoirs	 by	 injecting	 highly	 pressurized	 fluid	 into	 the	 deep	

underground	 and	 later,	 circulating	 water	 for	 energy	 production,	 carries	 the	 risk	 of	

induced	seismicity	(IS)	(Kraft	et	al.,	2009).	Although	unavoidable	and	even	helpful	 for	

reservoir	creation	(Gischig	et	al.,	2014),	 IS	can	 lead	to	public	nuisance	and	damage	to	

buildings	and	infrastructure	and	interrupt	or	even	delay	projects	(Giardini,	2009;	Mignan	

et	al.,	2015).	Induced	earthquakes	associated	to	EGS	projects	have	been	observed	around	

the	globe	(Breede	et	al.,	2013;	Evans	et	al.,	2012;	Grigoli	et	al.,	2017;	Hirschberg	et	al.,	

2015;	Zang	et	 al.,	 2014).	For	 instance	an	EGS	project	 in	Basel,	 Switzerland,	 caused	an	

induced	event	of	ML	3.4,	resulting	in	damage	claims	of	9	million	USD	(Giardini,	2009).	A	

deep	 geothermal	 project	 in	 St.	 Gallen,	 Switzerland,	 an	 induced	 earthquake	 of	 ML	 3.5	

occurred.	However,	damage	claims	were	negligible	(Edwards	et	al.,	2015).	Within	the	EGS	

project	 in	 the	 Geysers,	 United	 States,	 an	 induced	 earthquake	 of	ML	4.6	was	 recorded	

(Majer	et	al.,	2007).	Likewise,	in	Berlin,	El	Salvador,	an	induced	earthquake	of	ML	4.4	was	
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observed	(Bommer	et	al.,	2006)	and	one	of	ML	3.7	in	the	Cooper	Basin,	Australia	(Zang	et	

al.,	2014).	After	a	M	5.4	event	in	November	2017	near	the	deep	geothermal	site	in	Pohang,	

South	 Korea,	 investigation	 is	 ongoing	 with	 respect	 to	 potential	 links	 between	 this	

earthquake	 and	 the	 injections	 activities,	 although	 it	 is	 too	 early	 for	 any	 conclusions	

(DESTRESS,	2018).		Current	risk	assessment	from	industry	anticipate	possible	IS	events	

equal	or	larger	than	ML	4.5	for	Switzerland	(Baisch	et	al.,	2009;	Bethmann	et	al.,	2015);	

whereas	detailed	forecasting	models	from	seismologists	anticipate	potentially	maximum	

IS	events	that	can	be	coextensive	with	the	largest	naturally	possible	earthquakes	(Gischig,	

2015;	Mena	et	al.,	2013).	This	range	of	potential	IS	events	is	confirmed	by	a	recent	EGS	

expert	elicitation	which	also	revealed	disagreement	between	the	various	seismological	

schools	of	thoughts	(Trutnevyte	and	Azevedo,	2017).		

	

The	literature	has	repeatedly	drawn	attention	to	the	dilemma	of	siting	EGS	projects,	as	

siting	influences	both	IS	risk	and	EGS	profitability	(see,	for	instance,	(Kraft	et	al.,	2009;	

Schenler,	2015)).	IS	risk	is	a	composite	of	the	IS	hazard,	local	soil	amplification,	exposure	

of	buildings,	and	vulnerability	of	those	buildings,	whereat	IS	hazard	specifies	the	energy	

released	during	an	earthquake	in	magnitude	and	probability	of	occurrence	and	exposure	

specifies	how	many	buildings,	and	thus	how	much	value	may	be	damaged	by	the	seismic	

hazard	(Wiemer	et	al.,	2014).	On	the	one	hand,	siting	EGS	projects	in	remote	areas	away	

from	populated	spaces	and	buildings	can	reduce	exposure	and	thus	IS	risk	(Bommer	et	

al.,	 2015;	Majer	 et	 al.,	 2007;	McGarr	 et	 al.,	 2015).	 Recent	 EGS	 guidelines	 accordingly	

allocate	urban	EGS	projects	to	a	higher	risk	class	than	remote	projects	in	terms	of	both	

physical	 risk	 and	 public	 concern	 and	 recommend	more	 extensive	 risk	 governance	 as	

compared	to	projects	in	less	populated	areas	(Majer	et	al.,	2013;	Trutnevyte	and	Wiemer,	

2017).	On	the	other	hand,	heat	sales,	especially	to	a	dense	district	heating	network	(DHN),	

make	EGS	projects	more	economically	viable	and	the	price	of	electricity	more	competitive	

and	reduce	CO2	emissions	as	compared	to	conventional	heat	systems	(Beerepoot,	2011;	

Department	of	Energy	&	Climate	Change	(DECC),	2013;	Lund	et	al.,	2010;	Schenler,	2015).	

Proximity	to	infrastructure	and	buildings	is	necessary	to	efficiently	use	heat.	Thus,	there	

is	a	trade-off	between	IS	risks	and	heat	benefits	when	siting	EGS	projects.		

	

Motivated	by	ambitious	EGS	 targets	and	hence	 complex	 siting	decisions,	we	use	 cost-

benefit	 analysis	 (CBA)	 to	quantify	 the	 trade-off	of	 siting	EGS	of	different	 capacities	 in	
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remote	or	in	densely	populated	areas.	Among	all	parameters	that	could	be	varied	for	CBA,	

we	put	primary	emphasis	on	the	trade-off	between	benefits	of	supplying	geothermal	heat	

to	residential	buildings	and	avoiding	CO2	emissions	from	fossil	fuel	heating	versus	IS	risk	

to	the	same	residential	buildings.	As	both	the	benefits	of	selling	heat	and	IS	damage	to	

residential	buildings	can	be	monetized,	CBA	is	an	adequate	tool	for	quantifying	the	siting	

trade-off.	 We	 analyze	 12	 hypothetical	 scenarios	 combining	 different	 EGS	 size	 (water	

circulation	rates	of	50,	100,	or	150	l/s)	and	siting	(0,	1’000,	10’000,	or	100’000	residents	

nearby).	We	model	 the	EGS	plant	and	 its	heat	and	electricity	production	 in	detail	 and	

couple	it	to	a	purposely	developed	model	of	IS	hazard	and	risk	that	is	adequate	for	first	

order-of-magnitude	 estimates,	 given	 the	 high	 uncertainties	 and	 lack	 of	 data	 for	 IS	

(Trutnevyte	and	Azevedo,	2017).	We	distinguish	between	CBA	from	the	perspectives	of	

both	 private	 investors:	 hereafter	 CBA	 (private)	 and	 society	 (CBA	 (social))	 (Blok	 and	

Nieuwlaar,	 2017).	 CBA	 (private)	 reflects	 the	 viewpoint	 of	 the	 EGS	 operator	 and	 thus	

includes	net	present	value	(NPV	(private)),	 internal	rate	of	return	(IRR),	and	levelized	

cost	of	electricity	(LCOE)	for	every	scenario.	CBA	(social)	reflects	costs	and	benefits,	to	

society	as	a	whole,	 including	damage	due	to	 IS,	CO2	savings,	and	revenues,	 in	order	to	

quantify	NPV	(social)	and	benefit-to-cost	ratio	(B/C	ratio).	We	complement	both	private	

and	 social	 CBA	with	 an	 uncertainty	 assessment	 by	 using	Monte	 Carlo	 and	 sensitivity	

analyses.		
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2.2 Past	studies	on	EGS	cost	and	benefits	and	IS		

Table	1	Past	studies	on	EGS	and	other	deep	geothermal	systems	profitability	assessment	

summarizes	the	literature	on	EGS	profitability	for	both	current	and	prospective	projects.	

According	 to	 this	 literature,	 EGS	 has	 the	 potential	 to	 become	 an	 economically	 viable	

supplier	of	electricity	and	heat	in	the	future.	Efficiency	of	converting	thermal	energy	to	

electricity	is	crucial	for	profitability	of	EGS	and	has	been	investigated	in	(Chamorro	et	al.,	

2012;	Tchanche	et	al.,	2011).	The	conversion	system	has	further	been	considered	with	

regard	 to	 optimally	 exploiting	 EGS	 reservoirs	 (Gerber	 and	 Maréchal,	 2012a,	 2012b;	

Saadat	 et	 al.,	 2010).	 Although	 IS	 is	 typically	 covered	 within	 environmental	 impact	

assessment	of	EGS	(Trutnevyte	and	Wiemer,	2017)	and	carries	a	monetary	risk	to	EGS	

projects,	 few	 scientific	 studies	 that	 modelled	 EGS	 from	 techno-economic	 perspective	

have	 explicitly	 addressed	 IS.	 In	 addition,	 other	 studies	 have	 discussed	 EGS	 lifecycle	

assessment	 of	 environmental	 impacts	 (Frick	 et	 al.,	 2010a;	 Lacirignola	 et	 al.,	 2014;	

Lacirignola	 and	 Blanc,	 2012)	 and	 sustainability	 performance	 as	 compared	 to	 other	

renewable	energy	sources	(Evans	et	al.,	2009).	Further,	 techno-economic	assessments	

have	investigated	the	profitability	for	heat	from	deep	geothermal	energy	(Daniilidis	et	al.,	

2017),	as	well	as	from	shallow	heat	pumps	(Esen	et	al.,	2007,	2006).		
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Table	1	Past	studies	on	EGS	and	other	deep	geothermal	systems	profitability	assessment	

Study	(model)	 Case	study,		
Country	

Ref	
year	

CAPEX		
[USD/kWe]	

OM/	yr		
[USD/kWhe]	

LCOE	
[USD/k
Whe]	

Electric	
efficienc
y	

Ref.	

Swiss	electricity	model	(TIMES)	 Electricity	only,		
Switzerland	

2000
-
2030	

6663–
13853	

87.3–134.3		 0.3	 40%	 (Kannan	and	Turton,	2011)	

International	Energy	Agency	(IEA)	 Combined	 heat	
and	power	(CHP),	
Worldwide	

2008	 2000–5900	 0.09–0.25		 0.1–0.3		 	 (Beerepoot,	2011)	

Intergovernmental	 Panel	 on	 Climate	 Change	
(IPCC)		

Electricity	only,		
Worldwide		

2005	 1800–	5200	 83–187		 0.03–
0.17		

	 (Goldstein	et	al.,	2011)	

German	Federal	Ministry	for	the	Environment,	
Nature	Conservation	and	Nuclear	Safety	

Electricity	only,	
Germany	

2011	 2675–5350	 	 	 8–12%	 (Dürrschmidt	et	al.,	2011)	

GEO-ELEC	 Electricity	only,		
EU	

2020
/	
2030	

	 	 0.2	/	0.16	 	 (van	Wees	et	al.,	2013)	

UK	Department	of	Energy	&	Climate	Change	 Combined	 heat	
and	power	(CHP),	
UK	

2018	 746	 261		 0.09–
0.33	

10–13%	 (Department	 of	 Energy	 &	
Climate	Change	(DECC),	2013)	

JRC	Geothermal	energy	status	report	 Combined	 heat	
and	power	(CHP),	
EU	

2020	 11021	 	 0.06–
0.18	

11.2%	 (Sigfusson	and	Uihlein,	2015)	

Association	of	Swiss	Electricity	Companies		 Electricity	only,		
Switzerland	

2010
/	
2050	

7315/	
12428	

3.5%	 of	
CAPEX	

0.28/0.1	 10–15%	 (Verband	 Schweizer	
Elektrizitätsunternehmen,	
2015)	

Financial	valuation	of	EGS	(Euronaut)	 Electricity	 only,	
Soultz-sous-
Forets,	
France	

	 	 	 	 @	180°C	
14%	

(Heidinger,	2010)	

Assessment	 of	 reservoir	 management	
scenarios	 (3D	 thermo-hydraulic	 geologic	
model)	

Electricity	 only,	
Soultz-sous-
Forets	
France		

	 	 	 	 10.5%	 (Held	et	al.,	2014)	

Economic	 optimization	 of	 CO2	 based	 EGS	
(Thermodynamic	model	(Atrens	et	al.,	2010))	
	
	
	

	 	 	 	 0.24–0.5	 	 (Atrens	et	al.,	2011)	
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Study	(model)	 Case	study,		

Country	
Ref	
year	

CAPEX		
[USD/kWe]	

OM/	yr		
[USD/kWhe]	

LCOE	
[USD/k
Whe]	

Electric	
efficienc
y	

Ref.	

Technical	 and	 financial	 performance	 of	 EGS	
systems	(Geophires)	
	

Combined	 heat	
and	power	(CHP),	
USA		

	 	 	 0.11–
0.57	

34%		 (Beckers	et	al.,	2014b)	

Economic	 evaluation	 of	 EGS	 plants	 (GETEM	
(Department	of	Energy,	2016))	

Combined	 heat	
and	power	(CHP),	
Switzerland		

	 	 	 0.06–
0.31	

16%		 (Hirschberg	et	al.,	2015)	

Economic	feasibility	of	EGS	(MIT	EGS)	 Electricity	only,		
USA		

	 	 	 0.035–
0.085	

10%		 (Tester	et	al.,	2007)	

Economic	 and	 environmental	 assessment	 of	
EGS	(Generic	model)	

Combined	 heat	
and	power	(CHP),	
Germany		

	 	 	 0.31–
0.38	

10–12%	 (Frick	et	al.,	2010b)	

Comparison	 of	 electricity	 from	 EGS	 to	 other	
renewables	(LCOE)	

Electricity	only,		
Europe		

2020	 8326	 	 0.18–
0.24	

	 (Clauser	and	Ewert,	2017)	
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Literature	 touching	 topically	 on	 siting	 trade-offs	 that	 take	 into	 account	 IS	 has	 not	

addressed	EGS	costs	and	benefits.	More	specifically,	IS	caused	by	EGS	projects	has	been	

the	 focus	of	multiple	 seismic	 hazard	 and	 risk	assessments,	 among	 them	 (Evans	 et	 al.,	

2012;	Mignan	et	al.,	2015;	Zang	et	al.,	2014).	In	addition	to	geophysical	considerations,	

Hosgör	et	al.	have	also	looked	at	social	concern	initiated	by	IS	and	spatial	siting	of	EGS	

(Hoşgör	et	al.,	2013).	Another	study	contrasted	IS	in	Swiss	projects	in	Basel	and	St.	Gallen	

and	the	resulting	damage	claims,	which	were	considerably	apart	partially	due	to	differing	

perception	 of	 IS	 (Edwards	 et	 al.,	 2015).	 One	 lifecycle	 assessment	 incorporates	 IS	 in	 a	

qualitative	way;	however,	it	does	not	consider	siting	or	heat	production	(Lacirignola	and	

Blanc,	2012).	Thus,	a	more	holistic	model	of	benefits	and	costs,	including	IS,	is	needed	to	

quantitatively	assess	EGS	siting	trade-offs.		
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2.3 Method	

	

2.3.1 EGS	scenarios	and	case	study		

To	quantify	the	trade-offs	described	above,	we	generate	12	EGS	scenarios	with	different	

siting	and	water	circulation	rates	(Table	2).	Siting	ranges	from	remote	areas	(no	residents	

or	residential	buildings	within	a	radius	of	5	km	(Trutnevyte	and	Wiemer,	2017))	to	urban	

areas	(in	the	middle	of	a	larger	city).	Based	on	siting	and	thus	number	of	surrounding	

residents,	we	estimate	the	amount	of	heat	that	can	be	sold	to	a	local	DHN	and	how	many	

residential	buildings	are	exposed	to	potential	IS.	Circulation	rate	determines	the	rate	at	

which	heated	water	is	withdrawn	from	the	reservoir	by	two	production	wells	and	thus	

how	much	electricity	and	heat	can	be	produced.	The	smallest	considered	circulation	rate	

of	50	l/s	corresponds	to	the	operating	range	of	current	EGS	plants	(e.g.	 (Breede	et	al.,	

2013)).	 The	 largest	 considered	 circulation	 rate	 of	 150	l/s	 is	 limited	 by	 the	 range	 of	

current	 pump	 capacity	 and	 their	maximum	 flow	 rates	 (Lobianco	 and	Wardani,	 2010;	

Tester	et	al.,	2006).	We	take	Switzerland	as	a	case	study	because	the	ambitious	goals	of	

the	Swiss	Energy	Strategy	to	produce	up	to	4.4	TWhe/year	of	electricity	by	2050	(Swiss	

Federal	Office	of	Energy,	2013)	require	coordinated	planning	for	multiple	EGS	plants.	

	

Table	2	Characteristics	of	12	EGS	scenarios	

	 	 Total	circulation	rate	during	
operation	(triplet	well	configuration)	

Siting	 Number	of	
residents	

50	l/s	 100	l/s	 150	l/s	

Remote		 0	 S	1		 S	2	 S	3	
Village	 1’000	 S	4	 S	5	 S	6	
Town	 10’000	 S	7	 S	8	 S	9	
Urban	 100’000	 S	10	 S	11	 S	12	
	

2.3.2 Cost-benefit	analysis	framework	

The	quantification	of	the	EGS	siting	trade-off	needs	to	compare	the	benefits	of	sold	heat	

with	the	costs	of	IS	damage	to	buildings.	As	both	these	costs	and	benefits	involve	direct	

and	 indirect	 costs	 to	 society,	we	 choose	 the	 cost-benefit	 analysis	 (CBA)	 as	 a	method.	

While	we	acknowledge	the	limitations	of	CBA	(Fischhoff,	2015;	Schmidt	and	Lilliestam,	

2015),	CBA	is	common	in	policy	assessment	as	well	as	energy	research	(Diakoulaki	and	
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Karangelis,	 2007),	 including	 renewable	 energy	 specifically	 (Ramadhan	 and	 Naseeb,	

2011;	Snyder	and	Kaiser,	2009).	We	conduct	private	and	 social	CBA	 for	 the	 scenarios	

presented	in	Table	2.	Figure	1	depicts	the	system	boundaries	for	the	respective	analysis.	

CBA	 (private)	 takes	 the	 viewpoint	 of	 a	 project	 investor.	 Thus,	 for	 CBA	 (private),	 we	

quantify	direct	costs	and	revenues,	such	as	investment,	operation	and	maintenance	cost,	

and	revenues	from	electricity	and	heat.	For	estimating	the	project’s	value	over	the	EGS	

lifetime	 of	 30	 years,	 we	 use	 net	 present	 value	 from	 the	 private	 perspective	 (NPV	

(private)),	for	which	cash	flows	are	discounted	(Held	et	al.,	2014).	To	further	compare	

EGS	scenarios,	we	calculate	internal	rate	of	return	(IRR),	which	is	less	influenced	by	initial	

investment	 than	 NPV.	 For	 both,	 NPV	 (private)	 and	 IRR,	 prices	 of	 electricity	 are	

exogenously	assumed.	To	calculate	the	cost	of	producing	one	unit	of	electricity	in	each	

EGS	 scenario,	we	use	 levelized	 cost	of	 electricity	 (LCOE).	 These	 three	 parameters	 are	

commonly	used	 for	appraising	 investments	 in	energy	 technology	 (Atrens	et	 al.,	 2010;	

Bommer	et	al.,	2015).		

	

	
Figure	 2	 EGS	 framework	 for	 CBA	 from	 private	 and	 social	 perspectives.	
Respective	 EGS	 scenarios	 are	 determined	 by	 water	 circulation	 rate	 and	
residents	near	the	EGS.		
	

CBA	 (social)	 includes	 external	 costs	 and	 benefits	 that	 are	 borne	 by	 other	 actors	 in	

addition	to	the	investor	(European	Commission,	2014).	The	boundaries	of	CBA	(social)	
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thus	include	damage	due	to	IS	and	reduction	in	CO2	emissions.	To	compare	the	various	

EGS	scenarios	from	a	social	perspective,	we	use	NPV	(social)	and	cost-benefit	ratio	(C/B	

ratio)	(Dreze	and	Stern,	1987;	Fischhoff,	2015;	Pearce	et	al.,	2006).		

	

2.3.3 Model	of	EGS	plant	and	its	operation		

According	 to	 Figure	 2,	we	will	 now	discuss	major	 technical	 aspects	of	 the	 EGS	 under	

consideration.	 Among	 all	 possible	 configurations,	 the	 assumed	 EGS	 always	 produces	

electricity	that	is	entirely	supplied	to	a	transmission	grid.	Residual	heat	from	the	EGS	is	

supplied	 to	 a	 local	 DHN	 according	 to	 the	 scenario’s	 heat	 demand.	We	 do	 not	 further	

differentiate	 seasonal	 EGS	 configurations	 or	 seasonal	 heat	 demand	 but	 base	 our	

calculations	on	annual	heat	demand	for	residential	buildings.	The	respective	equations	

are	given	in	Supplement	study	1.	The	EGS	is	based	on	a	triplet	well	configuration	(one	

injection	and	two	production	wells),	which	has	been	suggested	for	efficient	extract	of	heat	

from	 deep	 underground	 (Jiang	 et	 al.,	 2014).	 Well	 depth,	 production	 temperature,	

temperature	 drawdown,	 reservoir	 impedance,	 circulation	 fluid	 loss,	 and	 thermal	

drawdown	are	kept	constant	across	all	scenarios	(Table	3).	With	carbon	dioxide	plume	

technology	being	still	in	research	stage	(Buscheck	et	al.,	2016),	it	is	assumed	that	water	

is	 circulated	 through	 the	 deep-underground	 reservoir	 as	 a	 heat	 carrier.	 The	 water’s	

circulation	rate	determines	at	what	rate	thermal	energy	is	extracted	from	the	subsurface	

and	thus	the	conversion	rate	to	electricity	and	heat	for	DHN.	

	

Heated	water	is	circulated	from	the	reservoir	to	the	EGS	conversion	system	by	downhole	

pumps.	The	EGS	converts	the	extracted	heat	to	electricity	through	a	binary	conversion	

cycle,	known	as	the	organic	rankine	cycle	(ORC).	Binary	ORC	is	an	established	technology	

which	 reaches	 relatively	high	efficiencies	 (Franco	and	Vaccaro,	2014;	Tchanche	et	 al.,	

2011).	We	calculate	the	EGS	plant’s	capacity	based	on	the	scenario’s	circulation	rate.	One	

downhole	 pump	per	well	maintains	 this	 circulation	 rate	 by	 overcoming	 the	 reservoir	

pressure	drop.	The	downhole	pump	power	that	is	necessary	to	maintain	the	circulation	

rate	quadruples	with	increasing	circulation	rate	(Heidinger,	2010)	and	increases	linearly	

with	 reservoir	 impedance	 (Karvounis,	 2015)	 and	 can	 be	 modelled	 accordingly	

(Supplement	study	1,	Equation	(3))	(Saadat	et	al.,	2010).	Table	S1	in	Supplement	study	1	

summarizes	technical	details	for	downhole	pumps.	Further,	we	do	not	consider	wellbore	
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pressures	 losses,	 buoyancy	 effects,	 hydraulic	 drawdown,	 or	 thermosiphon	 effect.	

Thermal	drawdown	is	kept	constant	across	scenarios	in	Table	3.	In	scenarios	where	the	

necessary	pump	power	exceeds	the	electricity	produced	by	EGS,	downhole	pumps	are	

powered	with	electricity	bought	from	the	grid.	

	

Depending	on	the	siting	scenario,	the	EGS	either	produces	electricity	only	or	operates	as	

a	 combined	 heat	 and	 electricity	 plant	 (CHP).	 We	 do	 not	 consider	 exclusive	 heat	

production	by	EGS.	In	the	electricity-only	case,	the	circulated	water	must	be	cooled	down	

after	using	it	for	electricity	production.	To	protect	local	water	sources,	this	can	be	done	

by	dry	cooling,	which	means	additional	parasitic	power	consumption	of	approximately	

10–12%	of	gross	power	(Franco	and	Villani,	2009).	In	the	CHP	case,	we	assume	a	topping	

or	serial	cycle	(Beckers	et	al.,	2014b;	Saadat	et	al.,	2010).	In	a	serial	cycle,	residual	heat	is	

fed	 into	 a	 local	 DHN	 after	 heat	withdrawal	 for	 electricity	 production.	 The	 amount	 of	

residual	heat	supplied	to	the	DHN	corresponds	to	the	respective	scenario’s	heat	demand,	

which	 is	 specified	 by	 number	 of	 residents	 multiplied	 by	 living	 space	 per	 resident	

(Schweizer	Bundesamt	für	Statistik	[Swiss	Federal	Office	for	Statistics],	2015),	times	heat	

demand	per	living	space	in	Switzerland	(Girardin	et	al.,	2010)	(Table	S3	in	Supplement	

study	1).	
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Table	3	EGS	assumptions	that	are	kept	constant	across	analyzed	scenarios	

	

	

Symbol	 Definition	 Unit	 Value	 Ref.	

hele	 Thermal	efficiency	 	 0.13	 (Department	 of	 Energy	 &	 Climate	 Change	 (DECC),	 2013;	

Dürrschmidt	et	 al.,	 2011;	Hirschberg	et	 al.,	 2015;	Tchanche	et	 al.,	

2011;	 Verband	 Schweizer	 Elektrizitätsunternehmen,	 2015;	

Wyborn,	2011)	

!	 Availability	factor		 	 0.95	 (Heidinger,	2010;	Sigfusson	and	Uihlein,	2015)	

"#$%	 Reservoir	depth		 km	 5	 	

&'(%%	 Circulation	fluid	loss		 %		 8	 (Treyer	et	al.,	2015)	

ℎ$',+,	 Full	electricity	load	hours	/	year	 h/	yr	 8’760	 	

-#$%	 Reservoir	impedance		 MPa*s	/	l		 0.2	 (Heidinger,	2010;	Hirschberg	et	al.,	2015)	

./$'' 	 Number	of	wells		 	 3	 	

01#2/1(/3 	 Thermal	drawdown	of	reservoir	 %/	yr	 1	 (Beckers	et	al.,	2014b)	(Department	of	Energy,	2016)	[3]	

0435 	 Reinjection	temperature		 °C	 55	 	

06#(1	 Production	temperature				 °C		 170	 (Wiemer	et	al.,	2014)	

0741 	 Temperature	to	feed	to	DHN	 °C	 90	 (Quoilin	et	al.,	2013)	
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2.3.4 Induced	seismicity	risk	and	hazard	of	EGS	scenarios	

For	 estimating	 IS	 risk,	 we	 use	 the	 composite	 definition	 of	 IS	 hazard,	 local	 soil	

amplification,	 exposure	 of	 buildings	 and	 infrastructure,	 and	 vulnerability	 of	 those	

buildings	(Wiemer	et	al.,	2014).	IS	hazard	describes	how	much	energy	is	released	during	

an	earthquake	and	is	specified	by	magnitude	and	probability	of	occurrence	(Ellsworth,	

2013).	Local	soil	amplification	characterizes	how	the	hazard	propagates	through	geology,	

resulting	in	ground	shaking.	Exposure	defines	how	many	buildings,	and	thus	how	much	

value,	may	be	damaged	by	the	seismic	hazard	(Wiemer	et	al.,	2014).	Vulnerability	defines	

the	extent	of	damage	and	depends	on	the	fragility	or	resilience	of	the	exposed	buildings	

(Bommer	et	al.,	2015).		

	

We	couple	each	EGS	scenario	with	a	stylized	IS	model	to	estimate	hazard	during	creation	

of	the	EGS	reservoir	and	later	operation	of	the	EGS.	Addressing	EGS	IS	hazard	entails	lack	

of	data,	deep	uncertainty,	and	disagreement	among	experts	(Giardini,	2009;	Mena	et	al.,	

2013;	Trutnevyte	and	Azevedo,	2017;	Trutnevyte	and	Wiemer,	2017).	Evidence	suggests	

that	injection	volume	during	hydraulic	stimulation	is	a	major	determinant	of	IS	activity	

during	 reservoir	 creation	 (Ellsworth,	 2013;	 Gischig,	 2015;	 Majer	 et	 al.,	 2007).	 The	

seismogenic	 index	 offers	 one	 generic	 way	 to	 estimate	 IS	 hazard	 related	 to	 injection	

volume.	 It	describes	the	 injection	site’s	seismotectonic	 features	and,	 together	with	the	

Gutenberg-Richter	 distribution,	 can	 be	 used	 to	 calculate	 occurrence	 probability	 for	 IS	

earthquake	magnitudes	(Shapiro	et	al.,	2010;	Shapiro	and	Dinske,	2009).	This	approach	

has	been	validated	 for	 reservoir	 creation	but	not	operation	 (Király-Proag	et	 al.,	 2016;	

Mena	et	al.,	2013).	To	couple	our	EGS	scenarios	to	IS	hazard	model,	we	assume	that	higher	

EGS	circulation	rate	(capacity),	requires	increased	reservoir	size	(Sanyal	et	al.,	2007)	and	

hence	 increased	 injection	 volume	 for	 stimulation.	 We	 therefore	 linearly	 relate	 EGS	

circulation	rate	to	injection	volume	around	data	points	from	past	EGS	projects	(McGarr,	

2014;	Trutnevyte	and	Azevedo,	2017).	

	

Only	a	few	studies	describe	EGS	IS	hazard	after	reservoir	stimulation	during	long-term	

operation,	 for	 instance	 (Kwiatek	 et	 al.,	 2015;	 Langenbruch	 and	 Shapiro,	 2010).	 It	 is	

typically	argued	that	a	felt	and	damaging	earthquake	would	anyway	lead	to	a	project’s	

termination	 and	 hence	 long-term	 EGS	 operation	 with	 IS	 is	 unrealistic.	 We,	 however,	
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assume	 a	 hypothetical	 case,	 where	 EGS	 would	 still	 continue	 operating,	 for	 example,	

similarly	 to	 geoenergy	 projects	 continue	 operating	 in	 Oklahoma	 despite	 periodic	 IS	

(Keranen	et	al.,	2014).	Owing	to	the	lack	of	data	on	IS	during	long-term	EGS	operation,	

we	illustrate	two	different	IS	hazard	cases	during	the	30-year	operation	phase.	These	two	

cases	are	derived	from	the	IS	hazard	during	creation	(Figure	3)	and	bound	our	analysis	

(Gasman	et	al.,	1999):	(i)	no	IS	during	operation	(lower	bound);	and	(ii)	low	IS	during	

operation	(base	case).	Further	results	are	conditional	to	those	two	IS	cases.		

	

	
Figure	3	Assumed	EGS	IS	hazard	during	reservoir	creation	and	operation.		
	

2.3.5 Direct	costs	and	revenues	for	CBA	(private)	

Direct	 EGS	 costs	 include	 investments	 and	 operation	 and	 maintenance;	 revenues	 are	

generated	 from	 selling	 electricity	 and	 heat.	 Investments	 must	 be	 made	 for	 both	 the	

subsurface	 and	 the	 surface	 portions	 of	 the	 EGS.	 Subsurface	 investments	 include	well	

drilling	and	reservoir	creation.	Cost	for	well	drilling	increases	with	well	depth,	but	there	

is	no	generalizable	pattern	(Figure	S1	in	Supplement	study	1).	Hence,	we	assume	a	fixed	

cost	of	10	million	USD	for	each	well	drilling	plus	a	fixed	cost	of	1	million	USD	for	reservoir	

creation	 (Table	 4).	 Reservoirs	 and	 consequently	 their	 costs	 are	 kept	 constant	 across	

scenarios.		
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Table	4	Cost	assumptions	for	CBA	(private	and	social)	

	

Symbol	 Definition	 Unit	 Value	 Ref.	

∝	 Scaling	factor	for	EGS	plant	cost	 	 0.5	 (Beckers	et	al.,	2014b;	

Franco	and	Vaccaro,	2014)	

"#$$%		 Cost	of	cooling	unit	(electricity	

only	case)			

USD	 0.3	of	plant	 (Franco	and	Villani,	2009)	

"'()		 Cost	of	heat	unit	(CHP	case)		 USD/	kWth	 150	 (Beckers	et	al.,	2014b)	

"*+	 Cost	of	operation	and	

maintenance		

million	USD/	yr	 1		 	

",,		 Cost	of	reference	EGS	plant		 USD	 8'560'000	 Table	S2	

"-./01		 Cost	of	water		 USD/m3	 1.8	 (StWZ	Energie	AG,	2017)	

2,134 	 Private	discount	rate		 	 10	%	 (Sanyal	et	al.,	2007)	

25$#3.% 	 Social	discount	rate		 	 3	%	 (European	Commission,	

2014)	

6,78,	 Number	of	downhole	pump	 	 2	 	

9	 Power	capacity	reference	EGS	

plant		

kWe	 4000	 Table	S2	

",78,	 Cost	of	downhole	pump	 USD		 100’000	 Table	S1	

:%3;0/380 	 Lifetime	of	EGS		 Year	 30	 	

:,78,	 Lifetime	of	pumps		 years	 5	 Table	S1	

	 Average	value	of	a	building	 million	USD	 1.95	 (Mignan	et	al.,	2015)	

	 Building	class	ratio	B	to	C		 	 0.5	 (Fäh	et	al.,	2001)	

	 Cost	of	creation	reservoir		 million	USD		 1		 	

	 Cost	of	electricity	 USD/kWhe	 0.043	 (European	Energy	

Exchange	AG,	2017)	

	 Cost	of	heat	 USD/kWhth	 0.07	 (Schenler,	2015)	

	 Cost	of	well	drilling		 million	USD/	

well	

10		 Figure	S1	

	 Emission	allowance	price	of	CO2	

for	electricity	production		

USD/tCO2	 4.53	 (European	Energy	

Exchange,	2017)	

	 Emission	allowance	price	of	CO2	

for	heat	production	

USD/tCO2	 88.03	 	

	 Greenhouse	emissions	

electricity	mix	

g	CO2-eq/	kWhe	 181.5		 (Stolz	and	Frischknecht,	

2016)	

	 Greenhouse	emissions	heating	

oil		

g	CO2-eq/	kWhth	 313		 (Institut	Wohnen	und	

Umwelt,	2014)	
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Surface	 investments	 include	an	EGS	plant	 to	convert	 thermal	energy	to	electricity	and	

either	a	unit	to	cool	residual	heat	or	a	unit	to	supply	residual	heat	to	the	DHN.	The	EGS	

plant’s	cost	is	scaled	from	previous	projects	on	the	basis	of	the	scaling	factor	∝	(Table	4	
and	Supplement	study	1,	equation	(3))	(Beckers	et	al.,	2014b;	Franco	and	Vaccaro,	2014).	

Table	S2	in	Supplement	study	1	shows	the	range	of	EGS	plant	costs	from	previous	projects	

and	literature.	To	process	residual	heat,	the	electricity-only	EGS	is	assumed	to	have	a	dry	

cooling	unit,	which	comes	at	relatively	high	investment	cost	(Franco	and	Villani,	2009).	

For	 the	 CHP	 EGS	 plant,	 we	 consider	 an	 additional	 investment	 cost	 for	 the	 heat	 unit	

proportional	to	its	heat	output	(Beckers	et	al.,	2014b).		

	

For	operation	and	maintenance	 costs,	we	account	 for	 the	 currently	 limited	 lifetime	of	

downhole	 pumps	 and	 recurring	 additional	 costs	 by	 assuming	 replacement	 of	 both	

downhole	 pumps	 every	 5th	 year	 (Table	 S1	 in	 Supplement	 study	 1).	 An	 additional	

operation	and	maintenance	cost	of	1	million	USD	is	assumed	to	compensate	for	salaries,	

small	repairs,	and	the	like.	Also,	8%	of	the	circulating	water	is	assumed	to	diffuse	through	

the	reservoir,	which	must	be	replaced	(Treyer	et	al.,	2015).		

	

Direct	revenue	calculation	assumes	that	all	produced	electricity	is	sold	at	average	market	

price	 (mean	 of	 Swissix	 Day	 Base	and	 Swissix	 Day	 Peak	2016:	 43.04	 USD/MWh)	

(European	Energy	Exchange	AG,	2017).	Produced	heat	is	sold	to	the	local	DHN	up	to	its	

maximum	heat	demand	(Schenler,	2015)	(Table	4).	We	assume	a	discount	rate	(private)	

of	 10%	 (Sanyal	 et	 al.,	 2007),	 which	 is	 relatively	 high	 (Schenler,	 2015)	 but	 justifiable	

regarding	 the	 risks	 of	 EGS	 projects.	 All	 cost	 and	 revenues	 estimates	 are	 converted	 to	

USD2017.	In	general,	we	do	not	consider	inflation	because	it	is	relatively	low	in	Switzerland	

(Organisation	for	Economic	Co-operation	and	Development	OECD,	2016).		

	

2.3.6 Indirect	and	external	costs	and	benefits	for	CBA	(social)		

To	 calculate	 indirect	 costs	 and	 benefits	 of	 EGS	 projects,	 we	 also	 consider	 damage	 to	

residential	 buildings	 caused	 by	 IS	 as	 well	 as	 CO2	 savings.	 We	 monetize	 damage	 to	

buildings	caused	by	IS	by	linking	the	respective	IS	hazard	described	in	Section	2.3.4	to	

the	 scenario’s	 exposure	 and	 vulnerability	 of	 buildings.	More	 specifically,	we	 translate	

hazard	magnitudes	 into	 intensities	 by	 using	 the	 Earthquake	 Catalogue	 of	 Switzerland	
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(ECOS)	(Fäh	et	al.,	2003),	assuming	no	spatial	variation	of	earthquake	intensity.	We	then	

calculate	the	scenario’s	building	exposure	in	two	steps:	first,	we	calculate	the	number	of	

exposed	buildings	by	multiplying	the	number	of	residents	in	scenarios	by	the	average	

number	of	residents	per	household	and	average	number	of	households	per	building	in	

Switzerland	 (ArcGIS,	 2016;	 Bundesamt	 für	 Statistik	 [Swiss	 Federal	 Statistical	 Office],	

2015).	Second,	to	obtain	a	monetary	value	for	buildings	exposed,	we	multiply	the	number	

of	exposed	buildings	by	the	average	value	of	buildings	for	the	city	of	Basel	(Swiss	part)	

(Table	4)	 (Mignan	et	 al.,	 2015).	For	building	vulnerability,	 that	 is,	 the	extent	 to	which	

buildings	 will	 be	 damaged	 by	 various	 IS	 intensities,	 we	 use	 a	 simplified	 approach	

developed	by	Fäh	et	 al.	 (Fäh	et	 al.,	 2001).	This	approach	quantifies	vulnerabilities	 for	

different	 building	 types	 and	 for	 earthquake	 intensities	 leading	 to	 an	 overall	 expected	

damage	ratio,	which	 indicates	what	share	of	 total	exposed	building	value	will	become	

damaged	on	an	aggregated	level,	so	a	village,	town,	or	urban	area	(Table	2).	Within	this	

study,	we	assume	equally	spatially	distributed	residential	buildings	of	building	classes	B	

and	C,	as	suggested	for	the	city	of	Basel	(Fäh	et	al.,	2001).	

	

In	terms	of	benefits,	we	calculate	CO2	savings	from	electricity	and	heat	production	by	EGS	

with	respect	to	current	electricity	and	heat	production	in	Switzerland.	As	EGS	issue	no	

direct	greenhouse	gases	during	operation	(Goldstein	et	al.,	2011;	Tester	et	al.,	2007),	CO2	
savings	are	calculated	by	comparison	to	the	Swiss	electricity	mix	(Stolz	and	Frischknecht,	

2016)	 or	 heating	 with	 heating	 oil	 (Institut	 Wohnen	 und	 Umwelt,	 2014),	 which	 is	

commonly	 used	 in	 Switzerland	 (Schlegel	 et	 al.,	 2012).	 CO2	 savings	 from	 electricity	

production	are	then	monetized	using	the	current	price	of	European	Emission	Allowances	

(European	 Energy	 Exchange,	 2017)	 as	 suggested	 by	 the	 European	 Commission	

(European	 Commission,	 2014)	 (Table	 4).	 CO2	 savings	 from	 heat	 production	 are	

monetized	using	an	emission	tax	according	to	Swiss	Federal	regulations	(Eidgenössisches	

Departement	für	Umwelt,	Verkehr,	2017).	We	further	assume	a	social	discount	rate	of	3%	

(European	Commission,	2014).		

	

2.3.7 Monte	Carlo	analysis	and	sensitivity	analysis	

We	proceed	in	four	steps	to	obtain	and	interpret	results	from	both	private	and	social	CBA.	

First,	we	conduct	deterministic	CBA	based	on	data	presented	 in	Table	3	 and	Table	4.	
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Second,	due	to	the	limited	empirical	evidence,	we	use	Monte	Carlo	analysis	for	pivotal	

parameters	where	data	is	ambiguous	or	uncertain	(Doubliet	et	al.,	1985),	allowing	us	to	

simultaneously	capture	the	uncertainty	of	various	parameters.	Those	parameters	(Table	

5)	concern	more	specifically	technical	and	cost	aspects	of	the	EGS	conversion	system	as	

well	 as	 input	parameters	 for	 the	 seismogenic	 index	applied	 for	estimating	 IS	hazards.	

Third,	we	illustrate	sensitivity	cases	for	different	discount	rates.	For	CBA	(private),	we	

bound	our	analysis	with	discount	rates	of	7%	and	12%;	for	CBA	(social),	we	bound	our	

analysis	with	 discount	 rates	 of	 1%	 and	 5%.	 Fourth,	 as	 discussed	 in	 Section	 2.3.4,	we	

consider	two	sensitivity	cases	 for	 IS	hazard	during	the	30-year	operation	phase	of	 the	

EGS:	no	or	low	IS	hazard	(Figure	3),	where	the	low	IS	case	is	our	base	case	while	the	no	

IS	case	are	the	bounds	of	our	analysis.	
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Table	5	Parameters	varied	in	Monte	Carlo	Analysis	

Symbol	 Definition	 Value	 Distributi

on	

Ref.		

a	 Scaling	factor	for	EGS	

plant	cost		

M	=	0.33,		

s	=		0.19	

Uniform		 (Beckers	et	al.,	2014b;	Franco	and	

Vaccaro,	2014)	

hele	 Thermal	efficiency	of	

EGS	plant		

13%,		

s	=	2%	

Normal	 (Department	of	Energy	&	Climate	Change	

(DECC),	2013;	Dürrschmidt	et	al.,	2011;	

Hirschberg	et	al.,	2015;	Tchanche	et	al.,	

2011;	Verband	Schweizer	

Elektrizitätsunternehmen,	2015;	Wyborn,	

2011)	

S	 Seismogenic	Index		 M	=	0.25,		

s	=		0.05	

Normal	 (Shapiro	et	al.,	2010)	

b	 b-value		 M	=	1.50,		

s	=	0.05	

Normal		 (Mignan	et	al.,	2015)	

<=1.- 	 Thermal	drawdown	 M	=	1%		

s	=		0.5%	

Normal	 (Beckers	et	al.,	2014b;	Department	of	

Energy,	2016;	Tester	et	al.,	2007)	

	 Coefficient	to	linearly	

model	water	volume	

for	reservoir	creation	

M	=	

20.000	

m3,	s	=		

5’773m3	

Uniform	 (Franco	and	Vaccaro,	2014;	Trutnevyte	

and	Azevedo,	2017)	
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2.4 Results	

	

2.4.1 Results	of	CBA	from	the	private	perspective	

In	this	section,	we	present	characteristics	of	the	12	EGS	scenarios	and	then	present	CBA	

(private)	results,	including	NPV	(private),	IRR,	and	LCOE.Table	6	shows	technical	details	

and	intermediate	results	for	these	12	EGS	scenarios,	such	as	gross	electricity	output	in	

year	1	of	operation,	which	ranges	from	2.2	MW	for	the	lowest	circulation	rate	(50	l/s)	to	

6.53	MW	 for	 the	 highest	 circulation	 rate	 (150	l/s).	 Electricity	 output	 decreases	

considerably	over	the	lifetime	of	EGS	due	to	thermal	drawdown	of	the	reservoir.	These	

technical	details	translate	into	discounted	direct	costs	and	revenues,	as	depicted	for	EGS	

scenario	 9	 (150	 l/s	 circulation	 rate,	 10’000	 residents)	 in	 Figure	 4a.	 EGS	 entails	 high	

upfront	investment	costs,	in	this	case	42.7	million	USD,	followed	by	decreasing	revenues	

from	electricity	during	lifetime	(Figure	4a)	due	to	thermal	drawdown	(Section	2.3.3).			
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Table	6	Technical	details	and	intermediate	results	of	12	EGS	scenarios	(OP:	operation)		

Scenario	 Unit	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	

Number	of	residents	 	 	-				 	-				 	-				 1'000		 1'000		 1'000		 10'00

0		

10'000		 10'000		 100'000		 100'000		 	100'000		

Water	circulation	rate	 l/s	 50	 100	 150	 50	 100	 150	 50	 100	 150	 50	 100	 150	

Gross	electricity	output	(year	1)	 MW	 2.18	 4.35	 6.53	 2.18	 4.35	 6.53	 2.18	 4.35	 6.53	 2.18	 4.35	 6.53	

Gross	electricity	output	(year	30)	 MW	 1.01	 2.01	 3.02	 1.01	 2.01	 3.02	 1.01	 2.01	 3.02	 1.01	 2.01	 3.02	

Electricity	for	downhole	pump	 MW	 0.33	 1.33	 3.00	 0.33	 1.33	 3.00	 0.33	 1.33	 3.00	 0.33	 1.33	 3.00	

Net	electricity	output	Pnet	(year	1)	 MW	 1.63	 2.58	 2.88	 1.84	 3.02	 3.53	 1.84	 3.02	 3.53	 1.84	 3.02	 3.53	

Net	electricity	output	Pnet	(year	30)	 MW	 0.57	 0.48	 -0.28	 0.67	 0.68	 0.02	 0.67	 0.68	 0.02	 0.67	 0.68	 0.02	

Net	electricity	(year	1)	 GWh	 12.82	 20.37	 22.68	 14.53	 23.81	 27.83	 14.53	 23.81	 27.83	 14.53	 23.81	 27.83	

Net	electricity	(year	30)	 GWh	 4.52	 3.78	 -2.21	 5.31	 5.37	 0.17	 5.31	 5.37	 0.17	 5.31	 5.37	 0.17	

Heat	output		 GWh	 0.00	 0.00	 0.00	 11.54	 23.07	 34.61	 11.54	 23.07	 34.61	 11.54	 23.07	 34.61	

Heat	demand	 GWh	 0.00	 0.00	 0.00	 6.71	 6.71	 6.71	 67.14	 67.14	 67.14	 671.38	 671.38	 671.38	

Heat	sold	 GWh	 0.00	 0.00	 0.00	 6.71	 6.71	 6.71	 11.54	 23.07	 34.61	 11.54	 23.07	 34.61	

Cost	of	EGS	plant	 million	USD	 5.42	 7.67	 9.39	 5.42	 7.67	 9.39	 5.42	 7.67	 9.39	 5.42	 7.67	 9.39	

Cost	of	heat	exchanger	/	cooling	unit	 million	USD	 2.32	 3.29	 4.02	 0.77	 1.54	 2.31	 0.77	 1.54	 2.31	 0.77	 1.54	 2.31	

CO2	savings	(year	1)	 1’000	USD	 11	 18	 20	 188	 196	 200	 314	 623	 927	 314	 623	 927	

CO2	savings	(year	30)	 1’000	USD	 4	 3	 0	 180	 180	 175	 306	 607	 903	 306	 607	 903	

IS	damage	during	reservoir	creation	 1’000	USD	 0	 0	 0	 387	 701	 964	 3'872	 7'009	 9'638	 38'716	 70'093	 96'379	

Annual	IS	damage	sensitivity	cases	 	 	 	 	 	 	 	 	 	 	 	 	 	

-	Case	no	IS	during	OP		 1'000	 USD/	

year	

0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	 0	

-	Base	case:	low	IS	during	OP		 1'000	 USD/	

year	

0	 0	 0	 27	 54	 80	 272	 539	 803	 2'716	 5'391	 8'027	
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Figure	4	 EGS	 scenario	9:	 (a)	Discounted	 costs	 and	 revenues	 from	private	 perspective	
using	 private	 discount	 rate;	 (b)	 discounted	 costs	 and	 benefits	 from	 social	 perspective	

using	social	discount	rate.		

Figure	4a	shows	the	resulting	NPV	from	the	private	perspective.	In	general,	NPV	(private)	

ranges	from	-17	to	30	million	USD	and	increases	for	both	EGS	siting	in	an	area	surrounded	

by	a	growing	number	of	residents	and	increasing	circulation	rate.	NPV	remains	constant	

from	EGS	siting	surrounded	by	approximately	10’000	residents	and	upwards	because	in	

these	 scenarios,	heat	demand	 from	residents	exceeds	heat	produced	by	EGS.	Thus,	 all	

heat	produced	by	EGS	can	be	 supplied	 to	 the	 local	DHN.	Thus,	NPV	 is	 the	highest	 for	

scenarios	9	and	12.	Thus,	 locating	an	EGS	near	many	 residents	 (10’000	and	100’000)	

combined	with	 relatively	 high	 circulation	 rate	 (150	l/s)	makes	 investing	 in	 EGS	most	

profitable	 from	 the	private	perspective.	 In	 contrast,	NPV	 (private)	 is	negative	 for	EGS	

scenarios	 in	remote	areas	or	with	 few	residents	as	well	as	 for	EGS	scenarios	with	the	

lowest	 circulation	 rate.	 In	 these	 scenarios	 EGS	 is	 unprofitable	 from	 the	 private	

perspective.	 This	 investment	 appraisal	 is	 confirmed	 by	 IRR,	 the	 results	 of	 which	

correspond	to	those	of	NPV	(private)	and	show	a	similar	pattern:	IRR	below	an	assumed	

discount	rate,	in	this	case	10%,	would	not	be	considered	an	attractive	investment.		
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Figure	5	(a)	NPV	(private)	and	IRR	for	EGS	scenarios	where	bold	typeface	represents	
profitable	scenarios;	(b)	LCOE	for	EGS	scenarios.	Green	corresponds	to	 less	 favorable	

and	yellow	to	more	favorable	scenarios	from	the	private	perspective.		

	

LCOE,	which	represents	the	cost	of	producing	one	unit	of	electricity,	shows	a	similar	but	

inverted	 pattern	 compared	 to	 NPV	 (private)	 and	 IRR.	 According	 to	 Figure	 5b,	 LCOE	

ranges	 from	0.16	 to	 0.50	USD/kWhe	 across	 EGS	 scenarios.	Generally,	 LCOE	decreases	

with	both	EGS	siting	near	a	growing	number	of	residents	and	increasing	circulation	rate.	

LCOE	remains	constant	when	EGS	is	located	near	10’000	residents	and	upwards	because	

all	heat	can	be	sold	to	the	DHN.	LCOE	is	lowest	for	EGS	scenarios	9	and	12	thus	highest	

circulation	rate	(150	l/s)	and	many	surrounding	residents	(10’000	or	100’000	residents).	

In	 contrast,	 LCOE	 is	 highest	 for	 EGS	 scenarios	 without	 any	 surrounding	 residents	 in	

remote	areas	as	well	as	EGS	scenarios	with	low	circulation	rate.		

	

2.4.2 Results	of	the	CBA	from	the	social	perspective	

CBA	 (social)	 includes	 indirect	 and	 external	 costs	 and	 benefits,	 such	 as	 damage	 to	

buildings	due	to	IS	or	benefits	of	CO2	savings.	Table	6	lists	the	intermediate	results	such	

as	damage	due	to	IS	during	operation	(base	case),	which	ranges	from	no	damage	for	EGS	

located	 in	 remote	 areas	 to	8	million	 USD	 for	 EGS	 surrounded	 by	 a	 large	 number	 of	

residents	(100’000)	and	operating	at	the	highest	circulation	rate.	Monetized	CO2	savings	

(year	1	of	operation)	range	 from	11,000	USD	to	927,000	USD,	 respectively.	Figure	3b	

displays	costs	and	benefits	from	the	social	perspective	during	EGS	lifetime	for	scenario	9	

(150	l/s	circulation	rate,	10’000	residents).	Damage	due	to	IS	amounts	to	significant	costs	
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when	creating	the	reservoir	(9.6	million	USD),	whereas	during	operation,	the	cost	of	IS	

(800’000	USD)	roughly	balances	against	benefits	of	CO2	savings	(927’000	USD	for	year	

one	of	operation	and	903’000	USD	for	year	30	of	operation).	

	

Figure	6a	displays	NPV	from	the	social	perspective	which	spans	from	-154	to	74	million	

USD.	 Essentially,	 the	 most	 profitable	 EGS	 scenarios	 for	 society	 according	 to	 the	 NPV	

(social)	are	located	centrally	right	in	Figure	6a	these	are	the	scenarios	with	mid-	or	large-

size	circulation	rate	(100	or	150	l/s)	combined	with	siting	near	some	but	not	too	many	

residents	(10’000	or	100’000	residents).	Among	eight	EGS	scenarios	with	positive	NPV	

(social),	the	most	profitable	is	EGS	scenario	9,	wherein	EGS	is	located	near	a	considerable	

number	 of	 residents	 (10’000)	 combined	with	 highest	 circulation	 rate	 (150	 l/s).	Mid-

range	profitability	can	be	expected	 from	EGS	scenarios	near	some	residents	(1’000	or	

10’000	 residents)	 in	 combination	 with	 the	 small	 circulation	 rate	 (50	 l/s)	 and	 EGS	

scenarios	 located	near	no	residents	combined	with	medium	circulation	rate	(100	 l/s).	

Regarding	negative	NPV	(social),	EGS	scenarios	located	near	an	especially	large	number	

of	residents	are	clearly	unattractive	investments	from	the	social	perspective.	This	can	be	

attributed	to	extensive	damage	due	to	IS.	Also,	EGS	scenarios	surrounded	by	no	residents	

show	 negative	 NPV	 for	 the	 smallest	 circulation	 rate	 (50	 l/s).	 In	 this	 scenario,	 EGS	

produces	too	little	electricity	to	compensate	for	high	upfront	investment	(50	l/s).	
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Figure	6	(a)	NPV	(social)	for	EGS	scenarios	(base	case);	(b)	B/C	ratio	for	EGS	scenarios	
(base	 case).	Blue	 corresponds	 to	 less	 favorable	and	green	 to	more	 favorable	 scenarios	

from	the	social	perspective;	bold	typeface	represents	profitable	scenarios.	

	

Figure	 6b	 presents	 the	B/C	 ratio,	which	 divides	 benefits	 by	 costs	 (social).	 Preferably,	

benefits	 outweigh	 risks,	 resulting	 in	 a	 B/C	 ratio	 exceeding	 1,	 as	 is	 the	 case	 for	most	

scenarios.	The	B/C	ratios	of	these	scenarios	show	a	similar	pattern	to	NPV	(social);	the	

most	attractive	scenarios	are	located	centrally	right	and	are	a	combination	of	EGS	near	

medium	density	(1’000	and	10’000)	and	medium	or	large	circulation	rate	(100	l/s	or	150	

l/s).	According	to	the	B/C	ratio,	scenario	9	(150	l/s	circulation	rate,	10’000	residents)	is	

the	most	preferable	for	investment	from	the	social	perspective.	Other	scenarios	with	mid-

range	 B/C	 ratios	 include	 EGS	 located	 near	 a	medium	 number	 of	 residents	 (1’000	 or	

10’000)	and	small	circulation	rate	(50	l/s)	or	scenarios	with	location	near	no	residents	

combined	with	medium	circulation	rate	(100	l/s	or	150	l/s).	In	contrast,	costs	(social)	

outweigh	benefits	when	EGS	is	sited	near	a	large	number	of	residents	(100’000).	These	

scenarios	do	not	generate	enough	benefits	from	electricity	and	heat	sales	and	CO2	savings	

to	compensate	IS	damage.	Likewise,	costs	(social)	outweigh	benefits	for	the	EGS	scenario	

near	 no	 residents	 with	 the	 smallest	 circulation	 rate	 (50	 l/s).	 Again,	 revenues	 from	

electricity	do	not	compensate	high	upfront	investments.		

	

IS	becomes	increasingly	substantial	when	siting	EGS	in	areas	with	a	growing	number	of	

residents.	Figure	7	displays	the	development	of	costs	(social)	and	benefits	across	the	12	

EGS	scenarios.	Two	factors	contribute	to	damage	due	to	IS	other	than	siting	EGS	in	remote	
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areas:	 increasing	 circulation	 rate	 and	 the	 number	 of	 surrounding	 residents,	 which	 is	

illustrated	by	vertical	comparison	of	the	EGS	scenarios,	shown	in	Figure	7.		

	

	

Figure	7	Discounted	costs	and	benefits,	summed,	and	NPV	[millions	USD]	for	12	EGS	
scenarios	from	the	social	perspective.	Benefits	are	displayed	counterclockwise	from	top,	

and	costs	are	displayed	clockwise	from	top.	Benefits	and	cost	are	separated	by	black	

lines.		

	

2.4.3 Monte	Carlo	and	sensitivity	analyses		

We	now	 assess	 the	 uncertainty	 of	 the	 CBA	 results	 via	Monte	 Carlo	 analysis.	 Figure	 8	

shows	 the	 distribution	 of	 intermediate	 technical	 results,	 specifically,	 the	 produced	

electricity	in	year	1	versus	year	30	of	operation	and	heat	supplied	to	the	DHN.	For	both	
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electricity	 and	 heat	 production,	 results	 become	 more	 uncertain	 with	 increasing	

circulation	rate.	This	is	because,	according	to	our	model,	electricity	and	heat	production	

are	proportional	to	circulation	rate	and	thermal	efficiency.	Further,	results	for	electricity	

production	in	year	30	of	operation	are	more	dispersed	than	in	year	1	of	operation.	This	

can	be	attributed	to	potentiation	of	uncertainty	over	EGS	lifetime	with	regard	to	thermal	

efficiency	 and	 reservoir	 drawdown	 temperature.	 Electricity	 production	 decreases	 to	

thermal	 drawdown	 of	 the	 reservoir	 over	 lifetime.	 In	 contrast,	 pump	 power	 remains	

constant,	 which	 can	 lead	 to	 pump	 power	 exceeding	 net	 electricity	 output	 and	 the	

consequent	additional	expense	of	buying	electricity	from	the	grid,	which	is	presented	as	

negative	electricity	production	in	Figure	8.	For	the	first	two	EGS	siting	scenarios	(0	and	

1’000	residents),	heat	supply	is	limited	by	residents’	heat	demand	and	is	thus	constant,	

while	for	the	remaining	siting	scenarios,	all	produced	heat	can	presumably	be	sold	to	the	

DHN,	which	is	linked	to	some	uncertainty.		
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Figure	8	Monte	Carlo	sensitivity	analysis	for	electricity	in	year	1	and	year	30	of	EGS	
operation	and	heat.	Thermal	drawdown	can	lead	to	insufficient	net	electricity	

production,	leading	to	purchase	of	additional	electricity	from	the	grid,	presented	as	

negative	electricity	output.			

	

Figure	9	presents	the	uncertainty	of	monetized	results	from	both	the	private	and	social	

perspectives	(NPV	(private),	NPV	(social),	LOCE,	and	B/C	ratio).	Four	major	findings	can	

be	derived	from	Figure	9	and	the	corresponding	analysis.	First,	 in	general,	uncertainty	

becomes	larger	with	increasing	circulation	rate,	which	can	be	attributed	to	uncertainty	

in	electricity	production	as	discussed	above	plus	uncertainty	within	 cost	 assumptions	

that	depend	on	EGS	size	and	therefore	also	on	circulation	rate	(Section	2.3.5).	Second,	

mid-range	NPV	(private)	and	NPV	(social)	amounting	to	approximately	9	million	USD	in	

absolute	value	can	easily	flip	between	positive	and	negative	if	input	values	are	slightly	

varied,	as	demonstrated	by	EGS	scenarios	3	(150	l/s	circulation	rate	and	no	residents).	
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Consequently,	for	EGS	projects	of	comparable	NPV,	there	is	no	clear	evidence	whether	

the	project	will	eventually	be	profitable	according	to	our	analysis.	For	remaining	NPV	

(private)	and	(social),	outliers	indicate	that	only	substantial	changes	in	parameters	lead	

to	flipping	NPV	(private)	or	NPV	(social).		

	

	

Figure	9	Monte	Carlo	analysis	for	NPV	(private),	NPV	(social),	LCOE,	and	B/C	ratio	

(base	case).	

	

Third,	results	are	more	dispersed	for	NPV	(social)	than	for	NPV	(private).	This	is	because	

of	 uncertainties	 within	 CO2	 savings	 for	 scenarios	 in	 remote	 areas	 and	 additional	

uncertainty	from	IS	estimates	for	all	other	scenarios,	which	are	only	considered	for	the	

social	 perspective.	 CO2	 savings	 uncertainty	 can	 be	 attributed	 to	 uncertainty	 within	

electricity	and	heat	production,	and	estimated	IS	uncertainty	reflects	the	current	state	of	

knowledge	(Trutnevyte	and	Azevedo,	2017),	which,	in	our	analysis,	is	represented	by	the	
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input	values	from	the	seismogenic	index	(Table	5).	For	NPV	(social),	these	uncertainties	

are	amplified	with	increasing	number	of	residents,	most	prominently	for	urban	scenarios	

(100’000	 residents).	 Fourth,	 in	 contrast	 to	 NPV	 (social),	 uncertainty	 of	 B/C	 ratio	 is	

relatively	stable	across	 increasing	numbers	of	residents,	 indicating	that	uncertainty	of	

cost	(social)	and	of	benefits	develop	more	or	less	the	same.	Yet,	uncertainty	in	the	B/C	

ratio	declines	for	EGS	scenarios	with	the	largest	number	of	residents.	The	reason	is	the	

growing	uncertainty	 in	 cost	 (social),	which	 is	reflected	 in	 the	denominator	of	 the	B/C	

ratio.		

	

Figure	10	and	Figure	11	present	sensitivity	cases	for	LCOE	and	the	B/C	ratio	for	a	range	

of	 private	 and	 social	 discount	 rates.	 In	 general,	 lower	 discount	 rates	 lead	 to	 higher	

profitability	from	both	private	and	social	perspectives	and	consequently	to	lower	LCOE	

and	higher	B/C	ratio.	LCOE	shows	substantial	sensitivity	to	private	discount	rates	while	

the	pattern	of	LCOE	over	EGS	scenarios	holds	across	sensitivity	cases.	Similarly,	B/C	ratio	

is	highly	sensitive	to	social	discount	rates	but	its	pattern	remains	stable	across	sensitivity	

cases.		

	

	

Figure	10	Sensitivity	of	LCOE	for	EGS	scenarios	for	private	discount	rates:	(a)	7%;	(b)	12%.	
Green	 corresponds	 to	 less	 favorable	 and	 yellow	 to	 more	 favorable	 scenarios	 from	 the	

private	perspective	

	



46	

	

	

	

Figure	11	Sensitivity	of	B/C	ratio	for	EGS	scenarios	for	social	discount	rates.	(a)	1%;	(b)	
5%.	Blue	corresponds	to	less	favorable	and	green	to	more	favorable	scenarios	from	the	

social	perspective;	bold	typeface	represents	profitable	scenarios.	

	

Figure	 12	 contrasts	 the	 sensitivity	 of	 the	 B/C	 ratios	 for	 no	 IS	 during	 operation	 to	

potentially	 low	 IS	 during	 operation	 (base	 case)	 as	 discussed	 above.	 As	 described	 in	

Section	2.3.7,	the	no	IS	case	anticipates	no	damage	during	operation	past	the	IS	hazards	

during	 reservoir	 creation.	 The	 respective	 B/C	 ratios	 for	 the	 12	 EGS	 scenarios	 show	

patterns	similar	 to	 the	base	case	but	reach	higher	values.	For	the	top	and	central	EGS	

scenarios,	benefits	outweigh	risks	(Figure	12a).	In	contrast	to	the	base	case	(Figure	12b)	

B/C	ratios	are	around	one	 for	EGS	 in	a	city	near	 large	population	(100’000	residents)	

when	no	IS	during	operation	is	to	be	expected.	Thus,	when	no	IS	is	to	be	expected,	siting	

EGS	in	a	city	could	be	an	option	although	not	the	most	attractive	one.		
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Figure	12	Sensitivity	of	B/C	ratio	for	EGS	scenarios	for	IS	cases.	Left:	no	IS	during	30-year	
operation;	right:	base	case	of	IS	during	30-year	operation.	Blue	corresponds	to	less	favorable	

and	green	to	more	favorable	scenarios	from	the	social	perspective	;	bold	typeface	represents	

profitable	scenarios.	
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2.5 Discussion	

	

2.5.1 Discussion	of	the	results	and	practical	implications	

Siting	EGS	of	different	capacities	in	remote	or	densely	populated	areas	involves	trading	

off	IS	damage	with	the	benefits	of	supplying	heat	to	surrounding	residents	and	avoiding	

CO2	(Kraft	et	al.,	2009;	Schenler,	2015):	in	remote	areas	the	IS	risk	is	minimal,	but	EGS	

heat	cannot	be	 fully	used	for	district	heating,	whereas	 in	densely	populated	areas,	 the	

residual	heat	can	be	supplied	into	the	DHN,	but	IS	risk	is	higher.	This	study	quantifies	for	

the	first	time	this	trade-off	using	CBA	from	both	the	private	and	social	perspectives.	We	

modeled	12	EGS	 scenarios	differing	by	 siting	and	circulation	 rate	with	 their	heat	and	

electricity	 production	 and	 coupled	 it	 to	 a	 simplified	 IS	 model.	 Our	 underlying	

assumptions	seem	to	be	reasonable	as	we	obtain	LCOE	estimates	(Figure	5b)	that	are	

exactly	in	the	same	range	as	LCOE	estimates	from	previous	literature	(Table	1).	Our	IS	

damage	 values	 during	 operation	 are	 similar	 to	 damage	 observed	 in	 the	 past	 and	 in	

detailed	risk	assessments	(Baisch	et	al.,	2009;	Mignan	et	al.,	2015).	Also,	our	finding	that	

EGS	are	less	profitable	in	remote	areas	with	no	revenues	from	residual	heat	is	in	line	with	

previous	research	(Schenler,	2015).	This	suggests	quantitative	validation	of	our	results.		

	

The	results	of	CBA	(private)	suggest	that	EGS	should	be	located	in	areas	where	all	residual	

heat	can	be	sold	to	a	DHN,	thus,	towns	or	cities	with	10’000	or	more	residents.	In	contrast,	

the	results	of	CBA	(social)	suggest	locating	EGS	where	a	fair	amount	of	residual	heat	can	

be	 sold	 but	 potential	 damage	 due	 to	 IS	 is	 limited,	 thus	 areas	 with	 1’000	 to	 10’000	

residents.	 Sensitivity	 analysis	 to	 IS	 cases	 showed	 that	 EGS	 are	 significantly	 more	

profitable	in	areas	where	no	potential	IS	hazards	are	to	be	expected	during	operation.	

There,	benefits	outweigh	costs	for	society	as	a	whole	for	most	cases,	even	when	siting	

EGS	in	large	cities.		

	

Concerning	circulation	rate	and	hence	EGS	capacity,	CBA	from	both	the	private	and	social	

perspectives	suggest	implementing	EGS	of	a	certain	circulation	rate	with	respect	to	two	

technical	 constraints:	 on	 the	 lower	 end,	 circulation	 rate	 must	 ensure	 that	 the	 EGS	

produces	 sufficient	 electricity	 and	 heat	 to	 compensate	 and	 ideally	 exceed	 the	 high	
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upfront	investment	costs.	On	the	higher	end,	the	circulation	rate	should	ensure	that	pump	

power	 does	 not	 exceed	 net	 electricity	 output,	 thus	 avoiding	 additional	 purchase	 of	

electricity	from	the	grid,	which	would	considerably	decrease	profitability.	This	could	be	

bypassed	by	increasing	wellbore	diameter	with	installation	of	additional	wells;	however,	

this	in	turn	significantly	increases	the	cost	of	EGS.	Additionally,	according	to	our	model,	

IS	damage	increases	with	circulation	rate	which	could	be	an	additional	constraint.		

	

Close	attention	should	be	paid	to	uncertainties	regarding	electricity	and	heat	production	

and	costs,	which	themselves	present	a	risk	to	investors	and	society.	Within	this	study,	

uncertainties	in	cost,	efficiency,	thermal	drawdown,	and	IS	input	parameters	have	been	

analyzed.	 These	 uncertainties	 amplify	 with	 increasing	 circulation	 rate,	 which	 seems	

plausible	as	only	EGS	with	relatively	small	circulation	rates	have	been	realized	so	 far.	

Uncertainties	also	affect	indirect	costs	and	externalities,	such	as	benefits	of	CO2	savings	

and,	 in	 particular,	 estimated	 damage	 due	 to	 IS	 (Giardini,	 2009;	 Mena	 et	 al.,	 2013;	

Trutnevyte	 and	 Azevedo,	 2017;	 Trutnevyte	 and	 Wiemer,	 2017).	 Furthermore,	 EGS	

scenarios	with	positive	but	rather	low	expected	NPV	(both	private	and	social)	can	easily	

flip	to	unprofitability	if	EGS	parameters	change	slightly.	Consequently,	when	designing	

and	siting	EGS,	thorough	analysis	of	parameters	as	well	as	sufficient	swing	of	investment	

is	vital.	

	

The	 results	 have	 implications	 for	 practical	 and	 scientific	 discussions	 of	 siting	 and	

designing	EGS.	Our	 results	do	not	necessarily	 sustain	 the	arguments	 for	 siting	EGS	 in	

remote	areas	(Bommer	et	al.,	2015;	Majer	et	al.,	2007;	McGarr	et	al.,	2015)	because	of	the	

lack	 of	 revenues	 from	 heat	 sales.	 Poor	 profitability	 from	 private	 perspective	 can,	

however,	be	enhanced	with	incentives	for	investors,	such	as	feed-in	tariffs	(International	

Energy	Agency,	2008),	for	EGS	scenarios	that	are	profitable	for	society.	In	our	case,	this	

would	 apply	 to	 EGS	 scenarios	 with	 circulation	 rates	 of	 100	 l/	 and	 150	 l/s	 and	 no	

surrounding	 residents,	 which	 are	 beneficial	 for	 society	 but	 would	 not	 be	 considered	

profitable	 from	 the	 private	 perspective	 unless	 incentivized.	 When	 IS	 risk	 is	 not	

considered,	EGS	are	most	attractive	in	areas	where	all	residual	heat	can	be	sold.	When	IS	

risk	 is	 considered,	 EGS	 should	 be	 sited	where	 a	 considerable	 amount	 of	 heat	 can	 be	

supplied	to	a	DHN	while	 IS	damage	 is	limited,	not	automatically	zero.	When	designing	
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EGS,	water	circulation	rate	and	thus	capacity	must	be	optimized	with	respect	to	revenues	

to	 compensate	 large	 upfront	 investments	 and	 with	 respect	 to	 the	 auxiliary	 power	

demands	of	downhole	pumps.	

	

2.5.2 Limitations	and	future	research		

Quantifying	the	trade-off	when	siting	EGS	with	different	circulation	rates	is	not	without	

limitations.	We	omitted	variation	of	technical	and	economic	parameters	where	plausible	

and	included	relevant	parameters	in	uncertainty	analysis	in	order	to	make	the	trade-off	

clearly	visible.	More	 specifically:	 first,	 regarding	EGS	and	 its	 integration	 into	DHN,	we	

have	 merely	 considered	 a	 simplified	 thermodynamic	 EGS	 model	 without	 varying	

reservoir	configuration,	such	as	thermal	drawdown	across	different	circulation	rates	and	

thus	different	EGS	capacities	(Tester	et	al.,	2007).	We	also	neglected	the	uncertainty	of	

the	thermal	gradient	and	thus	adequate	reservoir	temperature.	For	integrating	EGS	into	

DHN,	 we	 limited	 our	 analysis	 to	 constant	 heat	 patterns	 of	 residents	 regardless	 of	

potential	 differences	 between	 remote	 and	 urban	 surroundings.	 We	 also	 limited	 our	

analysis	to	constant	future	heat	demand	despite	a	potential	future	decline	due	to	better	

insulation.	 Further,	 we	 have	 not	 considered	 the	 cost	 of	 connecting	 EGS	 to	 the	

transmission	grid	or	DHN	or	the	cost	of	the	DHN	itself.	We	also	excluded	long-distance	

transmission	of	EGS	residual	heat	from	our	analysis,	focusing	instead	on	residential	heat	

customers	 nearby,	 and	 did	 not	 include	 industrial	 heat	 users	 or	 alternative	 heat	

applications.		

	

Second,	our	IS	model	relied	on	very	little	empirical	data.	Creating	and	operating	EGS	does	

not	 necessarily	 induce	 seismicity.	 However,	 regarding	 the	 large	 uncertainties	

characteristic	 to	EGS	and	other	subsurface	projects	(Giardini,	2009;	Mena	et	al.,	2013;	

Trutnevyte	and	Azevedo,	2017;	Trutnevyte	and	Wiemer,	2017),	our	approach	might	be	

justifiable.	 Also,	 we	 have	 simplified	 the	 IS	 hazard	 model	 by	 not	 spatially	 varying	

earthquake	intensity	and	not	considering	differences	in	regional	seismic	and	geological	

conditions,	 for	 instance,	 faults.	 We	 captured	 some	 of	 these	 differences	 through	

uncertainty	analysis	of	the	seismogenic	index	parameters	and	further	acknowledge	that	

in-depth	modeling	of	IS	is	much	more	complex.	Regarding	damage	due	to	IS,	we	used	an	
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overall	expected	damage	ratio	(Fäh	et	al.,	2001)	that	only	considered	earthquakes	equal	

to	or	greater	than	intensity	5.	Thus	cosmetic,	non-structural,	and	other	minor	damage	is	

neglected	in	our	analysis.	We	further	limited	our	study	to	residential	buildings	and	have	

not	considered	differences	in	housing	structure	or	spatial	arrangement	of	houses	across	

siting	scenarios,	such	as	less	dense	housing	in	remote	areas.	Scenarios	of	siting	EGS	close	

to	sensitive	or	critical	infrastructure	such	as	archaeological	sites,	research	laboratories,	

or	nuclear	power	plants	are	also	outside	the	scope	of	our	analysis;	the	consequences	due	

to	IS	in	such	locations	would	be	dire	and	realization	of	such	EGS	projects	is	problematic	

(Trutnevyte	and	Wiemer,	2017).	We	have	also	not	incorporated	potential	differences	in	

building	value	across	EGS	sites	(villages,	towns,	or	urban	areas).	Further,	damage	due	to	

IS	could	have	been	accounted	for	through	insurance	costs	for	CBA	(private)	instead	of	

only	including	it	in	CBA	(social)	as	a	cost	to	society.	Third,	limitations	concerning	CBA	in	

general	 (Fischhoff,	 2015;	 Schmidt	 and	 Lilliestam,	 2015)	 include	 monetizing	 certain	

aspects	 of	 EGS,	which	might	 not	 necessarily	 reflect	 the	 actual	 price	 society	would	 be	

willing	to	pay	to	avoid	damage	due	to	IS	or	CO2.		

	

Forth,	for	our	specific	study,	we	restricted	our	analysis	to	12	discrete,	very	specific	EGS	

scenarios	within	the	boundaries	presented	in	Figure	2.	This	led	to	reasonable	complexity	

of	our	CBA	from	both	the	private	and	social	perspectives	while	representing	reality	only	

to	a	 certain	degree.	Also,	we	primarily	derived	costs	 from	a	 few	pilot	EGS.	This	again	

implies	large	uncertainties	(Beerepoot,	2011),	which	we	tried	to	account	for	via	Monte	

Carlo	 analysis.	 Thus,	 results	 might	 only	 be	 applicable	 to	 real	 EGS	 projects	 under	

consideration	of	the	limitations	described.	

	

In	reality,	however,	investor’s	or	society’s	profitability	are	not	the	only	elements	that	will	

influence	decisions	about	the	future	deployment	of	EGS;	public	reaction	towards	EGS	and	

its	IS	risks	(Stauffacher	et	al.,	2015)	and	whether	society	is	willing	to	trade	off	these	risks	

(Giardini,	2009)	will	also	be	considered.	This	has	not	been	quantified	within	our	study,	

as	 CBA	 glosses	 over	 such	 trade-offs	 by	 simply	 summing	 costs	 (social)	 and	 benefits,	

limiting	the	analysis	to	set	parameters.	We	therefore	suggest	four	specific	questions	for	

future	 research:	 First,	 what	 costs	 and	 benefits	 matter	 to	 society	 and	 to	 society’s	

acceptance	of	EGS	when	siting	and	designing	projects?	Second,	how	does	society	trade	off	
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these	costs	and	benefits	of	EGS	projects	beyond	simply	summing?	Third,	how	can	science	

provide	 the	 best	 available	 information	 about	 risks	 and	 uncertainties	 inherent	 to	 EGS	

projects	and	how	can	this	be	communicated	to	facilitate	wiser	decisions	(Knoblauch	et	

al.,	 2017)?	 Fourth,	 how	 can	 society,	 which	 eventually	 bears	 the	 IS	 risk	 of	 such	 EGS	

projects,	 contribute	 to	 IS	 risk	 appraisal	 and	 IS	 risk	 management,	 for	 instance,	 by	

participation	(Trutnevyte	and	Ejderyan,	2017)?	This	study	as	well	as	future	research	can	

contribute	to	more	robust	decision-making	when	siting	EGS	in	conjunction	with	efforts	

to	 reduce	 greenhouse	 gas	 emissions	 from	 electricity	 and	 heat	 production	 while	

continuously	providing	both.		
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2.6 Conclusion	

	

In	this	study,	we	quantified	the	trade-off	between	heat	benefits	and	IS	risks	when	siting	

EGS	projects	of	different	sizes	using	CBA	from	both	the	private	and	social	perspectives.	

Despite	uncertainties	inherent	to	EGS	and	model	limitations,	our	study	provides	relevant	

implications	for	practitioners,	policy	makers	and	further	research.	Accordingly,	our	study	

does	not	necessarily	support	the	claim	to	site	EGS	in	remote	areas	to	avoid	IS	risks	due	to	

lacking	 benefits	 from	 remaining	 heat.	 Considering	 CBA	 from	 the	 private	 and	 social	

perspectives	jointly,	EGS	should	be	sited	where	considerable	heat	can	be	sold	but	damage	

due	 to	 IS	 remains	 limited	 not	 necessarily	 zero.	 In	 addition,	 EGS	 need	 to	 be	 carefully	

designed	in	order	to	generate	sufficient	revenues	from	electricity	and	heat	sales	in	order	

to	pay-off	high	upfront	investment	costs.		

	

With	only	few	realized	projects	worldwide,	EGS	is	a	rather	emerging,	yet	promising	low-

carbon	renewable	energy	resource.	In	order	for	EGS	to	contribute	to	energy	strategies	

realization,	EGS	projects	need	to	be	sited	within	boundaries	that	are	attractive	for	both,	

private	investors	and	the	society.	Ultimately,	however,	not	only	the	EGS	project’s	viability	

will	decide	whether	or	not	a	project	is	being	realized	but	also	the	outcome	of	societal	and	

political	 discourse	 around	 EGS	 and	 its	 uncertainties	 which	 should	 be	 informed	 by	

scientific	evidence.		
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Abstract		

	

Deep	geothermal	energy	projects	offer	 low-carbon,	renewable-base-load	resources	 for	

electricity	 and	 heat	 production.	 Siting	 such	 projects	 can	 be	 challenging	 because	 past	

projects	have	induced	seismicity.	This	suggests	siting	projects	in	remote	areas	away	from	

populated	 areas	 and	 infrastructure,	 with	 minimal	 seismic	 risks.	 However,	 deep	

geothermal	 projects	 are	 most	 viable	 when	 they	 use	 residual	 heat,	 which	 requires	

proximity	to	heat	consumers	and	thus,	ideally,	a	rather	urban	environment.	Hence,	siting	

options	 carry	 various	 risks	 and	 benefits,	 and	 it	 is	 informative	 to	 see	 how	 the	 public	

responds	to	these	risks	and	benefits.	This	study	investigates	how	well	the	public	accepts	

various	 heat	 benefits	 when	 induced	 seismic	 risks	 are	 comparatively	 high	 or	 low.	

Respondents	 rated	 their	 acceptance	 of	 four	 deep	 geothermal	 energy	 scenarios	 in	 an	

online	 survey	 (N	 =	 814)	 conducted	 in	 Switzerland	 and	Germany.	 Conjoint	 and	mixed	

multivariate	 statistical	 analyses	 show	 that	 the	 public	 prefers	projects	 sited	 in	 remote	

areas	and	using	residual	heat	for	industrial	applications.	The	results	in	Switzerland	and	

Germany	 were	 rather	 similar,	 but	 the	 Swiss	 public	 was	 generally	 more	 positive.	

Importantly,	 induced	 seismic	 risks	 affected	 acceptance	 ratings	 most	 strongly.	 Thus,	

policies	to	reduce	the	risk	of	induced	seismicity	must	be	given	the	highest	priority	to	gain	

public	acceptance.	

	 	



58	

	

	

3.1 Introduction	

	

Renewable	energy	resources	are	a	promising	way	to	address	challenges	such	as	climate	

change	and	nuclear	energy	phase-out,	but	acceptance	is	crucial	in	their	development	

(Cohen	et	al.,	2014;	Huijts	et	al.,	2012;	Wüstenhagen	et	al.,	2007).	Despite	generally	

positive	public	attitudes,	the	siting	of	renewable	energy	facilities	has	sometimes	led	to	

local	opposition	(Jones	and	Richard	Eiser,	2010;	Moore	and	Hackett,	2016).	Research	

has	extensively	 investigated	 the	 conditions	under	which	 the	 local	public	 is	 likely	 to	

accept	renewable	energy	facilities	and	how	to	respond	to	opposition,	often	with	a	focus	

on	 compensation	or	benefits	 for	 the	 local	public	 (Botelho	et	 al.,	 2017;	Dreyer	et	 al.,	

2017;	García	et	al.,	2016;	Kerr	et	al.,	2017;	Tabi	and	Wüstenhagen,	2017).	One	case	in	

point	 is	 deep	 geothermal	 energy	 (Kunze	 and	 Hertel,	 2017),	 a	 renewable	 energy	

resource	 that	 can	 produce	 base-load	 energy	 from	 local	 resources	 that	 are	 available	

almost	everywhere	(Chamorro	et	al.,	2014;	van	Wees	et	al.,	2013).	However,	until	now,	

research	on	the	siting	and	acceptance	of	renewable	energy	has	largely	overlooked	deep	

geothermal	energy.	For	such	projects,	siting	can	be	particularly	sensitive	because	past	

deep	 geothermal	 energy	 projects	 have	 been	 associated	 with	 increased	 seismicity	

(Giardini,	2009).		

	

As	an	emerging	technology,	deep	geothermal	energy	can	become	increasingly	relevant	

as	a	way	of	supplying	future	low-carbon	energy	when	projects	are	sited	successfully	

(Schilling	and	Esmundo,	2009;	Tester	et	al.,	2007):	deep	geothermal	energy	is	expected	

to	supply	3%	of	global	electricity	and	4	to	5%	of	global	heat	in	2050	(Beerepoot,	2011;	

Goldstein	 et	 al.,	 2011).	 Countries	 such	 as	 Switzerland	 and	 the	 US	 have	made	 deep	

geothermal	 energy	 a	 pillar	 of	 their	 future	 energy	 supplies	 (Swiss	 Federal	 Office	 of	

Energy	[SFOE],	2013;	U.S.	Senate	Committee	on	Energy	&	Natural	Resources	[Senate],	

2015),	 and	many	 countries	 around	 the	 globe	 have	 already	 started	 to	 harness	 deep	

geothermal	energy	on	various	scales,	including	Australia,	South	Korea,	Germany,	and	

France	(Agemar	et	al.,	2014;	Bertani,	2016,	2012;	Lu,	2018;	Purkus	and	Barth,	2011).	

Bertani	estimates	that	worldwide,	around	40	countries	could	be	powered	exclusively	

by	geothermal	resources	(Bertani,	2016).	Deep	geothermal	energy	can	be	harnessed	by	

circulating	fluid	through	an	underground	heat	exchanger.	This	heat	exchanger	can	be	
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natural	(hydrothermal	reservoirs)	or	artificially	created	through	hydraulic	fracturing	

(enhanced	 geothermal	 systems,	 or	 EGS).	 For	 viable	 electricity	 production,	 both	

methods	 of	 harnessing	 deep	 geothermal	 energy	 require	 well	 drilling	 to	 reservoir	

depths	of	at	least	3	km,	where	temperatures	reach	above	100°C.	This	is	different	from	

widespread	shallow	geothermal	energy	for	heating	applications,	where	depths	reach,	

at	maximum,	400	m.		

	

The	risk	of	induced	seismicity	represents	a	potential	impediment	to	the	realization	of	

deep	geothermal	energy	projects	(Stauffacher	et	al.,	2015).	Seismicity	can	be	induced	

during	both	 reservoir	 creation,	when	 it	 can	be	 technically	helpful,	 as	well	 as	during	

operation	 (Gischig	 et	 al.,	 2014).	 Induced	 seismicity	 risk	 assessments	 involve	

uncertainties	 and	 potential	 expert	 disagreements	 (Trutnevyte	 and	 Azevedo,	 2017).	

Consequently,	 risk	of	 induced	 seismicity	and	 the	associated	uncertainties	 can	 cause	

concern	 among	 affected	 residents,	 as	 well	 as	 the	 larger	 public.	 This	 may	 even	 be	

expressed	 in	 the	 form	 of	 public	 protest	 and	 opposition	 and	 can	 lead	 to	 the	

abandonment	 of	 deep	 geothermal	 energy	 projects.	 In	 Switzerland,	 two	 deep	

geothermal	energy	projects	were	abandoned	after	noticeable	induced	seismic	events:	

an	induced	seismic	event	of	magnitude	3.4	occurred	in	Basel	and	resulted	in	damage	

claims	of	9	million	USD,	and	an	induced	seismic	event	of	magnitude	3.5	was	recorded	

in	St.	Gallen	(Edwards	et	al.,	2015;	Giardini,	2009).	In	Germany,	induced	seismic	events	

associated	with	the	deep	geothermal	energy	project	Landau	reached	a	magnitude	of	2.7	

(Breede	et	al.,	2013;	Groos	et	al.,	2012),	which	led	to	public	protests	and	the	formation	

of	civil	initiatives	(Leucht,	2012).	In	the	US,	an	induced	seismic	event	of	magnitude	4.6	

was	recorded	in	the	Geysers	(Majer	et	al.,	2007),	a	remote	area	away	from	populated	

spaces.	 More	 examples	 of	 induced	 seismicity	 linked	 to	 deep	 geothermal	 energy	

activities	can	be	found	in	(Breede	et	al.,	2013;	Evans	et	al.,	2012;	Hirschberg	et	al.,	2015;	

Zang	et	al.,	2014).		

	

One	strategy	to	reduce	the	risk	of	induced	seismicity	associated	with	deep	geothermal	

energy	 projects	 is	 to	 site	 deep	 geothermal	 energy	 in	 remote	 areas,	 away	 from	

populated	spaces	and	infrastructure	(Bommer	et	al.,	2015;	Majer	et	al.,	2007;	McGarr	

et	al.,	2015;	Trutnevyte	and	Wiemer,	2017).	In	this	way,	the	number	of	buildings	and	
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people	exposed	to	potential	seismic	events	can	be	reduced	(Trutnevyte	and	Wiemer,	

2017;	Wiemer	et	al.,	2014).	In	case	of	an	induced	seismic	event,	damage	in	remote	areas	

would	be	 significantly	 less	 than	damage	 in	urban	areas	or	 cities.	Assuming	 rational	

actors	and	constant	benefits,	 the	benefit-to-risk	 ratio	would	be	 improved,	 and	 thus,	

decision	making	would	come	to	favor	siting	deep	geothermal	energy	projects	in	remote	

areas.	 By	 placing	 fewer	 buildings	 and	 less	 infrastructure	 at	 stake,	 siting	 deep	

geothermal	 energy	 projects	 in	 remote	 areas	 may	 reduce	 public	 concerns	 and	

opposition.	For	the	remainder	of	this	paper,	we	distinguish	between	low	and	high	levels	

of	induced	seismic	risk:	low-level	induced	seismicity	risk	describes	deep	geothermal	

energy	siting	in	remote	areas,	where	very	few	to	no	buildings	and	infrastructure	are	

exposed	 to	 potential	 induced	 seismicity,	 whereas	 high-level	 induced	 seismic	 risk	

describes	 deep	 geothermal	 energy	 siting	 in	 urban	 areas,	 where	 many	 buildings,	

infrastructure,	and	people	may	be	exposed	to	induced	seismicity.		

	

One	drawback	of	siting	in	remote	areas,	however,	is	that	there	is	little	to	no	efficient	

use	 of	 residual	 heat	 from	 electricity	 production.	 Only	 the	 efficient	 use	 and	 sale	 of	

residual	 heat,	 e.g.,	 for	 residential	 district	 heating	 (DHN)	 or	 industry,	 makes	 deep	

geothermal	 energy	 an	 economically	 viable	 energy	 resource	 and	 allows	 the	 further	

maximization	of	saved	CO2	emissions	because	this	heat	can	replace,	 for	 instance,	oil	

heating	(Giardini,	2009;	Knoblauch	and	Trutnevyte,	2017;	Treyer	et	al.,	2015).	Thus,	

when	siting	deep	geothermal	energy	projects,	there	is	a	trade-off	to	be	made	between	

reducing	the	risk	of	induced	seismicity	and	maximizing	the	benefits	of	deep	geothermal	

energy,	 such	 as	 price	 competitiveness	 and	 CO2	 savings	 (Kraft	 et	 al.,	 2009).	 For	 the	

remainder	of	 this	paper,	we	distinguish	between	deep	geothermal	energy	scenarios	

with	 low-level	 and	 high-level	 benefits:	 the	 low-level	 benefits	 of	 deep	 geothermal	

energy	 include	 electricity	 production	without	 the	 use	 of	 residual	heat,	whereas	 the	

high-level	benefits	of	deep	geothermal	energy	include	the	additional	use	and	sale	of	

residual	heat.	The	revenues	from	heat	sales	decrease	the	price	of	electricity	from	deep	

geothermal	energy,	and	through	the	use	of	the	remaining	heat,	CO2	emissions	can	be	

significantly	decreased	as	compared	to	conventional	heating,	e.g.,	heating	with	oil.		
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How	various	deep	geothermal	energy	siting	scenarios	and	the	corresponding	induced	

seismic	risks	and	benefits	relate	to	the	acceptance	of	deep	geothermal	energy	remains	

to	 be	 studied	 systematically	 (Trutnevyte	 and	 Ejderyan,	 2017).	 In	 this	 paper,	 we	

understand	 acceptance	 as	 a	 generally	 positive,	 tolerant	 attitude	 towards	 deep	

geothermal	energy	without	active	support	(Batel	et	al.,	2013).	Elsewhere,	this	is	termed	

public	acceptance	(Zoellner	et	al.,	2008),	social	acceptance	(Dermont	et	al.,	2017),	or	

socio-political	acceptance	(Wüstenhagen	et	al.,	2007).	In	this	sense,	past	quantitative	

and	qualitative	research	indicates	that	deep	geothermal	energy	is	generally	accepted	

in	 Australia,	 Italy,	 and	 Switzerland	 (Dowd	 et	 al.,	 2011;	 Knoblauch	 et	 al.,	 2017;	

Pellizzone	et	al.,	2015).	This	research	also	indicates	that	the	public	generally	prefers	

deep	geothermal	energy	projects	to	be	sited	away	from	populated	spaces	(Carr-Cornish	

and	Romanach,	2014;	Hoşgör	et	al.,	2013).	However,	the	public	does	not	consider	the	

lost	benefits	from	the	remaining	heat.	Past	studies	in	the	energy	field	have	shown	that	

perceived	 benefits	 are	 the	 best	 predictor	 of	 acceptance	 (Bronfman	 et	 al.,	 2012;	

Visschers	and	Siegrist,	2014).	Accordingly,	studies	have	shown	that	when	perceived	

benefits	 outweigh	 perceived	 risks,	 respondents	 accept	 carbon	 capture	 and	 storage	

(CCS)	and	nuclear	energy	projects	(L’Orange	Seigo	et	al.,	2014;	Visschers	et	al.,	2011).	

Regarding	geothermal	energy,	it	is	unknown	how	the	public	perceives	the	benefits	of	

heat	production	and	whether	these	benefits	can	compensate	for	perceived	risks.	This	

conceptualization	of	acceptance	resonates	with	the	compensatory	approach	to	energy	

infrastructure	in	general	and	deep	geothermal	energy	in	particular	(Cohen	et	al.,	2014;	

C.	Meller	et	al.,	2017;	Zoellner	et	al.,	2008).		

	

This	 compensatory	 logic,	 however,	may	 not	 necessarily	 hold	 in	 the	 case	 of	 induced	

seismicity,	as	evidence	from	the	literature	suggests.	A	study	by	McComas	et	al.	observed	

that	 respondents	 did	 not	 accept	 any	 level	 of	 induced	 seismicity,	 regardless	 of	 the	

benefits	the	associated	activity	would	provide	(McComas	et	al.,	2016).	The	concepts	of	

“tampering	with	nature”	(Sjöberg,	2000a,	p.	353)	or	“messing	with	nature”	(Corner	et	

al.,	2013,	p.938)	may	apply	to	induced	seismicity,	meaning	that	induced	seismicity	and	

felt	 earthquakes	 are	 perceived	 as	 an	 unprecedented	 and	morally	 sensitive	 form	 of	

interference	with	nature	and	are	by	no	means	justifiable,	regardless	of	the	benefits.	As	

soon	 as	 the	 risks	 exceed	 a	 certain	 threshold,	 a	 suggested	 deep	 geothermal	 energy	
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project	 will	 not	 be	 accepted	 regardless	 of	 the	 presented	 benefits.	 Thus,	 a	 non-

compensatory	weighting	of	risks	and	benefits	takes	place,	which	stands	in	contrast	to	

the	acceptance	models	discussed	above.	Presumably,	this	behavior	is	more	pronounced	

when	 induced	 seismic	 risks	 are	 high.	 In	 the	 literature,	 this	 phenomenon	 has	 been	

previously	 observed	 regarding	 the	 acceptance	 of	 another	 underground	 technology,	

namely	CCS	(Wallquist	et	al.,	2012),	as	well	as	geoengineering	(Wibeck	et	al.,	2015).	

Qualitative	 research	 on	 the	 perceptions	 of	 another	 emerging	 subsurface	 energy	

resource,	 shale	gas,	 also	 found	 that	 the	 risk	posed	by	 the	 technology	had	a	decisive	

impact	on	perceptions	(Thomas	et	al.,	2017).	Along	similar	lines,	Walter	discusses	the	

undesired	 transgression	 of	 acceptable	 limits	 from	 the	 perspective	 of	 “protective	

values”	in	the	domain	of	wind	energy	(Walter,	2014).	

	

The	consideration	of	the	risks	and	benefits	of	new	technologies	does	not	play	out	 in	a	

vacuum.	 Rather,	 it	 can	 be	 influenced	 by	 existing	 socio-political	 contexts,	 such	 as,	 for	

instance,	the	debates	on	climate	change	and	nuclear	phase-out	(Delina	and	Janetos,	2017;	

Spreng,	2014).	Both	Switzerland	and	Germany	have	been	discussing	and	implementing	

deep	 geothermal	 energy	 projects	 within	 such	 a	 context.	 Hence,	 the	 public	 has	 been	

confronted	with	deep	geothermal	energy	and	the	related	induced	seismic	risk	to	a	certain	

degree	(Giardini,	2009;	Kreuter,	2011;	Swiss	Federal	Office	of	Energy,	2013).	The	national	

context	 of	 deep	 geothermal	 energy	 and	 its	 interaction	 with	 deep	 geothermal	 energy	

acceptance	 may,	 however,	 still	 differ	 between	 countries.	 In	 Switzerland,	 the	 public	

discourse	 reflects	 induced	 seismic	 risks	 but	 also	 emphasizes	 the	 benefits	 of	 deep	

geothermal	energy	(Stauffacher	et	al.,	2015),	whereas	in	Germany,	local	protests	against	

deep	geothermal	energy	paint	 a	picture	of	 a	 contested	 technology	 (Kunze	and	Hertel,	

2017).	Also,	elsewhere,	perceptions	and	acceptance	of	deep	geothermal	energy	risks	vary	

between	countries	(Reith	et	al.,	2013).	To	date,	how	deep	geothermal	energy	is	perceived	

in	 Switzerland	 as	 compared	 with	 Germany	 and	 whether	 and	 how	 risk-benefit	

compensation	is	perceived	in	both	countries	remain	unknown.	

	

In	 this	 paper,	we	 aim	 to	 investigate	 how	 the	 public	 accepts	 various	 deep	 geothermal	

energy	siting	scenarios,	along	with	their	corresponding	induced	seismic	risks	and	heat	
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benefits.	We	propose	to	explain	the	variation	in	the	dependent	variable,	the	acceptance	

of	deep	geothermal	energy,	via	three	guiding	hypotheses:		

	

1. In	general,	the	public	accepts	siting	deep	geothermal	energy	projects	in	remote	

areas	(low	induced	seismicity	risks)	more	fully	than	siting	such	projects	in	urban	

areas	(high	induced	seismicity	risks).	

2. In	remote	areas	(low	induced	seismicity	risk),	the	public	accepts	deep	geothermal	

energy	 projects	 with	 high-level	 benefits	 more	 than	 deep	 geothermal	 energy	

projects	with	low-level	benefits.		

3. In	urban	areas,	which	face	a	high	induced	seismicity	risk	due	to	deep	geothermal	

energy	projects,	there	is	no	sensitivity	to	benefit	perceptions,	because	the	public	

perceives	 deep	 geothermal	 energy	 projects	 as	 “tampering	 or	 messing	 with	

nature.”		

We	 further	 assume	 that	 context	 affects	 respondents’	 acceptance	 of	 deep	 geothermal	

energy	projects.		

4. Although	we	expect	that	Hypotheses	1-3	will	hold	across	countries,	we	expect	that	

in	general,	the	German	public	accepts	all	deep	geothermal	energy	siting	scenarios	

less	fully	than	the	Swiss	public	does.		

We	derive	four	realistic	deep	geothermal	energy	siting	scenarios,	each	a	combination	of	

induced	 seismic	 risks	 (low	 or	 high)	 and	 heat	 benefits	 (low	 or	 high)	 and	 analyze	 the	

acceptance	ratings	of	these	deep	geothermal	energy	scenarios	via	conjoint	measurement.	

This	 conjoint	 measurement	 is	 part	 of	 an	 online	 survey	 of	 the	 general	 public	 in	 the	

German-speaking	 part	 of	 Switzerland	 and	 the	 German	 federal	 state	 of	 Rhineland-

Palatinate	(RP).	
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3.2 Method		

	

3.2.1 Sample		

Overall,	 814	 respondents	who	were	 recruited	 through	 an	 access	 panel	 completed	 the	

online	survey	in	November	2017.	Quotas	were	set	for	the	sample	in	terms	of	region,	age,	

and	 gender.	 The	 sample	 includes	404	 respondents	 from	 the	German-speaking	 part	 of	

Switzerland	and	410	respondents	from	the	German	federal	state	of	RP.	Figure	13	displays	

the	sample’s	geographic	information.	The	Swiss	sample	ranged	in	age	from	15	to	69	years	

(M	=	42.90,	SD	=	14.74),	and	n	=	204	(50.5%)	were	male.	Most	of	the	Swiss	respondents	

completed	vocational	school	(n	=	164,	40.6%),	followed	by	a	university	degree	(n	=	108,	

26.6%),	 with	 n	 =	 25	 respondents	 (6%)	 reporting	 compulsory	 education.	 The	 Swiss	

sample	 is	 representative	 in	 terms	 of	 age	 and	 gender	 ratio	 (Swiss	 Federal	 Office	 for	

Statistics	[SFOS],	2017a).	It	is	also	slightly	more	educated	than	the	Swiss	average	(SFOS,	

2017b).	The	German	sample	ranged	in	age	from	15	to	69	years	(M	=	44.68,	SD	=	14.63),	

and	n	 =	202	 (49.3%)	were	male.	The	majority	of	German	respondents	had	completed	

obligatory	or	secondary	school	without	additional	professional	training	(n	=	177,	40.3%),	

followed	by	vocational	school	(n	=	102,	24.9%),	and	a	university	degree	(n	=	100,	24%).	

The	 German	 sample	 is	 representative	 in	 terms	 of	 age	 and	 gender	 (Statistical	 Office	

Rhineland-Palatinate	[SORP],	2016a),	though	it	is	slightly	less	educated	than	the	state’s	

overall	population	(SORP,	2016b).			

	



65	

	

	

	

Figure	13	Map	of	sample	regions	(created	with	www.mapbox.com)	

	

3.2.2 Description	of	sample	regions	

Both	sample	regions,	the	German-speaking	part	of	Switzerland	and	the	German	state	of	

RP,	 have	 experienced	 induced	 seismicity	 associated	 with	 deep	 geothermal	 energy	

projects:	induced	seismic	events	above	magnitude	3.4	were	recorded	in	the	Swiss	cities	

of	 Basel	 (2009)	 and	 St.	 Gallen	 (2013)	 (Edwards	 et	 al.,	 2015;	 Giardini,	 2009),	 while	

induced	 seismic	events	 in	Landau	 (RP)	 remained	below	magnitude	2.7	 (Breede	et	 al.,	

2013;	 Groos	 et	 al.,	 2012).	 There	 are	 two	 additional	 deep	 geothermal	 energy	projects	

(Insheim	and	Bruchsal)	in	or	bordering	the	federal	state	of	PR.	Previous	literature	shows,	

however,	that	public	attitude	towards	deep	geothermal	energy	seem	to	be	quite	different:	

in	Switzerland,	deep	geothermal	energy	is	currently	rather	accepted	(Knoblauch	et	al.,	

2017),	 with	 a	 balanced	 public	 discourse	 including	 the	 risks	 and	 benefits	 of	 deep	

geothermal	energy	(Stauffacher	et	al.,	2015).	In	contrast,	some	of	the	public	in	RP	reacted	

very	critically	to	induced	seismicity	events	in	2007	and	formed	civil	initiatives	focused	

on	 induced	seismicity	 (Leucht,	2012).	An	unprepared	administration	 lost	public	 trust,	



66	

	

	

and	the	topic	of	induced	seismicity	was	prominently	featured	in	public	discourse	(Leucht,	

2012).	This	led	the	Landau	deep	geothermal	energy	plant	to	begin	running	at	reduced	

capacity	(Stiftung	Risiko-Dialog,	2012).	Meanwhile,	no	additional	induced	seismicity	has	

occurred,	 and	 the	 public	 may	 have	 developed	 more	 neutral	 perceptions	 of	 deep	

geothermal	energy	(Brian	and	Schneider,	2014).		

	

3.2.3 Conjoint	 measurement	 of	 acceptance	 for	 various	 deep	 geothermal	 energy	

scenarios		

In	order	to	illustrate	the	trade-off	between	induced	seismic	risks	and	heat	benefits,	we	

assessed	the	acceptance	of	deep	geothermal	energy	scenarios	via	a	full-factorial	conjoint	

measurement.	Through	conjoint	measurement,	a	method	of	decomposing	overall	ratings	

into	the	causal	effects	of	specific	attributes	(Alriksson	and	Öberg,	2008;	Hainmueller	et	

al.,	2014),	we	can	estimate	the	effects	of	induced	seismic	risks	and	heat	benefits,	as	well	

as	 their	 interaction,	on	deep	geothermal	energy	acceptance	 ratings.	Technically,	 these	

effects	 are	 computed	 as	 the	 importance	 of	 attributes	 and	 the	 part	 worth	 of	 these	

attributes’	 levels.	 Conjoint	 measurement	 allows	 the	 respondents	 to	 rate	 complete	

scenarios	 and	 thus	 represents	 a	 more	 realistic	 setting	 than	 direct	 measurement.	

Respondents	 received	 four	 deep	 geothermal	 energy	 scenarios	 in	 two	 pairwise	

comparisons.	 Pairwise	 comparisons	 have	 shown	 the	 highest	 external	 validity	 among	

vignette	and	conjoint	studies	(Hainmueller	et	al.,	2015).	The	order	in	which	the	scenarios	

appeared	was	randomly	assigned.	The	respondents	were	asked	to	indicate	the	degree	to	

which	they	would	accept	the	various	scenarios	on	a	seven-point	Likert	scale	(1:	“don’t	

accept	at	all”	to	7:	“totally	accept”).		

	

3.2.4 Deep	geothermal	energy	scenarios		

The	four	deep	geothermal	energy	scenarios	are	each	a	combination	of	the	risk	and	benefit	

attributes	(Table	7).	Both	attributes	have	two	levels:	high	and	low	(Table	10).	Scenario	1	

(low	benefit,	low	induced	seismicity	risks)	is	a	deep	geothermal	energy	plant	with	no	use	

of	residual	heat	that	is	sited	in	a	remote	area	and	thus	poses	a	low	risk	of	damage	due	to	

induced	seismicity.	This	scenario	involves	the	remote	production	of	electricity	from	deep	
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geothermal	 energy	 that	 is	 fed	 into	 the	 grid.	 Scenario	 2	 (low	 benefit,	 high	 induced	

seismicity	risk)	is	a	deep	geothermal	energy	plant	in	which	the	residual	heat	is	not	being	

used,	 but	 the	 plant	 is	 sited	 in	 an	 urban	 environment,	 a	 rather	 unrealistic	 scenario.	

Scenario	3	(high	benefit,	low	induced	seismicity	risk)	is	a	remotely	sited	deep	geothermal	

energy	 project	 in	which	 residual	 heat	 is	 used	 for	 industrial	 or	 agricultural	 purposes.	

Lastly,	Scenario	4	(high	benefit,	high	induced	seismicity	risks)	depicts	a	deep	geothermal	

energy	project	sited	in	the	middle	of	a	city,	with	the	residual	heat	being	fed	into	a	local	

DHN.	The	prices	of	electricity	and	induced	seismicity	damage	in	these	deep	geothermal	

energy	scenarios	are	adapted	from	previous	research	(Knoblauch	and	Trutnevyte,	2017;	

Schenler,	2015).	

	

Table	7	Deep	geothermal	energy	scenarios	

Deep	

geothermal	

energy	scenario	

Scenario	description	 Conjoint	attributes	

Heat	benefit	 Siting	

Benefit		

(low,	high)	

Induced	 seismic	

risk	(low,	high)	

1	 No	 Remote	 Low	 Low	

2	 No	 Urban	 Low	 High	

3	 Yes	 Remote	 High	 Low	

4	 Yes	 Urban	 High	 High	
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Table	8	Deep	geothermal	energy	scenarios	presented	to	respondents	(our	translation	from	the	German	original,	which	can	be	found	in	
Appendix	A1)	

Deep	geothermal	energy	plant	1	 Deep	geothermal	energy	plant	2	 Deep	geothermal	energy	plant	3	 Deep	geothermal	energy	plant	4	

Electricity	for	5,000	households	is	

continuously	being	produced.	
Electricity	 for	 5,000	 households	 is	

continuously	being	produced.	
Electricity	for	5,000	households	is	

continuously	being	produced.	
Electricity	 for	5,000	households	 is	

continuously	being	produced.		

No	 heat	will	 be	 provided	 or	 sold.	

The	price	of	 electricity	 is	 ca.	 0.26	

euro/kWh.		

No	heat	will	be	provided	or	sold.	The	

price	 of	 electricity	 is	 ca.	 0.26	

euro/kWh.	

In	 addition,	 heat	 for	 3,000	

households	 is	 provided	 and	 sold.	

Large	 amounts	 of	 carbon-dioxide	

(ca.	 7	 million	 tons/year)	 can	 be	

saved.	Electricity	can	be	sold	at	half	

price	(price	of	electricity	decreases	

from	 ca.	 0.26	 euro/kWh	 to	 0.13	

euro/	kWh).	

In	 addition,	 heat	 for	 3	 thousand	

households	 is	 provided	 and	 sold.	

Large	 amounts	 of	 carbon-dioxide	

(ca.	 7	 million	 tons/year)	 can	 be	

saved.	Electricity	can	be	sold	at	half	

price	(price	of	electricity	decreases	

from	 ca.	 0.26	 euro/kWh	 to	 0.13	

euro/kWh).		

The	deep	geothermal	energy	plant	
is	planned	for	a	remote	area,	with	

very	few	houses	nearby.	Thus,	the	

induced	seismic	damage	would	be	

very	small.		

The	deep	geothermal	energy	plant	is	
planned	 for	 an	 urban	 area,	 near	

many	 houses	 and	 flats.	 Thus,	 the	

annual	 induced	 seismicity	 damage	

could	reach	4	million	euro.	

The	deep	geothermal	energy	plant	
is	planned	for	a	remote	area,	with	

very	few	houses	nearby.	Thus,	the	

induced	seismic	damage	would	be	

very	small.	

The	deep	geothermal	energy	plant	
is	planned	 for	an	urban	area,	near	

many	 houses	 and	 flats.	 Thus,	 the	

annual	 induced	 seismicity	damage	

could	reach	4	million	euro.		
	



3.2.5 Procedure	and	further	variables		

The	online	survey	consisted	of	eight	sections	and	took	the	respondents	an	average	of	8	

minutes	to	complete.	The	survey	was	adapted	to	each	country	in	terms	of	currency	and,	

where	necessary,	terminology.	Both	regions	use	German	as	a	language,	but	some	political	

institutions	are	named	differently.	After	the	respondents	were	directed	to	their	country’s	

version	 of	 the	 survey,	 the	 respondents	 received	 a	 two-part	 introduction	 to	 deep	

geothermal	energy.	The	first	part	of	the	introduction	was	adopted	from	Knoblauch	et	al.	

(Knoblauch	et	al.,	2017)	and	informed	the	respondents	about	deep	geothermal	energy	

and	the	differences	between	 it	and	shallow	geothermal	energy.	The	respondents	were	

then	asked	about	their	general	attitudes	towards	deep	geothermal	energy	(7-point	Likert	

scale	from	1:	“totally	oppose”	to	7:	“totally	in	favor”)	and	whether	they	knew	anything	

about	deep	geothermal	energy	previously	(7-point	Likert	scale	from	1:	“nothing	at	all”	to	

7:	“a	lot”).	The	second	part	of	the	introduction	informed	the	respondents	about	the	siting	

of	deep	geothermal	energy	in	more	detail,	including	induced	seismicity	risks,	continuous	

and	local	electricity	production,	and	various	other	benefits.	The	concept	of	exposure	and	

the	 resulting	 induced	 seismic	 damage	 was	 introduced.	 Further,	 the	 introduction	

addressed	the	uncertainty	regarding	induced	seismicity	associated	with	deep	geothermal	

energy,	as	well	as	with	energy	production.	Both	parts	of	the	introduction	can	be	found	in	

Appendix	 A2.	 The	 next	 section	 was	 comprised	 of	 the	 conjoint	 measurement	 of	

acceptance.	 It	 presented	 the	 four	 deep	 geothermal	 energy	 scenarios	 and	 asked	 the	

respondents	to	indicate	their	acceptance	of	these	scenarios,	as	described	above.	

	

In	 the	 final	 part	 of	 the	 survey,	 we	 asked	 respondents	 more	 generally	 about	 deep	

geothermal	energy	and	related	topics	and	provided	answers	on	a	7-point	Likert	scale	(1:	

“don’t	 agree	 at	 all”	 to	 7:	 “totally	 agree”).	 Where	 internal	 consistency	 was	 at	 least	

acceptable	 (Cronbach’s	 alpha	 >	 0.7),	 we	 combined	 several	 items	 into	 a	 single	 scale	

(Cronbach,	1951).	Specifically,	we	asked	respondents	about	their	perceptions	of	the	risk	

of	induced	seismicity	due	to	deep	geothermal	energy	(Cronbach’s	alpha	=	0.87,	N	=	3);	

their	support	for	building	deep	geothermal	energy	projects	(Cronbach’s	alpha	=	0.81,	N	=	

4);	 their	 trust	 in	 the	 authorities,	 scientists,	 and	 deep	 geothermal	 energy	 operators	

involved	(Cronbach’s	alpha	=	0.90,	N	=	3),	their	agreement	with	the	Swiss	energy	strategy	

or	German	energy	turnaround;	their	willingness	to	accept	induced	seismicity	in	exchange	
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for	significantly	lower	electricity	prices	(Cronbach’s	alpha	=	0.90,	N	=	2),	their	knowledge	

of	their	monthly	energy	costs,	their	willingness	to	pay	a	premium	for	electricity	derived	

from	 deep	 geothermal	 energy	 projects,	 their	 attitude	 towards	 climate	 change	

(Cronbach’s	alpha	=	0.72,	N	=	4);	and	socio-demographic	variables.	Items	were,	in	part,	

adapted	from	(Dermont	et	al.,	2017;	Palmgren	et	al.,	2004;	Pidgeon	and	Spence,	2017).		

	

Table	 9	 displays	 Swiss	 and	 German	 respondents’	 attitudes	 towards	 DGE	 and	 related	

topics.	 Accordingly,	 Swiss	 respondents	 rated	 their	 knowledge	 levels	 about	 deep	

geothermal	energy	as	being	 significantly	higher	and	 indicated	more	positive	attitudes	

toward	and	higher	levels	of	support	for	deep	geothermal	energy	as	compared	to	German	

respondents.	Swiss	respondents	perceived	induced	seismicity	risks	as	being	significantly	

lower	and	were	also	significantly	more	likely	to	accept	them	as	compared	to	their	German	

counterparts.	 Trust	 was	 significantly	 lower	 among	 German	 respondents	 than	 among	

Swiss	 respondents.	 Even	 though	German	 respondents	 indicated	 a	 significantly	 higher	

knowledge	of	 their	energy	costs,	Swiss	respondents	were	significantly	more	willing	to	

pay	a	premium	for	electricity	derived	from	deep	geothermal	energy.		

	

Table	9	Respondents'	attitude	towards	DGE	and	related	topics.	Please	refer	to	text	for	
answer	scales.	*p	<	0.05;	**p	<	0.01;	***p	<	0.001;	n.s.	–	not	significant;	one-way	ANOVA	
used	to	control	for	respondents’	residence	country		
	 Swiss	sample	

	

German	

sample		

	

Sample	size	 N	=	404	 N	=	410	 	

Item/Scale		 M	(SD)	 M	(SD)	 F	(1,	812)		

Self-reported	 knowledge	 of	 deep	 geothermal	

energy		

3.60	(1.79)	 3.20	(1.79)	 10.12	**	

General	attitude	towards	deep	geothermal	energy	 4.78	(1.43)	 4.50	(1.37)	 8.08	**	

Risk	perception	regarding	deep	geothermal	energy		 4.40	(1.33)	 4.82	(1.33)	 20.82	***	

Willingness	to	accept	certain	risks	for	a	sustainable	

energy	mix		

4.05	(1.60)	 3.61	(1.62)	 14.90	***	

Support	for	deep	geothermal	energy	 4.77	(1.21)	 4.55	(1.13)	 6.89	**	

Trust	in	authorities,	scientists,	and	operators	that	

risks	remain	acceptable		

4.58	(1.20)	 4.24	(1.16)	 16.70	***	
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Agreement	 with	 energy	 strategy/energy	

turnaround		

5.15	(1.77)	 5.25	(1.72)	 0.67	n.s.	

Agreement	with	urban	and	remote	regions	sharing	

the	 consequences	 of	 the	 energy	 strategy/energy	

turnaround		

5.16	(1.44)	 5.28	(1.23)	 1.50	n.s.		

Willingness	 to	 accept	 perceivable	 induced	

seismicity	 in	 exchange	 for	 significantly	 cheaper	

electricity		

3.27	(1.72)	 2.95	(1.60)	 8.00	**	

Knowledge	of	monthly	spending	on	energy		 4.41	(1.84)	 5.54	(1.60)	 88.93	***	

Willingness	 to	 pay	 a	 premium	 for	 electricity	

produced	from	deep	geothermal	energy			

3.10	(1.49)	 2.76	(1.49)	 10.34	***	

Attitude	toward	climate	change		 5.35	(1.11)	 5.26	(1.14)	 1.30	n.s.	

	

	

3.2.6 Analysis	

We	conducted	conjoint	and	mixed	multivariate	statistical	analyses	of	deep	geothermal	

energy	acceptance	ratings	using	SPSS	Version	23.0.	The	conjoint	analysis	decomposed	

the	 acceptance	 ratings	 of	 the	 deep	 geothermal	 energy	 scenarios	 into	 the	 relative	

importance	of	 the	deep	geothermal	energy	attributes,	as	well	as	 the	part	worth	of	 the	

attribute	 levels	(Backhaus,	2016).	The	relative	 importance	of	deep	geothermal	energy	

attributes	 is	calculated	based	on	the	attribute’s	range	of	part	worth	over	the	summed	

range	of	all	attributes’	part	worth.	For	a	more	detailed	description,	see,	e.g.,	(Rao,	2014).	

A	three-way	2	x	2	x	2	(induced	seismicity	risk	x	benefit	x	country)	mixed	ANOVA	with	

repeated	measures	of	acceptance	provided	further	insights.		
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3.3 Results	

	

3.3.1 Acceptance	of	deep	geothermal	siting	scenarios	and	related	induced	seismic	risks	

and	benefits		

The	results	of	the	conjoint	analysis	are	presented	in	Table	10.	According	to	these	results,	

the	induced	seismicity	risks	associated	with	a	deep	geothermal	energy	scenario	have	a	

decisive	 impact	on	 its	acceptance.	The	dichotomous	attribute	 levels	yield	symmetrical	

part	 worth	 values,	 whereas	 both	 a	 low	 level	 of	 benefits	 and	 a	 high	 level	 of	 induced	

seismicity	risk	have	negative	signs.	This	means	that	refraining	from	using	the	heat	from	

deep	 geothermal	 energy	 plants,	 as	well	 as	 siting	 deep	 geothermal	 energy	 projects	 in	

urban	areas,	decreases	the	acceptance	of	deep	geothermal	energy	projects.	In	contrast,	

using	the	heat	 from	deep	geothermal	energy	plants,	as	well	as	siting	deep	geothermal	

energy	in	remote	areas,	increases	the	acceptance	of	deep	geothermal	energy	projects.	The	

induced	 seismic	 risk	 and	 benefits	 affect	 acceptance	 to	 different	 degrees:	 in	 terms	 of	

impact	on	acceptance,	the	relative	importance	of	induced	seismicity	risk	is	2.6-fold	higher	

than	that	of	benefits	(Table	10).	This	indicates	that	induced	seismic	risks	outweigh	the	

benefits	of	deep	geothermal	energy.	

	

Table	10	Results	of	conjoint	analysis	

Attribute	 Relative	

importance	

Level	 Part	worth	

Benefit	 28.21	 High	 0.303	

	 	 Low	 -0.303	

Risk	 71.77	 High	 -1.036	

	 	 Low	 1.036	

	

Table	 11	 presents	 average	 acceptance	 ratings	 for	 the	 two	 sample	 regions	 (between-

subjects	measurement)	and	scenarios	(within-subjects	measurement).	Across	scenarios,	

the	respondents	expressed	a	rather	neutral	attitude	in	terms	of	their	acceptance	ratings	

(M	=	3.92,	SD	=	1.25),	which	ranged,	on	average,	from	M	=	2.52	(SD	=	1.48)	for	Scenario	2	

and	the	RP	sample	to	M	=	5.26	(SD	=	1.42)	for	Scenario	3	and	the	Swiss	sample.		
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Table	11	Average	deep	geothermal	energy	acceptance	for	scenarios	and	sample	regions		

Residence	

country*	

Deep	 geothermal	

energy	scenario**	

Attribute	 levels	

(benefit,	risk)	

M	(SD)		 95	%	CI		 N	

Full	sample	 Across	all	scenarios		 	 3.92	(1.25)	 [3.84,	4.01]	 814	

Switzerland	 1	 Low,	low	 4.72	(1.48)	 [4.57,	4.86]	 404	

2	 Low,	high	 3.05	(1.52)	 [2.89,	3.19]	 	

3	 High,	low	 5.26	(1.42)	 [5.12,	5.39]	 	

4	 High,	high	 3.54	(1.71)	 [3.37,	3.70]	 	

Germany	 1	 Low,	low	 4.37	(1.63)	 [4.21,	4.53]	 410	

2	 Low,	high	 2.52	(1.48)	 [2.38,	2.67]	 	

3	 High,	low	 4.98	(1.56)	 [4.82,	5.13]	 	

4	 High,	high	 2.99	(1.69)	 [2.83,	3.16]	 	

*	between-subjects	and	**	within-subjects	measurement	

	

A	 three-way	 2	 x	 2	 x	 2	mixed	 ANOVA	 revealed	 significant	main	 effects	 on	 the	 part	 of	

induced	 seismic	 risk,	 heat	 benefits,	 and	 sample	 region	 on	 acceptance.	 Accordingly,	

respondents	accepted	deep	geothermal	energy	projects	sited	in	remote	areas	with	low	

levels	of	induced	seismic	risk	significantly	more	fully	than	they	accepted	deep	geothermal	

energy	projects	sited	in	urban	areas	with	high	levels	of	induced	seismic	risk	F(1,	812)	=	

1071.89,	p	<	0.001,	partial	h2	=	0.57.	The	significant	main	effect	on	the	part	of	benefits	on	

deep	 geothermal	 energy	 acceptance	 ratings	 shows	 that	 respondents	 accept	 deep	

geothermal	energy	projects	with	heat	benefits	significantly	more	fully	than	they	accept	

those	projects	without	heat	benefits	F(1,	812)	=	264.25,	p	<	0.001,	partial	h2	=	0.25.		

	

	

3.3.2 Comparing	Swiss	and	German	acceptance	ratings		

The	 sample	 region	and	 thus	 respondents’	 countries	of	 residence	 significantly	affected	

deep	 geothermal	 energy	 acceptance,	 with	 Swiss	 respondents	 accepting	 all	 deep	

geothermal	energy	 scenarios	significantly	more	 fully	 than	 their	 counterparts	 from	RP	
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F(1,	 812)	 =	 23.76,	p	 <	 0.001,	 partial	h2	=	 0.03.	 The	 difference	 in	 acceptance	 between	

countries	is	most	pronounced	when	deep	geothermal	energy	projects	are	sited	in	urban	

areas	and	thus	carry	high	levels	of	induced	seismic	risk.		

	

We	observed	two	rather	weak	but	significant	two-way	interaction	effects:	first,	there	was	

a	significant	interaction	effect	between	risk	and	benefit,	F(1,	812)	=	4.36,	p	<	0.05,	partial	

h2	=	0.005,	 indicating	that	acceptance	ratings	 increased	significantly	more	due	to	both	

low	to	high	levels	of	benefits	in	the	remote	scenarios	(low	induced	seismic	risk)	than	in	

the	urban	scenarios	(high	induced	seismic	risk),	as	depicted	in	Figure	14.	A	further	sub-

group	 analysis	 showed	 that	 this	 two-way	 interaction	 effect	 was	 only	 significantly	

pronounced	for	German	women	F(1,	207)	=	11.44,	p	<	0.001,	partial	h2	=	0.05,	while	it	

was	not	significant	Swiss	women	and	men	or	German	men.		

	

	

Figure	14	Two-way	interaction	effect	between	risk	and	benefits	for	the	entire	sample	
(N	=	814),	most	pronounced	for	German	women	(N	=	208)	

	

Second,	 there	 was	 a	 significant	 interaction	 effect	 between	 induced	 seismic	 risk	 and	

respondents’	 countries	 of	 residence,	 F(1,	 812)	 =	 3.87,	 p	=	0.05,	 partial	 h2	 =	 0.005.	

Acceptance	 ratings	 for	 the	 deep	 geothermal	 energy	 scenarios	 decreased	 significantly	

more	from	remote,	as	compared	to	urban,	deep	geothermal	energy	scenarios	(low	to	high	

levels	of	induced	seismicity	risk)	in	the	German	sample	than	in	the	Swiss	sample.		
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We	controlled	 for	 respondents’	 residency	 in	 terms	of	 remote	or	urban	municipalities,	

which	did	not	yield	a	significant	effect	on	the	acceptance	ratings	of	the	presented	deep	

geothermal	energy	scenarios.		
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3.4 Discussion	

	

Acceptance	 of	 renewable	 fuels	 is	 crucial	 in	 developing	 the	 future	 renewable	 energy	

supply.	This	may	be	especially	true	for	deep	geothermal	energy	because	deep	geothermal	

energy’s	prospects	of	providing	low-carbon	electricity	and	heat	carry	the	risk	of	induced	

seismicity.	Although,	in	theory,	this	resource	is	available	almost	everywhere,	siting	deep	

geothermal	 energy	 projects	 entails	 tradeoffs	 between	 induced	 seismic	 risk	 and	 heat	

benefits.	 In	 response	 to	 potential	 acceptance	 issues,	 this	 study	 investigated	 how	 the	

public	views	the	tradeoff	between	induced	seismic	risks	(low	and	high)	and	heat	benefits	

(low	and	high)	in	various	deep	geothermal	energy	scenarios.	We	conducted	a	conjoint	

measurement	in	Switzerland	and	Germany,	where	the	public	has	experience	with	deep	

geothermal	energy	and	the	governments	plan	to	integrate	deep	geothermal	energy	into	

the	future	energy	supply.		

	

The	 results	 of	 the	 study	 support	 our	 first	 hypothesis:	 the	 public	 accepts	 siting	 deep	

geothermal	energy	projects	in	remote	areas	(low	induced	seismicity	risk)	more	fully	than	

siting	 them	 in	 urban	 areas	 (high	 induced	 seismicity	 risk),	 which	 is	 in	 line	 with	 the	

previous	literature	(Carr-Cornish	and	Romanach,	2014;	Hoşgör	et	al.,	2013).	In	addition,	

the	conjoint	analysis	revealed	that	in	terms	of	effects	on	acceptance,	induced	seismic	risks	

have	most	importance	among	the	tested	attributes.	This	stands	in	contrast	to	previous	

models	in	which	the	benefits	of	renewable	energy	technologies	were	the	best	predictor	

of	acceptance	(Bronfman	et	al.,	2012;	Visschers	and	Siegrist,	2014).	However,	this	result	

resonates	 with	 qualitative	 findings	 regarding	 shale	 gas,	 another	 subsurface	 energy	

resource	(Thomas	et	al.,	2017).	Consequently,	deep	geothermal	energy	projects	should	

be	sited	in	remote	areas,	where	induced	seismicity	risks	are	reduced,	as	highlighted	in	

the	previous	literature	(Bommer	et	al.,	2015;	Giardini,	2009;	Majer	et	al.,	2007;	McGarr	et	

al.,	2015).		

	

The	 study’s	 second	 hypothesis	 more	 specifically	 considered	 siting	 deep	 geothermal	

energy	projects	in	remote	areas	(low	induced	seismic	risks)	and	how	the	public	reacted	

to	various	levels	of	benefits.	In	line	with	the	second	hypothesis,	the	public	accepted	deep	
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geothermal	energy	scenarios	with	high	levels	of	benefits	more	fully	than	those	with	lows	

of	 benefits	 when	 the	 projects	 were	 sited	 in	 remote	 areas.	 According	 to	 a	 further	

comparison	of	means,	the	public	is	most	accepting	of	deep	geothermal	energy	projects	in	

remote	areas	with	high	 levels	of	benefits.	This	 finding	refines	existing	research,	which	

had	previously	only	observed	preference	 for	siting	deep	geothermal	energy	 in	remote	

areas,	 without	 any	 consideration	 of	 the	 benefits	 (Carr-Cornish	 and	 Romanach,	 2014;	

Hoşgör	et	al.,	2013).	This	finding	further	resonates	with	the	observation	that	revenues	

from	 residual	 heat	 make	 deep	 geothermal	 energy	 economically	 viable	 and	 attractive	

(Giardini,	2009;	Knoblauch	and	Trutnevyte,	2017;	Kraft	et	al.,	2009;	Treyer	et	al.,	2015).	

In	 practice,	 this	means	 siting	 deep	 geothermal	 energy	 projects	 away	 from	 populated	

spaces	 or	 infrastructure	 while	 using	 residual	 heat.	 This	 can	 be	 realized	 by	 feeding	

residual	heat	through	highly	insulated	pipes	to	industrial	or	agricultural	applications.		

	

This	study’s	results	do	not	completely	support	Hypothesis	3,	which	suggested	that	the	

public	was	 indifferent	 to	 the	various	potential	benefits	due	 to	 siting	deep	geothermal	

energy	projects	 in	urban	areas	 (high	 induced	seismicity	 risks)	because	 their	views	on	

“tampering	 with	 nature”	 (Sjöberg,	 2000a,	 p.	 353)	 could	 suspend	 their	 compensatory	

thinking.	Rather,	the	results	suggest	that	the	public	is	still	responsive	to	various	benefits	

when	 induced	 seismic	 risks	 are	 relatively	 high.	 Still,	 there	 was	 an	 interaction	 effect	

showing	that	sensitivity	to	benefits	was	lower	in	the	face	of	high	induced	seismic	risks.	

This	 interaction	 effect	 was	 especially	 distinct	 among	 German	 women.	 Thus,	 there	 is	

tentative	 evidence	 in	 support	 of	 Hypothesis	 3.	 However,	 the	 specific	 formulation	 of	

Hypothesis	3	cannot	be	proven.	The	results	thus	indicate	that	when	risk	perceptions	are	

especially	high,	such	as	among	German	women,	the	compensatory	weighing	of	risks	and	

benefits	does	not	fully	apply.	Women	have	also	previously	shown	higher	risk	perceptions	

than	men	 (Gustafson,	1998).	However,	we	are	not	aware	of	 research	 that	has	 further	

investigated	gender	differences	in	respect	to	phenomena	such	as	“tampering	with	nature”	

with	more	detail.			

	

Above	 results	 hold	 across	 the	 two	 sample	 regions,	 Switzerland	 and	 Germany.	 Thus,	

acceptance	and	the	perception	of	induced	seismic	risks	and	benefits	are	stable	across	the	
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two	considered	countries,	which	could	be	attributed	to	common	contexts,	such	as	nuclear	

phase-out	 and	 climate	 change	 discussions.	 However,	 as	 expected,	 the	 German	 public	

accepted	 all	 the	 deep	 geothermal	 scenarios	 less	 fully	 than	 the	 Swiss	 public.	 Thus,	

Hypothesis	4	can	be	verified.	Table	9	shows	differences	between	the	two	countries	that	

might,	at	least	 in	part,	explain	why	the	public’s	overall	acceptance	of	deep	geothermal	

energy	 is	divergent	between	countries.	For	 instance,	 the	willingness	to	 take	risks	was	

higher	among	the	Swiss	public,	which	is	in	line	with	the	previous	literature	(Volken	et	al.,	

2017a).	 Consequently,	 the	 societal	 context	of	deep	 geothermal	 energy	 is	 crucial	 in	 its	

development.		

	

This	 study’s	 results	 have	 four	 primary	 limitations.	 First,	 we	 presented	 discrete	 deep	

geothermal	energy	scenarios	to	the	public,	which	do	not	cover	the	entire	range	of	possible	

deep	geothermal	implementations	and	impacts.	Within	the	scope	of	the	study,	we	could	

not	consider	all	potentially	crucial	factors	in	acceptance,	such	as	the	siting	process	(Klain	

et	al.,	2017;	Krütli	et	al.,	2012,	2010),	stakeholder	engagement	(Trutnevyte	and	Ejderyan,	

2017),	and	the	public’s	view	of	the	high	costs	of	geothermal	energy	and	the	associated	

noise	(Volken	et	al.,	2017b).	Also,	the	scenarios	are	relatively	abstract	and	hypothetical.	

Thus,	the	public’s	response	within	the	survey	is	indicative	of,	but	probably	different	from,	

reality.	Furthermore,	the	survey	results	are	a	snapshot	of	the	public’s	current	attitudes	

and	cannot	necessarily	be	projected	into	the	future	(Renn,	2015).	This	should	be	kept	in	

mind	when	 interpreting	 the	 results.	 Second,	 the	 presentation	 and	 framing	 of	 induced	

seismicity	 risks	 and	 benefits	 could	 have	 influenced	 the	 public’s	 perception	 of	 deep	

geothermal	energy	scenarios	and,	consequently,	their	acceptance,	as	observed	elsewhere	

(Walker	et	al.,	2014).	Also,	risk	was	only	presented	as	a	composite	value	 in	monetary	

units,	which	may	have	glossed	over	important	details	of	risk	communication,	such	as	the	

probabilities	and	magnitudes	of	induced	seismicity	earthquakes	(Knoblauch	et	al.,	2017).		

	

Third,	our	operationalization	of	induced	seismic	risks	may	not	have	triggered	a	feeling	of	

“tampering	with	nature”	and	thus	the	strict	non-acceptance	of	deep	geothermal	projects.	

Still,	we	cannot	exclude	the	possibility	 that	 this	phenomenon	may	apply	 in	 the	case	of	

deep	geothermal	energy,	though	perhaps	to	a	slightly	different	degree	than	we	expected.	
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Fourth,	we	studied	the	acceptance	of	deep	geothermal	energy	in	isolation,	whereas	the	

ambitious	energy	strategies	of	today	(SFOE,	2013;	Senate,	2015)	require	a	full	portfolio	

of	 renewable	 energy	 technologies.	Early	evidence	 suggests	 that	once	 the	benefits	 and	

risks	 of	 deep	 geothermal	 energy	 are	 compared	 with	 those	 of	 other	 renewable	

technologies	(Volken	et	al.,	2017b),	the	Swiss	public	will	revise	its	technology	preferences	

and	become	rather	rejecting	of	deep	geothermal	energy.	

	

3.5 Conclusions	and	Policy	Implications	

	

Despite	its	limitations,	this	study’s	findings	have	implications	for	policy	makers,	as	well	

as	for	further	research.	Because	induced	seismic	risk	is	more	important	in	the	acceptance	

of	 deep	 geothermal	 energy	 than	 the	 associated	 benefits,	 efforts	 to	 reduce	 the	 risk	 of	

induced	seismicity	must	be	given	the	highest	priority.	When	the	public	perceives	induced	

seismic	risks	to	be	high,	it	is	less	responsive	to	the	increased	benefits	derived	from	deep	

geothermal	energy,	and	this	can	be	particularly	pronounced	for	specific	groups.	Increases	

in	compensation	or	community	benefits	will	presumably	not	alleviate	acceptance	issues.	

The	public	must	have	a	voice	so	that	their	concerns	can	be	addressed	and	strategies	for	

mutual	and	transparent	communication	can	be	developed	(Klinke	and	Renn,	2010;	Renn,	

2008b,	1999).	Tailor-made	risk	governance	can	enhance	the	credibility	and	safety	of	such	

processes	(Trutnevyte	and	Wiemer,	2017).		

	

To	 what	 extent	 policy	 makers	 can	 rely	 on	 measures	 to	 mitigate	 induced	 seismicity	

remains	 to	 be	 discussed.	 Thus	 far,	 research	 on	 public	 perceptions	 of	 such	mitigation	

measures,	e.	g.	traffic-light	systems	(Bachmann	et	al.,	2011)	or	the	retrofitting	of	buildings	

(Bommer	et	al.,	2015),	is	largely	lacking	(Perlaviciute	et	al.,	2017).	In	addition,	the	context	

within	which	deep	geothermal	energy	is	implemented	matters	very	much.	If	the	public	

loses	trust	in	policy	makers	and	other	responsible	persons	and	deep	geothermal	energy	

becomes	 a	 contested	 technology,	 the	 realization	 and	 operation	 of	 deep	 geothermal	

projects	will	become	more	tedious	and	financially	risky.		 	
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Abstract	

	

Sub-surface	 energy	 activities	 entail	 the	 risk	 of	 induced	 seismicity	 including	 low-

probability	 high-consequence	 (LPHC)	 events.	 For	 designing	 respective	 risk	

communication,	the	scientific	literature	lacks	empirical	evidence	of	how	the	public	reacts	

to	different	written	risk	communication	formats	about	such	LPHC	events	and	to	related	

uncertainty	or	expert	confidence.	This	study	presents	findings	from	an	online	experiment	

(N=590)	 that	 empirically	 tested	 the	 public’s	 responses	 to	 risk	 communication	 about	

induced	seismicity	and	to	different	technology	frames,	namely	deep	geothermal	energy	

(DGE)	and	shale	gas	(between-subject	design).	Three	incrementally	different	formats	of	

written	risk	communication	were	tested:	(i)	qualitative,	(ii)	qualitative	and	quantitative	

and	(iii)	qualitative	and	quantitative	with	risk	comparison.	Respondents	found	the	latter	

two	 the	 easiest	 to	 understand,	 the	 most	 exact,	 and	 liked	 them	 the	 most.	 Adding	

uncertainty	and	expert	confidence	statements	made	the	risk	communication	less	clear,	

less	easy	to	understand	and	increased	concern.	Above	all,	the	technology	for	which	risks	

are	communicated	and	 its	acceptance	mattered	strongly:	respondents	 in	 the	shale	gas	

condition	found	the	identical	risk	communication	less	trustworthy	and	more	concerning	

than	 in	 the	 DGE	 conditions.	 They	 also	 liked	 the	 risk	 communication	 overall	 less.	 For	

practitioners	 in	 DGE	 or	 shale	 gas	 projects,	 the	 study	 shows	 that	 the	 public	 would	

appreciate	 efforts	 in	 describing	 LPHC	 risks	 with	 numbers	 and	 optionally	 risk	

comparisons.	However,	there	seems	to	be	a	trade-off	between	aiming	for	transparency	

by	disclosing	uncertainty	and	limited	expert	confidence,	and	thereby	decreasing	clarity	

and	increasing	concern	in	the	view	of	the	public.	
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4.1 Introduction	

	

Industrial	 activities	 to	 harness	 energy	 entail	 risks	 to	 human	 health,	 safety	 and	 the	

environment.	Among	 these	 risks	are	 low-probability	high-consequence	 (LPHC)	events	

(Zio	and	Aven,	2013).	Once	these	LPHC	events	occur,	they	result	in	large	damages	and	

fatalities,	 as	 in	 the	 case	 of	 the	 Deepwater	 Horizon	Oil	 Spill	 or	 the	 Fukushima	 Daiichi	

nuclear	disaster.	Sub-surface	industrial	activities	for	energy	extraction,	such	as	enhanced	

oil	recovery,	hydraulic	 fracturing,	 carbon	capture	and	storage	 (CCS),	deep	geothermal	

reservoirs	or	wastewater	injection	from	oil	and	gas	operations	are	no	exception	(McGarr	

et	al.,	2015).	Such	activities	have	recently	led	to	an	increase	in	induced	(i.e.	triggered	or	

man-made)	 seismicity	 (Ellsworth,	 2013).	 A	 LPHC	 scenario	 for	 these	 sub-surface	

industrial	activities	would	be	to	trigger	seismicity	on	a	previously	unknown,	tectonic	fault	

(Mena	et	al.,	2013;	van	der	Elst	et	al.,	2016).	Some	experts	anticipate	the	most	extreme	

consequences	possible	according	to	regional	geophysics	(van	der	Elst	et	al.,	2016),	e.g.	an	

LPHC	event	of	M7	with	a	probability	of	10-7	(Giardini,	2009;	Mena	et	al.,	2013).	An	M7	

earthquake	 could	 cause	 severe	 damage,	 injuries	 and	 fatalities.	 However,	 there	 is	 no	

consensus	on	the	likelihood	and	consequences	of	such	LPHC	events	within	the	scientific	

community	(Mena	et	al.,	2013).	Scientific	unknowns	and	risks	are	inherent	to	every	sub-

surface	project	(Giardini,	2009).		

	

All	energy	decisions	involve	weighing	benefits	against	tolerable	risks	(Fischhoff,	2015;	

Trutnevyte,	2014).	This	is	also	the	case	for	sub-surface	energy	activities.	One	such	sub-

surface	 activity	 is	 extracting	 deep	 geothermal	 energy	 (DGE).	 DGE	 is	 a	 local	 energy	

resource	 yielding	 low	 greenhouse	 gas	 emissions	 (Goldstein	 et	 al.,	 2011)	 and	 being	

environmentally	 competitive	 to	 other	 renewable	 energy	 resources	 (Lacirignola	 and	

Blanc,	2012).	It	is	expected	to	contribute	to	energy	transitions	in	Europe	(Breede	et	al.,	

2013;	 Swiss	 Federal	 Office	 of	 Energy,	 2013),	 the	 United	 States	 (US)	 (U.S.	 Senate	

Committee	 on	Energy	&	Natural	 Resources,	 2016)	 and	 elsewhere	 (Intergovernmental	

Panel	 on	 Climate	 Change	 (IPCC),	 2007).	 Public	 discourse	 around	 DGE	 reflects	 these	

benefits,	but	also	concerned	with	the	risk	of	induced	seismicity	(Stauffacher	et	al.,	2015).	

Induced	seismicity	has	occurred,	for	instance,	in	connection	with	two	Swiss	DGE	projects	
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in	Basel,	2009,	(Bachmann	et	al.,	2011;	Giardini,	2009;	Mena	et	al.,	2013)	and	in	St.	Gallen,	

2013	(Edwards	et	al.,	2015;	Wiemer	et	al.,	2014).	Both	projects	were	abandoned.		

	

Another	 sub-surface	 activity	 is	 hydraulic	 fracturing	 for	 shale	 gas.	 Shale	 gas	 is	 a	 local,	

relatively	inexpensive	energy	resource	that	can	contribute	to	enhanced	energy	security	

and	economic	stability	(Howarth	et	al.,	2011a).	It	has	revolutionized	the	energy	landscape	

in	 the	 US	 and	 other	 countries	 might	 follow	 (Wang	 et	 al.,	 2014).	 However,	 shale	 gas	

production	 can	 lead	 to	 induced	 seismicity	 as	 well,	 although	 it	 is	 not	 as	 high	 as	 for	

enhanced	oil	recovery	or	injecting	wastewater	from	oil	or	gas	operations	(Keranen	et	al.,	

2014).	 Other	 concerns	 regarding	 shale	 gas	 are	 environmental	 impacts	 such	 as	

greenhouse	gas	emissions	contributing	to	climate	change	(Howarth	et	al.,	2011b),	high	

water	consumption,	unintended	emissions	of	substances	harmful	to	human	health	and	

the	ecosystem,	and	competition	with	renewable	energy	sources	(Howarth	et	al.,	2011a).	

Over	70%	of	respondents	in	a	recent	Eurobarometer	survey	would	be	concerned	about	a	

possible	shale	gas	project	in	their	vicinity	(European	Comission,	2013).	A	large	part	of	the	

US	 population	 seems	 to	 have	 no	 strong	 views	 about	 shale	 gas	 thus	 far	 (Boudet	 et	 al.,	

2014),	but	controversies	arise	in	affected	regions	(Rahm,	2011).	Concerns	of	US	citizens	

include	 seismicity,	 health,	 environment,	 community	 issues	 and	 lack	 of	 trust	 towards	

operators	(Israel	et	al.,	2015).	This	study’s	focus	is	limited	to	induced	seismicity.		

	

When	it	comes	to	decisions	concerning	sub-surface	activities	such	as	DGE	and	shale	gas,	

risk	communication	seems	vital	(Trutnevyte	and	Ejderyan,	2017).	Risk	communication	

informs	 essential	 deliberations	 leading	 to	 these	 decisions	(Morgan	 et	 al.,	 1992)	 as	 it	

reveals	what	is	at	stake,	who	is	responsible	and	what	mitigation	measures	are	taken.	Risk	

communication	 is	 further	 a	 means	 to	 establish	 trust	 between	 affected	 parties	

(International	Risk	Governance	Council	(IRGC),	2005).	Ideally,	risk	communication	also	

considers	 concerns	 and	 the	 risk	 understanding	 of	 affected	 parties	 and	 specifically	

addresses	these	(Morgan,	2002).	This	is	why	US	geothermal	project	developer	guidelines	

(Majer	 et	 al.,	 2012)	 and	 a	 recent	 good-practice	 risk	 governance	 framework	 for	

geothermal-induced	 seismicity	 in	 Switzerland	 (Trutnevyte	 and	 Wiemer,	 2017)	 both	

emphasize	 the	 need	 for	 transparent	 and	 clear	 communication	 on	 induced	 seismicity	
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throughout	 projects.	 According	 to	 the	 Swiss	 framework,	 this	 communication	 should	

explicitly	 address	 LPHC	 events	 if	 planned	 projects	 are	 categorized	 as	 high	 induced	

seismicity	 risk	 projects,	 i.e.	 could	 lead	 to	 damaging	 events	 (Trutnevyte	 and	Wiemer,	

2017).	Risk	communication	can	serve	as	a	source	of	information,	unilaterally	from	project	

operator	 to	 the	 public.	 Preferably,	 it	 can	 also	 serve	 as	 an	 engagement	 process,	

multilaterally	 involving	 the	 operator,	 public	 and	 stakeholders	 to	 prevent	 and	 solve	

potential	conflicts	(Krütli	et	al.,	2010;	Renn,	2015;	Trutnevyte	and	Wiemer,	2017)	.		

	

However,	until	now	there	has	been	no	research	analyzing	how	the	public	responds	to	

communication	about	induced	seismicity	LPHC	events	(Trutnevyte	and	Ejderyan,	2017).	

It	remains	unclear	how	the	public	would	perceive	different	risk	communication	formats	

for	low	probabilities,	related	uncertainty	and	expert	confidence.	Also,	the	ways	in	which	

public	reactions	might	differ	between	sub-surface	activities	needs	further	investigation.	

Therefore,	the	present	study	conducts	an	online	experiment	in	the	German-speaking	part	

of	 Switzerland	 with	 N	 =	 590	 respondents.	 It	 tests	 different	 written	 communication	

formats	 for	 induced	 LPHC	 earthquakes	 and	 observe	 how	people	 react	 to	 information	

about	uncertainty.	The	same	risk	communication	formats	were	tested	for	both,	DGE	and	

shale	 gas.	 The	 next	 chapters	 outline	 the	 existing	 literature	 that	 led	 to	 the	 survey,	 its	

research	questions,	methods	and	findings.		
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4.2 Literature	Review	

4.2.1 Communicating	LPHC	events		

Largely	outside	the	field	of	induced	seismicity,	literature	has	reflected	on	the	notion	of	

LPHC	events	and	to	some	extent	their	communication.	Although	no	standard	definition	

of	LPHC	events	exists,	literature	suggests	different,	partially	overlapping	notions.	These	

notions	 include	 industrial	 disasters	 (Zio	 and	 Aven,	 2013),	 severe	 industrial	

accidents	(Burgherr	and	Hirschberg,	2014),	interactions	of	several	rare	events	(Mignan	

et	al.,	2014),	catastrophes	(Patel	et	al.,	2005,	p.	235),	dragon	kings	(Sornette	and	Ouillon,	

2012)	and	black	swans	(Taleb	et	al.,	2009).	Aven	and	Krohn	(Aven	and	Krohn,	2014,	p.	9)	

differentiate	three	types	of	black	swans	according	to	the	level	of	knowledge:	(i)	unknown	

unknowns;	(ii)	unknown	knowns;	and	(iii)	events	that	have	a	negligible	probability	and	

are	thus	anticipated	not	to	occur.	The	third	type	of	black	swan	appropriately	describes	

the	notions	of	LPHC	induced	seismic	events.	Therefore,	probabilistic	prediction	of	LPHC	

induced	 seismic	 events,	 which	 lends	 itself	 to	 uncertainty,	 stands	 for	 subjective	

judgement.	 Further	 challenges	 of	 LPHC	 events	 are	 that	 low	 probabilities	 are	 often	

overestimated,	their	unbalanced	distribution	of	risks	and	benefits	among	stakeholders,	

and	their	non-compliance	with	market-like	solutions	(Camerer	and	Kunreuther,	1989,	p.	

567).	For	the	remaining	paper,	LPHC	events	are	considered	corresponding	to	(Aven	and	

Krohn,	2014,	p.	9)	as	(i)	being	almost	impossible	to	occur,	(ii)	having	severely	negative	

socio-economic	consequences	for	health,	safety	and	the	environment,	(iii)	events	whose	

assessment	is	fraught	with	uncertainty	whereby	experts	potentially	disagree.		

	

The	choice	of	format	for	communicating	such	LPHC	events	to	the	public	seems	not	to	be	

straightforward.	 Literature	 is	 equivocal	 about	 the	 ideal	 format	 to	 communicate	 low	

probabilities	within	the	single-digit	range	or	smaller,	be	it	verbally	(i.e.	qualitatively)	or	

probabilistically	 (i.e.	 quantitatively).	 On	 the	 one	 hand,	 qualitative	 statements	 seem	

intuitively	 applicable	 for	 the	 case	 of	 LPHC	 seismic	 events	 as	 Spiegelhalter	 and	

Riesch	(2011)	 caution	 against	 quantifying	 risks	 without	 adequate	 evidence.	 Also,	 the	

public	can	have	difficulties	in	understanding	quantitative	probabilities,	especially	when	

they	are	small	(Covello	et	al.,	1988).	On	the	other	hand,	quantitative	expressions	are	more	

effective	 than	 verbal	 ones	 (Pidgeon	 and	 Fischhoff,	 2011)	 and	 people	 might	 assign	
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quantitative	 probabilities	 by	 themselves	 if	 they	 are	 not	 presented(Schneider,	 2001).	

Further,	 studies	 have	 found	 different	 interpretation	 of	 qualitative	 statements	 as	

compared	to	quantitative	ones	because	individuals	interpret	risk	within	the	presented	

frame	(Patt	and	Schrag,	2003),	context	(Wallsten	et	al.,	1986)	and	subjective	experience.	

However,	 another	 study	has	 found	 the	 variation	 in	 risk	 perception	 similarly	 large	 for	

qualitative	and	quantitative	statements	(Gurmankin	et	al.,	2004b),	which	relativizes	the	

effectiveness	of	quantitative	statements	over	qualitative	ones.	Past	studies	have	tested	

different	risk	communication	formats,	such	as	Bruine	de	Bruin	et	al.	(Bruine	de	Bruin	et	

al.,	2013)	and	Gibson	et	al.	(Gibson	et	al.,	2013).	Findings	led	to	recommendations	such	

as	to	use	both	qualitative	and	quantitative	statements	to	describe	probabilities	(Paling,	

2003).	Another	recommendation	 is	 to	provide	an	understandable	reference	class	as	 it	

makes	 probability	 statements	 less	 ambiguous	 (Gigerenzer	 et	 al.,	 2005).	 Studies	 on	

interpreting	qualitative	versus	quantitative	probabilities	have	typically	not	extended	to	

probabilities	below	1	%	(Bier,	2001).	Past	research	found	that	people	have	difficulty	in	

distinguishing	 between	 various	 extremely	 small	 probabilities	 and	 need	 relatively	 rich	

context	information	in	order	to	grasp	their	actual	dimension	(Kunreuther	et	al.,	2001).	

Another	 study	 found	 that	 people	 might	 interpret	 extremely	 low	 probabilities	 as	

zero	(Stone	 et	 al.,	 1994).	 In	 emotionally	 charged	 situations,	 however,	 the	 concept	 of	

“probability	 neglect”	 suggests	 low-probability	 events	 with	 significant	 outcomes,	 e.g.	

terrorism,	 are	 considered	 as	 disproportionally	 high	(Sunstein,	 2003).	 The	 findings	 of	

aforementioned	empirical	tests	of	risk	communication	formats	remain	to	be	extended	to	

LPHC	events	where	the	need	for	further	research	is	explicitly	pronounced	(Bostrom	et	

al.,	2008;	Lipkus,	2007).		

	

Another	format	for	communicating	LPHC	events	are	risk	comparisons.	Risk	comparisons	

are	used	to	illustrate	and	enhance	understanding	of	an	unfamiliar	risk,	as	they	relate	an	

unfamiliar	risk	to	a	better-known	one	with	corresponding	dimensions	(Covello,	1991).	

For	example,	a	risk	comparison	might	relate	the	risk	of	fatalities	from	a	chemical	plant	

accident	to	the	risk	of	dying	in	an	automobile	accident	(Kunreuther	et	al.,	2001)	or	might	

relate	 induced	 to	 natural	 seismicity	 (Majer	 et	 al.,	 2012).	 Risk	 comparisons	 are	 rather	

controversial	for	communicating	risk	as	they	relate	to	subjective	risk	understanding	and	
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thus	 can	cause	a	mismatch	 in	 the	 recipient’s	perception	 (Renn,	1992;	Visschers	et	 al.,	

2009),	limit	risk	to	one	dimension	and	potentially	have	a	persuasive	character	(Roth	et	

al.,	 1990).	 Putting	 unknown	 risk	 into	 context	 can	 however	 be	 helpful	 (Lundgren	 and	

McMakin,	 2013),	 especially	 if	 the	 probabilities	 are	 small	 (Slovic,	 1986).	 But	 the	

comparison’s	 usefulness	 is	 susceptible	 to	 its	 framing	 (Slovic	 et	 al.,	 1990)	 and	 context	

(Kunreuther	et	al.,	2001).	Within	their	guideline	for	an	DGE	outreach	program,	Majer	et	

al.	(Majer	 et	 al.,	 2012)	 suggest	 using	 such	 risk	 comparisons	 for	 LPHC	 induced	

earthquakes.	Yet,	it	has	not	been	tested	how	the	public	responds	to	risk	comparisons,	or	

to	qualitative/quantitative	formats	when	communicating	induced	LPHC	seismic	events.		

	

4.2.2 Communicating	uncertainty	and	expert	confidence	

Uncertainty	comes	inherently	with	the	assessment	of	LPHC	induced	seismicity	(Giardini,	

2009;	 Mena	 et	 al.,	 2013).	 Literature	 commonly	 distinguishes	 between	 epistemic	 and	

aleatory	 uncertainty	 (International	 Risk	 Governance	 Council	 (IRGC),	 2005,	 p.	 28).	

Epistemic	uncertainty	is	knowledge	based	and	is	reducible	with	gain	of	new	knowledge.	

Aleatory	 uncertainty	 is	 stochastic	 and	 irreducible.	 This	 context-dependent	 distinction	

can	help	when	interpreting	and	assessing	risks	(Kiureghian	and	Ditlevsen,	2009).	In	an	

economic	 context,	 Knight	 (Knight,	 2009)	 distinguishes	 between	 risk	 and	 uncertainty.	

According	 to	 this	 distinction,	 risk	 is	 quantifiable	 whereas	 uncertainty	 is	 not	 (Knight,	

2009).	There	are,	however,	approaches	to	quantify	uncertainty	by	means	of	probability,	

for	 instance	 the	 frequentist	 and	 the	 subjectivist	 or	 Bayesian	 approach	 (Morgan	 and	

Henrion.,	 1990).	 Within	 the	 frequentist	 approach,	 a	 probability	 is	 considered	 as	 the	

converging	share	of	events	when	sampling	would	be	infinitely	repeated.	The	subjectivist	

approach	refers	to	probability	under	consideration	of	the	current	state	of	knowledge	and	

thus	 indicates	 a	 certain	 level	 of	 belief	 (Morgan	 and	 Henrion.,	 1990).	 In	 line	with	 the	

subjectivist	approach	that	is	applicable	to	induced	seismicity	due	to	a	limited	number	of	

comparable	 DGE	 and	 shale	 gas	 projects,	 the	 recommendations	 from	 climate	 change	

communication	could	be	useful.	The	Intergovernmental	Panel	on	Climate	Change	(IPCC)	

recommends	 to	 refer	 to	 probabilistically	 assessed	 outcomes	 and	 respective	 expert	

confidence	in	these	outcomes	in	terms	of	level	of	evidence	and	agreement	among	experts	

(Mastrandrea	 et	 al.,	 2010).	 Also,	 Mach	 et	 al.	 (Mach	 et	 al.,	 2017)	 recommend	 to	
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communicate	 expert	 confidence.	 For	 the	 remaining	 paper,	 we	 follow	 the	 IPCC’s	

recommendation	 and	 refer	 to	 uncertainty	 in	 general	 and,	 within	 uncertainty,	 to	 the	

degree	of	expert	confidence	more	specifically.	For	induced	seismicity,	the	limited	degree	

of	 expert	 confidence	 means,	 for	 example,	 disagreement	 about	 the	 largest	 possible	

induced	earthquake	(Trutnevyte	and	Azevedo,	2017).		

	

Whether	 the	 public	 benefits	 from	 knowing	 about	 uncertainties	 and	 whether	 this	

influences	their	perception	of	induced	seismicity	risks	is	important	when	designing	risk	

communication	 material.	 Fischhoff	 and	 Davis	 (Fischhoff	 and	 Davis,	 2014)	 argue	 that	

communicating	the	uncertainty	inherent	in	risk	assessment	leads	to	better	decisions	if	

the	communication	format	has	been	edited	for	the	respective	audience	(Fischhoff,	2013).	

Communicating	uncertainty	can	enhance	the	understanding	of	risk	(Stirling,	2010)	as	it	

makes	numerical	statements	less	irretrievable	(Spiegelhalter	and	Riesch,	2011).	A	study	

on	 communicating	 uncertainty	 and	 environmental	 risks	 found	 that	 communicating	

uncertainty	did	not	per	se	increase	risk	perception	(Kuhn,	2000).	But,	within	the	field	of	

climate	change,	framing	of	different	uncertainty	sources	affected	risk	perception	(Patt,	

2007).	Another	 study	 found	different	 sources	of	 climate	 change	uncertainty	not	 to	be	

necessarily	self-explanatory	to	the	lay	public	(McMahon	et	al.,	2015).	People	are	generally	

interested	 in	 learning	about	 the	unknowns	 (Gross,	2013).	But	whether	people	benefit	

from	 learning	 about	 uncertainty	 or	 whether	 it	 leaves	 them	 confused	 and	 frustrated	

(Gluckman,	2014)	 remains	unclear	as	well	 as	how	 to	employ	uncertainty	 information	

(Spiegelhalter	et	al.,	2011).	Empirical	evidence	and	best	practices	are	lacking	in	the	field	

of	 induced	seismicity	as	well	 as	 in	other	 fields,	 such	as	medical	 research	 (Politi	 et	 al.,	

2007).	 More	 specifically,	 the	 public’s	 reaction	 to	 information	 about	 uncertainty	 and	

limited	expert	confidence	needs	further	empirical	research.		

	

4.2.3 Evaluation	of	risk	communication		

Risk	communication	aims	to	inform	decision	making	of,	particularly	but	not	limited	to,	

lay	people	(Morgan	et	al.,	1992).	Therefore,	 it	needs	to	provide	necessary	 information	

(Fischhoff	 et	 al.,	 2011,	 p.	 19)	 and	 the	 audience	 needs	 to	 be	 able	 to	 understand	 the	

information	in	order	to	evaluate	the	risk	and	its	uncertainty	(Fischhoff	et	al.,	2011,	p.	19;	
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Gibson	et	al.,	2013;	International	Risk	Governance	Council	(IRGC),	2005,	p.	56;	Lipkus,	

2007).	Different	objective	and	subjective	understanding	of	risks	can	have	implications	on	

decision	making	or	risk	acceptance.	Research	on	communicating	risks	of	climate	change	

showed	 that	 decision-making	 was	 based	 on	 what	 respondents	 felt	 they	 understood	

rather	than	on	what	they	objectively	understood	of	climate	forecasts	(Lorenz	et	al.,	2015).	

Research	on	risks	of	genetically	modified	food	found		that	subjective	understanding	was	

a	better	predictor	for	acceptance	(House	et	al.,	2004).	Trust	in	the	risk	communication	

and	its	origin,	be	it	responsible	persons	or	organizations,	also	plays	a	role	in	how	risk	

communication	is	perceived	(Bruine	de	Bruin	et	al.,	2013;	International	Risk	Governance	

Council	 (IRGC),	 2005,	 p.	 56).	 Affect	 influences	 interpretation	 of	 risk	 communication	

(Keller	 and	 Siegrist,	 2009)	 or	 can	 be	 evoked	 by	 it	 (Lipkus,	 2007).	 This	 is	 why	 risk	

communication	also	needs	to	be	evaluated	in	how	the	audience	feels	about	it	in	terms	of	

concern,	worry	or	fear	(Bruine	de	Bruin	et	al.,	2013;	Gibson	et	al.,	2013);	whether	it	is	

accessible	to	the	audience	(Fischhoff	et	al.,	2011,	p.	19);	catches	their	attention	(Lipkus,	

2007,	p.	698);	 and	 is	designed	 in	a	way	 that	 the	people	 like	 it	(Bruine	de	Bruin	et	 al.,	

2013).		

	

4.2.4 Perception	of	risks	

How	the	public	perceives	risks	does	not	only	depend	on	the	type	or	wording	of	the	risk	

communication.	 Bodemer	 and	Gaissmaier	 (Bodemer	 and	Gaissmaier,	 2015)	 provide	 a	

comprehensive	overview	of	established	risk	perception	models,	such	as	Slovic’s	model	

with	 emphasis	 on	 dread	 and	 the	 unknown	 (Slovic,	 1987),	 and	 moderators	 in	 risk	

perception	such	as	age,	expertise,	values	and	numeracy	(Bodemer	and	Gaissmaier,	2015).	

According	to	Slimak	and	Dietz	(Slimak	and	Dietz,	2006),	worldviews,	beliefs	and	values	

also	influence	how	risks	are	perceived	and	the	perception	of	experts	and	laypeople	can	

diverge,	 e.g.	 laypeople	might	be	more	 concerned	about	LPHC	risks	 (Slimak	and	Dietz,	

2006).	While	a	weak	negative	correlation	between	prior	knowledge	and	risk	perception	

has	been	observed	(Sjöberg	and	Drottz-Sjöberg,	1991),	other	studies	do	not	necessarily	

find	confirm	this	pattern	(Siegrist	and	Cvetkovich,	2000;	Wallquist	et	al.,	2010).	The	social	

amplification	of	risk	framework	(Kasperson	et	al.,	1988)	and	its	extension	by	the	role	of	

news	media	(Binder	et	al.,	2015)	conceptualizes	how	risks	information	spreads	within	
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society.	 According	 to	 this	 concept,	 main	 factors	 influencing	 public	 risk	 response	 are	

heuristics	and	values,	social	group	relationships,	signal	value	related	to	unusualness,	and	

stigmatization	(i.e.	negative	associations	of	risks)	(Kasperson	et	al.,	1988).	In	contrast	to	

former	 explanatory	 approaches,	 Sjöberg	 suggests	 that	 technology	 attitude	 strongly	

influences	risk	perception	(Sjöberg,	2000b).	This	means	that	if	people	favor	a	technology,	

they	will	basically	see	less	risks	than	someone	who	is	opposed	to	the	technology	(Sjöberg,	

2000b).	Previous	attitudes	might	also	lead	people	to	evaluate	how	trustworthy	the	risk	

communication	source	is	rather	than	its	content	(Frewer,	2004).		

	

For	 the	 case	of	 induced	 seismicity,	 a	 recent	 study	by	McComas	et	 al.	 (McComas	et	 al.,	

2016)	investigated	public	perception	of	earthquakes	and	found	that	people	react	more	

negatively	to	man-made	than	to	natural	earthquakes	causes.	Further,	prior	experience	

with	earthquakes	does	not	seem	to	matter	in	how	people	evaluate	the	risk	of	an	induced	

earthquake	 (McComas	et	 al.,	 2016).	Considering	 the	variety	of	 factors	 influencing	 risk	

perception,	it	becomes	clear	that	the	public	evaluates	risk	communication	in	a	broader	

context.	 Therefore,	 the	 generalizability	 of	 findings	 for	 risk	 communication	 from	 one	

technology	to	another	and	from	one	context	to	another	is	challenging.	A	starting	point	for	

transferability	of	findings	would	be	to	investigate	how	the	public	reacts	to	the	same	risk,	

described	in	identical	wording	but	for	different	technologies.		

	 	



93	

	

	

4.3 Research	Questions	

	

What	 is	 lacking	 from	 current	 research	 is	 a	 better	 understanding	 of	 how	 the	 public	

perceives	 different	 risk	 communication	 formats,	 information	 about	 uncertainty	 and	

expert	confidence	for	induced	seismic	LPHC	events	from	different	sub-surface	activities.	

The	present	study	aims	to	address	these	four	research	questions:		

i. How	do	different	formats	of	written	risk	communication	of	induced	seismicity	

affect	 the	 public’s	 perception	 of	 this	 risk	 communication	 in	 terms	 of	

understandability,	trust,	and	concern?	We	distinguish	between	three	formats:	

(i)	 qualitative,	 (ii)	 qualitative	 and	 quantitative,	 (iii)	 qualitative	 and	

quantitative	with	risk	comparisons.	

ii. How	does	a	statement	of	uncertainty	and	limited	expert	confidence	affect	the	

public’s	perception	of	this	risk	communication	in	terms	of	understandability,	

trust,	and	concern?		

iii. How	does	the	risk	communication	format	affect	the	public’s	perception	of	the	

risk	of	induced	seismicity?		

iv. To	what	 extent	 does	 the	 technology,	 such	 as	DGE	 and	 shale	 gas,	 affect	 the	

public’s	perception	of	the	identical	risk	communication	material?	

These	research	questions	have	encouraged	the	design	of	a	survey	experiment	with	the	

public	in	the	style	of	previous	empirical	studies	on	testing	risk	communication,	e.g.	Bruine	

de	Bruin	(Bruine	de	Bruin	et	al.,	2013,	2009),	Gibson	(Gibson	et	al.,	2013).		
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4.4 Method	

	

4.4.1 Sample		

In	 total,	 602	 respondents	 that	were	 recruited	 through	 an	 access	 panel	 completed	 the	

survey	in	August	2016.	Because	of	unrealistically	short	answering	times,	answers	of	12	

respondents	were	excluded	from	analysis	leading	to	590	respondents.	Respondents	were	

from	the	German-speaking	part	of	Switzerland.	In	this	area,	two	DGE	projects	have	been	

linked	to	induced	seismicity	and	have	been	abandoned	(Bachmann	et	al.,	2011;	Edwards	

et	al.,	2015;	Giardini,	2009;	Mena	et	al.,	2013;	Wiemer	et	al.,	2014).	There	is	no	history	of	

shale	gas.		Respondents	ranged	in	age	from	18	to	69	years	(M	=	43.74,	SD	=	13.96),	and	n	

=	299	(50.7%)	were	 female.	The	majority	of	respondents	completed	vocational	school	

(43.6%,	n	=	257),	followed	by	college	or	university	education	(20.7%,	n	=	122),	with	6	%	

indicating	 at	 least	 some	 compulsory	 education.	 Compared	 to	 the	 average	 Swiss	

population,	the	sample	was	slightly	older	than	the	Swiss	average	(M	=	41.37	years)	(Swiss	

Federal	 Statistical	 Office,	 2014a),	 representative	 for	 the	 Swiss	 gender	 ratio	 of	 female	

(50.5%)	 and	male	 (49.5%)	 (Swiss	 Federal	 Statistical	Office,	 2014a)	 and	 slightly	more	

educated	than	the	Swiss	population	(more	respondents	with	college	or	university	degree	

or	secondary	education	and	less	respondents	with	completed	compulsory	school)	(Swiss	

Federal	Statistical	Office,	2014b).		

	

4.4.2 Risk	communication	experiment	

In	order	to	compare	and	contrast	the	public’s	perception	of	incrementally	different	risk	

communication	 materials,	 an	 experimental	 approach	 was	 chosen	 and	 implemented	

online	for	reasons	of	speed,	convenience,	and	ease	of	data	entry	and	analysis	(Evans	and	

Mathur,	 2005).The	 online	 survey	 asked	 respondents	 to	 imagine	 that	 a	 site	 had	 been	

chosen	for	a	DGE	or	shale	gas	project	5	km	away	from	their	community.	One	risk	of	such	

projects	was	induced	seismicity.	The	operator	had	finalized	a	risk	study	about	induced	

seismicity.	Federal	environmental	authorities	and	independent	experts	had	approved	the	

risk	study.	The	operator	was	required	to	inform	the	affected	community	about	the	risk	of	

induced	 seismicity	 on	 a	 website.	 Next,	 respondents	 received	 one	 out	 of	 six	 risk	
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communication	materials	 that	was	based	on	publicly	available	 induced	seismicity	risk	

assessments	of	real	sub-surface	energy	projects	(Baisch	et	al.,	2009;	Geo-Energie	Suisse	

AG,	 2015;	 Mena	 et	 al.,	 2013).	 Seismologists	 had	 reviewed	 this	 risk	 communication	

material	for	plausibility.	Risk	estimates	for	induced	seismicity	referred	to	one	week	of	

drilling	 and	operations,	 such	 as	DGE	reservoir	 stimulation	 or	 hydraulic	 fracturing	 for	

shale	gas.	This	time	period,	one	week	of	drilling	and	project	operations,	was	emphasized	

in	 the	 beginning	 of	 the	 risk	 communication	 as	 one	 study	 reported	 ambiguity	 when	

interpreting	probabilities	without	clear	base	rate	(Gigerenzer	et	al.,	2005).		

	

The	 exact	 same	 risk	 information	 was	 manipulated	 for	 experimental	 design	 in	 two	

dimensions:	 format	 (three	 levels),	 statement	 of	 uncertainty	 and	 limited	 expert	

confidence	 (two	 levels),	 and	 presented	 for	 two	 types	 of	 technology	 (two	 levels).	 This	

resulted	 in	 12	 experimental	 groups	 (between-subject	 design,	 see	 Table	 12).	 The	 key	

components	of	the	survey	are	presented	in	detail	in	the	Appendix.	

	

Table	12	Experimental	conditions	(C)	of	the	survey	

Format	
Statement	of	uncertainty	and	

limited	expert	confidence	
Technology	

	 	 DGE	 Shale	gas	

(i)	Qualitative		

	

Not	included	 C1	 C7	

Included	 C2	 C8	

(ii)	Qualitative	and	

quantitative		

Not	included	 C3	 C9	

Included	 C4	 C10	

(iii)	Qualitative	and	

quantitative	with	risk	

comparisons	

Not	included	 C5	 C11	

Included	 C6	 C12	
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4.4.2.1 Risk	information	formats	(three	levels)		

(i) Qualitative	format	

The	qualitative	 format	(Table	13)	represented	the	base	case	 for	all	other	 formats.	The	

LPHC	 events	 were	 described	 in	 purely	 verbal	 terms	 whereas	 probabilities	 were	

expressed	by	means	of	the	IPCC’s	likelihood	scale	(Mach	et	al.,	2017;	Mastrandrea	et	al.,	

2010)	 and	magnitudes	 of	 seismic	 events	 were	 expressed	 by	 means	 of	 the	 European	

Macroseismic	Scale	1998,	EMS	-	98	(Swiss	Seismological	Service,	2016).	The	qualitative	

format	consisted	of	four	risk	estimates:	(I)	micro-earthquakes	that	will	be	too	small	for	

humans	to	feel	them	are	virtually	certain.;	(II)	an	earthquake	that	is	lightly	noticeable	for	

humans	is	unlikely;	(III)	an	earthquake	that	is	strongly	felt	and	can	cause	slight	damage	

(e.g.	hair-line	cracks	or	 falling	of	small	pieces	of	plaster)	 is	exceptionally	unlikely;	and	

(IV)	 an	 earthquake	 that	 is	 severely	 felt	 and	 can	 cause	 serious	 structural	 damage	 to	

average	houses	(e.g.	 large	cracks	 in	walls,	 falling	of	gable	parts)	is	even	more	unlikely	

than	that,	thus	also	exceptionally	unlikely.		

	

Table	13	Qualitative	format	(C1,	C7)	

The	 risk	 study	 concluded	 for	 the	week-long	 drilling	 and	 project	 operations	 in	 your	
community:	
- Micro-earthquakes	are	virtually	certain.	These	micro-earthquakes	will	be	too	

small	 for	 humans	 to	 feel	 them.	 An	 earthquake	 that	 is	 lightly	 noticeable	 for	
humans	is	unlikely.		

- An	earthquake	that	is	strongly	felt	and	can	cause	slight	damage	(e.g.	hair-line	
cracks	or	falling	of	small	pieces	of	plaster)	is	exceptionally	unlikely.		

- An	earthquake	that	is	severely	felt	and	can	cause	serious	structural	damage	to	
average	houses	(e.g.	 large	cracks	in	walls,	falling	of	gable	parts)	is	even	more	
unlikely,	thus	also	exceptionally	unlikely.	

	

(ii) Qualitative	and	quantitative	format		

The	qualitative	and	quantitative	format	(Table	14)	provided	numeric	probabilities	

and	earthquake	magnitudes	in	addition	to	the	purely	qualitative	format	described	

before.	To	facilitate	readability	in	this	low	probability	range,	probabilities	rather	

than	frequencies	were	used	due	to	 fewer	zeros.	Literature	 is	ambiguous	on	the	

supremacy	of	frequencies	over	probabilities	(Fischhoff	et	al.,	2011,	p.	56).	Hence,	

probabilities	seemed	more	fitting	in	this	case.	Seismic	magnitudes	referred	to	the	
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Richter-scale	 (generic	 magnitude	 M)	 which	 is	 commonly	 used	 (Swiss	

Seismological	 Service,	 2015).	 Providing	 both,	 qualitative	 and	 quantitative	 risk	

information,	 corresponds	 to	 suggested	 best	 practice	 in	 risk	 communication	

(Paling,	2003).	Thus,	the	qualitative	sentences	were	extended	with	corresponding	

numbers:	(I)	none;	(II)	5	%	chance	of	magnitude	3	on	Richter-scale;	(III)	0.01	%	

chance	 for	 magnitude	 5	 event	 on	 Richter-scale;	 (IV)	 0.001	%	 chance	 for	

magnitude	6	event	on	Richter-scale.		

	

(iii) Qualitative	and	quantitative	format	with	risk	comparisons		

The	 qualitative	 and	 quantitative	 format	with	 risk	 comparisons	 illustrated	 the	 seismic	

event	 probability	 with	 examples	 of	 other,	 well-known	 hazards	 in	 addition	 to	 the	

qualitative	and	quantitative	 format.	Examples	of	 these	hazards	were	taken	from	Swiss	

governmental	 or	 private	 online	 resources	 (Schweizer	 Bundesamt	 für	

Bevölkerungsschutz	 [Swiss	 Federal	 Office	 for	 Civil	 Protection],	 2008;	 Schweizer	

Sturmarchiv	[Swiss	Storm	Archiev],	2015).	The	probabilities	were	normalized	in	terms	

of	area	(assumed	community’s	diameter	5	km)	and	time	(one	week).	The	qualitative	and	

quantitative	sentences	were	extended	with	risk	comparisons:	(I)	none;	(II)	as	likely	as	a	

lightning	 strike	 in	 the	 community	within	 one	week;	 (III)	 as	 likely	 as	 a	 tornado	 in	 the	

community	within	one	week;	(IV)	as	likely	as	an	airplane	crash	in	the	community	within	

one	week.	

	

4.4.2.2 Uncertainty	and	limited	expert	confidence	(two	levels)	

One	half	of	the	risk	communication	materials	(Table	12)	did	not	include	any	statement	

about	uncertainty	or	expert	confidence,	e.g.	(Table	12).	The	second	half	of	communication	

materials	included	such	a	statement,	e.g.	(Table	14).	The	statement	told	respondents	that	

processes	in	the	underground	cannot	always	be	predicted.	This	is	why	forecasts	are	very	

uncertain.	The	experts	agree	about	the	good	quality	of	the	risk	study,	but	they	potentially	

do	not	agree	on	the	exact	probabilities	and	the	largest	possible	event.		
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Table	14	Qualitative	and	quantitative	format	with	uncertainty	and	limited	expert	
confidence	(C4,	C10)	

The	 risk	 study	 concluded	 for	 the	week-long	 drilling	 and	 project	 operations	 in	 your	
community:	
- Micro-earthquakes	are	virtually	certain.	These	micro-earthquakes	will	be	too	

small	 for	humans	to	 feel	 them.	An	earthquake	of	magnitude	3	on	the	Richter	
scale	that	is	lightly	noticeable	for	humans	has	a	probability	of	about	5%.		

- An	earthquake	of	magnitude	5	on	the	Richter	scale	that	is	strongly	felt	and	can	
cause	slight	damage	(e.g.	hair-line	cracks	or	falling	of	small	pieces	of	plaster)	is	
exceptionally	unlikely.	It	has	a	probability	of	about	0.01%.		

An	earthquake	of	magnitude	6	on	the	Richter	scale	that	is	severely	felt	and	can	cause	
serious	structural	damage	to	average	houses	(e.g.	large	cracks	in	walls,	falling	of	gable	
parts)	 is	even	more	unlikely,	 thus	also	exceptionally	unlikely.	 It	has	a	probability	of	
about	0.001%.		
The	 risk	 assessment	 is	 based	 on	 best	 available	 methods.	 Uncertainty	 in	 risk	
assessments	 result	 from	unpredictable	 reactions	 in	 the	 subsoil,	 leading	 to	 potential	
disagreements	 among	 experts	 regarding	 exact	 probabilities	 and	 earthquake	
magnitudes.	
	

	

4.4.2.3 Technology	frame	(two	levels)	

Fluid	injection	used	for	DGE	and	shale	gas	induces	seismicity	in	similar	ways	(Rubinstein	

and	Mahani,	 2015).	 Hence,	 identical	 risk	 estimates	were	 assumed	 in	 this	 study	 to	 be	

applicable	for	both	DGE	and	shale	gas.	The	first	half	of	the	risk	communication	materials	

introduced	 respondents	 to	 a	 hypothetical	 DGE	 project,	 the	 second	 half	 introduced	

respondents	 to	 a	 hypothetical	 shale	 gas	 project.	 Supplement	 study	 3shows	 the	

technology	description	used	in	the	survey.	

	

4.4.3 Procedure	and	measurements		

Respondents	were	 randomly	 assigned	 to	 one	 of	 the	 12	 experimental	 conditions.	 The	

survey	consisted	of	10	parts.	Depending	on	their	experimental	condition,	respondents	

received	 a	 short	 introduction	about	either	DGE	or	 shale	gas.	 It	 informed	respondents	

about	the	energy	resource,	how	it	differs	from	better-known	energy	resources	(i.e.	heat	

pumps	or	conventional	gas),	and	how	the	energy	is	captured.	The	introduction	included	

a	 visualization	 that	 corresponded	 to	 the	written	 information.	 Four	 open	 items	 asked	
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respondents	to	report	any	DGE	or	shale	gas	projects	they	knew,	both	in	Switzerland	and	

worldwide.	Respondents	were	then	asked	to	report	their	subjective	knowledge	about	the	

technology	and	whether	they	were	interested	in	learning	more	about	it.	Then,	a	five-item	

scale	 introduced	by	Schweizer-Ries	et	al.	 (Schweizer-Ries,	2008;	Zoellner	et	al.,	2008)	

assessed	respondents’	acceptance	of	a	potential	EGS	project	or,	respectively,	shale	gas	

project	in	their	region.	The	scale’s	internal	consistency	was	excellent	(Cronbach’s	alpha	

=	0.94,	N	=	5).	Respondents	were	able	to	go	back	to	the	introduction	of	the	technology	in	

case	they	had	not	read	the	information	thoroughly	at	first.	A	“don’t	know”	option	was	also	

added.		

	

Within	 the	experimental	block	of	 the	survey,	 respondents	 received	one	of	 the	 six	risk	

communication	 materials	 (Table	 12)	 and	 reported	 how	 they	 agreed	 with	 five	 items	

measuring	the	dependent	variables:	(a)	the	information	is	clear	and	easy	to	understand,	

(b)	the	information	is	trustworthy,	(c)	the	information	is	concerning,	(d)	the	information	

is	exact,	and	(e)	I	like	the	information.	Respondents	reported	their	answers	on	a	seven-

point	Likert	scale	(1=	“totally	disagree”	to	7=	“totally	agree”).	A	“don’t	know”	option	was	

added	 to	 the	 seven-point	Likert	 scale,	 too.	After	 recoding	of	 the	 concern	variable,	 the	

dependent	variables	yielded	an	overall	scale	with	good	internal	consistency	(Cronbach’s	

alpha	=	0.81,	N	=	5).	Following	this	question,	an	open	item	asked	for	potential	comments	

or	questions	regarding	the	information.	Afterwards,	a	five-item	scale	with	good	internal	

consistency	(Cronbach’s	alpha	=	0.84,	N	=	5)	assessed	the	respondents’	risk	perception	of	

induced	 seismicity.	 Its	 items	assessed	whether	 respondents	 found	 the	 risk	of	 induced	

seismicity	 difficult	 to	 estimate;	 substantial;	 too	 high;	 controllable;	 and	 if	 it	 was	 the	

respondent’s	decision,	would	he	or	she	allow	a	DGE	or,	respectively,	a	shale	gas	project	

in	the	region.	An	open	item	asked	respondents	about	their	concerns	regarding	DGE	or,	

respectively,	 shale	 gas	 projects.	 Three	 items	 assessed	 how	much	 respondents	 trusted	

experts,	 the	 project	 operator	 and	 federal	 environmental	 authorities	 after	 the	 given	

information.		

	

The	 next	 part	 of	 the	 survey	 assessed	 respondents’	 experience	 with	 seismicity:	 (a)	

whether	they	had	experienced	an	earthquake;	(b)	if	yes,	what	was	the	highest	magnitude;	
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(c)	whether	respondents	were	 insured	against	damages	 caused	by	 seismicity;	 and	 (d)	

three	 items	 assessed	 respondents’	 earthquake	 preparedness,	 showing	 good	 internal	

consistency	 (Cronbach’s	 alpha	 =	 0.86,	N	=	 3).	 The	 scale	 developed	 by	 Fagerlin	 et	 al.	

(Fagerlin	 et	 al.,	 2007)	 assessed	 respondents’	 subjective	 numeracy	 using	 six-point	

semantic	differentials.	The	scale	yielded	good	internal	consistency	(Cronbach’s	alpha	=	

0.81,	N	 =	 8).	 Lastly,	 respondents	 reported	 socio-demographic	 variables	 such	 as	 age,	

community	size,	 federal	state,	property	ownership,	household	size	and	children	under	

18.	 An	 open	 item	 asked	 for	 final	 questions	 or	 remarks.	 We	 finally	 thanked	 the	

respondents	and	emphasized	the	project’s	fictitiousness.		

	

4.4.4 Analysis		

Three-way	 analyses	 of	 variances	 (ANOVAs)	 were	 conducted	 to	 study	 the	 effects	 of	

written	risk	communication	format,	uncertainty	and	limited	expert	confidence	statement	

and	 technology	 on	 respondents’	 perception	 of	 the	 risk	 communication	 and	 risk	

perception	of	induced	seismicity	between	experimental	conditions.	An	average	sample	of	

n=49	respondents	per	experimental	condition	satisfies	requirements	for	ANOVA	(Bortz,	

1999).	In	a	further	step,	three-way	ANCOVAs	were	conducted	to	include	prior	subjective	

knowledge	 and	 acceptance	 as	 a	 covariant.	When	 effects	were	 significant	 at	a	 =	 0.05,	

Bonferroni	post-hoc	tests	were	used.	Two-way	interaction	effects	were	considered	and	

are	reported	if	they	reached	significance	level	of	a	=	0.05.	There	were	2	-	6%	“don’t	know”	

answers	that	were	considered	separately	and	are	therefore	not	included	in	quantitative	

analysis.			
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4.5 Results	

	

4.5.1 Experimental	check		

The	 twelve	 experimental	 conditions	were	 balanced	 in	 terms	of	 age,	F(11,	578)	=	1.10,	

p	=	0.36;	numeracy,	F(11,	578)	=	0.79,	p	=	0.65;	education,	F(11,	578)	=	0.28,	p	=	0.99;	

how	much	respondents	knew	about	the	respective	technology,	F(11,	578)	=	0.61,	p	=	0.82;	

how	interested	they	were	in	learning	more	about	the	technology,	F(11,	578)	=	0.91,	p	=	

0.53;	sex,	c2	=	10.10,	p	=	0.52;	ownership	of	earthquake	insurance,	c2	=	19.38,	p	=	0.62;	

whether	they	experienced	an	earthquake,	c2	=	25.78,	p	=	0.26;	earthquake	preparedness	

F(11,	578)	=	0.91,	p	=	0.53,	whether	respondents	owned	their	house	or	flat,	c2	=	10.00,	p	

=	0.53;	whether	they	had	children	F(11,	578)	=	0.75,	p	=	0.53;	and	how	many	people	lived	

in	their	household,	F(11,	578)	=	0.91,	p	=	0.82.		

	

4.5.2 Risk	communication	formats	

As	shown	in	Table	15,	the	risk	communication	format	((i)	qualitative,	(ii)	qualitative	and	

quantitative	and	(iii)	qualitative	and	quantitative	with	risk	comparisons)	had	a	significant	

effect	on	how	exact	respondents	found	the	risk	information	material,	F(2,	558)	=	10.56,	p	

<	0.001.	According	to	Bonferroni	post-hoc	testing,	respondents	found	the	(ii)	qualitative	

and	quantitative	format	significantly	more	exact	than	the	(i)	qualitative	format	(M	=	4.93,	

SD	 =	1.45	vs.	M	 =	4.29,	SD	 =	1.66),	p	<	0.001.	Also	 they	 found	 the	 (iii)	qualitative	and	

quantitative	format	with	risk	comparison	more	exact	than	the	(i)	qualitative	format	(M	=	

4.90,	SD	=	1.49	vs.	M	=	4.29,	SD	=	1.66),	p	<	0.001.	This	difference	could,	however,	also	be	

attributed	 to	 the	 quantitative	 information	 in	 format	 (iii)	 as	 there	 was	 no	 significant	

difference	between	the	(ii)	qualitative	and	quantitative	 format	and	the	(iii)	qualitative	

and	quantitative	 format	with	 risk	 comparisons.	The	 risk	 communication	 format	had	a	

significant	effect	on	how	much	respondents	liked	the	risk	information	material,	F(2,	564)	

=	6.29,	p	=	0.002.	According	 to	Bonferroni	post-hoc	 testing,	respondents	 liked	 the	 (ii)	

qualitative	and	quantitative	format	significantly	more	than	the	(i)	qualitative	one	(M	=	

5.10,	 SD	 =	 1.49	 vs.	M	 =	 4.65,	 SD	 =	 1.62),	 p	 =	 0.01.	 Also,	 respondents	 liked	 the	 (iii)	

qualitative	and	quantitative	format	with	risk	comparisons	significantly	more	than	the	(i)	
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qualitative	format	(M	=	5.15,	SD	=	1.43	vs.	M	=	4.65,	SD	=	1.62),	p	=	0.003,	which	again	

could	also	be	attributed	to	the	quantitative	information	in	format	(iii)	because		there	was	

no	significant	difference	between	the	(iii)	qualitative	and	quantitative	format	with	risk	

comparisons	 and	 the	 (ii)	 qualitative	 and	 quantitative	 format.	 Similarly,	 the	 risk	

communication	 format	 had	 a	 significant	 effect	 on	 the	 summarizing	 scale	 that	 added	

means	of	the	dependent	variables,	F(2,	539)	=	6.11,	p	=	0.002.	Bonferroni	post-hoc	testing	

revealed	 a	 significant	 difference	 between	 the	 (ii)	 qualitative	 and	 quantitative	 format	

compared	to	the	(i)	qualitative	format	(M	=	4.85,	SD	=	1.11	vs.	M	=	4.54,	SD	=	1.21),	p	=	

0.035,	and	(iii)	qualitative	and	quantitative	format	with	risk	comparisons	compared	to	

the	 (i)	 qualitative	 format	 (M	 =	4.94,	SD	 =	 1.09	 vs.	M	 =	 4.54,	SD	 =	 1.21),	p	=	0.002.	 As	

mentioned	before,	this	difference	could	be	attributed	to	the	quantitative	information	in	

format	 (iii)	 as	 there	 was	 no	 significant	 difference	 between	 format	 (ii)	 and	 (iii).	

Respondents	found	the	(ii)	qualitative	and	quantitative	as	well	as	the	(iii)	qualitative	and	

quantitative	format	with	risk	comparisons	format	clearer	and	easier	to	understand	than	

the	 (i)	 qualitative	 format,	 F(2,	 569)	 =	 3.23,	 p	=	 0.039.	 However,	 Bonferroni	 post-hoc	

testing	was	not	significant.	The	risk	communication	format	had	no	significant	effect	on	

how	trustworthy	or	concerning	respondents	 found	the	risk	communication	(note	that	

trustworthiness	and	concern	refer	to	risk	communication	material	and	not	to	the	DGE	or	

shale	 gas	 project	 itself).	 Including	 prior	 subjective	 knowledge	 as	 a	 covariant	 did	 not	

change	 afore-mentioned	 significant	 results.	 But	 it	 significantly	 influenced	 how	

concerning	respondents	found	the	risk	communication.	Subjective	knowledge	and	how	

concerning	 respondents	 found	 the	 risk	 communication	 were	 weakly	 positively	

correlated.		
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Table	15	Effects	of	risk	communication	format	

Measure	 Format	
F(df1,	

df2)	

Post	hoc		

(Bonferr

oni)	

	 (i)	Qualitative	
(ii)	Qualitative	and	

quantitative	

(iii)		Qualitative	and	

quantitative	with	

risk	comparisons	

	

	 M	(SD)	 n	 M	(SD)	 n	 M	(SD)	 n	 	

Clear	and	

easy	to	

understand	

5.42	(1.49)	 188	 5.74	(1.34)	 195	 5.72	(1.27)	 196	
(2,	567)	

3.26*	

n.s.	

	

Trustworthy	 4.69	(1.61)	 181	 4.97	(1.63)	 192	 4.98	(1.49)	 190	
(2,	551)		

2.00	

	

n.s.	

Concerning		 4.42	(1.59)	 187	 4.46	(1.70)	 194	 4.13	(1.63)	 195	
(2,	564)	

	2.58	
n.s.	

Exact		 4.29	(1.66)	 188	 4.93	(1.45)	 191	 4.90	(1.49)	 191	
(2,	558)	

10.56***	

1-2	***,		

1-3	***	

I	like	the	

information.		
4.65	(1.62)	 186	 5.10	(1.49)	 193	 5.15	(1.43)	 197	

(2,	564)	

	6.29	**	

1-2	*,	

1-3	**	

Summarizing	

scale		
4.54	(1.21)	 178	 4.85	(1.11)	 186	 4.94	(1.09)	 187	

(2,	539)		

6.11**	

1-2	*,		

1-3	**	

*	p	<	0.05;	**	p	<	0.01;	***	p	<	0.001;	n.s.	–	not	significant	

Note:	Values	range	from	1=	“do	not	agree	at	all”	to	7=	“completely	agree”.	“Don’t	know”	answers	are	not	

included.	Three-way	ANOVA	controls	for	format,	uncertainty	and	technology.			

	

4.5.3 Statement	of	uncertainty	and	limited	expert	confidence		

As	 shown	 in	 Table	 16,	 respondents	 found	 the	 risk	 communication	 material	 with	

uncertainty	 and	 expert	 confidence	 statement	 significantly	 less	 clear	 and	 easy	 to	

understand	than	risk	information	material	without	it	(M	=	5.48,	SD	=	1.49	vs.	M	=	5.79,	SD	

=	1.22),	F(1,567)	=	7.05,	p	=	0.008.	Also,	respondents	found	risk	communication	material	

with	uncertainty	 and	 expert	 confidence	 statement	 significantly	more	 concerning	 than	

without	it	(M	=	4.48,	SD	=	1.63	vs.	M	=	4.19,	SD	=	1.65),	F(1,564)	=	4.31,	p	=	0.038.	There	

was	a	significant	interaction	effect	between	format	and	uncertainty	on	how	concerning	

respondents	 found	 the	 risk	 communication	 material,	 F(2,564)	=	4.31,	 p	=	0.029.	 This	
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means	 that	 respondents	 perceived	 (iii)	 qualitative	 and	 quantitative	 format	 with	 risk	

comparisons	with	uncertainty	and	expert	confidence	statement	less	concerning	than	the	

two	other	formats	(i)	and	(ii)	((iii)	M	=	4.02,	SD	=	1.63	vs.	(i)	M	=	4.65,	SD	=	1.51	and	(ii)	

M	=	4.75,	SD	=	1.66),	although	they	found	(iii)	qualitative	and	quantitative	format	with	

risk	comparisons	without	uncertainty	more	concerning	than	the	two	other	 formats	(i)	

and	(ii)	((iii)	M	=	4.23,	SD	=	1.63	vs.	(i)	M	=	4.17,	SD	=	1.64	and	(ii)	M	=	4.16,	SD	=	1.68),.	

Including	a	statement	of	uncertainty	and	expert	confidence	had	no	significant	effect	on	

how	much	respondents	trusted	the	information,	how	exact	they	found	it,	how	much	they	

liked	it	or	on	the	summarizing	scale.		

	

Table	16	Effects	of	including	statement	of	uncertainty	and	expert	confidence	

	

4.5.4 Perceived	risk	of	induced	seismicity	

The	risk	communication	format	had	no	significant	effect	on	how	respondents	perceived	

the	 risk	 of	 induced	 seismicity	 itself.	 However,	 among	 the	 single	 items	 of	 the	 risk	

perception	scale,	adding	uncertainty	and	expert	confidence	statement	had	a	significant	

effect	 on	 how	 controllable	 respondents	 perceived	 the	 risk.	 They	 found	 the	 risk	

significantly	less	controllable	when	knowing	about	uncertainty	and	expert	confidence	as	

compared	to	not	knowing	about	it	(M	=	3.47,	SD	=	1.52	vs.	M	=	3.72,	SD	=	1.47),	F(1,568)	

=	3.91,	p	=	0.048.	Respondents	also	found	the	risk	of	induced	seismicity	more	often	as	too	

Measure	
Statement	 of	 uncertainty	 and	 expert	

confidence	
F(df1,	df2)	

	 Not	Included	 Included	 	

	 M	(SD)	 n	 M	(SD)	 n	 	

Clear	and	easy	to	understand	 5.79	(1.22)	 283	 5.48	(1.49)	 296	 (2,	567)	7.05**	

Trustworthy	 4.79	(1.56)	 272	 4.80	(1.60)	 291	 (1,	551)	1.41	

Concerning		 4.19	(1.65)	 282	 4.48	(1.63)	 294	 (2,	564)	4.31*	

Exact		 4.73	(1.59)	 278	 4.69	(1.54)	 292	 (1,	558)	0.50	

I	like	the	information.		 5.02	(1.52)	 281	 4.92	(1.54)	 295	 (1,	564)	0.54	

Summarizing	scale		 4.88	(1.09)	 269	 4.69	(1.20)	 282	 (1,	539)	3.22	

*	p	<	0.05;	**	p	<	0.01;	***	p	<	0.001		

Note:	Values	range	from	1=	“do	not	agree	at	all”	to	7=	“completely	agree”.	“Don’t	know”	

answers	are	not	included.	Three-way	ANOVA	controls	for	format,	uncertainty	and	technology.		
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high	when	 a	 statement	 on	 uncertainty	 and	 expert	 confidence	was	 included.	 This	was	

different	 to	not	 including	 it	F(1,568)	=	3.451,	p	 =	0.064	 (n.s.).	There	was	a	 significant	

interaction	effect	between	format	and	uncertainty	on	how	substantial	respondents	found	

the	 risk,	F(2,564)	=	4.25,	p	=	0.015.	This	means	 that	 respondents	 found	 the	 risk	more	

substantial	for	the	(i)	qualitative	and	(ii)	qualitative	and	quantitative	format	than	for	the	

(iii)	the	qualitative	and	quantitative	format	with	risk	comparisons	with	uncertainty	and	

expert	confidence	((i)M	=	4.59,	SD	=	1.30	and		(ii)	M	=	4.79,	SD	=	1.31	vs.	(iii)	M	=	4.18,	SD	

=	 1.42),	 although	 they	 found	 the	 risk	 more	 substantial	 for	 the	 (iii)	 qualitative	 and	

quantitative	format	with	risk	comparisons	without	uncertainty	((i)M	=	4.36,	SD	=	1.36	

and	 	 (ii)	M	 =	 4.25,	SD	 =	 1.49	 vs.	 (iii)	M	 =	4.42,	SD	 =	 1.38).	 Including	 prior	 subjective	

knowledge	 as	 a	 covariant	 did	 not	 change	 afore-mentioned	 significant	 results.	 It	

significantly	influenced	how	respondents	perceived	the	overall	risk	of	induced	seismicity,	

measured	 by	 the	 summarizing	 risk	 perception	 scale.	 Subjective	 knowledge	 and	 risk	

perception	of	induced	seismicity	were	weakly	positively	correlated.		

	

	

4.6 Technology	framing		

	

Presenting	 the	 identical	 risk	 communication	 for	 two	 different	 technologies,	 DGE	 and	

shale	 gas,	 had	 a	 significant	 effect	 on	 how	 respondents	 perceived	 this	 communication	

(Table	 17).	 Respondents	 trusted	 the	 risk	 communication	 material	 for	 shale	 gas	

significantly	less	than	for	DGE	(M	=	4.65,	SD	=	1.66	vs.	M	=	5.11,	SD	=	1.46),	F(1,551)	=	

11.65,	 p	 =	 0.001.	 They	 found	 the	 exact	 same	 risk	 communication	 significantly	 more	

concerning	 for	 shale	 gas	 than	 for	DGE	 (M	 =	 4.60,	SD	 =	 1.65	 vs.	M	 =	4.07,	SD	 =	 1.60),	

F(1,564)	=	15.71,	p	<	0.001,	and	liked	it	significantly	less	for	shale	gas	than	for	DGE	(M	=	

4.76,	SD	=	1.60	vs.	M	=	5.18,	SD	=	1.42),	F(1,568)	=	10.532,	p	=	0.001.	Similarly,	technology	

had	a	significant	effect	on	the	summarizing	scale	(M	=	4.59,	SD	=	1.17	vs.	M	=	4.98,	SD	=	

1.20),	 F(1.538)	 =	 14.50,	 p	 <	 0.001,	 in	 that	 DGE	 scored	 better	 than	 shale	 gas.	 The	

technology	had	no	significant	effect	on	how	clear	and	easy	to	understand	or	trustworthy	

respondents	found	the	risk	communication.		
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Table	17	Effects	of	technology	framing	

Measure	 Technology	 F(df1,	df2)	

	 DGE	 Shale	gas	 	

	 M	(SD)	 n	 M	(SD)	 n	 	

Clear	and	easy	to	understand	 5.72	(1.31)	 288	 5.54	(1.43)	 291	 (2,	567)	2.38	

Trustworthy	 5.11	(1.46)	 280	 4.65	(1.66)	 283	 (1,	551)	11.65**	

Concerning		 4.07	(1.60)	 286	 4.60	(1.65)	 290	 (2,	564)	15.71***	

Exact		 4.81	(1.56)	 285	 4.60	(1.56)	 285	 (1,	558)	2.14	

I	like	the	information.		 5.18	(1.42)	 286	 4.76	(1.60)	 290	 (1,	564)	10.53**	

Summarizing	scale		 4.98	(1.20)	 274	 4.59	(1.17)	 277	 (1,	539)	14.50***	

*	p	<	0.05;	**	p	<	0.01;	***	p	<	0.001		
Note:	Values	range	from	1=	“do	not	agree	at	all”	to	7=	“completely	agree”.	“Don’t	know”	answers	are	not	
included.	Three-way	ANOVA	controls	for	format,	uncertainty	and	technology.		
	

	

Considering	preconditions,	respondents	were	rather	unfamiliar	with	both	technologies	

(M	 =	 2.37,	 SD	 =	 1.61)	 with	 no	 significant	 difference	 between	 DGE	 and	 shale	 gas.	

Respondents	 were	 modestly	 interested	 in	 learning	 more	 about	 both	 technologies	

(M	=	4.61,	SD	=	1.69)	with	no	significant	difference	between	DGE	and	shale	gas.	When	

asked	 to	 report	 projects	 known	 to	 them,	 respondents	 in	 the	 DGE	 condition	 referred	

predominantly	to	Swiss	projects	that	had	been	also	discussed	in	media	(Stauffacher	et	al.,	

2015).	Respondents	in	the	shale	gas	condition	referred	predominantly	to	the	USA.	Before	

they	 were	 given	 risk	 communication	 materials	 on	 induced	 seismicity,	 respondents	

accepted	shale	gas	projects	in	their	region	significantly	less	than	DGE	projects	(M	=	3.47,	

SD	=	1.70	vs.	M	=	5.02,	SD	=	1.36),	t(481)	=	11.41,	p	<	0.001,	measured	on	the	acceptance	

scale	introduced	by	Schweizer-Ries	and	colleagues	(Schweizer-Ries,	2008;	Zoellner	et	al.,	

2008).		

	

After	the	respondents	read	through	the	risk	communication	material,	technology	had	a	

significant	 effect	 on	 all	 risk	 perception	 items	 thus	 also	 on	 the	 summarizing	 risk	

perception	scale.	It	assessed	that	respondents	perceived	the	risk	of	induced	seismicity	to	

be	significantly	higher	for	shale	gas	than	for	DGE	(M	=	4.81,	SD	=	1.13	vs.	M	=	4.19,	SD	=	

1.14),	F(1,	589)	=	43.83,	p	<	0.001.	Respondents	trusted	experts	significantly	more	in	the	

DGE	than	in	the	shale	gas	condition	(M	=	4.87,	SD	=	1.48	vs.	M	=	4.49,	SD	=	1.70),	t(588)	=	
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11.41,	p	=	0.002.	Similarly,	respondents	trusted	operators	significantly	more	in	the	DGE	

than	in	the	shale	gas	condition	(M	=	3.76,	SD	=	1.57	vs.	M	=	2.96,	SD	=	1.59),	t(588)	=	6.18,	

p	<	0.001.	There	was	no	significant	difference	regarding	trust	in	authorities	between	the	

two	conditions.		

	

Further	analysis	including	acceptance	as	a	covariant	generally	did	not	change	significance	

effects	of	format	or	uncertainty.	It	showed,	however,	that	observed	differences	between	

technologies	can	be	largely	attributed	to	differences	in	acceptance.		Also,	acceptance	had	

the	largest	effect	sizes	among	all	predicting	factors	across	all	dependent	variables.	Above	

all	other	factors,	acceptance	thus	strongly	predicts	how	respondents	perceived	the	risk	

communication	material	 as	well	 as	 the	 risk	of	 induced	 seismicity.	Acceptance	and	 the	

summarizing	scale	were	moderately	positively	correlated.	Acceptance	and	perceived	risk	

of	 induced	 seismicity	 were	 strongly	 negatively	 correlated.	 Detailed	 results	 for	 all	

ANCOVAs	are	available	from	the	first	author	upon	request.		
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4.7 Discussion	

	

Sub-surface	 energy	 activities	 entail	 the	 risk	 of	 induced	 seismicity	 including	 low-

probability	 high-consequence	 (LPHC)	 events.	 Good-practice	 guidelines	 for	 project	

operators	 have	 recommended	 to	 evaluate	 and	 communicate	 such	 LPHC	 events	 to	 the	

public	before	and	throughout	the	planning	of	the	projects	(Majer	et	al.,	2012;	Trutnevyte	

and	Wiemer,	2017).	The	affected	communities,	of	course,	might	be	interested	in	learning	

about	such	risks	too.	Existing	literature	lacks	empirical	evidence	of	how	the	public	reacts	

to	 different	written	 communication	 formats	 about	 LPHC	 risk,	 related	 uncertainty	 and	

limited	expert	confidence,	in	general	and	for	the	specific	case	of	induced	seismicity.	This	

study	 presents	 an	 online	 experiment	 (N	 =	 590)	 that	 empirically	 tested	 the	 public’s	

response	to	incrementally	different	written	risk	communication	formats	about	induced	

seismicity,	to	uncertainty	and	expert	confidence	information,	and	to	different	technology	

frames,	namely	DGE	and	shale	gas.	

	

The	 main	 findings	 are	 threefold:	 First,	 as	 compared	 to	 the	 (i)	 qualitative	 risk	

communication	 format,	 respondents	 find	 the	 (ii)	 qualitative	 and	 quantitative	 and	 (iii)	

qualitative	and	quantitative	format	with	risk	comparisons	significantly	more	exact,	which	

might	not	be	surprising.	They	also	like	the	(ii)	qualitative	and	quantitative	format	and	

(iii)	qualitative	and	quantitative	 format	with	risk	comparisons	significantly	more	than	

the	 (i)	 qualitative	 format.	 No	 significant	 difference	 was	 observed	 between	 the	 (ii)	

qualitative	and	quantitative	format	and	the	(iii)	qualitative	and	quantitative	format	with	

risk	comparisons.	Hence,	the	effects	of	the	(iii)	qualitative	and	quantitative	format	with	

risk	 comparisons	 have	 to	 be	 considered	 as	 joint	 effects	 of	 the	 added	 quantified	

information	 and	 risk	 comparisons.	 Respondents	 also	 perceive	 the	 (ii)	 qualitative	 and	

quantitative	format	and	(iii)	qualitative	and	quantitative	format	with	risk	comparisons	

as	clearer	and	easier	 to	understand,	although	this	result	 is	not	significant.	Apparently,	

quantified	probabilities	help	respondents	to	understand	the	risk	communication,	which	

attests	numbers	a	certain	effectiveness	as	already	argued	(Pidgeon	and	Fischhoff,	2011).	

Similar	to	findings	by	Erev	and	Cohen	(1990)	(Erev	and	Cohen,	1990),	respondents	show	

a	 preference	 for	 receiving	 quantified	 risk	 communication.	 Contrary	 to	 findings	 from	
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Gurmankin	et	al.(Gurmankin	et	al.,	2004a),		adding	numbers	does	not	have	a	significant	

effect	 on	 trust	 and	 concern.	 Despite	 recommended	 caution	 in	 literature	 about	 risk	

comparisons	(Renn,	1992;	Visschers	et	al.,	2009),	they	are	perceived	relatively	well.	

	

Second,	 including	a	statement	of	uncertainty	and	 limited	expert	confidence	makes	the	

risk	 communication	 material	 significantly	 less	 clear	 and	 easy	 to	 understand	 and	

significantly	 increases	 concern.	 This	hints	 at	uncertainty	 as	 a	 source	 for	 confusion	 as	

already	noticed	(Gluckman,	2014).	Including	uncertainty	also	makes	the	risk	of	induced	

seismicity	seem	significantly	 less	 controllable.	This	 is	different	 from	 findings	by	Kuhn	

(Kuhn,	2000)	where	uncertainty	has	not	influenced	perception	of	environmental	risk,	per	

se.	 The	 interaction	 effect	 between	 format	 and	 uncertainty	 on	 concern	 suggests	 that	

communicating	uncertainty	in	combination	with	risk	comparisons	decreases	concern	as	

compared	 to	 the	 other	 formats.	 However,	 including	 risk	 comparisons	 without	

uncertainty	might	 seem	 too	 realistic	 and	 thus	 increase	 concern.	 This	 interaction	 also	

applies	 to	how	substantial	 the	public	 finds	the	risk.	Nevertheless,	respondents	 in	both	

uncertainty	 conditions	 liked	 communication	 materials	 about	 the	 same.	 Including	

uncertainty	in	risk	communication	might	be	more	challenging	for	the	public,	but	might	

convey	a	more	realistic	feeling	of	the	risk’s	complexity	(Stirling,	2010).	

	

Third,	the	type	of	technology	for	which	risk	is	communicated	has	a	significant	effect	on	

how	the	public	responds	to	identical	risk	communication	and	how	it	perceives	the	risk	

itself.	Based	on	pre-existing	views,	respondents	find	the	exact	same	risk	communication	

significantly	less	trustworthy	and	more	concerning	for	shale	gas	than	for	DGE.	They	also	

like	 the	 same	 communication	 significantly	 less	 for	 shale	 gas	 than	 for	 DGE.	 Such	 pre-

existing	views	could	have	been	influenced	by	the	general	discourse	where	DGE	is,	among	

others,	 framed	 as	 a	 renewable	 (Stauffacher	 et	 al.,	 2015)	 and	 shale	 gas	 as	 a	 rather	

controversial	 energy	 resource	 (Schirrmeister,	 2014).	 Further,	 after	 reading	 the	 given	

information	 of	 induced	 seismicity,	 the	 respondent	 still	 perceives	 the	 risk	 of	 induced	

seismicity	to	be	significantly	higher	for	shale	gas	even	though	the	wording	is	the	exact	

same	as	for	DGE.	Acceptance	thus	strongly	influences	how	risk	communication	and	the	

risk	itself	are	perceived.	This	finding	is	in	line	with	literature	which	suggests	that	attitude	
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strongly	influences	how	risks	and	risk	communication	are	interpreted	(Sjöberg,	2000b),	

and	that	risk	perception,	trust	and	acceptance	interact	(Bronfman	et	al.,	2012).		

	

In	sum,	the	careful	elaboration	and	testing	of	risk	communication	format	and	uncertainty	

statements	 are	 very	 important	 when	 designing	 risk	 communication	 and	 every	 effort	

should	be	put	into	it.	However,	risk	communication	goes	beyond	the	careful	wording	and	

description	of	the	risk.	Its	context,	for	instance,	what	technology	causes	the	risk,	strongly	

matters.	

	

There	 are	 several	 limitations	 to	 this	 study.	 The	 survey’s	 focus	 on	 risk	 of	 induced	

seismicity	only	could	potentially	have	a	bias	as	compared	to	real	projects,	where	energy	

technologies	are	portrayed	and	judged	more	comprehensively,	including	various	risks,	

costs	and	benefits.	The	choice	of	other	risk	comparisons	could	lead	to	different	responses	

of	 the	 respondents.	 The	 comparisons	 used	 did	 not	 refer	 to	 critical	 infrastructure	 or	

voluntary	risks,	where	reaction	could	be	different	(Starr,	1969).	Among	multiple	ways	to	

describe	uncertainty,	this	study	distinguished	between	uncertainty	in	general	and	limited	

expert	 confidence	 in	 particular.	 It	 was	 meaningful	 to	 capture	 the	 nature	 of	 induced	

seismicity	well,	 while	making	 it	 accessible	 to	 the	 public.	 However,	 other	 framings	 of	

uncertainty	and	 its	 source	 can	differently	affect	 the	public’s	perception	of	uncertainty	

(Patt,	2007).	Also,	 the	order	of	 the	 items	measuring	the	dependent	variables	was	kept	

constant.	This	could	have	led	to	primacy	effects.	One	has,	of	course,	to	keep	in	mind	that	

individuals	 were	 asked	 in	 a	 self-contained	 situation.	 That	 means,	 it	 is	 not	 obvious	

whether	people	would	still	be	less	concerned	without	being	informed	about	uncertainty	

when	somebody	(e.g.	through	the	media)	argues	that	some	experts	disagree	with	the	risk	

information	provided	by	the	project	operator.	These	limitations	should	be	kept	in	mind	

when	generalizing	the	findings	of	this	study.		

	

Notwithstanding	 the	 survey’s	 limitations,	 the	 findings	 have	 implications	 for	 project	

operators,	 authorities	 and	 scientific	 experts	 involved	 in	 DGE,	 shale	 gas	 or	 other	 sub-

surface	 energy	 projects	with	 risk	 of	 LPHC	 induced	 seismicity.	 The	 findings	 also	 have	

implications	for	communicating	LPHC	risks,	uncertainty	and	expert	confidence	beyond	



111	

	

	

sub-surface	 activities,	 e.g.	 in	 the	 fields	 of	 climate	 change,	 nuclear	 energy	 or	 other	

emerging	technologies	bearing	uncertainties.	The	careful	wording	of	LPHC	events	and	

their	elaboration	with	numbers	and	risk	comparisons	seems	to	be	worth	the	effort	as	the	

public	likes	it	and	it	can	help	the	understanding.	Risk	comparisons	are	delicate,	however,	

in	that	they	easily	have	a	persuasive	character	(Fischhoff,	1995;	Roth	et	al.,	1990)	and	

thus	need	to	be	handled	mindfully.	When	revealing	uncertainty	and	lack	of	confidence	to	

enhance	 transparency	 (Gross,	2013),	 communicators	need	 to	be	aware	of	 the	public’s	

difficulty	in	understanding	such	information	and	unnecessarily	increasing	concern.	Most	

importantly,	the	communication	context,	such	as	technology,	risk	issue	and	pre-existing	

opinions	 can	 lead	 to	 very	 different	 interpretations	 and	 perceptions	 of	 identical	 risk	

communication.	 Despite	 careful	 wording	 of	 risk	 communication	 material,	 attitude	 is	

crucial	(Sjöberg,	2000b).	As	shown	by	McComas	et	al.	(McComas	et	al.,	2016),	acceptance	

of	induced	earthquakes	increases	when	public	engagement	is	possible.	Communication	

efforts	should	thus	not	only	include	and	empirically	test	written	communication	material	

as	 in	 this	 study,	 but	 also	 pay	 close	 attention	 to	 values,	 concerns,	 procedural	

fairness	(Krütli	et	al.,	2012)	and	trust	(Frewer,	2004).		

	

A	few	suggestions	for	future	research	can	be	derived	from	this	survey’s	findings.	First,	

the	 communication	 of	uncertainty	 should	 be	 further	 thought	 through	 and	 empirically	

tested	so	that	practitioners	can	get	access	to	robust	guidelines	of	how	to	communicate	

transparently	without	unnecessarily	inflating	concern	or	frustration.	Second,	beyond	the	

careful	wording,	risk	communication	 for	 induced	seismicity	should	be	researched	and	

empirically	 tested	 considering	 broader,	 contextual	 factors	 (Trutnevyte	 and	 Ejderyan,	

2017),	such	as	the	procedural	fairness	(Krütli	et	al.,	2012),	siting	procedures	(Hoşgör	et	

al.,	2013),	and	attitudes	towards	projects	(Sjöberg,	2000b).	Third,	risk	communication	

materials	could	be	further	tested	for	other	technologies	or	risks,	such	as	nuclear	power,	

climate	change,	genetically	modified	food,	in	order	to	produce	generalizable	insight	for	

science	and	risk	communication.		
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5 Conclusion	
	

Energy	technologies	bear	risks	to	society	and	deep	geothermal	energy	 is	no	exception	

because	of	its	risk	of	induced	seismicity.	The	risk	of	induced	seismicity	includes	extreme	

events	as	well	as	significant	uncertainty	(Giardini,	2009;	Gischig,	2015;	Mena	et	al.,	2013;	

Trutnevyte	and	Azevedo,	2017;	Trutnevyte	and	Wiemer,	2017;	van	der	Elst	et	al.,	2016).	

Risk	appraisal	is	a	tool	to	provide	and	synthesize	knowledge	for	decisions	that	involve	

potential	negative	impact	(IRGC,	2017).	It	combines	both,	the	technical	dimensions	of	risk	

as	well	 as	 societal	 responses	 to	 it	 when	 risk	 communication	 facilitates	 the	 exchange	

between	these	two	evaluation	perspectives	and	further	parties	(IRGC,	2017).	However,	

energy	technologies	also	benefit	society	and	this	should	be	taken	into	consideration	in	

such	energy	decisions	(Trutnevyte,	2014).	The	present	thesis	with	its	three	separate	but	

intertwining	 studies	 aims	 to	 contribute	 to	 a	 more	 comprehensive	 appraisal	 of	 deep	

geothermal	energy	to	inform	such	decision-making.	It	also	aims	at	contributing	to	a	more	

effective	risk	communication	about	induced	seismicity		

	

The	 present	 thesis	 focuses	 on	 Switzerland	 where	 ambitious	 Energy	 Strategy	 targets	

involve	 the	 development	 of	 over	 30	 geothermal	 energy	 plants	 over	 the	 next	 decades	

(Evans,	2015;	Swiss	Federal	Office	of	Energy,	2013).	In	particular,	it	looks	at	the	appraisal	

of	 different	 deep	 geothermal	 energy	 siting	 scenarios	 and	 what	 they	 mean	 for	 heat	

benefits	and	induced	seismicity	risk:	siting	deep	geothermal	energy	in	rural	areas	away	

from	populated	 spaces	 implies	 low	potential	damage	 due	 to	 induced	 seismicity	while	

siting	deep	geothermal	energy	in	urban	areas	implies	high	benefits	due	to	additional	heat	

sales	(Kraft	et	al.,	2009;	Schenler,	2015).		

	

The	 first	 and	 second	 studies	 cover	 the	 appraisal	 of	 different	 deep	 geothermal	 siting	

scenarios	from	a	technical	as	well	as	a	societal	perspective.	The	first	study,	which	is	the	

technical	 appraisal,	 quantifies	 12	 deep	 geothermal	 siting	 scenarios	 using	 cost-benefit	

analysis	 from	 the	 private	 and	 social	 perspective.	 The	 scenarios	 that	 are	 different	 in	

capacity	 (water	 circulation	 rate	 of	 50	 to	 150	 l/s)	 and	 siting	 (0	 to	 100'000	 residents	

nearby)	 are	 coupled	 to	 a	 purposeful	 induced	 seismicity	 model.	 Monte	 Carlo	 and	
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sensitivity	 analyses	 account	 for	 uncertainties	 that	 arise	 from	 the	 model.	 The	 second	

study,	which	is	the	societal	appraisal,	explores	how	well	the	public	accepts	these	various	

deep	geothermal	energy	scenarios.	Therefore,	an	online	survey	asks	respondents	(N	=	

814)	to	indicate	their	acceptance	of	four	different	deep	geothermal	energy	scenarios	with	

different	 induced	seismicity	risks	(high	or	 low)	combined	with	different	benefits	 from	

residual	heat	(high	or	low).	The	mixed-method	study	contrasts	acceptance	ratings	of	the	

four	different	scenarios	(within-subjects	design)	with	ratings	between	Switzerland	and	

Germany	(between-subject	design).	Conjoint	and	mixed	multivariate	statistical	analyses	

are	used	to	evaluate	acceptance	ratings.		

	

There	are	two	reasons	behind	the	risk	communication	study.	First,	 literature	explicitly	

recommends	to	mention	 low-probability	high-consequence	 induced	seismic	events	 for	

deep	geothermal	energy	projects	(Trutnevyte	and	Wiemer,	2017).	Second,	the	technical	

appraisal	 revealed	 significant	 uncertainty	 which	 should	 be	 included	 in	 transparent	

communication(Stirling,	2010).	Thus,	the	third	study	tests	three	incrementally	different	

risk	communication	 formats	 for	 low-probability	high-consequence	seismic	events.	The	

three	 formats	 are	 qualitative,	 qualitative	 and	 quantitative	 and	 qualitative	 and	

quantitative	 with	 risk	 comparisons.	 It	 also	 tests	 how	 the	 public	 reacts	 to	 disclosing	

uncertainty.	 An	 online	 study	 with	 N	 =	 590	 respondents	 tests	 three	 communication	

formats	 and	 the	 effect	 of	 including	 uncertainty.	 The	 results	 are	 contrasted	 for	 deep	

geothermal	energy	and	shale	gas	projects	which	are	assumed	to	carry	a	similar	risk	of	

induced	seismicity.		
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5.1 Central	findings		

	

According	to	the	cost-benefit	analysis	within	the	technical	appraisal,	rather	large	towns	

or	cities	(10’000	or	100’000	residents)	combined	with	the	largest	considered	flow	rate	

(150	l/s)	are	most	profitable	from	the	private	perspective.	This	changes	with	the	social	

perspective	 which	 suggests	 a	 reasonable	 amount	 of	 heat	 sales	 thus	 proxy	 to	 some	

residents	(1’000	or	10’000)	combined	with	medium-	or	large-sized	EGS	(100	or	150	l/s)	

which	 limits	 potential	 damage	 due	 to	 induced	 seismicity	 but	 does	 not	 necessarily	

eliminate	it.	Siting	enhanced	geothermal	systems	in	remote	areas	is	less	favorable	from	

both	perspectives,	 even	 if	 expected	 induced	seismicity	damage	 is	 zero.	Of	 course,	 this	

changes	for	sensitivity	cases	where	no	induced	seismicity	is	to	be	expected.	Further,	the	

design	 of	 enhanced	 geothermal	 systems	 should	 aim	 at	 electricity	 production	 that	 is	

sufficient	to	compensate	for	high	upfront	investment	cost	while	considering	constraints	

of	 high	 auxiliary	 pump	 power	 consumption.	 The	 results	 of	 this	 cost-benefit	 analysis	

present	considerable	uncertainties	which	in	itself	can	be	a	risk	to	investors	and	society.			

	

When	respondents	evaluated	various	deep	geothermal	energy	scenarios	with	different	

heat	benefits	and	risks	of	induced	seismicity,	risk	of	induced	seismicity	had	the	largest	

effect	on	acceptance.	Accordingly,	respondents	accepted	deep	geothermal	energy	with	

low	induced	seismicity	risk,	this	corresponds	the	most	to	siting	deep	geothermal	energy	

in	rural	areas.	In	general,	respondents	preferred	high	benefits	of	deep	geothermal	energy	

scenarios	over	low	benefits.	However,	this	sensitivity	for	benefits	was	less	pronounced	

for	the	deep	geothermal	energy	scenarios	with	high	induced	seismicity	risks,	especially	

within	the	subgroup	of	German	women.	This	implies	that	compensatory	weighing	of	risks	

and	benefits	might	be	suspended	when	individuals	or	groups	perceive	risks	as	too	high,	

this	has	previously	been	described	in	literature	(Sjöberg,	2000a,	p.	353;	Wallquist	et	al.,	

2012).	The	most	preferred	scenarios	were	hence	siting	deep	geothermal	energy	in	rural	

areas	while	using	its	remaining	heat	for	industrial	application.		The	results	hold	across	

both	samples,	 in	Switzerland	and	 in	Germany,	while	German	responds	were	generally	

less	accepting	of	deep	geothermal	energy.	This	might	be	rooted	in	the	current	discourse	

in	 Germany	 where	 in	 some	 parts,	 deep	 geothermal	 energy	 is	 increasingly	 contested	
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(Kunze	and	Hertel,	2017).	Thus,	deep	geothermal	energy	acceptance	depends	upon	the	

siting,	the	configuration	and	the	context.	not	only	the	siting	and	configuration	are	decisive	

but	also	the	context.		

	

The	 risk	 communication	 study	shows	 that	respondents	 found	 the	 risk	 communication	

formats	 that	 included	 quantitative	 information	 or	 quantitative	 information	 and	 risk	

comparisons	 the	 easiest	 to	 understand,	 the	 most	 exact,	 and	 liked	 them	 the	 most.	

Disclosing	 uncertainty	made	 the	 risk	 communication	 less	 clear,	 more	 complicated	 to	

understand	 and	 increased	 concern.	 Importantly,	 trust	 in	 scientists	 did	 not	 when	

disclosing	uncertainty.	The	technology	framing	of	the	risk	communication	was	essential:	

respondents	 in	 the	 deep	 geothermal	 energy	 condition	 found	 the	 identical	 risk	

communication	more	trustworthy	and	less	concerning	than	respondents	in	the	shale	gas	

conditions.	Overall,	they	also	liked	the	risk	communication	more.	These	differences	might	

be	rooted	in	the	respondents’	overall	lower	acceptance	ratings	for	a	potential	shale	gas	

projects	than	for	a	potential	deep	geothermal	energy	project	in	their	vicinity.		
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5.2 Limitations		

	

This	 thesis’	 results	 are	 subject	 to	 limitations.	 These	 limitations	 arise	 from	 currently	

limited	scientific	experience	concerning	deep	geothermal	energy	and	associated	induced	

seismicity	 risks	 (Giardini,	 2009;	 Gischig,	 2015;	 Trutnevyte	 and	 Azevedo,	 2017;	

Trutnevyte	and	Wiemer,	2017),	as	well	as	from	operationalizing	the	research	objectives	

into	executable	studies.	One	such	limitation	is	of	geographic	nature	as	the	studies	were	

executed	 in	 Switzerland	 and	 partially	 in	 Germany	which	 should	 be	 considered	when	

generalizing	results.	Another	rather	generic	limitation	is	that	all	studies	were	based	on	

discrete	scenarios.	It	is	acknowledged	that	such	scenarios	represent	reality	merely	to	a	

limited	degree	and	that	further	nuances	can	be	explored.		

	

In	 particular,	 the	 technical	 appraisal	 is	 based	 on	 a	 purposeful	 but	 simplified	 techno-

economic	model	 of	 an	 enhanced	 geothermal	 system	 and	 its	 potential	 damage	 due	 to	

induced	 seismicity.	 Its	 integration	 into	 a	 residential	 environment	 disregards	 various	

aspect,	 such	 as	 differences	 between	 urban	 and	 rural	 housing	 structures	 and	 housing	

values,	 seasonal	 residential	 heat	 patterns,	 connection	 costs	 to	 the	 grid	 or	 completely	

different	 heat	 users	 such	 as	 industry	 or	 agriculture.	 The	 induced	 seismicity	 hazard	

assessment	refrains	from	spatially	varying	seismicity	and	had	to	rely	on	sparse	data,	this	

yields	significant	uncertainties.	This	could	be	troublesome	when	results	are	consulted	for	

informed	decision	making.	The	approach	of	the	overall	expected	damage	ratio	neglects	

smaller	 earthquakes	 and	 captures	 only	 structural	 damage.	 Because	 the	 technical	

appraisal	was	limited	to	residential	buildings,	no	critical	infrastructure	was	considered	

by	 the	 analysis.	 Also,	 the	 approach	 has	 not	 accounted	 for	 the	 possibility	 of	 covering	

potential	induced	seismicity	damage	by	insurance	and	that	society	might	not	necessarily	

monetize	the	damage	or	the	heat	benefit	as	assumed.	

	

Within	 the	 appraisal	 from	 the	 societal	 perspective,	 the	 second	 study	 investigated	

acceptance	of	deep	geothermal	energy	projects	with	emphasize	on	 induced	seismicity	

risk	and	heat	benefits	without	considering	other	crucial	factors	for	acceptance,	such	as	

procedural	fairness	or	stakeholder	engagement	(Huijts	et	al.,	2012;	Krütli	et	al.,	2012).	As	



118	

	

	

the	comparison	between	Swiss	and	German	respondents’	ratings	illustrates,	acceptance	

of	deep	geothermal	energy	is	highly	context	dependent	and	consequently	dynamic.	Thus,	

findings	of	this	study	are	rather	snapshots	of	the	current	societal	discourse	and	should	

not	readily	be	extrapolated	to	future	deep	geothermal	projects.	The	findings	are	further	

conditional	to	the	study’s	framing	of	the	various	scenarios.	Here,	the	scenarios	presented	

potential	damage	of	induced	seismicity	as	a	composite,	which	might	be	rather	complex	

for	 respondents.	 Also,	 the	 study	 asked	 respondents	 about	 fictional	 deep	 geothermal	

energy	scenarios.	Their	response	might	be	very	different	when	real	stakes	are	involved	

when	deep	geothermal	energy	projects	are	implemented.		

	

There	are	four	main	limitations	to	the	results	of	the	risk	communication	study.	First,	the	

study’s	 focus	 on	 induced	 seismicity	 risks	 does	 not	 necessarily	 reflect	 an	 ideal	 risk	

communication	 that	 is	 supposed	 to	 inform	 a	 more	 balanced	 understanding	 about	 a	

technology	and	its	risks.	This	focus	might	have	also	biased	the	respondents’	evaluation	of	

the	risk	communication	and	deep	geothermal	energy	itself.	Second,	the	risk	comparisons	

were	carefully	but	to	some	extent	arbitrarily	chosen.	This	could	have	led	to	unintended	

reactions	 from	respondents.	Third,	 the	 study	 tested	only	written	 risk	 communication,	

which	is	merely	one	out	of	many	possible	forms	of	communication.	And	fourth,	the	study	

tested	the	effect	of	 including	a	statement	of	uncertainty	but	did	not	expand	on	testing	

different	frames	of	uncertainty	which	could	have	led	to	deviating	responses	(Patt,	2007).		
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5.3 Implications	

	

Despite	the	thesis’	limitations,	the	appraisal	of	different	deep	geothermal	energy	siting	

options	has	implications	for	future	development	as	well	as	research.	When	it	comes	to	

siting	 strategies	 some	 boundary	 conditions	 can	 be	 summarized.	 On	 one	 hand,	 the	

technical	appraisal	suggests	that	siting	deep	geothermal	energy	in	remote	areas	is	not	

necessarily	the	most	beneficial	option,	neither	from	private	nor	from	social	perspectives.	

Rather,	deep	geothermal	energy	should	be	sited	where	a	significant	amount	of	heat	can	

be	sold	while	damage	due	to	induced	seismicity	is	limited	but	not	necessarily	avoided.	On	

the	other	hand,	appraisal	from	society’s	perspective	suggests	that	it	is	most	promising	to	

site	deep	geothermal	projects	away	from	populated	spaces	in	order	to	minimize	damage	

due	to	induced	seismicity.		

	

When	it	comes	to	realizing	a	concrete	deep	geothermal	energy	project,	deep	geothermal	

energy	 systems	 have	 to	 be	 carefully	 designed	 and	 optimized	 considering	 high	 initial	

investment	 costs	 as	well	 as	 substantial	 power	 demand	by	 auxiliary	 pumps.	 This	 is	 of	

course,	aggravated	by	uncertainty	that	present	itself	as	a	risk	to	investors	and	society.	

Further,	all	efforts	should	 focus	on	reducing	risk	of	 induced	seismicity	 this	 is	because	

perceived	 risk	 of	 induced	 seismicity	 was	 the	 most	 crucial	 factor	 for	 accepting	 deep	

geothermal	systems.	This	might	pose	a	 technical	 challenge	as	 induced	 seismicity	 is	 at	

times	used	as	a	 tool	 to	more	efficiently	 create	 the	subsurface	 reservoir	 (Gischig	et	 al.,	

2014).	Also,	at	a	certain	degree	of	perceived	risks,	the	public	shows	little	sensitivity	to	

benefits.	Thus,	potential	compensation	measures	that	are	discussed	for	other	renewable	

energy	 systems	 (Dreyer	 et	 al.,	 2017;	 Kerr	 et	 al.,	 2017;	 Klain	 et	 al.,	 2017;	 Tabi	 and	

Wüstenhagen,	2017;	Walker	et	al.,	2014)	and	might	not	be	effective	when	 it	 comes	to	

deep	 geothermal	 energy.	 Notably,	 the	 local	 context	 matters	 for	 deep	 geothermal	

acceptance	which	has	been	observed	before	(Manzella	et	al.,	2018).		

	

Also	pertaining	to	realization	of	deep	geothermal	projects,	risk	communication	 is	vital	

(Trutnevyte	and	Ejderyan,	2017).	The	 third	 study	 suggests	 the	use	of	 low-probability	

high-consequence	 risk	 communication	 with	 numbers	 and	 potentially	 using	 risk	
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comparisons.	Disclosing	uncertainty	and	expert	disagreement	is	a	balancing	act	between	

full	 transparency	 and	 evoking	 potentially	 disproportional	 concern.	 Noteworthy,	

disclosing	 uncertainty	 and	 expert	 disagreement	 did	 not	 reduce	 trust	 in	 scientist.	 The	

respondents	 reacted	 differently	 to	 the	 exact	 same	 risk	 information,	 be	 it	 for	 deep	

geothermal	energy	or	shale	gas.	This	shows	that	risk	communication	 is	highly	context	

dependent	and	 that	 communicators	should	pay	 close	attention	not	only	 to	 the	 careful	

wording	of	 the	risk	 information	but	also	to	establishing	 trust	with	 the	audience,	 their	

values	and	their	concerns.	
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5.4 Further	research		

	

The	present	thesis’	results	and	limitations	suggest	that	further	research	is	required.	In	

general,	the	risk	governance	framework	emphasizes	stakeholder	participation	and	this	

has	yet	 to	be	explored	for	deep	geothermal	energy	(Renn	et	al.,	2011;	Trutnevyte	and	

Ejderyan,	 2017).	 Transdisciplinary	 research	 seems	 to	 be	 the	 ideal	 testbed	 for	 such	

endeavor.	 Although	 no	 coherent	 definition	 of	 transdisciplinary	 exists,	 if	 emphasizes	

stakeholder	engagement	to		address	real-world	problems	often	within	but	not	limited	to	

the	 energy	 domain	 and	 has	 been	 suggested	 for	 deep	 geothermal	 energy	 in	 particular	

(Hirsch	Hadorn	et	al.,	2008;	Carola	Meller	et	al.,	2017;	Pohl	et	al.,	2017;	Spreng,	2014;	

Stauffacher	et	al.,	2012).		

	

In	 particular,	 four	 specific	 suggestions	 can	 be	 outlined.	 First,	 in	 order	 to	 enhance	

appraisal	for	siting	decisions	involving	deep	geothermal	energy,	uncertainty	from	cost-

benefits	 analysis	 needs	 to	 be	 reduced.	 This	 can	 be	 achieved	 by	 elaborating	 on	more	

aspects	 of	 the	 techno-economic	 model:	 the	 subsurface	 reservoir	 (Tomac	 and	 Sauter,	

2017),	the	heat	exchanger	above	ground	and	associated	costs,	as	well	as	on	the	induced	

seismicity	 model.	 There	 is	 also	 a	 need	 for	 more	 demonstration	 projects	 of	 deep	

geothermal	 energy	 to	 provide	 valuable	 data	 and	 expand	 experience,	 in	 particular	 for	

enhanced	geothermal	systems	(Purkus	and	Barth,	2011)	

	

Second,	 concerning	 society’s	 appraisal	 of	 deep	 geothermal	 systems,	 future	 research	

should	focus	on	how	to	alleviate	the	risk	of	induced	seismicity	be	it	by	developing	drilling	

and	stimulation	methods	that	minimize	the	risk	of	induced	seismicity	or	by	suggesting	

effective	mitigation	measures.	 Social	 scientific	 research	 should	 investigate	 how	 these	

mitigation	measures	are	perceived	by	the	public.	It	should	also	question	whether	there	is	

some	 acceptable	 level	 of	 induced	 seismicity	 risks	 at	 all	 or	whether	 the	 public	 prefers	

energy	portfolios	without	deep	geothermal	energy.			

	

Third,	 risks	 and	 uncertainties	 can	 be	 communicated	 in	 many	 different	 formats	 and	

framed	 differently.	 Potentially,	 visual	 communication	 of	 induced	 seismicity	 risks	 can	
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facilitate	understanding.	However,	the	effectiveness	of	such	visual	communication	should	

be	tested	as	exemplified	for	climate	projections	(McMahon	et	al.,	2015).	Also,	framing	of	

uncertainty	can	affect	how	it	is	perceived	(Patt,	2007).	Thus,	the	public's	reaction	to	more	

formats	for	communicating	uncertainty	of	induced	seismicity	should	be	tested.	Prior	to	

that,	careful	thinking	is	need		about	what	uncertainties	to	disclose	in	order	to	enhance	

decision	making	(Patt	and	Weber,	2014).	Moreover,	digitalization	opens	new	horizons	

for	more	interactive	communication	formats	which	should	be	looked	into	too.		

	

Ultimately,	the	risks	and	benefits	of	deep	geothermal	energy	should	be	appraised	with	

perspective	to	entire	energy	portfolios.	All	energy	technologies	carry	risks	and	energy	

strategies	 should	 reflect	 their	 potentially	 cumulative	 impact	with	 regards	 to	 benefits	

(Trutnevyte,	2014).	In	a	more	global	setting	with	various	renewable	energy	resources,	

the	public	might	trade-off	impacts	of	deep	geothermal	energy	differently	than	described	

within	this	thesis	which	is	worth	further	consideration	(Volken	et	al.,	2017a).		

	 	



123	

	

	

6 References		
Agemar,	T.,	Weber,	J.,	Schulz,	R.,	2014.	Deep	geothermal	energy	production	in	Germany.	

Energies	7,	4397–4416.	https://doi.org/10.3390/en7074397	

Alriksson,	S.,	Öberg,	T.,	2008.	Conjoint	analysis	 for	environmental	evaluation.	Environ.	

Sci.	Pollut.	Res.	15,	244–257.	https://doi.org/10.1065/espr2008.02.479	

ArcGIS,	 2016.	 Average	 household	 size	 in	 Switzerland	 [WWW	 Document].	 URL	

https://www.arcgis.com/home/item.html?id=604c7ff62f854d53b637f5313bab03

e8	(accessed	5.9.17).	

Atrens,	A.D.,	Gurgenci,	H.,	Rudolph,	V.,	2011.	Economic	optimization	of	a	CO2-based	EGS	

power	plant.	Energy	and	Fuels	25,	3765–3775.	https://doi.org/10.1021/ef200537n	

Atrens,	A.D.,	Gurgenci,	H.,	Rudolph,	V.,	2010.	Electricity	generation	using	a	carbon-dioxide	

thermosiphon.	 Geothermics	 39,	 161–169.	

https://doi.org/10.1016/j.geothermics.2010.03.001	

Aven,	T.,	Krohn,	B.S.,	2014.	A	new	perspective	on	how	to	understand,	assess	and	manage	

risk	 and	 the	 unforeseen.	 Reliab.	 Eng.	 Syst.	 Saf.	 121,	 1–10.	

https://doi.org/http://dx.doi.org/10.1016/j.ress.2013.07.005	

Bachmann,	 C.E.,	 Wiemer,	 S.,	 Woessner,	 J.,	 Hainzl,	 S.,	 2011.	 Statistical	 analysis	 of	 the	

induced	 Basel	 2006	 earthquake	 sequence:	 introducing	 a	 probability-based	

monitoring	approach	for	Enhanced	Geothermal	Systems.	Geophys.	J.	Int.	186,	793–

807.	https://doi.org/10.1111/j.1365-246X.2011.05068.x	

Backhaus,	 K.,	 2016.	 Multivariate	 Analysemethoden :	 eine	 anwendungsorientierte	

Einführung,	 14.	 Auflag.	 ed.	 Berlin,	 Heidelberg :	 Springer.	

https://doi.org/10.1007/978-3-662-46076-4	

Baisch,	S.,	Carbon,	D.,	Dannwolf,	U.,	Delacou,	B.,	Devaux,	M.,	Dunand,	F.,	Jung,	Re.,	Koller,	

M.,	Martin,	 C.,	 Sartori,	 M.,	 Secanell,	 R.,	 Vörös,	 R.,	 2009.	 Deep	 Heat	Mining	 Basel	 -	

Seismic	risk	analysis.	Technical	report	SERIANEX.	

Barbier,	E.,	2002.	Geothermal	energy	technology	and	current	status:	An	overview.	Renew.	

Sustain.	Energy	Rev.	6,	3–65.	https://doi.org/10.1016/S1364-0321(02)00002-3	

Batel,	S.,	Devine-Wright,	P.,	Tangeland,	T.,	2013.	Social	acceptance	of	low	carbon	energy	

and	 associated	 infrastructures:	 A	 critical	 discussion.	 Energy	 Policy	 58,	 1–5.	

https://doi.org/10.1016/j.enpol.2013.03.018	



124	

	

	

Bayrischer	Rundfunk,	2017.	Erdstoß	lässt	Wände	wackeln:	Erdbeben	in	Poing	so	stark	

wie	nie	 |	Oberbayern	 |	Nachrichten	 |	BR.de	[WWW	Document].	Nachrichten.	URL	

https://www.br.de/nachrichten/oberbayern/inhalt/erdbeben-in-poing-so-stark-

wie-nie-100.html	(accessed	3.13.18).	

Beckers,	K.F.,	Lukawski,	M.Z.,	Anderson,	B.J.,	Moore,	M.C.,	Tester,	J.W.,	2014a.	Levelized	

costs	of	electricity	and	direct-use	heat	from	Enhanced	Geothermal	Systems.	J.	Renew.	

Sustain.	Energy	6,	13141.	https://doi.org/10.1063/1.4865575	

Beckers,	K.F.,	Lukawski,	M.Z.,	Anderson,	B.J.,	Moore,	M.C.,	Tester,	J.W.,	2014b.	Levelized	

costs	 of	 electricity	 and	 direct-use	 heat	 from	 Enhanced	 Geothermal	 Systems:	

Supplement	material.	https://doi.org/10.1063/1.4865575	

Beerepoot,	M.,	2011.	Technology	roadmap	-	geothermal	heat	and	power,	 International	

Energy	Agency	(IEA).	https://doi.org/10.1787/9789264118485-en	

Bertani,	R.,	2016.	Geothermal	power	generation	in	the	world	2010-2014	update	report.	

Geothermics	60,	31–43.	https://doi.org/10.1016/j.geothermics.2015.11.003	

Bertani,	R.,	2012.	Geothermal	power	generation	in	the	world	2005-2010	update	report.	

Geothermics	41,	1–29.	https://doi.org/10.1016/j.geothermics.2011.10.001	

Bethmann,	F.,	Meier,	P.,	Zingg,	O.,	2015.	Seismic	risk	analysis	for	the	EGS	pilot-project	in	

the	 community	 of	 Haute-Sorne,	 Switzerland,	 in:	 Schatzalp	Workshop	 on	 Induced	

Seismicity.	Davos,	Switzerland.	

Bier,	V.M.,	2001.	On	the	state	of	the	art:	Risk	communication	to	the	public.	Reliab.	Eng.	

Syst.	Saf.	71,	139–150.	https://doi.org/10.1016/s0951-8320(00)00090-9	

Binder,	A.B.,	Cacciatore,	M.A.,	Scheufele,	D.A.,	Brossard,	D.,	2015.	The	role	of	news	media	

in	the	social	amplification	of	risk,	in:	Cho,	H.,	Reimer,	T.,	McComas,	K.A.	(Eds.),	The	

Sage	Handbook	of	Risk	Communication.	Thousand	Oaks:	Sage	Publications,	pp.	69–

85.	

Blok,	K.,	Nieuwlaar,	E.,	2017.	Economic	analysis	of	energy	technologies,	in:	Nieuwlaar,	E.	

(Ed.),	 Introduction	 to	 Energy	 Analysis.	 London,	 New	 York :	 Routledge,	 Taylor	 &	

Francis	Group,	earthscan	from	Routledge,	p.	xxv,	310	pages.	

Bodemer,	N.,	Gaissmaier,	W.,	2015.	Risk	Perception,	in:	Cho,	H.,	Reimer,	T.,	McComas,	K.A.	

(Eds.),	 The	 Sage	 Handbook	 of	 Risk	 Communication.	 Thousand	 Oaks:	 Sage	

Publications,	pp.	10–23.	



125	

	

	

Bommer,	J.J.,	Crowley,	H.,	Pinho,	R.,	2015.	A	risk-mitigation	approach	to	the	management	

of	 induced	 seismicity.	 J.	 Seismol.	 19,	 623–646.	 https://doi.org/10.1007/s10950-

015-9478-z	

Bommer,	J.J.,	Oates,	S.,	Cepeda,	J.M.,	Lindholm,	C.,	Bird,	J.,	Torres,	R.,	Marroquín,	G.,	Rivas,	

J.,	 2006.	 Control	 of	 hazard	 due	 to	 seismicity	 induced	 by	 a	 hot	 fractured	 rock	

geothermal	project.	Eng.	Geol.	83.	https://doi.org/10.1016/j.enggeo.2005.11.002	

Bortz,	J.,	1999.	Statistik	für	Sozialwissenschaftler	[Statistics	for	social	scientists],	5th	ed.	

Srpinger,	Berlin.	

Bostrom,	A.,	Anselin,	L.,	Farris,	J.,	2008.	Visualizing	seismic	risk	and	uncertainty.	Ann.	N.	

Y.	Acad.	Sci.	1128,	29–40.	https://doi.org/10.1196/annals.1399.005	

Bostrom,	 A.,	 Löfstedt,	 R.E.,	 2003.	 Communicating	 Risk:	Wireless	 and	 Hardwired.	 Risk	

Anal.	23,	241–248.	https://doi.org/10.1111/1539-6924.00304	

Botelho,	A.,	Lourenço-Gomes,	L.,	Pinto,	L.,	Sousa,	S.,	Valente,	M.,	2017.	Accounting	for	local	

impacts	of	photovoltaic	farms:	The	application	of	two	stated	preferences	approaches	

to	 a	 case-study	 in	 Portugal.	 Energy	 Policy	 109,	 191–198.	

https://doi.org/10.1016/j.enpol.2017.06.065	

Boudet,	H.,	 Clarke,	 C.,	 Bugden,	D.,	Maibach,	 E.,	 Roser-Renouf,	 C.,	 Leiserowitz,	 A.,	 2014.	

“Fracking”	 controversy	 and	 communication:	 Using	 national	 survey	 data	 to	

understand	 public	 perceptions	 of	 hydraulic	 fracturing.	 Energy	 Policy	 65,	 57–67.	

https://doi.org/http://dx.doi.org/10.1016/j.enpol.2013.10.017	

Breede,	K.,	Dzebisashvili,	K.,	Liu,	X.,	Falcone,	G.,	2013.	A	systematic	review	of	enhanced	

(or	engineered)	geothermal	systems:	past,	present	and	future.	Geotherm.	Energy	1,	

1–27.	https://doi.org/10.1186/2195-9706-1-4	

Brian,	 M.,	 Schneider,	 J.,	 2014.	 Planung,	 strategische	 Ausrichtung	 und	 Umsetzung	 von	

Kommunikationsmaßnahmen	durch	Projektbetreiber.	Freiburg,	Germany.	

Bronfman,	N.C.,	 Jiménez,	R.B.,	Arévalo,	P.C.,	Cifuentes,	L.A.,	2012.	Understanding	social	

acceptance	 of	 electricity	 generation	 sources.	 Energy	 Policy	 46,	 246–252.	

https://doi.org/10.1016/j.enpol.2012.03.057	

Bruine	 de	 Bruin,	 W.,	 Güvenc,	 Ü.,	 Fischhoff,	 B.,	 Armstrong,	 C.M.,	 Caruso,	 D.,	 2009.	

Communicating	 about	 xenotransplantation:	Models	 and	 Scenarios.	 Risk	 Anal.	 29,	

1105–1115.	https://doi.org/10.1111/j.1539-6924.2009.01241.x	



126	

	

	

Bruine	de	Bruin,	W.,	 Stone,	E.R.,	Gibson,	 J.M.,	 Fischbeck,	P.S.,	 Shoraka,	M.B.,	2013.	The	

effect	of	communication	design	and	recipients’	numeracy	on	responses	to	UXO	risk.	

J.	Risk	Res.	16,	981–1004.	https://doi.org/10.1080/13669877.2013.788055	

Bundesamt	 für	 Statistik	 [Swiss	Federal	 Statistical	Office],	 2015.	 Gebäude	 nach	Anzahl	

Wohnungen	 im	Gebäude	 [Buildings	by	number	of	dwellings	per	building]	 [WWW	

Document].	 URL	 https://www.bfs.admin.ch/bfs/de/home/statistiken/bau-

wohnungswesen.assetdetail.1641077.html	(accessed	5.9.17).	

Bundesanstalt	für	Geowissenschaften	und	Rohstoffe	[Federal	Office	for	geoscience	and	

resources],	2016.	Schieferöl	und	Schiefergas	in	Deutschland	[Shale	oil	and	shale	gas	

in	 Germany]	 [WWW	 Document].	 URL	

https://www.bgr.bund.de/DE/Themen/Energie/Downloads/Abschlussbericht_13

MB_Schieferoelgaspotenzial_Deutschland_2016.pdf?__blob=publicationFile&v=5	

(accessed	4.4.16).	

Bundesministerium	für	Wirtschaft	und	Energie,	2018.	Informationsportal	Erneuerbare	

Energien	 -	 Geothermie	 [WWW	 Document].	 URL	 http://www.erneuerbare-

energien.de/EE/Navigation/DE/Technologien/Geothermie/geothermie.html	

(accessed	3.14.18).	

Burgherr,	P.,	Hirschberg,	S.,	2014.	Comparative	risk	assessment	of	severe	accidents	in	the	

energy	 sector.	 Energy	 Policy	 74,	 S45–S56.	

https://doi.org/10.1016/j.enpol.2014.01.035	

Burgherr,	P.,	Hirschberg,	 S.,	 2008.	A	Comparative	Analysis	of	Accident	Risks	 in	Fossil,	

Hydro,	and	Nuclear	Energy	Chains.	Hum.	Ecol.	Risk	Assess.	An	Int.	 J.	14,	947–973.	

https://doi.org/10.1080/10807030802387556	

Burgherr,	P.,	Hirschberg,	S.,	Schenler,	W.,	Evans,	K.,	2015.	Introduction,	in:	Hirschberg,	S.,	

Wiemer,	 S.,	 Burgherr,	 P.	 (Eds.),	 Energy	 from	 the	 Earth	 Deep	 Geothermal	 as	 a	

Resource	 for	 the	 Future?	 TA	 Swiss	 Centre	 for	 Technology	 Assessment,	 Villingen,	

Switzerland,	pp.	1–24.	https://doi.org/10.3218/3655-8	

Buscheck,	 T.A.,	 Bielicki,	 J.M.,	 Edmunds,	 T.A.,	 Hao,	 Y.,	 Sun,	Y.,	 Randolph,	 J.B.,	 Saar,	M.O.,	

2016.	Multifluid	 geo-energy	 systems:	 Using	 geologic	 CO2	 storage	 for	 geothermal	

energy	production	and	grid-scale	energy	storage	in	sedimentary	basins.	Geosphere	

12,	678–696.	https://doi.org/10.1130/GES01207.1	



127	

	

	

Camerer,	C.F.,	Kunreuther,	H.,	1989.	Decision	processes	for	low	probability	events:	Policy	

implications.	J.	Policy	Anal.	Manag.	8,	565–592.	https://doi.org/10.2307/3325045	

Carr-Cornish,	 S.,	 Romanach,	 L.,	 2014.	 Differences	 in	 public	 perceptions	 of	 geothermal	

energy	 technology	 in	 Australia.	 Energies	 7,	 1555–1575.	

https://doi.org/10.3390/en7031555	

Chamorro,	C.R.,	García-Cuesta,	 J.L.,	Mondéjar,	M.E.,	Pérez-Madrazo,	A.,	 2014.	Enhanced	

geothermal	systems	in	Europe:	An	estimation	and	comparison	of	the	technical	and	

sustainable	 potentials.	 Energy	 65,	 250–263.	

https://doi.org/10.1016/j.energy.2013.11.078	

Chamorro,	 C.R.,	Mondéjar,	M.E.,	 Ramos,	 R.,	 Segovia,	 J.J.,	Martín,	M.C.,	 Villamañán,	M.A.,	

2012.	 World	 geothermal	 power	 production	 status:	 Energy,	 environmental	 and	

economic	 study	 of	 high	 enthalpy	 technologies.	 Energy	 42,	 10–18.	

https://doi.org/http://dx.doi.org/10.1016/j.energy.2011.06.005	

Clauser,	C.,	Ewert,	M.,	2017.	The	renewables	cost	challenge:	Levelized	cost	of	geothermal	

electric	 energy	 compared	 to	 other	 sources	 of	primary	 energy	 –	Review	 and	 case	

study.	 Renew.	 Sustain.	 Energy	 Rev.	 82,	 3683–3693.	

https://doi.org/10.1016/j.rser.2017.10.095	

Cohen,	J.J.,	Reichl,	J.,	Schmidthaler,	M.,	2014.	Re-focussing	research	efforts	on	the	public	

acceptance	 of	 energy	 infrastructure:	 A	 critical	 review.	 Energy	 76,	 4–9.	

https://doi.org/10.1016/j.energy.2013.12.056	

Corner,	A.,	Parkhill,	K.,	Pidgeon,	N.,	Vaughan,	N.E.,	2013.	Messing	with	nature?	Exploring	

public	perceptions	of	geoengineering	in	the	UK.	Glob.	Environ.	Chang.	23,	938–947.	

https://doi.org/10.1016/j.gloenvcha.2013.06.002	

Covello,	V.,	von	Winterfeldt,	D.,	Slovic,	P.,	1988.	Risk	communication,	in:	Travis,	C.	(Ed.),	

Carcinogen	 Risk	 Assessment.	 Springer	 US,	 Boston,	 MA,	 pp.	 193–207.	

https://doi.org/10.1007/978-1-4684-5484-0_15	

Covello,	V.T.,	1991.	Risk	comparisons	and	risk	communication:	Issues	and	problems	in	

comparing	health	and	environmental	risks,	in:	Kasperson,	R.E.,	Stallen,	P.J.M.	(Eds.),	

Communicating	 Risks	 to	 the	 Public:	 International	 Perspectives.	 Springer	

Netherlands,	 Dordrecht,	 pp.	 79–124.	 https://doi.org/10.1007/978-94-009-1952-

5_6	



128	

	

	

Cronbach,	L.J.,	1951.	Coefficient	alpha	and	the	internal	structure	of	tests.	Psychometrika	

16,	297–334.	https://doi.org/10.1007/BF02310555	

Daniilidis,	A.,	Alpsoy,	B.,	Herber,	R.,	2017.	Impact	of	technical	and	economic	uncertainties	

on	the	economic	performance	of	a	deep	geothermal	heat	system.	Renew.	Energy	114,	

805–816.	https://doi.org/10.1016/j.renene.2017.07.090	

Delina,	 L.,	 Janetos,	 A.,	 2017.	 Cosmopolitan,	 dynamic,	 and	 contested	 energy	 futures:	

Navigating	the	pluralities	and	polarities	in	the	energy	systems	of	tomorrow.	Energy	

Res.	Soc.	Sci.	0–1.	https://doi.org/10.1016/j.erss.2017.11.031	

Department	für	Inneres	und	Volkswirtschaft	Kanton	Thurgau	[Department	for	internal	

affairs	and	political	economicy	canton	Thurgau],	2009.	Geothermie	–	die	nachhaltige	

Energiequelle	 [Geothermal	 energy	 -	 the	 sustainable	 energy	 resource]	 [WWW	

Document].	URL	www.energie.tg.ch	(accessed	4.4.16).	

Department	 of	 Energy,	 2016.	 Geothermal	 Electricity	 Technology	 Evaluation	 Model	

[WWW	 Document].	 URL	 https://energy.gov/eere/geothermal/geothermal-

electricity-technology-evaluation-model	(accessed	6.6.17).	

Department	of	Energy	&	Climate	Change	(DECC),	2013.	Deep	geothermal	review	study.	

Final	report.	

Dermont,	C.,	Ingold,	K.,	Kammermann,	L.,	Stadelmann-Steffen,	I.,	2017.	Bringing	the	policy	

making	 perspective	 in:	 A	 political	 science	 approach	 to	 social	 acceptance.	 Energy	

Policy	108,	359–368.	https://doi.org/10.1016/j.enpol.2017.05.062	

DESTRESS,	2018.	Demonstration	of	soft	stimulation	treatments	of	geothermal	reservoirs:	

News	and	events	[WWW	Document].	URL	http://www.destress-h2020.eu/en/stay-

informed/news-and-events/#it_00019.xml	(accessed	3.9.18).	

Diakoulaki,	 D.,	 Karangelis,	 F.,	 2007.	 Multi-criteria	 decision	 analysis	 and	 cost-benefit	

analysis	of	alternative	scenarios	for	the	power	generation	sector	in	Greece.	Renew.	

Sustain.	Energy	Rev.	11,	716–727.	https://doi.org/10.1016/j.rser.2005.06.007	

DiPippo,	R.,	Renner,	J.L.,	2014.	Geothermal	Energy,	in:	Letcher,	T.M.	(Ed.),	Future	Energy	

(Second	 Edition).	 Elsevier,	 Boston,	 pp.	 471–492.	

https://doi.org/http://dx.doi.org/10.1016/B978-0-08-099424-6.00022-3	

Doubliet,	 P.,	 Begg,	 C.B.,	 Weinstein,	 M.C.,	 Braun,	 P.,	 Mcneil,	 B.J.,	 1985.	 Probabilistic	

sensitivity	 analysis	 using	 Monte	 Carlo	 Simulation.	 Med	 Decis	 Mak.	 5,	 157–177.	



129	

	

	

https://doi.org/10.1177/0272989X8500500205	

Dowd,	A.-M.,	Boughen,	N.,	Ashworth,	P.,	Carr-Cornish,	S.,	2011.	Geothermal	technology	in	

Australia:	 Investigating	 social	 acceptance.	 Energy	 Policy	 39,	 6301–6307.	

https://doi.org/10.1016/j.enpol.2011.07.029	

Dreyer,	 S.J.,	 Polis,	H.J.,	 Jenkins,	 L.D.,	 2017.	 Changing	Tides:	 Acceptability,	 support,	 and	

perceptions	 of	 tidal	 energy	 in	 the	 United	 States.	 Energy	 Res.	 Soc.	 Sci.	 29,	 72–83.	

https://doi.org/10.1016/j.erss.2017.04.013	

Dreze,	J.,	Stern,	N.,	1987.	The	theory	of	cost-benefit	analysis,	in:	Auerbach,	A.J.,	Feldstein,	

M.	(Eds.),	Handbook	of	Public	Economics.	Elsevier	SCience	Publishers	B.V.	

Dürrschmidt,	W.,	Böhme,	D.,	Hammer,	E.,	2011.	Erneuerbare	Energien:	Innovtionen	fuer	

eine	nachhaltige	Zukunft	[Renewable	energies:	innovations	for	a	sustainable	future].	

https://doi.org/10.1007/978-3-8348-9891-3_1	

Edenhofer,	O.,	Pichs-Madruga,	R.,	Sokona,	Y.,	Seyboth,	K.,	Eickemeier,	P.,	Matschoss,	P.,	

Hansen,	G.,	Kadner,	S.,	Schlömer,	S.,	Zwickel,	T.,	Stechow,	C.	Von,	2011.	Renewable	

Energy	 Sources	 and	 Climate	 Change	 Mitigation:	 IPCC	 Special	 Report,	 Cambridge	

University	Press.	https://doi.org/10.5860/CHOICE.49-6309	

Edwards,	 B.,	 Kraft,	 T.,	 Cauzzi,	 C.,	 Kastli,	 P.,	Wiemer,	 S.,	 2015.	 Seismic	monitoring	 and	

analysis	of	deep	geothermal	projects	in	St	Gallen	and	Basel,	Switzerland.	Geophys.	J.	

Int.	201,	1022–1039.	https://doi.org/10.1093/gji/ggv059	

Eidgenössisches	Departement	für	Umwelt,	Verkehr,	E.	und	K.,	2017.	Energie	sparen	und	

Effizienz	 erhöhen	 [WWW	 Document].	 URL	

https://www.uvek.admin.ch/uvek/de/home/energie/energiestrategie-

2050/energieeffizienz.html	(accessed	8.28.17).	

Ellsworth,	 W.L.,	 2013.	 Injection-induced	 earthquakes.	 Science.	 341.	

https://doi.org/10.1126/science.1225942	

Enerchange	 GmbH	 &	 Co.	 KG,	 2017.	 Bruchsal	 |	 Informationsportal	 Tiefe	 Geothermie	

[WWW	 Document].	 URL	 http://www.tiefegeothermie.de/projekte/bruchsal	

(accessed	4.6.17).	

Erev,	I.,	Cohen,	B.L.,	1990.	Verbal	versus	numerical	probabilities:	Efficiency,	biases,	and	

the	 preference	 paradox.	 Organ.	 Behav.	 Hum.	 Decis.	 Process.	 45,	 1–18.	

https://doi.org/10.1016/0749-5978(90)90002-Q	



130	

	

	

Esen,	H.,	Inalli,	M.,	Esen,	M.,	2007.	A	techno-economic	comparison	of	ground-coupled	and	

air-coupled	 heat	 pump	 system	 for	 space	 cooling.	 Build.	 Environ.	 42,	 1955–1965.	

https://doi.org/10.1016/j.buildenv.2006.04.007	

Esen,	H.,	 Inalli,	M.,	Esen,	M.,	2006.	Technoeconomic	appraisal	of	 a	 ground	source	heat	

pump	system	for	a	heating	season	 in	eastern	Turkey.	Energy	Convers.	Manag.	47,	

1281–1297.	https://doi.org/10.1016/j.enconman.2005.06.024	

Europäisches	Institut	für	Klima	und	Energie	[European	Institute	for	climate	and	energy],	

2010.	 Schiefergas	 als	 alternativer	 Energierohstoff	 –	 nur	 eine	 goldrauschähnliche	

Euphorie?	 [Shale	 gas	 as	 alternative	 resource	 -	 only	 a	 gold-rush-like	 euphoria]	

[WWW	 Document].	 URL	 http://www.eike-klima-energie.eu/climategate-

anzeige/schiefergas-als-alternativer-energierohstoff-nur-eine-

goldrauschaehnliche-euphorie/	(accessed	4.4.16).	

European	 Comission,	 2013.	 Attitudes	 of	 Europeans	 towards	 air	 quality,	 Flash	

Eurobarometer	360.	

European	 Commission,	 2014.	 Guide	 to	 cost-benefit	 analysis	 of	 investment	 projects:	

Economic	appraisal	 tool	 for	cohesion	policy	2014-2020,	Publications	Office	of	 the	

European	Union.	https://doi.org/10.2776/97516	

European	 Energy	 Exchange,	 2017.	 European	 Emission	 Allowances	 (EUA)	 [WWW	

Document].	 URL	 https://www.eex.com/en/market-data/environmental-

markets/spot-market/european-emission-allowances#!/2017/05/16	 (accessed	

5.16.17).	

European	 Energy	 Exchange	 AG,	 2017.	 Auction	 |	 EPEX	 Spot	 [WWW	 Document].	 URL	

https://www.eex.com/de/marktdaten/strom/spotmarkt/auktion#!/2017/06/14	

(accessed	6.14.17).	

Evans,	 A.,	 Strezov,	 V.,	 Evans,	 T.J.,	 2009.	 Assessment	 of	 sustainability	 indicators	 for	

renewable	 energy	 technologies.	 Renew.	 Sustain.	 Energy	 Rev.	 13,	 1082–1088.	

https://doi.org/10.1016/j.rser.2008.03.008	

Evans,	 J.R.,	 Mathur,	 A.,	 2005.	 The	 value	 of	 online	 surveys,	 Internet	 Research.	

https://doi.org/10.1108/10662240510590360	

Evans,	K.,	2015.	Motivation	of	geothermal	energy	development	in	Switzerland.	

Evans,	K.F.,	Zappone,	A.,	Kraft,	T.,	Deichmann,	N.,	Moia,	F.,	2012.	A	survey	of	the	induced	



131	

	

	

seismic	 responses	 to	 fluid	 injection	 in	 geothermal	 and	 CO2	 reservoirs	 in	 Europe.	

Geothermics	41,	30–54.	https://doi.org/10.1016/j.geothermics.2011.08.002	

Fagerlin,	A.,	Zikmund-Fisher,	B.J.,	Ubel,	P.A.,	Jankovic,	A.,	Derry,	H.A.,	Smith,	D.M.,	2007.	

Measuring	numeracy	without	a	Math	test:	Development	of	the	subjective	numeracy	

scale.	Med.	Decis.	Mak.	27,	672–680.	https://doi.org/10.1177/0272989x07304449	

Fäh,	 D.,	 Giardini,	 D.,	 Bay,	 F.,	 Bernardi,	 F.,	 Braunmiller,	 J.,	 Deichmann,	 N.,	 Furrer,	 M.,	

Gantner,	L.,	Gisler,	M.,	Isenegger,	D.,	Jimenez,	M.J.,	Kastli,	P.,	Koglin,	R.,	Masciadri,	V.,	

Rutz,	M.,	Scheidegger,	C.,	Schibler,	R.,	Schorlemmer,	D.,	Schwarz-Zanetti,	G.,	Steimen,	

S.,	Sellami,	S.,	Wiemer,	S.,	Wossner,	 J.,	2003.	Earthquake	Catalogue	Of	Switzerland	

(ECOS)	 and	 the	 related	macroseismic	 database.	 Eclogae	 Geol.	 Helv.	 96,	 219–236.	

https://doi.org/10.1007/s00015-003-1087-0	

Fäh,	D.,	Kind,	F.,	Lang,	K.,	Giardini,	D.,	2001.	Earthquake	scenarios	for	the	city	of	Basel.	Soil	

Dyn.	Earthq.	Eng.	21,	405–413.	https://doi.org/10.1016/S0267-7261(01)00023-9	

Fischhoff,	 B.,	 2015.	 The	 realities	 of	 risk-cost-benefit	 analysis.	 Science.	 350,	 527–534.	

https://doi.org/10.1126/science.aaa6516	

Fischhoff,	B.,	2013.	The	sciences	of	science	communication.	Proc.	Natl.	Acad.	Sci.	United	

States	Am.	110	Suppl,	14033–14039.	https://doi.org/10.1073/pnas.1213273110	

Fischhoff,	B.,	1995.	Risk	perception	and	communication	unplugged:	20	years	of	process.	

Risk	Anal.	15,	137–145.	https://doi.org/10.1111/j.1539-6924.1995.tb00308.x	

Fischhoff,	 B.,	 Brewer,	 N.T.,	 Downs,	 J.S.,	 2011.	 Communicating	 risks	 and	 benefits:	 An	

evidence-based	user’s	guide.	Food	and	Drug	Administration	(FDA),	US	Department	

of	Health	and	Human	Services.	

Fischhoff,	B.,	Davis,	A.L.,	2014.	Communicating	scientific	uncertainty.	Proc.	Natl.	Acad.	Sci.	

United	States	Am.	111,	13664–13671.	https://doi.org/10.1073/pnas.1317504111	

Franco,	 A.,	 Vaccaro,	 M.,	 2014.	 A	 combined	 energetic	 and	 economic	 approach	 for	 the	

sustainable	 design	 of	 geothermal	 plants.	 Energy	 Convers.	 Manag.	 87,	 735–745.	

https://doi.org/10.1016/j.enconman.2014.07.073	

Franco,	 A.,	 Villani,	 M.,	 2009.	 Optimal	 design	 of	 binary	 cycle	 power	 plants	 for	 water-

dominated,	 medium-temperature	 geothermal	 fields.	 Geothermics	 38,	 379–391.	

https://doi.org/10.1016/j.geothermics.2009.08.001	

Frewer,	L.,	2004.	The	public	and	effective	risk	communication.	Toxicol.	Lett.	149,	391–



132	

	

	

397.	https://doi.org/http://dx.doi.org/10.1016/j.toxlet.2003.12.049	

Frick,	S.,	Kaltschmitt,	M.,	Schröder,	G.,	2010a.	Life	cycle	assessment	of	geothermal	binary	

power	plants	using	enhanced	low-temperature	reservoirs.	Energy	35,	2281–2294.	

https://doi.org/10.1016/j.energy.2010.02.016	

Frick,	 S.,	 Wees,	 J.D.	 Van,	 Kaltschmitt,	 M.,	 Schr,	 G.,	 2010b.	 Economic	 performance	 and	

environmental	 assessment,	 in:	 Geothermal	 Energy	 Systems:	 Exploration,	

Development,	and	Utilization.	https://doi.org/10.1002/9783527630479.ch7	

García,	J.H.,	Cherry,	T.L.,	Kallbekken,	S.,	Torvanger,	A.,	2016.	Willingness	to	accept	local	

wind	 energy	 development:	 Does	 the	 compensation	 mechanism	 matter?	 Energy	

Policy	99,	165–173.	https://doi.org/10.1016/j.enpol.2016.09.046	

Gasman,	E.A.,	Morgan,	M.G.,	Dowlatabadi,	H.,	1999.	Mixed	levels	of	uncertainty	in	complex	

policy	models.	Risk	Anal.	19,	33–42.	https://doi.org/10.1023/A:1006950109424	

Gaucher,	E.,	Schoenball,	M.,	Heidbach,	O.,	Zang,	A.,	Fokker,	P.A.,	Van	Wees,	J.D.,	Kohl,	T.,	

2015.	 Induced	 seismicity	 in	 geothermal	 reservoirs:	 A	 review	 of	 forecasting	

approaches.	 Renew.	 Sustain.	 Energy	 Rev.	 52,	 1473–1490.	

https://doi.org/10.1016/j.rser.2015.08.026	

Gemeindewerke	 Holzkirchen	 GmbH,	 2017.	 Geothermie	 [WWW	 Document].	 URL	

https://www.gw-holzkirchen.de/cms/Geothermie/Geothermie.html	 (accessed	

4.6.17).	

Geo-Energie	 Suisse	 AG,	 2015.	 Geothermie	 für	 die	 Zukunft	 der	 Energieversorgung	

[Geothermal	 energy	 for	 the	 future	 energy	 supply]	 [WWW	 Document].	 URL	

http://www.geo-energie.ch/de/	(accessed	1.20.16).	

Geothermie	Unterhaching	GmbH	&	Co	KG,	2016.	Datenblatt:	Geothermie	Unterhaching	

[WWW	Document].	

Gerber,	L.,	Maréchal,	F.,	2012a.	Environomic	optimal	configurations	of	geothermal	energy	

conversion	systems:	Application	to	the	future	construction	of	Enhanced	Geothermal	

Systems	 in	 Switzerland.	 Energy	 45,	 908–923.	

https://doi.org/http://dx.doi.org/10.1016/j.energy.2012.06.068	

Gerber,	L.,	Maréchal,	F.,	2012b.	Defining	optimal	configurations	of	geothermal	systems	

using	process	design	and	process	integration	techniques.	Appl.	Therm.	Eng.	43,	29–

41.	https://doi.org/http://dx.doi.org/10.1016/j.applthermaleng.2011.11.033	



133	

	

	

Giardini,	D.,	2009.	Geothermal	quake	risks	must	be	faced.	Nature	462,	848–849.	

Gibson,	 J.M.,	 Rowe,	 A.,	 Stone,	 E.R.,	 de	 Bruin,	W.B.,	 2013.	 Communicating	 quantitative	

information	about	unexploded	ordnance	risks	to	the	public.	Environ.	Sci.	Technol.	

47,	4004–4013.	https://doi.org/10.1021/es305254j	

Gigerenzer,	G.,	Hertwig,	R.,	Broek,	E.	Van	Den,	Fasolo,	B.,	Katsikopoulos,	K.	V,	2005.	“A	

30%	 chance	 of	 rain	 tomorrow”:	 How	 does	 the	 public	 understand	 probabilistic	

weather	 forecasts?	 Risk	 Anal.	 25,	 623–629.	 https://doi.org/10.1111/j.1539-

6924.2005.00608.x	

Girardin,	L.,	Marechal,	F.,	Dubuis,	M.,	Calame-darbellay,	N.,	Favrat,	D.,	2010.	EnerGis :	A	

geographical	 information	 based	 system	 for	 the	 evaluation	 of	 integrated	 energy	

conversion	 systems	 in	 urban	 areas	 35,	 830–840.	

https://doi.org/10.1016/j.energy.2009.08.018	

Gischig,	V.,	Wiemer,	S.,	Alcolea,	A.,	2014.	Balancing	reservoir	creation	and	seismic	hazard	

in	 enhanced	 geothermal	 systems.	 Geophys.	 J.	 Int.	 198,	 1585–1598.	

https://doi.org/10.1093/gji/ggu221	

Gischig,	V.S.,	2015.	Rupture	propagation	behavior	and	the	 largest	possible	earthquake	

induced	by	fluid	injection	into	deep	reservoirs.	Geophys.	Res.	Lett.	42,	7420–7428.	

https://doi.org/10.1002/2015GL065072	

Gluckman,	P.,	2014.	The	art	of	science	advice	to	government.	Nature	507,	163–165.	

Goldstein,	 B.,	 Hiriart,	 G.,	 Bertani,	 R.,	 Bromley,	 C.,	 Gutiérrez-Negrín,	 L.,	 Huenges,	 E.,	

Muraoka,	 H.,	 Ragnarsson,	 A.,	 Tester,	 J.,	 Zui,	 V.,	 2011.	 Geothermal	 energy,	 in:	

Edenhofer,	O.,	Pichs-Madruga,	R.,	Sokona,	Y.,	Seyboth,	K.,	Matschoss,	P.,	Kadner,	S.,	

Zwickel,	 T.,	 Eickemeier,	 P.,	 Hansen,	 G.,	 Schlömer,	 S.,	 von	 Stechow,	 C.	 (Eds.),	 IPCC	

Special	 Report	 on	 Renewable	 Energy	 Sources	 and	 Climate	 Change	 Mitigation.	

Cambridge	University	Press,	Cambridge,	United	Kingdom	and	New	York,	NY,	USA,	

pp.	401–436.	

Grigoli,	F.,	Cesca,	S.,	Priolo,	E.,	Rinaldi,	A.P.,	Clinton,	J.F.,	Stabile,	T.A.,	Dost,	B.,	Fernandez,	

M.G.,	Wiemer,	S.,	Dahm,	T.,	2017.	Current	challenges	in	monitoring,	discrimination,	

and	management	of	induced	seismicity	related	to	underground	industrial	activities:	

A	European	perspective.	Rev.	Geophys.	https://doi.org/10.1002/2016RG000542	

Grigoli,	F.,	Cesca,	S.,	Rinaldi,	A.P.,	Manconi,	A.,	López-Comino,	J.A.,	Clinton,	J.F.,	Westaway,	



134	

	

	

R.,	Cauzzi,	C.,	Dahm,	T.,	Wiemer,	S.,	2018.	The	November	2017	<em>M</em>w	5.5	

Pohang	earthquake:	A	possible	case	of	induced	seismicity	in	South	Korea.	Science.	

Groos,	J.C.,	Grund,	M.,	Ritter,	J.R.R.,	2012.	Automated	detection	of	microseismic	events	in	

the	Upper	Rhine	valley	near	the	city	of	Landau/South	Palatinate.	Geophys	Res	Abstr.	

14.	

Gross,	M.,	2013.	Old	science	 fiction,	new	inspiration:	Communicating	unknowns	 in	the	

utilization	 of	 geothermal	 energy.	 Sci.	 Commun.	 35,	 810–818.	

https://doi.org/10.1177/1075547012469184	

Gurmankin,	A.D.,	Baron,	 J.,	Annstrong,	K.,	2004a.	The	effect	of	numerical	statements	of	

risk	 on	 trust	 and	 comfort	with	 hypothetical	 physician	 risk	 communication.	Med.	

Decis.	Mak.	24,	265–271.	https://doi.org/10.1177/0272989x04265482	

Gurmankin,	 A.D.,	 Baron,	 J.,	 Armstrong,	 K.,	 2004b.	 Intended	 message	 versus	 message	

received	 in	 hypothetical	 physician	 risk	 communications:	 Exploring	 the	 gap.	 Risk	

Anal.	24,	1337–1347.	https://doi.org/10.1111/j.0272-4332.2004.00530.x	

Gustafson,	 P.E.,	 1998.	 Gender	 differences	 in	 risk	 perception:	 theoretical	 and	

methodological	 perspectives.	 Risk	 Anal.	 18,	 805–811.	

https://doi.org/10.1111/j.1539-6924.1998.tb01123.x	

Hainmueller,	 J.,	 Hangartner,	 D.,	 Yamamoto,	 T.,	 2015.	 Validating	 vignette	 and	 conjoint	

survey	experiments	against	real-world	behavior.	Proc.	Natl.	Acad.	Sci.	U.	S.	A.	112,	

2395–2400.	https://doi.org/10.1073/pnas.1416587112	

Hainmueller,	J.,	Hopkins,	D.J.,	Yamamoto,	T.,	2014.	Causal	inference	in	conjoint	analysis:	

Understanding	multidimensional	choices	via	stated	preference	experiments.	Polit.	

Anal.	22,	1–30.	https://doi.org/10.1093/pan/mpt024	

Heidinger,	P.,	2010.	Integral	modeling	and	financial	impact	of	the	geothermal	situation	

and	 power	 plant	 at	 Soultz-sous-Forêts.	 Comptes	 Rendus	 Geosci.	 342,	 626–635.	

https://doi.org/http://dx.doi.org/10.1016/j.crte.2009.10.010	

Held,	 S.,	 Genter,	 A.,	 Kohl,	 T.,	 Kölbel,	 T.,	 Sausse,	 J.,	 Schoenball,	 M.,	 2014.	 Geothermics	

economic	 evaluation	 of	 geothermal	 reservoir	 performance	 through	modeling	 the	

complexity	of	 the	operating	EGS	 in	Soultz-sous-Forêts.	Geothermics	51,	270–280.	

https://doi.org/10.1016/j.geothermics.2014.01.016	

Henrich,	 L.,	 McClure,	 J.,	 Crozier,	 M.,	 2015.	 Effects	 of	 risk	 framing	 on	 earthquake	 risk	



135	

	

	

perception:	Life-time	frequencies	enhance	recognition	of	the	risk.	Int.	J.	Disaster	Risk	

Reduct.	13,	145–150.	https://doi.org/10.1016/j.ijdrr.2015.05.003	

Hirsch	Hadorn,	G.,	Biber-Klemm,	S.,	Grossenbacher-Mansuy,	W.,	Hoffmann-Riem,	H.,	Joye,	

D.,	Pohl,	C.,	Wiesmann,	U.,	Zemp,	E.,	2008.	The	Emergence	of	Transdisciplinarity	as	a	

Form	of	Research,	 in:	Hirsch	Hadorn,	G.,	Biber-Klemm,	S.,	Grossenbacher-Mansuy,	

W.,	Hoffmann-Riem,	H.,	Joye,	D.,	Pohl,	C.,	Wiesmann,	U.,	Zemp,	E.	(Eds.),	Handbook	of	

Transdisciplinary	Research.	Springer,	pp.	19–42.	

Hirschberg,	S.,	Wiemer,	S.,	Burgherr,	P.,	2015.	Energy	from	the	Earth-	Deep	Geothermal	

as	a	Resource	for	the	future?,	TA	Swiss.	TA	Swiss	Centre	for	Technology	Assessment.	

https://doi.org/10.3218/3655-8	

Hoşgör,	E.,	Apt,	J.,	Fischhoff,	B.,	2013.	Incorporating	seismic	concerns	in	site	selection	for	

enhanced	 geothermal	 power	 generation.	 J.	 Risk	 Res.	 16,	 1021–1036.	

https://doi.org/10.1080/13669877.2013.788058	

House,	L.,	Lusk,	J.,	Jaeger,	S.,	Traill,	W.B.,	Moore,	M.,	Valli,	C.,	Morrow,	B.,	Yee,	W.M.S.,	2004.	

Objective	and	subjective	knowledge:	Impacts	on	consumer	demand	for	genetically	

modified	foods	in	the	United	States	and	the	European	Union.	AgBioForum	7,	113–

123.	

Howarth,	 R.W.,	 Ingraffea,	 A.,	 Engelder,	 T.,	 2011a.	 Natural	 gas:	 Should	 fracking	 stop?	

Nature	477,	271–275.	

Howarth,	 R.W.,	 Santoro,	 R.,	 Ingraffea,	 A.,	 2011b.	 Methane	 and	 the	 greenhouse-gas	

footprint	 of	 natural	 gas	 from	 shale	 formations.	 Clim.	 Change	 106,	 679–690.	

https://doi.org/10.1007/s10584-011-0061-5	

Huijts,	N.M.A.,	Molin,	E.J.E.,	Steg,	L.,	2012.	Psychological	 factors	 influencing	sustainable	

energy	technology	acceptance:	A	review-based	comprehensive	framework.	Renew.	

Sustain.	 Energy	 Rev.	 16,	 525–531.	

https://doi.org/http://dx.doi.org/10.1016/j.rser.2011.08.018	

Institut	 Wohnen	 und	 Umwelt,	 2014.	 Kumulierter	 Energieaufwand	 und	 CO	 2	 -

Emissionsfaktoren	 verschiedener	 Energieträger	 und	 –versorgungen	 [WWW	

Document].	 URL	

http://www.iwu.de/fileadmin/user_upload/dateien/energie/werkzeuge/kea.pdf	

(accessed	6.6.17).	



136	

	

	

Intergovernmental	Panel	on	Climate	Change	 (IPCC),	2007.	Fourth	Assessment	Report:	

Climate	Change	2007.	Cambridge	University	Press,	Cambridge,	UK.	

International	 Energy	 Agency,	 2018.	 Energy	 security	 [WWW	 Document].	 URL	

https://www.iea.org/topics/energysecurity/	(accessed	3.14.18).	

International	 Energy	Agency,	 2008.	 Renewable	 Energy	 Costs	 and	Benefits	 for	 Society,	

Renewable	Energy	Costs	and	Benefits	for	Society	(RECaBS).	

International	 Renewable	 Energy	 Agency,	 2017.	 Data	 and	 Statistics	 -	 IRENA	 Resource	

[WWW	 Document].	 URL	

http://resourceirena.irena.org/gateway/dashboard/?topic=4&subTopic=16	

(accessed	3.5.18).	

International	Risk	Governance	Council	 (IRGC),	2005.	White	Paper	on	risk	governance:	

Towards	an	integrative	approach.	Geneva.	

IRGC,	2017.	Introduction	to	the	IRGC	Risk	Governance	Framework:	Revised	Version.	

Israel,	A.L.,	Wong-Parodi,	G.,	Webler,	T.,	Stern,	P.C.,	2015.	Eliciting	public	concerns	about	

an	emerging	energy	technology:	The	case	of	unconventional	shale	gas	development	

in	 the	 United	 States.	 Energy	 Res.	 Soc.	 Sci.	 8,	 139–150.	

https://doi.org/http://dx.doi.org/10.1016/j.erss.2015.05.002	

Jiang,	F.,	Chen,	J.,	Huang,	W.,	Luo,	L.,	2014.	A	three-dimensional	transient	model	for	EGS	

subsurface	 thermo-hydraulic	 process.	 Energy	 72,	 300–310.	

https://doi.org/10.1016/j.energy.2014.05.038	

Jones,	C.R.,	Richard	Eiser,	J.,	2010.	Understanding	“local”	opposition	to	wind	development	

in	 the	 UK:	 How	 big	 is	 a	 backyard?	 Energy	 Policy	 38,	 3106–3117.	

https://doi.org/10.1016/j.enpol.2010.01.051	

Kannan,	R.,	Turton,	H.,	2011.	Documentation	on	 the	Development	of	 the	Swiss	TIMES	

Electricity	Model	(STEM-E).	

Karvounis,	 D.,	 2015.	 Induced	 seismicity	 during	 hydraulic	 stimulation	 of	 geothermal	

reservoirs,	in:	Swiss	Seismological	Service.	Zurich,	Switzerland.	

Kasperson,	R.E.,	Renn,	O.,	Slovic,	P.,	Brown,	H.S.,	Emel,	J.,	Goble,	R.,	Kasperson,	J.X.,	Ratick,	

S.,	1988.	The	social	amplification	of	risk:	A	conceptual	framework.	Risk	Anal.	8,	177–

187.	

KBB	Underground	Technologies,	2016.	Geothermie:	Zuverlässige	Energie	aus	den	Tiefen	



137	

	

	

unserer	Erde	[Geothermal	energy:	Reliable	energy	from	our	Earth’s	depths]	[WWW	

Document].	 URL	 http://www.kbbnet.de/fachbereiche/geothermie/	 (accessed	

4.4.16).	

Keller,	 C.,	 Siegrist,	M.,	 2009.	 Effect	 of	 risk	 communication	 formats	 on	 risk	 perception	

depending	 on	 numeracy.	 Med.	 Decis.	 Mak.	 29,	 483–490.	

https://doi.org/10.1177/0272989X09333122	

Keranen,	 K.M.,	 Savage,	 H.M.,	 Abers,	 G.A.,	 Cochran,	 E.S.,	 2013.	 Potentially	 induced	

earthquakes	in	Oklahoma,	USA:	Links	between	wastewater	injection	and	the	2011	

Mw5.7	 earthquake	 sequence.	 Geology	 41,	 699–702.	

https://doi.org/10.1130/G34045.1	

Keranen,	K.M.,	Weingarten,	M.,	Abers,	G.A.,	Bekins,	B.A.,	Ge,	S.,	2014.	Sharp	 increase	 in	

central	Oklahoma	seismicity	since	2008	induced	by	massive	wastewater	injection.	

Science.	345,	448	LP-451.	

Kerr,	 S.,	 Johnson,	K.,	Weir,	 S.,	 2017.	Understanding	 community	benefit	payments	 from	

renewable	 energy	 development.	 Energy	 Policy	 105,	 202–211.	

https://doi.org/10.1016/j.enpol.2017.02.034	

Király-Proag,	 E.,	 Zechar,	 J.D.,	 Gischig,	 V.,	 Wiemer,	 S.,	 Karvounis,	 D.,	 Doetsch,	 J.,	 2016.	

Validating	 induced	seismicity	 forecast	models	 -	 Induced	 Seismicity	 Test	 Bench.	 J.	

Geophys.	Res.	Solid	Earth	1–21.	https://doi.org/10.1002/2016JB013236	

Kiureghian,	A.	Der,	Ditlevsen,	O.,	2009.	Aleatory	or	epistemic?	Does	it	matter?	Struct.	Saf.	

31,	105–112.	https://doi.org/http://dx.doi.org/10.1016/j.strusafe.2008.06.020	

Klain,	S.C.,	Satterfield,	T.,	MacDonald,	S.,	Battista,	N.,	Chan,	K.M.A.,	2017.	Will	communities	

“open-up”	 to	 offshore	 wind?	 Lessons	 learned	 from	 New	 England	 islands	 in	 the	

United	 States.	 Energy	 Res.	 Soc.	 Sci.	 34,	 13–26.	

https://doi.org/10.1016/j.erss.2017.05.009	

Klinke,	 A.,	 Renn,	O.,	 2010.	 Risk	Governance:	 Contemporary	 and	 Future	 Challenges,	 in:	

Regulating	 Chemical	 Risks:	 European	 and	 Global	 Challenges.	 pp.	 9–27.	

https://doi.org/10.1007/978-90-481-9428-5_2	

Knight,	F.H.,	2009.	Risk,	uncertainty,	and	profit.	Dodo	Press.	

Knoblauch,	T.A.K.,	Stauffacher,	M.,	Trutnevyte,	E.,	2017.	Communicating	low-probability	

high-consequence	 risk,	 uncertainty	 and	 expert	 confidence:	 Induced	 seismicity	 of	



138	

	

	

deep	 geothermal	 energy	 and	 shale	 gas.	 Risk	 Anal.	

https://doi.org/10.1111/risa.12872	

Knoblauch,	T.A.K.,	Trutnevyte,	E.,	2017.	Siting	enhanced	geothermal	systems	(EGS):	Heat	

benefits	versus	induced	seismicity	risks	from	an	investor	and	societal	perspective.	

under	Rev.	

Kraft,	T.,	Mai,	P.M.,	Wiemer,	S.,	Deichmann,	N.,	Ripperger,	J.,	Kästli,	P.,	Bachmann,	C.,	Fäh,	

D.,	Wössner,	J.,	Giardini,	D.,	2009.	Enhanced	Geothermal	Systems:	Mitigating	Risk	in	

Urban	 Areas.	 Eos,	 Trans.	 Am.	 Geophys.	 Union	 90,	 273–274.	

https://doi.org/10.1029/2009EO320001	

Kreuter,	H.,	2011.	Deep	geothermal	projects	in	Germany	-	status	and	future	development	

[WWW	 Document].	 Ger.	 Fed.	 Minist.	 Econ.	 Technol.	 URL	

http://www.renewablesb2b.com/data/shared/GEO_PPT_Kreuter.pdf	 (accessed	

5.12.16).	

Krütli,	 P.,	 Stauffacher,	 M.,	 Flüeler,	 T.,	 Scholz,	 R.W.,	 2010.	 Functional-dynamic	 public	

participation	 in	technological	decision-making:	Site	selection	processes	of	nuclear	

waste	 repositories.	 J.	 Risk	 Res.	 13,	 861–875.	

https://doi.org/10.1080/13669871003703252	

Krütli,	P.,	 Stauffacher,	M.,	Pedolin,	D.,	Moser,	C.,	 Scholz,	R.,	 2012.	The	process	matters:	

Fairness	 in	 repository	 siting	 for	 nuclear	 waste.	 Soc.	 Justice	 Res.	 25,	 79–101.	

https://doi.org/10.1007/s11211-012-0147-x	

Kuhn,	K.M.,	2000.	Message	format	and	audience	values:	Interactive	effects	of	uncertainty	

information	and	environmental	attitudes	on	perceived	risk.	J.	Environ.	Psychol.	20,	

41–51.	https://doi.org/10.1006/jevp.1999.0145	

Kunreuther,	H.,	Novemsky,	N.,	Kahneman,	D.,	 2001.	Making	 low	probabilities	useful.	 J.	

Risk	Uncertain.	23,	103–120.	https://doi.org/10.1023/A:1011111601406	

Kunze,	 C.,	 Hertel,	 M.,	 2017.	 Contested	 deep	 geothermal	 energy	 in	 Germany—The	

emergence	of	an	environmental	protest	movement.	Energy	Res.	Soc.	Sci.	27,	174–

180.	https://doi.org/10.1016/j.erss.2016.11.007	

Kwiatek,	 G.,	Martínez-Garzõn,	 P.,	 Dresen,	 G.,	 Bohnhoff,	M.,	 Sone,	H.,	Hartline,	 C.,	 2015.	

Effects	of	long-term	fluid	injection	on	induced	seismicity	parameters	and	maximum	

magnitude	in	northwestern	part	of	the	Geysers	geothermal	field.	J.	Geophys.	Res.	B	



139	

	

	

Solid	Earth	120,	7085–7101.	https://doi.org/10.1002/2015JB012362	

L’Orange	Seigo,	S.,	Dohle,	S.,	Siegrist,	M.,	2014.	Public	perception	of	carbon	capture	and	

storage	 (CCS):	 A	 review.	 Renew.	 Sustain.	 Energy	 Rev.	 38,	 848–863.	

https://doi.org/10.1016/j.rser.2014.07.017	

Lacirignola,	M.,	 Blanc,	 I.,	 2012.	 Environmental	 analysis	 of	 practical	 design	 options	 for	

enhanced	geothermal	systems	(EGS)	through	life-cycle	assessment.	Renew	Energy	

50,	901–914.	https://doi.org/10.1016/j.renene.2012.08.005	

Lacirignola,	M.,	Meany,	B.,	Padey,	P.,	Blanc,	I.,	2014.	A	simplified	model	for	the	estimation	

of	life-cycle	greenhouse	gas	emissions	of	enhanced	geothermal	systems.	Geotherm.	

Energy	2,	8.	https://doi.org/10.1186/s40517-014-0008-y	

Langenbruch,	 C.,	 Shapiro,	 S.A.,	 2010.	 Decay	 rate	 of	 fluid-induced	 seismicity	 after	

termination	 of	 reservoir	 stimulations.	 Geophysics	 75,	 MA53-MA62.	

https://doi.org/10.1190/1.3506005	

Leucht,	 M.,	 2012.	 Evaluation	 der	 Öffentlichkeitsarbeit	 für	 Geothermieprojekte	 in	

Deutschland	und	Erarbeitung	von	praxisbezogenen	Hilfestellungen	für	Entwickler	

und	Betreiber	von	geothermischen	Anlagen.	Karlsruhe,	Germany.	

Lipkus,	 I.M.,	 2007.	 Numeric,	 verbal,	 and	 visual	 formats	 of	 conveying	 health	 risks:	

Suggested	best	practices	and	future	recommendations.	Med	Decis	Mak.	27,	696–713.	

https://doi.org/10.1177/0272989X07307271	

Lobianco,	 L.F.,	 Wardani,	 W.,	 2010.	 Electrical	 submersible	 pumps	 for	 geothermal	

applications,	in:	Geothermal	Energy	for	Power	Production.	Mainz,	pp.	1–7.	

Lorenz,	S.,	Dessai,	S.,	Forster,	P.M.,	Paavola,	J.,	2015.	Tailoring	the	visual	communication	

of	 climate	 projections	 for	 local	 adaptation	 practitioners	 in	 Germany	 and	 the	 UK.	

Philos	 Trans	 A	 Math	 Phys	 Eng	 Sci	 373,	 1–17.	

https://doi.org/10.1098/rsta.2014.0457	

Lu,	S.M.,	2018.	A	global	review	of	enhanced	geothermal	system	(EGS).	Renew.	Sustain.	

Energy	Rev.	81,	2902–2921.	https://doi.org/10.1016/j.rser.2017.06.097	

Lund,	H.,	Möller,	B.,	Mathiesen,	B.	V.,	Dyrelund,	A.,	2010.	The	role	of	district	heating	in	

future	 renewable	 energy	 systems.	 Energy	 35,	 1381–1390.	

https://doi.org/10.1016/j.energy.2009.11.023	

Lundgren,	 R.,	 McMakin,	 A.,	 2013.	 Principles	 of	 risk	 communication,	 in:	 Lundgren,	 R.,	



140	

	

	

McMakin,	 A.	 (Eds.),	 Risk	 Communication:	 A	 Handbook	 for	 Communicating	

Environmental,	 Safety,	 and	 Health	 Risks.	 Wiley-IEEE	 Press,	 pp.	 71–82.	

https://doi.org/10.1002/9781118645734.ch6	

Mach,	 K.J.,	 Mastrandrea,	 M.D.,	 Freeman,	 P.T.,	 Field,	 C.B.,	 2017.	 Unleashing	 expert	

judgment	 in	 assessment.	 Glob.	 Environ.	 Chang.	 44,	 1–14.	

https://doi.org/10.1016/j.gloenvcha.2017.02.005	

Majer,	 E.,	 Nelson,	 J.,	 Robertson-Tait,	 A.,	 Savy,	 J.,	 Wong,	 I.,	 2013.	 Best	 practices	 for	

addressing	induced	seismicity	associated	with	enhanced	geothermal	systems	(EGS),	

DRAFT,	23	May	2013.	

Majer,	E.L.,	Baria,	R.,	Stark,	M.,	Oates,	S.,	Bommer,	J.,	Smith,	B.,	Asanuma,	H.,	2007.	Induced	

seismicity	 associated	with	 Enhanced	 Geothermal	 Systems.	 Geothermics	 36,	 185–

222.	https://doi.org/http://dx.doi.org/10.1016/j.geothermics.2007.03.003	

Majer,	E.L.,	Nelson,	J.,	Robertson-Tait,	A.,	Savy,	J.,	Wong,	I.,	2012.	Protocol	for	addressing	

induced	 seismicity	 associated	 with	 enhanced	 geothermal	 systems,	 Geothermal	

Technologies	Program.	U.S.	Department	of	Energy.	

Manzella,	A.,	Bonciani,	R.,	Allansdottir,	A.,	Botteghi,	S.,	Donato,	A.,	Giamberini,	S.,	Lenzi,	A.,	

Paci,	 M.,	 Pellizzone,	 A.,	 Scrocca,	 D.,	 2018.	 Environmental	 and	 social	 aspects	 of	

geothermal	 energy	 in	 Italy.	 Geothermics	 72,	 232–248.	

https://doi.org/10.1016/j.geothermics.2017.11.015	

Mastrandrea,	M..,	Field,	C.B.,	Stocker,	T.F.,	Edenhofer,	O.,	Ebi,	K.L.,	Frame,	D.J.,	Held,	H.,	

Kriegler,	E.,	Mach,	K.J.,	Matschoss,	P.R.,	Plattner,	G.K.,	Yohe,	G.W.,	Zwiers,	F.W.,	2010.	

Guidance	 note	 for	 lead	 authors	of	 the	 IPCC	 fifth	 assessment	 report	on	 consistent	

treatment	of	uncertainty.	

McComas,	K.A.,	Lu,	H.,	Keranen,	K.M.,	Furtney,	M.A.,	Song,	H.,	2016.	Public	perceptions	and	

acceptance	of	induced	earthquakes	related	to	energy	development.	Energy	Policy	99,	

27–32.	https://doi.org/http://dx.doi.org/10.1016/j.enpol.2016.09.026	

McGarr,	 A.,	 2014.	 Maximum	 magnitude	 earthquakes	 induced	 by	 fluid	 injection.	 J.	

Geophys.	Res.	Solid	Earth	1–12.	https://doi.org/10.1002/2013JB010597.Received	

McGarr,	A.,	Bekins,	B.,	Burkhardt,	N.,	Dewey,	J.,	Earle,	P.,	Ellsworth,	W.,	Ge,	S.,	Hickman,	S.,	

Holland,	 A.,	 Majer,	 E.,	 Rubinstein,	 J.,	 Sheehan,	 A.,	 2015.	 Coping	with	 earthquakes	

induced	by	fluid	injection:	Hazard	may	be	reduced	by	managing	injection	activities.	



141	

	

	

Science.	347,	830–831.	

McGarr,	 A.,	 Simpson,	 D.,	 Seeber,	 L.,	 2002.	 40	 Case	 histories	 of	 induced	 and	 triggered	

seismicity.	 Int.	 Geophys.	 81,	 647–661.	 https://doi.org/10.1016/S0074-

6142(02)80243-1	

McMahon,	 R.,	 Stauffacher,	 M.,	 Knutti,	 R.,	 2015.	 The	 unseen	 uncertainties	 in	 climate	

change:	 Reviewing	 comprehension	 of	 an	 IPCC	 scenario	 graph.	 Clim.	 Change	 133,	

141–154.	https://doi.org/10.1007/s10584-015-1473-4	

Meller,	 C.,	 Bremer,	 J.,	 Baur,	 S.,	 Bergfeldt,	 T.,	 Blum,	 P.,	 Canic,	 T.,	 Eiche,	 E.,	 Gaucher,	 E.,	

Hagenmeyer,	V.,	Heberling,	F.,	Held,	S.,	Herfurth,	S.,	Isele,	J.,	Kling,	T.,	Kuhn,	D.,	Kumar,	

A.,	 Mayer,	 D.,	 Müller,	 B.,	 Neumann,	 T.,	 Nestler,	 B.,	 Nitschke,	 F.,	 Nothstein,	 A.,	

Nusiaputra,	Y.,	Orywall,	P.,	Peters,	M.,	Sahara,	D.,	Schäfer,	T.,	Schill,	E.,	Schilling,	F.,	

Schröder,	E.,	 Selzer,	M.,	 Stoll,	M.,	Wiemer,	H.J.,	Wolf,	 S.,	 Zimmermann,	M.,	Kohl,	T.,	

2017.	Integrated	Research	as	Key	to	the	Development	of	a	Sustainable	Geothermal	

Energy	 Technology.	 Energy	 Technol.	 5,	 965–1006.	

https://doi.org/10.1002/ente.201600579	

Meller,	C.,	Schill,	E.,	Bremer,	J.,	Kolditz,	O.,	Bleicher,	A.,	Benighaus,	C.,	Chavot,	P.,	Gross,	M.,	

Pellizzone,	 A.,	 Renn,	 O.,	 Schilling,	 F.,	 Kohl,	 T.,	 2017.	 Acceptability	 of	 geothermal	

installations:	 A	 geoethical	 concept	 for	 GeoLaB.	 Geothermics	 0–1.	

https://doi.org/10.1016/j.geothermics.2017.07.008	

Mena,	B.,	Wiemer,	S.,	Bachmann,	C.,	2013.	Building	robust	models	to	forecast	the	induced	

seismicity	related	to	geothermal	reservoir	enhancement.	Bull.	Seismol.	Soc.	Am.	103,	

383–393.	https://doi.org/10.1785/0120120102	

Mignan,	A.,	Landtwing,	D.,	Kästli,	P.,	Mena,	B.,	Wiemer,	S.,	2015.	Induced	seismicity	risk	

analysis	 of	 the	 2006	 Basel,	 Switzerland,	 Enhanced	 Geothermal	 System	 project:	

Influence	 of	 uncertainties	 on	 risk	 mitigation.	 Geothermics	 53,	 133–146.	

https://doi.org/10.1016/j.geothermics.2014.05.007	

Mignan,	 A.,	Wiemer,	 S.,	 Giardini,	 D.,	 2014.	 The	 quantification	 of	 low-probability–high-

consequences	events:	Part	I.	A	generic	multi-risk	approach.	Nat.	Hazards	73,	1999–

2022.	https://doi.org/10.1007/s11069-014-1178-4	

Minder,	 R.,	 Ködel,	 J.,	 Schädle,	 K.-H.,	 Ramsel,	 K.,	 Girardin,	 L.,	 Maréchal,	 2007.	 Energy	

conversion	processes	for	the	use	of	geothermal	heat.	Bern,	Switzerland.	



142	

	

	

Montague,	 T.,	 Schiffer,	 H.-W.,	 Van	 der	 Westhuizen,	 Z.,	 Radu,	 C.,	 2016.	 World	 Energy	

Resources:	Geothermal.	

Moore,	S.,	Hackett,	E.J.,	2016.	The	construction	of	 technology	and	place:	Concentrating	

solar	 power	 conflicts	 in	 the	 United	 States.	 Energy	 Res.	 Soc.	 Sci.	 11,	 67–78.	

https://doi.org/10.1016/j.erss.2015.08.003	

Morgan,	M.,	Fischhoff,	B.,	Bostrom,	A.,	Lave,	L.,	Atman,	C.J.,	1992.	Communicating	risk	to	

the	public.	Environ.	Sci.	Technol.	26,	2048–2056.	

Morgan,	 M.G.,	 2002.	 Risk	 communication:	 A	 mental	 models	 approach.	 Cambridge :	

Cambridge	University	Press.	

Morgan,	M.G.,	Henrion.,	M.,	1990.	The	nature	and	sources	of	uncertainty,	in:	Morgan,	M.G.,	

Henrion.,	M.	(Eds.),	Uncertainty:	A	Guide	to	Dealing	with	Uncertainty	in	Quantitative	

Risk	 and	Policy	Analysis.	 Cambridge	University	 Press,	 Cambridge,	 UK,	 pp.	 47–72.	

https://doi.org/http://dx.doi.org/10.1017/CBO9780511840609.005	

Moser,	 C.,	 Stauffacher,	 M.,	 2015.	 Literature	 review:	 Public	 perception	 of	 geothermal	

energy,	 in:	Hirschberg,	 S.,	Wiemer,	 S.,	Burgherr,	P.	 (Eds.),	Energy	 from	 the	Earth:	

Deep	 Geothermal	 as	 a	 Resource	 for	 the	 Future?	 vdf	 Hochschulverlag,	 Zürich,	 pp.	

297–306.	

Organisation	for	Economic	Co-operation	and	Development	OECD,	2016.	OECD	Factbook	

2015-2016	[WWW	Document].	OECD	Factbook.	https://doi.org/10.1787/factbook-

2015-en	

Paling,	 J.,	2003.	Strategies	 to	help	patients	understand	risks.	Br.	Med.	 J.	327,	745–748.	

https://doi.org/10.1136/bmj.327.7417.745	

Palmgren,	C.R.,	Morgan,	M.G.,	De	Bruin,	W.B.,	Keith,	D.W.,	2004.	Initial	public	perceptions	

of	deep	geological	and	oceanic	disposal	of	carbon	dioxide.	Environ.	Sci.	Technol.	38,	

6441–6450.	https://doi.org/10.1021/es040400c	

Patel,	C.C.,	Grossi,	P.,	Kunreuther,	H.,	2005.	Catastrophe	modeling:	A	new	approach	 to	

managing	risk.	Springer	US,	Boston,	MA.	

Patt,	 A.,	 2007.	 Assessing	 model-based	 and	 conflict-based	 uncertainty.	 Glob.	 Environ.	

Chang.	17,	37–46.	https://doi.org/10.1016/j.gloenvcha.2006.10.002	

Patt,	 A.G.,	 Schrag,	D.P.,	 2003.	Using	 specific	 language	 to	describe	 risk	 and	 probability.	

Clim.	Change	61,	17–30.	



143	

	

	

Patt,	 A.G.,	Weber,	 E.U.,	 2014.	 Perceptions	 and	communication	 strategies	 for	 the	many	

uncertainties	relevant	for	climate	policy.	Wiley	Interdiscip.	Rev.	Clim.	Chang.	5,	219–

232.	https://doi.org/10.1002/wcc.259	

Pearce,	D.,	Atkinson,	G.,	Mourato,	 S.,	 2006.	Cost-benefit	 analysis	 and	 the	environment:	

Recent	developments,	Analysis.	https://doi.org/10.1086/426308	

Pellizzone,	A.,	Allansdottir,	A.,	De	Franco,	R.,	Muttoni,	G.,	Manzella,	A.,	2017.	Geothermal	

energy	and	the	public:	A	case	study	on	deliberative	citizens’	engagement	in	central	

Italy.	Energy	Policy	101,	561–570.	https://doi.org/10.1016/j.enpol.2016.11.013	

Pellizzone,	A.,	Allansdottir,	A.,	De	Franco,	R.,	Muttoni,	G.,	Manzella,	A.,	 2015.	Exploring	

public	engagement	with	geothermal	energy	in	southern	Italy:	A	case	study.	Energy	

Policy	85,	1–11.	https://doi.org/http://dx.doi.org/10.1016/j.enpol.2015.05.002	

Perlaviciute,	G.,	Steg,	L.,	Hoekstra,	E.J.,	Vrieling,	L.,	2017.	Perceived	risks,	emotions,	and	

policy	preferences:	A	longitudinal	survey	among	the	local	population	on	gas	quakes	

in	 the	 Netherlands.	 Energy	 Res.	 Soc.	 Sci.	 29,	 1–11.	

https://doi.org/10.1016/j.erss.2017.04.012	

Pidgeon,	N.,	Fischhoff,	B.,	2011.	The	role	of	social	and	decision	sciences	in	communicating	

uncertain	 climate	 risks.	 Nat.	 Clim.	 Chang.	 1,	 35–41.	

https://doi.org/10.1038/nclimate1080	

Pidgeon,	 N.F.,	 Spence,	 E.,	 2017.	 Perceptions	 of	 enhanced	 weathering	 as	 a	 biological	

negative	emissions	option.	Biol.	Lett.	13.	https://doi.org/10.1098/rsbl.2017.0024	

Pohl,	 C.,	 Krütli,	 P.,	 Stauffacher,	 M.,	 2017.	 Ten	 reflective	 steps	 for	 rendering	 research	

societally	relevant.	Gaia	26,	43–51.	https://doi.org/10.14512/gaia.26.1.10	

Politi,	 M.C.,	 Han,	 P.K.J.,	 Col,	 N.F.,	 2007.	 Communicating	 the	 uncertainty	 of	 harms	 and	

benefits	 of	 medical	 interventions.	 Med.	 Decis.	 Mak.	 27,	 681–695.	

https://doi.org/10.1177/0272989x07307270	

Purkus,	A.,	Barth,	V.,	2011.	Geothermal	power	production	in	future	electricity	markets-A	

scenario	 analysis	 for	 Germany.	 Energy	 Policy	 39,	 349–357.	

https://doi.org/10.1016/j.enpol.2010.10.003	

Quoilin,	S.,	Broek,	M.	Van	Den,	Declaye,	S.,	Dewallef,	P.,	Lemort,	V.,	2013.	Techno-economic	

survey	of	organic	rankine	cycle	(ORC)	systems.	Renew.	Sustain.	Energy	Rev.	22,	168–

186.	https://doi.org/10.1016/j.rser.2013.01.028	



144	

	

	

Rahm,	D.,	2011.	Regulating	hydraulic	 fracturing	 in	 shale	gas	plays:	The	 case	of	Texas.	

Energy	 Policy	 39,	 2974–2981.	

https://doi.org/http://dx.doi.org/10.1016/j.enpol.2011.03.009	

Ramadhan,	M.,	Naseeb,	A.,	2011.	The	cost	benefit	analysis	of	implementing	photovoltaic	

solar	 system	 in	 the	 state	 of	 Kuwait.	 Renew.	 Energy	 36,	 1272–1276.	

https://doi.org/10.1016/j.renene.2010.10.004	

Rao,	V.R.,	2014.	Theory	and	Design	of	Conjoint	Studies,	in:	Applied	Conjoint	Analysis.	pp.	

1–389.	https://doi.org/10.1007/978-3-540-87753-0	

Regenspurg,	S.,	Blöcher,	G.,	Saadat,	A.,	2012.	Impact	of	geothermal	stimulation	treatment	

on	the	environment	-	a	risk	assessment,	in:	International	Conference	on	Enhanced	

Geothermal	Systems.	Freiburg,	Germany.	

Reith,	 S.,	 Kölbel,	 T.,	 Schlagermann,	 P.,	 Pellizzone,	 A.,	 Allansdottir,	 A.,	 2013.	 Public	

acceptance	of	geothermal	electricity	production.	

Renn,	O.,	2015.	Stakeholder	and	public	 involvement	 in	risk	governance.	 Int.	 J.	Disaster	

Risk	Sci.	6,	8–20.	https://doi.org/10.1007/s13753-015-0037-6	

Renn,	 O.,	 2008a.	 Risk	 Governance,	 Coping	 with	 Uncertainty	 in	 a	 Complex	 World	 ,	

Earthscan	Risk	in	Society	Series.	

Renn,	 O.,	 2008b.	 Risk	 participation,	 in:	 Renn,	 O.	 (Ed.),	 Risk	 Governance:	 Coping	 with	

Uncertainty	in	a	Complex	World.	Earthscan,	London,	Sterling,	VA,	pp.	273–283.	

Renn,	 O.,	 1999.	 A	 Model	 for	 an	 Analytic-	 Deliberative	 Process	 in	 Risk	 Management.	

Environamental	Sciene	Technol.	33.	

Renn,	 O.,	 1992.	 Risk	 communication:	 Towards	 a	 rational	 discourse	with	 the	 public.	 J.	

Hazard.	Mater.	29,	465–519.	

Renn,	O.,	Klinke,	A.,	Asselt,	M.,	2011.	Coping	with	Complexity,	Uncertainty	and	Ambiguity	

in	 Risk	 Governance:	 A	 Synthesis.	 Ambio	 40,	 231–246.	

https://doi.org/10.1007/s13280-010-0134-0	

Roth,	E.,	Morgan,	M.G.,	Fischhoff,	B.,	Lave,	L.,	Bostrom,	A.,	1990.	What	do	we	know	about	

making	risk	comparisons?	Risk	Anal.	10,	375–387.	https://doi.org/10.1111/j.1539-

6924.1990.tb00520.x	

Rubinstein,	J.L.,	Mahani,	A.B.,	2015.	Myths	and	facts	on	wastewater	injection,	hydraulic	

fracturing,	 enhanced	 oil	 recovery,	 and	 induced	 seismicity.	 Seismol.	 Res.	 Lett.	 86,	



145	

	

	

1060–1067.	https://doi.org/10.1785/0220150067	

Saadat,	A.,	Frick,	S.,	Kranz,	S.,	Regenspurg,	S.,	2010.	Energetic	use	of	EGS	reservoirs,	in:	

Huenges,	 E.	 (Ed.),	 Geothermal	 Energy	 Systems:	 Exploration,	 Development,	 and	

Utilization.	Wiley,	Weinheim.	https://doi.org/10.1002/9783527630479	

Sanyal,	 S.K.,	Morrow,	 J.W.,	Butler,	 S.J.,	Robertson-tait,	A.,	 2007.	Cost	of	 electricity	 from	

Enhanced	Geothermal	Systems.	Thirty-Second	Work.	Geotherm.	Reserv.	Eng.	11.	

Schechinger,	B.,	Kissling,	E.,	2015.	Resources,	in:	Hirschberg,	S.,	Wiemer,	S.,	Burgherr,	P.	

(Eds.),	Energy	 from	the	Earth	Deep	Geothermal	as	a	Resource	 for	 the	Future?	TA	

Swiss	 Centre	 for	 Technology	 Assessment,	 Villingen,	 Switzerland,	 pp.	 25–49.	

https://doi.org/10.3218/3655-8	

Schenler,	W.,	2015.	Economy,	in:	Hirschberg,	S.,	Wiemer,	S.,	Burgherr,	P.	(Eds.),	Energy	

from	the	Earth:	Deep	Geothermal	as	a	Resource	for	the	Future?	TA	Swiss	Geothermal	

Project	 Final	 Report.	 Paul	 Scherer	 Institute,	 Villingen,	 Switzerland,	 pp.	 155–182.	

https://doi.org/10.3218/3655-8	

Schilling,	 M.A.,	 Esmundo,	 M.,	 2009.	 Technology	 S-curves	 in	 renewable	 energy	

alternatives:	Analysis	and	implications	for	industry	and	government.	Energy	Policy	

37,	1767–1781.	https://doi.org/http://dx.doi.org/10.1016/j.enpol.2009.01.004	

Schirrmeister,	 M.,	 2014.	 Controversial	 futures:	 Discourse	 analysis	 on	 utilizing	 the	

“fracking”	 technology	 in	 Germany.	 Eur.	 J.	 Futur.	 Res.	 2,	 1–9.	

https://doi.org/http://dx.doi.org/10.1007/s40309-014-0038-5	

Schlegel,	M.,	Trutnevyte,	E.,	Scholz,	R.W.,	2012.	Patterns	of	residential	heat	demand	in	

rural	 Switzerland.	 Build.	 Res.	 Inf.	 40,	 140–153.	

https://doi.org/10.1080/09613218.2011.650005	

Schmidt,	 P.,	 Lilliestam,	 J.,	 2015.	 Reducing	 or	 fostering	 public	 opposition?	 A	 critical	

reflection	 on	 the	 neutrality	 of	 pan-European	 cost-benefit	 analysis	 in	 electricity	

transmission	 planning.	 Energy	 Res.	 Soc.	 Sci.	 10,	 114–122.	

https://doi.org/10.1016/j.erss.2015.07.003	

Schneider,	S.H.,	2001.	What	is	“dangerous”	climate	change?	.	Nature	411.	

Schweizer-Ries,	P.,	2008.	Energy	sustainable	communities:	Environmental	psychological	

investigations.	 Energy	 Policy	 36,	 4126–4135.	

https://doi.org/10.1016/j.enpol.2008.06.021	



146	

	

	

Schweizer	Bundesamt	für	Bevölkerungsschutz	[Swiss	Federal	Office	for	Civil	Protection],	

2008.	 KATARISK	 Katastrophen	 und	 Notlagen	 in	 der	 Schweiz	 [KATARISK	

Catastrophes	 and	 distresses	 in	 Switzerland]	 [WWW	 Document].	 URL	

http://www.babs.admin.ch/de/aufgabenbabs/gefaehrdrisiken/studienberichte.ht

ml	(accessed	12.12.15).	

Schweizer	 Bundesamt	 für	 Statistik	 [Swiss	 Federal	 Office	 for	 Statistics],	 2015.	

Flächenverbrauch	 [Living	 space	 use]	 [WWW	 Document].	 URL	

https://www.bfs.admin.ch/bfs/de/home/statistiken/bau-

wohnungswesen/wohnungen/wohnverhaeltnisse/flaechenverbrauch.html	

(accessed	7.25.17).	

Schweizer	Sturmarchiv	[Swiss	Storm	Archiev],	2015.	Tornados	[WWW	Document].	URL	

http://www.sturmarchiv.ch/index.php?title=Tornados	(accessed	5.20.16).	

Shapiro,	S.A.,	Dinske,	C.,	2009.	Fluid-induced	seismicity:	Pressure	diffusion	and	hydraulic	

fracturing.	 Geophys.	 Prospect.	 57,	 301–310.	 https://doi.org/10.1111/j.1365-

2478.2008.00770.x	

Shapiro,	 S.A.,	 Dinske,	 C.,	 Langenbruch,	 C.,	 Wenzel,	 F.,	 2010.	 Seismogenic	 index	 and	

magnitude	probability	of	earthquakes	induced	during	reservoir	fluid	stimulations.	

Lead.	Edge	29,	304–309.	https://doi.org/10.1190/1.3353727	

Siegrist,	M.,	Cvetkovich,	G.,	 2000.	Perception	of	Hazards:	The	Role	of	 Social	Trust	 and	

Knowledge.	Risk	Anal.	20,	713–720.	https://doi.org/10.1111/0272-4332.205064	

Sigfusson,	B.,	Uihlein,	A.,	2015.	2014	JRC	Geothermal	Energy	Status	Report,	JRC	Science	

and	Policy	Reports.	https://doi.org/10.2790/460251	

Sjöberg,	L.,	 2000a.	Perceived	 risk	and	 tampering	with	nature.	 J.	Risk	Res.	3,	353–367.	

https://doi.org/10.1080/13669870050132568	

Sjöberg,	 L.,	 2000b.	 Factors	 in	 risk	 perception.	 Risk	 Anal.	 20,	 1–12.	

https://doi.org/10.1111/0272-4332.00001	

Sjöberg,	L.,	Drottz-Sjöberg,	B.M.,	1991.	Knowledge	and	 risk	perception	among	nuclear	

power	plant	employees.	Risk	Anal.	11,	607–618.	

Slimak,	M.W.,	Dietz,	T.,	2006.	Personal	values,	beliefs,	and	ecological	risk	perception.	Risk	

Anal	26,	1689–1705.	https://doi.org/10.1111/j.1539-6924.2006.00832.x	

Slovic,	 P.,	 1987.	 Perception	 of	 risk.	 Science.	 236,	 280–285.	



147	

	

	

https://doi.org/10.1126/science.3563507	

Slovic,	P.,	1986.	 Informing	and	educating	the	public	about	risk.	Risk	Anal.	6,	403–415.	

https://doi.org/10.1111/j.1539-6924.1986.tb00953.x	

Slovic,	 P.,	 Kraus,	 N.,	 Covello,	 V.T.,	 1990.	 What	 should	 we	 know	 about	 making	 risk	

comparisons?	Risk	Anal.	10,	389–392.	

Snyder,	B.,	Kaiser,	M.J.,	2009.	Ecological	and	economic	cost-benefit	analysis	of	offshore	

wind	 energy.	 Renew.	 Energy	 34,	 1567–1578.	

https://doi.org/10.1016/j.renene.2008.11.015	

Sornette,	 D.,	 Ouillon,	 G.,	 2012.	 Dragon-kings:	 Mechanisms,	 statistical	 methods	 and	

empirical	 evidence.	 Eur.	 Phys.	 J.	 Spec.	 Top.	 205,	 1–26.	

https://doi.org/10.1140/epjst/e2012-01559-5	

Sovacool,	 B.K.,	 Brown,	 M.A.,	 2010.	 Competing	 Dimensions	 of	 Energy	 Security:	 An	

International	 Perspective,	 Annual	 Review	 of	 Environment	 and	 Resources.	

https://doi.org/10.1146/annurev-environ-042509-143035	

Spiegelhalter,	D.,	2017.	Risk	and	Uncertainty	Communication.	Annu.	Rev.	Stat.	Its	Appl.	4,	

31–60.	https://doi.org/10.1146/annurev-statistics-010814-020148	

Spiegelhalter,	D.,	Pearson,	M.,	 Short,	 I.,	 2011.	Visualizing	uncertainty	about	 the	 future.	

Science.	333,	1393–1400.	https://doi.org/10.1126/science.1191181	

Spiegelhalter,	 D.J.,	 Riesch,	 H.,	 2011.	 Don’t	 know,	 can’t	 know:	 Embracing	 deeper	

uncertainties	when	analysing	risks.	Philos	Trans	A	Math	Phys	Eng	Sci	369,	4730–

4750.	https://doi.org/10.1098/rsta.2011.0163	

Spreng,	D.,	2014.	Transdisciplinary	energy	research	-	Reflecting	the	context.	Energy	Res.	

Soc.	Sci.	1,	65–73.	https://doi.org/10.1016/j.erss.2014.02.005	

Starr,	 C.,	 1969.	 Social	 benefit	 versus	 technological	 risk.	 Science.	 165,	 1232–1238.	

https://doi.org/10.1126/science.165.3899.1232	

Statistical	Office	Rhineland-Palatinate,	2016a.	Bevölkerung	[Population],	in:	Statistisches	

Jahrbuch	Rheinland-Pfalz	2016.	

Statistical	 Office	 Rhineland-Palatinate,	 2016b.	 Bildung	 [Education],	 in:	 Statistisches	

Jahrbuch	Rheinland-Pfalz	2016.	

Stauffacher,	 M.,	 Krütli,	 P.,	 Flüeler,	 T.,	 Scholz,	 R.W.,	 2012.	 Learning	 from	 the	

Transdisciplinary	 Case	 Study	 Approach:	 A	 Functional-Dynamic	 Approach	 to	



148	

	

	

Collaboration	 Among	 Diverse	 Actors	 in	 Applied	 Energy	 Settings,	 in:	 Spreng,	 D.,	

Flüeler,	 T.,	 Goldblatt,	 D.L.,	 Minsch,	 J.	 (Eds.),	 Tackling	 Long-Term	 Gloabl	 Energy	

Problems:	The	Contribution	of	Social	SCience.	Springer	Netherlands,	Dordrecht,	pp.	

227–245.	https://doi.org/10.1007/978-94-007-2333-7_11	

Stauffacher,	M.,	Muggli,	N.,	Scolobig,	A.,	Moser,	C.,	2015.	Framing	deep	geothermal	energy	

in	mass	media:	The	case	of	Switzerland.	Technol.	Forecast.	Soc.	Change	98,	60–70.	

https://doi.org/http://dx.doi.org/10.1016/j.techfore.2015.05.018	

Stiftung	Risiko-Dialog,	2012.	Stakeholderanalyse	Geothermie:	Analyse	von	Einstellungen	

und	Wahrnehmungsprozessen.	St.	Gallen,	Switzerland	.	

Stirling,	A.,	2010.	Keep	it	complex.	Nature	468,	1029–1031.	

Stolz,	P.,	Frischknecht,	R.,	2016.	Umweltbilanz	Strommix	Schweiz	2014.	

Stone,	E.R.,	Yates,	J.F.,	Parker,	A.M.,	1994.	Risk	communication:	Absolute	versus	relative	

expressions	of	 low-probability	 risks.	Organ.	Behav.	Hum.	Decis.	Process.	60,	387–

408.	https://doi.org/http://dx.doi.org/10.1006/obhd.1994.1091	

StWZ	 Energie	 AG,	 2017.	 Preise/Konditionen	 -	 StWZ	 Energie	 [WWW	Document].	 URL	

http://www.stwz.ch/de/konditionen-wasser/konditionen-fuer-wasser	 (accessed	

6.6.17).	

Sunstein,	C.R.,	2003.	Terrorism	and	probability	neglect.	J.	Risk	Uncertain.	26,	121–136.	

https://doi.org/10.1023/A:1024111006336	

Swiss	 Federal	 Office	 for	 Statistics,	 2017a.	 Durchschnittsalter	 der	 ständigen	

Wohnbevölkerung	 nach	 Staatsangehörigkeitskategorie,	 Geschlecht	 und	 Kanton,	

2010-2016	 -	 2010-2016	 |	 Tabelle	 |	 [WWW	 Document].	 URL	

https://www.bfs.admin.ch/bfs/de/home/statistiken/bevoelkerung.assetdetail.320

2980.html	(accessed	12.7.17).	

Swiss	Federal	Office	 for	Statistics,	2017b.	Bildungsstatistik	2016	 |	Publikation	 [WWW	

Document].	 URL	 https://www.bfs.admin.ch/bfs/de/home/aktuell/neue-

veroeffentlichungen.assetdetail.2880799.html	(accessed	12.7.17).	

Swiss	 Federal	 Office	 of	 Energy,	 2013.	 Energy	 Strategy	 2050	 [WWW	 Document].	 URL	

http://www.bfe.admin.ch/themen/00526/00527/index.html?dossier_id=05024&l

ang=en	(accessed	5.1.16).	

Swiss	Federal	Statistical	Office,	2014a.	Ständige	Wohnbevölkerung	nach	Alter,	Geschlecht	



149	

	

	

und	 Staatsangehörigkeitskategorie	 [Permanent	 resident	 population	 according	 to	

age,	 sex	 and	 nationality]	 [WWW	 Document].	 URL	

http://www.bfs.admin.ch/bfs/portal/de/index/themen/01/02/blank/key/alter/n

ach_geschlecht.html	(accessed	8.15.16).	

Swiss	Federal	 Statistical	Office,	2014b.	 Ständige	Wohnbevölkerung	ab	15	 Jahren	nach	

höchster	abgeschlossener	Ausbildung	und	Kanton	[Permanent	resident	population	

from	15	years	onwards	according	to	highest	degree	of	education	and	canton]	[WWW	

Document].	 URL	

http://www.bfs.admin.ch/bfs/portal/de/index/themen/15/17/blank/01.indicato

r.406101.4016.html	(accessed	8.15.16).	

Swiss	 Seismological	 Service,	 2016.	 What	 is	 the	 twelve-stage	 European	 Macroseismic	

Scale	 1998	 [WWW	 Document].	 URL	

http://www.seismo.ethz.ch/edu/FAQ/index_EN	(accessed	9.15.16).	

Swiss	Seismological	Service,	2015.	Swiss	Seismological	Service	[WWW	Document].	URL	

www.seismo.ch	(accessed	10.7.16).	

Tabi,	 A.,	 Wüstenhagen,	 R.,	 2017.	 Keep	 it	 local	 and	 fish-friendly:	 Social	 acceptance	 of	

hydropower	 projects	 in	 Switzerland.	 Renew.	 Sustain.	 Energy	 Rev.	 68,	 763–773.	

https://doi.org/10.1016/j.rser.2016.10.006	

Taleb,	N.N.,	Goldstein,	D.G.,	Spitznagel,	M.W.,	2009.	The	six	mistakes	executives	make	in	

risk	management.	Harv.	Bus.	Rev.	87,	78–81.	

Tchanche,	 B.F.,	 Lambrinos,	 G.,	 Frangoudakis,	 A.,	 Papadakis,	 G.,	 2011.	 Low-grade	 heat	

conversion	 into	 power	 using	 organic	 Rankine	 cycles	 -	 A	 review	 of	 various	

applications.	 Renew.	 Sustain.	 Energy	 Rev.	 15,	 3963–3979.	

https://doi.org/10.1016/j.rser.2011.07.024	

Tester,	 J.W.,	 Anderson,	 B.J.,	 Batchelor,	 A.S.,	 Blackwell,	 D.D.,	 DiPippo,	 R.,	 Drake,	 E.M.,	

Garnish,	J.,	Livesay,	B.,	Moore,	M.C.,	Nichols,	K.,	Petty,	S.,	Toköz,	N.M.,	Veath,	R.W.J.,	

2006.	The	 future	of	 geothermal	energy:	 Impact	of	Enhanced	Geothermal	Systems	

(EGS)	 on	 the	 United	 States	 in	 the	 21st	 Century,	 INL/EXT-06.	 ed.	 Massachusetts	

Institute	of	Technology,	Cambridge,	Massachusetts,	USA.	

Tester,	 J.W.,	 Anderson,	 B.J.,	 Batchelor,	 A.S.,	 Blackwell,	 D.D.,	 DiPippo,	 R.,	 Drake,	 E.M.,	

Garnish,	J.,	Livesay,	B.,	Moore,	M.C.,	Nichols,	K.,	Petty,	S.,	Toksoz,	M.N.,	Veatch,	R.W.,	



150	

	

	

Baria,	 R.,	 Augustine,	 C.,	 Murphy,	 E.,	 Negraru,	 P.,	 Richards,	 M.,	 2007.	 Impact	 of	

enhanced	 geothermal	 systems	 on	 US	 energy	 supply	 in	 the	 twenty-first	 century.	

Philos	 Trans	 A	 Math	 Phys	 Eng	 Sci	 365,	 1057–1094.	

https://doi.org/10.1098/rsta.2006.1964	

Thomas,	M.,	Partridge,	T.,	Harthorn,	B.H.,	Pidgeon,	N.,	2017.	Deliberating	the	perceived	

risks,	benefits,	and	societal	implications	of	shale	gas	and	oil	extraction	by	hydraulic	

fracturing	 in	 the	 US	 and	 UK.	 Nat.	 Energy	 2.	

https://doi.org/10.1038/nenergy.2017.54	

Tomac,	I.,	Sauter,	M.,	2017.	A	review	on	challenges	in	the	assessment	of	geomechanical	

rock	 performance	 for	 deep	 geothermal	 reservoir	 development.	 Renew.	 Sustain.	

Energy	Rev.	82,	3972–3980.	https://doi.org/10.1016/j.rser.2017.10.076	

Treyer,	 K.,	 Oshikawa,	 H.,	 Bauer,	 C.,	 Miotti,	 M.,	 2015.	 Environment,	 in:	 Hirschberg,	 S.,	

Wiemer,	 S.,	 Burgherr,	 P.	 (Eds.),	 Energy	 from	 the	 Earth:	 Deep	 Geothermal	 as	 a	

Resource	for	the	Future?	TA	Swiss	Geothermal	Final	Report.	Paul	Scherer	Institute,	

Villingen,	Switzerland,	pp.	183–221.	https://doi.org/10.3218/3655-8	

Trutnevyte,	E.,	2014.	The	allure	of	energy	visions:	Are	some	visions	better	than	others?	

Energy	 Strateg.	 Rev.	 2,	 211–219.	

https://doi.org/http://dx.doi.org/10.1016/j.esr.2013.10.001	

Trutnevyte,	 E.,	 Azevedo,	 I.L.,	 2017.	 Induced	 seismicity	 hazard	 and	 risk	 by	 Enhanced	

Geothermal	Systems:	An	expert	elicitation	approach.	Environ.	Res.	Lett.	

Trutnevyte,	E.,	Ejderyan,	O.,	2017.	Managing	geoenergy-induced	seismicity	with	society.	

J.	Risk	Res.	0,	1–8.	https://doi.org/10.1080/13669877.2017.1304979	

Trutnevyte,	E.,	Wiemer,	S.,	2017.	Tailor-made	risk	governance	for	induced	seismicity	of	

geothermal	 energy	 projects.	 Geothermics	 65,	 295–312.	

https://doi.org/10.1016/j.geothermics.2016.10.006	

U.S.	 Senate	 Committee	 on	 Energy	 &	 Natural	 Resources,	 2016.	 Energy	 Policy	

Modernization	 Act	 of	 2015	 [WWW	 Document].	 URL	

https://www.congress.gov/bill/114th-congress/senate-bill/2012/text#toc-

idFEABBBC0091E40BDA6FED0A625E4444B	(accessed	8.12.16).	

U.S.	 Senate	 Committee	 on	 Energy	 &	 Natural	 Resources,	 2015.	 Energy	 Policy	

Modernization	 Act	 of	 2015	 [WWW	 Document].	 URL	



151	

	

	

http://www.energy.senate.gov/public/index.cfm/files/serve?File_id=55bdaf35-

9055-431f-b0de-24473d58af4d	

van	der	Elst,	N.J.,	Page,	M.T.,	Weiser,	D.A.,	Goebel,	T.H.W.,	Hosseini,	S.M.,	2016.	Induced	

earthquake	magnitudes	are	as	large	as	(statistically)	expected.	J.	Geophys.	Res.	Solid	

Earth	121,	4575–4590.	https://doi.org/10.1002/2016JB012818	

van	Thienen-Visser,	K.,	Breunese,	J.N.,	2015.	Induced	seismicity	of	the	Groningen	gas	field:	

History	 and	 recent	 developments.	 Lead.	 Edge	 34,	 664–671.	

https://doi.org/10.1190/tle34060664.1	

van	Wees,	 J.-D.,	 Boxem,	 T.,	 Angelino,	 L.,	 Dumas,	 P.,	 2013.	 A	 prospective	 study	 on	 the	

geothermal	potential	in	the	EU	42.	

VDI	 Nachrichten,	 2013.	 Tiefe	 Geothermie	 bringt	 Pumpen	 an	 ihre	 Leistungsgrenzen	

[WWW	 Document].	 URL	 http://www.vdi-nachrichten.com/Technik-

Wirtschaft/Tiefe-Geothermie-bringt-Pumpen-an-Leistungsgrenzen	 (accessed	

2.16.17).	

Vélez,	F.,	Segovia,	J.J.,	Martín,	M.C.,	Antolín,	G.,	Chejne,	F.,	Quijano,	A.,	2012.	A	technical,	

economical	and	market	review	of	organic	Rankine	cycles	for	the	conversion	of	low-

grade	 heat	 for	 power	 generation.	 Renew.	 Sustain.	 Energy	 Rev.	 16,	 4175–4189.	

https://doi.org/10.1016/j.rser.2012.03.022	

Verband	Schweizer	Elektrizitätsunternehmen,	2015.	Electricity	from	geothermal	energy	

[Strom	 aus	 Geothermie]	 [WWW	 Document].	 URL	

http://www.strom.ch/fileadmin/user_upload/Dokumente_Bilder_neu/010_Downl

oads/Basiswissen-Dokumente/14_Geothermie.pdf	(accessed	2.1.17).	

Visschers,	 V.H.,	 Meertens,	 R.M.,	 Passchier,	 W.W.,	 de	 Vries,	 N.N.,	 2009.	 Probability	

information	in	risk	communication:	A	review	of	the	research	literature.	Risk	Anal	29,	

267–287.	https://doi.org/10.1111/j.1539-6924.2008.01137.x	

Visschers,	V.H.M.,	Keller,	C.,	Siegrist,	M.,	2011.	Climate	change	benefits	and	energy	supply	

benefits	as	determinants	of	acceptance	of	nuclear	power	stations:	Investigating	an	

explanatory	 model.	 Energy	 Policy	 39,	 3621–3629.	

https://doi.org/10.1016/j.enpol.2011.03.064	

Visschers,	V.H.M.,	 Siegrist,	M.,	2014.	Find	 the	differences	and	 the	 similarities:	Relating	

perceived	benefits,	perceived	costs	and	protected	values	to	acceptance	of	five	energy	



152	

	

	

technologies.	 J.	 Environ.	 Psychol.	 40,	 117–130.	

https://doi.org/10.1016/j.jenvp.2014.05.007	

Volken,	S.,	Wong-Parodi,	G.,	Trutnevyte,	E.,	2017a.	Public	awareness	and	perception	of	

environmental,	 health	 and	 safety	 risks	 to	 electricity	 generation:	 an	 explorative	

interview	 study	 in	 Switzerland.	 J.	 Risk	 Res.	 9877,	 1–16.	

https://doi.org/10.1080/13669877.2017.1391320	

Volken,	 S.,	 Xexakis,	 G.,	 Trutnevyte,	 E.,	 2017b.	 Building	 informed	 and	 realistic	 public	

preferences	 for	 Swiss	 electricity	 portfolios,	 in:	 SCCER-SoE	 Annaual	 Conference.	

Birmersdorf,	Switzerland,	p.	155.	

Walker,	B.J.A.,	Wiersma,	B.,	Bailey,	E.,	2014.	Community	benefits,	framing	and	the	social	

acceptance	of	offshore	wind	farms:	An	experimental	study	in	England.	Energy	Res.	

Soc.	Sci.	3,	46–54.	https://doi.org/10.1016/j.erss.2014.07.003	

Wallquist,	L.,	Visschers,	V.H.M.,	Dohle,	S.,	Siegrist,	M.,	2012.	The	Role	of	Convictions	and	

Trust	for	Public	Protest	Potential	in	the	Case	of	Carbon	Dioxide	Capture	and	Storage	

(CCS).	 Hum.	 Ecol.	 Risk	 Assess.	 An	 Int.	 J.	 18,	 919–932.	

https://doi.org/10.1080/10807039.2012.688719	

Wallquist,	 L.,	 Visschers,	 V.H.M.,	 Siegrist,	 M.,	 2010.	 Impact	 of	 knowledge	 and	

misconceptions	 on	 benefit	 and	 risk	 perception	 of	 CCS.	 Environamental	 Sciene	

Technol.	44,	6557–6562.	

Wallsten,	T.S.,	Budescu,	D.	V,	Raport,	A.,	Zwick,	R.,	Forsyth,	B.,	1986.	Measuring	the	vague	

meanings	 of	 probability	 terms.	 J.	 Exp.	 Psychol.	 115,	 348–365.	

https://doi.org/10.1037//0096-3445.115.4.348	

Walter,	 G.,	 2014.	 Determining	 the	 local	 acceptance	 of	 wind	 energy	 projects	 in	

Switzerland:	The	importance	of	general	attitudes	and	project	characteristics.	Energy	

Res.	Soc.	Sci.	4,	78–88.	https://doi.org/10.1016/j.erss.2014.09.003	

Wang,	Q.,	Chen,	X.,	 Jha,	A.N.,	Rogers,	H.,	2014.	Natural	 gas	 from	shale	 formation	 -	The	

evolution,	evidences	and	challenges	of	shale	gas	revolution	in	United	States.	Renew.	

Sustain.	Energy	Rev.	30,	1–28.	https://doi.org/10.1016/j.rser.2013.08.065	

Weingarten,	M.,	Ge,	S.,	Godt,	J.W.,	Bekins,	B.A.,	Rubinstein,	J.L.,	2015.	High-rate	injection	is	

associated	with	the	 increase	 in	U.S.	mid-continent	seismicity.	Science.	348,	1336–

1340.	https://doi.org/10.1126/science.aab1345	



153	

	

	

Wibeck,	V.,	Hansson,	A.,	Anshelm,	 J.,	2015.	Questioning	the	technological	 fix	 to	climate	

change	-	Lay	sense-making	of	geoengineering	in	Sweden.	Energy	Res.	Soc.	Sci.	7,	23–

30.	https://doi.org/10.1016/j.erss.2015.03.001	

Wiemer,	 S.,	 Kraft,	 T.,	 Landtwing,	 D.,	 2014.	 Seismic	 risk,	 in:	 Hirschberg,	 S.,	Wiemer,	 S.,	

Burgherr,	P.	(Eds.),	Energy	from	the	Earth:	Deep	Geothermal	as	a	Resourcefor	the	

Future?	TA	Swiss	Geothermal	Project	Final	Report.	Paul	Scherer	Institute,	Villingen,	

Switzerland,	pp.	263–295.	

Wüstenhagen,	R.,	Wolsink,	M.,	Bürer,	M.J.,	2007.	Social	acceptance	of	renewable	energy	

innovation:	 An	 introduction	 to	 the	 concept.	 Energy	 Policy	 35,	 2683–2691.	

https://doi.org/10.1016/j.enpol.2006.12.001	

Wyborn,	D.,	2011.	Hydraulic	stimulation	of	the	Habanero	enhanced	geothermal	system	

(EGS),	South	Australia.	Presentation	held	at	the	5th	BC	unconventional	gas	technical	

forum.	

Zang,	A.,	Oye,	V.,	Jousset,	P.,	Deichmann,	N.,	Gritto,	R.,	McGarr,	A.,	Majer,	E.,	Bruhn,	D.,	2014.	

Analysis	of	induced	seismicity	in	geothermal	reservoirs	-	An	overview.	Geothermics	

52,	6–21.	https://doi.org/10.1016/j.geothermics.2014.06.005	

Zio,	 E.,	 Aven,	 T.,	 2013.	 Industrial	 disasters:	 Extreme	 events,	 extremely	 rare.	 Some	

reflections	 on	 the	 treatment	 of	 uncertainties	 in	 the	 assessment	 of	 the	 associated	

risks.	 Process	 Saf.	 Environ.	 Prot.	 91,	 31–45.	

https://doi.org/http://dx.doi.org/10.1016/j.psep.2012.01.004	

Zoback,	M.D.,	Gorelick,	S.M.,	2012.	Earthquake	triggering	and	large-scale	geologic	storage	

of	 carbon	 dioxide.	 Proc.	 Natl.	 Acad.	 Sci.	 U.	 S.	 A.	 109,	 10164–8.	

https://doi.org/10.1073/pnas.1202473109	

Zoellner,	 J.,	 Schweizer-Ries,	 P.,	 Wemheuer,	 C.,	 2008.	 Public	 acceptance	 of	 renewable	

energies:	 Results	 from	 case	 studies	 in	 Germany.	 Energy	 Policy	 36,	 4136–4141.	

https://doi.org/http://dx.doi.org/10.1016/j.enpol.2008.06.026	

	

	

	

	
	
	



154	

	

	

	



155	

	

	

I. Appendix	

i. 	Supplement	study	1	

	

This	 supplemental	 material	 provides	 additional	 information	 regarding	 literature	 on	

downhole	pumps,	EGS	surface	cost,	living	and	heating	in	Switzerland,	well-drilling	cost,	

and	 equations	 underlying	 the	 cost-benefit	 analysis	 from	 both	 private	 and	 social	

perspectives.		

	

A.	Underlying	equations	for	CBA	
	

This	section	presents	equations	underlying	the	CBA	that	are	explained	and	referenced	in	

the	main	manuscript	of	this	study.		
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	 (11)	
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(1 + P)==
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(1 + P)==

	 (12)	
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(1 + P)==

∑ /R\7\(7) +	]X-XiMjk(7)
(1 + P)==

	 (13)	
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B.	Literature	on	EGS	downhole	pumps	
	

Table	S1	summarizes	values,	specifically	price,	lifetime,	maximum	flow	rates,	and	pump	

efficiency	from	literature	concerning	downhole	pumps.		

	

Table	S1	Literature	values	for	downhole	pumps	

Description	 Price	[USD]	 Lifetime	 Ref.	
Electro	submersile	pump	 1’180’965	 12	month		 (VDI	Nachrichten,	

2013)	
Line-shaft/	submersible	
pump	

94’477	 10	years		 (Heidinger,	2010)	

Reinjection	pump	 118’097	 	 (Heidinger,	2010)	
Downhole	pump	 2’361-	8’857/m3/h		 	 (Frick	et	al.,	2010b)	
	 Unit	 Value	 Ref.	

Maximum	flow	rate	 l/s	 125	 (Tester	et	al.,	2006)	
Maximum	flow	rate	 l/s		 160	 (Lobianco	and	

Wardani,	2010)	
Downhole	pump	
efficiency		

	 0.5-0.75	 (Saadat	et	al.,	2010)	

Downhole	pump	
efficiency	

	 0.5-0.65	 (Heidinger,	2010)	

Downhole	pump	
efficiency		

	 0.5-0.85	 (Regenspurg	et	al.,	
2012)	
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C.	Literature	on	EGS	surface	cost	
	

Table	S2	presents	cost	estimates	from	both	past	projects	and	literature	for	EGS	surface	

plants.		

	

Table	S2	Surface	EGS	surface	plant	cost	Cpp	

Project	 [USD/kWe]	 Plant	[USD]	 Ref.	
Unterhachingen,	
Germany	

2’361	 9’447’720	 (Minder	et	al.,	2007)	
	 18’895’440	 	 (Geothermie	

Unterhaching	GmbH	&	Co	
KG,	2016)	

Neustadt-Glewe,	
Germany	

4’499	 944’773	 (Minder	et	al.,	2007)	

Bruchsal,	Germany	 	 20’076’405	
(heat	only)		

(Enerchange	GmbH	&	Co.	
KG,	2017)	

St.	Gallen,	
Switzerland	

	 25’925’543	
(heat	only)	

(Verband	Schweizer	
Elektrizitätsunternehmen,	
2015)	

Holzkirchen,	
Germany	

	 34’247’985	 (Gemeindewerke	
Holzkirchen	GmbH,	2017)	

Literature	estimates	

	 1’181-4’724		 	 (Vélez	et	al.,	2012)	
	 4’200		 	 (Hirschberg	et	al.,	2015,	p.	

163)	
	 1’771	 	 (Heidinger,	2010)	
	 2’361	 	 (Minder	et	al.,	2007)	Part	

I/14	
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D.	externalities	for	CBA	from	social	perspective	
	
Table	S3	shows	average	values	concerning	heat	consumption	and	living	conditions	of	

residents	in	Switzerland.		

	

Table	S3	Input	values	heat	demand	

Definition	 Unit	 Value	 Ref.	
Heat	consumption	per	living	area		 kWhth/	m2/	yr		 149.2	 (Girardin	et	al.,	2010)	
Residents	per	household	 cap/	househ.	 2.2	 (ArcGIS,	2016)	
Households	per	building	 househ./	

house	
2.56	 (Bundesamt	für	

Statistik	[Swiss	
Federal	Statistical	
Office],	2015)	

Living	area	per	capita	 m2	 45	 (Schweizer	
Bundesamt	für	
Statistik	[Swiss	
Federal	Office	for	
Statistics],	2015)	
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E.	Well-drilling	cost	estimates	from	the	literature	
	

Figure	S1	displays	cost	estimates	by	reservoir	depth	for	EGS	wells	from	the	literature.		

	

Figure	S1	Cost	for	well	drilling	from	literature
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ii. Supplement	study	2	

A.	Original	scenario	description	(German)			
	

Szenario	1	
	
Es	wird	kontinuierlich	Strom	für	5	Tausend	Haushalte	produziert.		

	
Die	Tiefengeothermie-Anlage	wird	für	ein	ländliches	Umfeld	mit	wenigen	umliegenden	
Gebäuden	geplant.	Dadurch	wäre	der	Schaden	durch	ein	Erdbeben	sehr	klein.		
	

Szenario	2	

Es	wird	kontinuierlich	Strom	für	5	Tausend	Haushalte	produziert.		

Die	 Tiefengeothermie-Anlage	wird	 für	 ein	 städtisches	Umfeld	mit	 vielen	 umliegenden	
Gebäuden	und	Wohnungen	geplant.	Dadurch	könnte	der	Schaden	durch	ein	Erdbeben	
jährlich	bis	zu	5	Millionen	CHF	betragen.	
	
Szenario	3		
	
Es	wird	kontinuierlich	Strom	für	5	Tausend	Haushalte	produziert.		
	
Zusätzlich	wird	kontinuierlich	Wärme	für	3	Tausend	Haushalte	produziert	und	verkauft.		

Es	lassen	sich	so	grosse	Mengen	Kohlenstoff-Dioxid	einsparen	(ca.	7	Tausend	Tonnen).		
Strom	kann	um	die	Hälfte	günstiger	verkauft	werden	(Strompreis	sinkt	von	ca.	0.30	auf	0.15	
CHF/kWh).		
	
Die	 Tiefengeothermie-Anlage	 wird	 für	 ein	 ländliches	 Umfeld	 mit	 sehr	 wenigen	
umliegenden	Gebäuden	 geplant.	 Dadurch	wäre	 der	 Schaden	 durch	 ein	 Erdbeben	 sehr	
klein.		
	
Szenario	4			
	
Es	wird	kontinuierlich	Strom	für	5	Tausend	Haushalte	produziert.		
	
Zusätzlich	wird	kontinuierlich	Wärme	für	3	Tausend	Haushalte	produziert	und	verkauft.		

Es	lassen	sich	so	grosse	Mengen	Kohlenstoff-Dioxid	einsparen	(ca.	7	Tausend	Tonnen).		
Strom	kann	um	die	Hälfte	günstiger	verkauft	werden	(Strompreis	sinkt	von	ca.	0.30	auf	0.15	
CHF/kWh).		
	
Die	 Tiefengeothermie-Anlage	wird	 für	 ein	 städtisches	Umfeld	mit	 vielen	 umliegenden	
Gebäuden	und	Wohnungen	geplant.	Dadurch	könnte	der	Schaden	durch	ein	Erdbeben	
jährlich	bis	zu	5	Millionen	CHF	betragen.	 	
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B.	Original	scenario	description	(German)			
	
Part	1	
Einleitung		
Was	ist	Tiefengeothermie?	
Geothermische	 Energie	 −	 auch	 Erdwärme	 genannt	 −	 ist	 die	 als	 Wärme	 gespeicherte	
Energie	unterhalb	der	Erdoberfläche.	Im	Erdinneren	sind	grosse	Mengen	dieser	Energie	
vorhanden.	Grundsätzlich	gilt:	je	tiefer	man	ins	Erdinnere	vordringt,	desto	wärmer	wird	
es.	Im	Schnitt	nimmt	die	Temperatur	pro	100	Metern	Tiefe	um	etwa	drei	Grad	Celsius	zu.	
Je	 nach	 Tiefe	 gibt	 es	 zwei	 Formen	 der	 Geothermie:	 oberflächennahe	 Geothermie	
(Wärmepumpen,	 Abbildung,	 links)	 und	 Tiefengeothermie	 (Abbildung,	 rechts).	 Wir	
beschäftigen	uns	 in	dieser	Umfrage	ausschliesslich	mit	der	Tiefengeothermie,	d.h.	der	
Wärmenutzung	in	einer	Tiefe	von	mehr	als	400	Metern	(Abbildung,	rechts).		
[Abbildung]	
	
Part	2		
Bei	 der	 Tiefengeothermie	 wird	 bis	 in	 5000	 Meter	 Tiefe	 gebohrt.	 Durch	 die	 hohen	
Temperaturen	in	dieser	Tiefe	kann	Strom	produziert	werden.	Dabei	bleibt	immer	etwas	
Wärme	übrig.	Wenn	möglich,	kann	die	restliche	Wärme	an	ein	Fernwärmenetz	oder	das	
Gewerbe	 verkauft	 werden.	 Wenn	 die	 Wärme	 verkauft	 wird,	 kann	 dafür	 der	 Strom	
günstiger	 verkauft	werden.	 Durch	 Verwendung	 der	Wärme	 lassen	 sich	 zudem	 grosse	
Mengen	an	Kohlen-Stoff-Dioxid	einsparen.		

Eine	 Tiefengeothermie-Anlage	 ist	 lokal	 und	 im	 Gegensatz	 zu	 anderen	 erneuerbaren	
Energien	nicht	von	Sonne	oder	Wind	abhängig.	

Die	 Tiefengeothermie	 kann	 zu	 Erdbeben	 führen.	 Diese	 Erdbeben	 sind	 spürbar	 und	
können	 leichte	 Schäden	 an	 umliegenden	 Gebäude	 verursachen,	 z.B.	 feine	 Risse	 im	
Mauerwerk	 oder	 Verputz.	 Je	 nach	 Anzahl	 der	 betroffenen	 Gebäude	 fällt	 der	 Schaden	
grösser	(viele	umliegende	Gebäude)	oder	kleiner	aus	(wenige	umliegende	Gebäude).		

Bisher	wurden	erst	wenige	Erfahrungen	mit	dieser	Art	von	Tiefengeothermie	gemacht.	
Daher	sind	die	Vorhersagen	über	Erdbeben,	aber	auch	über	die	Energieproduktion	
etwas	unsicher	 	
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iii. Supplement	study	3	

This	 section	 recalls	 the	 different	 experimental	 conditions	 in	 detail.	 The	material	 that	
survey’s	participants	received	has	been	translated	from	German	to	English.		
	
A	Experimental	Design	
Six	different	risk	communication	materials	for	two	technologies	were	used,	resulting	in	a	
total	 of	 12	 experimental	 conditions	 (Table	AI).	 The	 six	 risk	 communication	materials	
consist	of	 three	different	 formats:	qualitative,	qualitative	and	quantitative	 (short	 title:	
quantitative),	 and	 qualitative	 and	 quantitative	 with	 risk	 comparison	 (short	 title:	 risk	
comparison)	 format.	 These	 formats	 are	 presented	 with	 or	 without	 a	 statement	 of	
uncertainty	and	limited	expert	confidence,	resulting	in	six	risk	communication	materials.	
The	 same	 six	 communication	 materials	 were	 used	 twice:	 once	 for	 deep	 geothermal	
energy	(DGE)	and	once	for	shale	gas.		
		

Table	I	
Experimental	conditions	(C)	of	survey	

Format	
Statement	of	uncertainty	
and	expert	confidence	

Technology	

	 	 DGE	 Shale	gas	

Qualitative		
Not	included	 C	1	 C	7	

Included	 C	2	 C	8	

Quantitative		
Not	included	 C	3	 C	9	

Included	 C	4	 C	10	

Risk	
comparison	

Not	included	 C	5	 C	11	

Included	 C	6	 C	12	

	
	
B.	Risk	communication	material		
This	section	shows	the	introduction	part	of	the	survey	that	respondents	received	(Section	
A2.1)	 as	well	 as	 the	 different	 risk	 communication	materials	 for	 respective	 conditions	
(Section	A2.2).			
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Table	II	
Qualitative	format	(Conditions	C1,	C7)	

The	risk	study	concluded	for	the	week-long	drilling	and	project	operations	in	your	community:	
- Micro-earthquakes	are	virtually	certain.	These	micro-earthquakes	will	be	too	small	for	

humans	to	be	felt.		
- An	earthquake	that	is	lightly	noticeable	for	humans	is	unlikely.		
- An	earthquake	that	is	strongly	felt	and	can	cause	slight	damage	(e.g.	hair-line	cracks	or	falling	

of	small	pieces	of	plaster)	is	exceptionally	unlikely.		
- An	earthquake	that	is	severely	felt	and	can	cause	serious	structural	damage	to	average	houses	

(e.g.	Large	cracks	in	walls,	falling	of	gable	parts)	is	even	more	unlikely,	thus	also	exceptionally	
unlikely.	

	
Table	III	
Qualitative	format	with	uncertainty	and	expert	confidence	statement	(Conditions	C2,	C8)	

The	risk	study	concluded	for	the	week-long	drilling	and	project	operations	in	your	community:	
- Micro-earthquakes	are	virtually	certain.	These	micro-earthquakes	will	be	too	small	for	

humans	to	be	felt.		
- An	earthquake	that	is	lightly	noticeable	for	humans	is	unlikely.		
- An	earthquake	that	is	strongly	felt	and	can	cause	slight	damage	(e.g.	hair-line	cracks	or	falling	

of	small	pieces	of	plaster)	is	exceptionally	unlikely.		
- An	earthquake	that	is	severely	felt	and	can	cause	serious	structural	damage	to	average	houses	

(e.g.	Large	cracks	in	walls,	falling	of	gable	parts)	is	even	more	unlikely,	thus	also	exceptionally	
unlikely.	

The	 risk	 assessment	 is	 based	 on	 best	 available	methods.	 Due	 to	 unpredictable	 reactions	 in	 the	
subsoil,	 such	 risk	 assessments	 carry	 uncertainty.	 Therefore,	 experts	 can	 disagree	 on	 the	 exact	
probabilities	and	the	largest	possible	earthquake.		

	
TableIV	
Quantitative	format	(Conditions	C3,	C9)	

The	risk	study	concluded	for	the	week-long	drilling	and	project	operations	in	your	community:	
- Micro-earthquakes	are	virtually	certain.	These	micro-earthquakes	will	be	too	small	for	

humans	to	be	felt.		
- An	earthquake	of	magnitude	3	on	the	Richter	scale	that	is	lightly	noticeable	for	humans	has	a	

probability	of	about	5%.		
- An	earthquake	of	magnitude	5	on	the	Richter	scale	that	is	strongly	felt	and	can	cause	slight	

damage	(e.g.	hair-line	cracks	or	falling	of	small	pieces	of	plaster)	is	exceptionally	unlikely.	It	
has	a	probability	of	about	0.01%.		

- An	earthquake	of	magnitude	6	on	the	Richter	scale	that	is	severely	felt	and	can	cause	serious	
structural	damage	to	average	houses	(e.g.	Large	cracks	in	walls,	falling	of	gable	parts)	is	even	
more	unlikely,	thus	also	exceptionally	unlikely.	It	has	a	probability	of	about	0.001%.		

	
Table	V	
Quantitative	format	with	uncertainty	and	expert	confidence	statement	(Conditions	C4,	C10)	

The	risk	study	concluded	for	the	week-long	drilling	and	project	operations	in	your	community:	
- Micro-earthquakes	are	virtually	certain.	These	micro-earthquakes	will	be	too	small	for	

humans	to	be	felt.		
- An	earthquake	of	magnitude	3	on	the	Richter	scale	that	is	lightly	noticeable	for	humans	has	a	

probability	of	about	5%.		
- An	earthquake	of	magnitude	5	on	the	Richter	scale	that	is	strongly	felt	and	can	cause	slight	

damage	(e.g.	hair-line	cracks	or	falling	of	small	pieces	of	plaster)	is	exceptionally	unlikely.	It	
has	a	probability	of	about	0.01%.		

- An	earthquake	of	magnitude	6	on	the	Richter	scale	that	is	severely	felt	and	can	cause	serious	
structural	damage	to	average	houses	(e.g.	Large	cracks	in	walls,	falling	of	gable	parts)	is	even	
more	unlikely,	thus	also	exceptionally	unlikely.	It	has	a	probability	of	about	0.001%.		
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Introduction	of	the	survey	
Description	of	induced	earthquake	risks		
Imagine	that	ca	5	km	from	your	place	of	residence	a	site	for	[a	deep	geothermal	project/	
shale	 gas	 production	 through	 hydraulic	 fracturing]	 has	 been	 chosen.	 This	 site	 offers	
suitable	geological	conditions.	A	risk	of	[deep	geothermal	projects/	shale	gas	production	
through	hydraulic	 fracturing]	are	ground	shakings	or	earthquakes.	These	are	 induced,	
that	 is	 triggered	 through	 drilling	 or	 project	 operations.	 The	 operator	 of	 the	 [deep	
geothermal	 project/	 shale	 gas	 project]	 has	 finalized	 a	 risk	 study	 about	 induced	

The	risk	assessment	is	based	on	best	available	methods.	Due	to	unpredictable	reactions	in	the	subsoil,	
such	risk	assessments	carry	uncertainty.	Therefore,	experts	can	disagree	on	the	exact	probabilities	and	
the	largest	possible	earthquake.		
	
Table	VI	
Risk	comparison	format	(Conditions	C5,	C11)	

The	risk	study	concluded	for	the	week-long	drilling	and	project	operations	in	your	community:	
- Micro-earthquakes	are	virtually	certain.	These	micro-earthquakes	will	be	too	small	for	

humans	to	be	felt.		
- An	earthquake	of	magnitude	3	on	the	Richter	scale	that	is	lightly	noticeable	for	humans	has	a	

probability	of	about	5%.	This	is	as	unlikely	as	a	lightening	strike	in	your	community	during	
one	week.		

- An	earthquake	of	magnitude	5	on	the	Richter	scale	that	is	strongly	felt	and	can	cause	slight	
damage	(e.g.	hair-line	cracks	or	falling	of	small	pieces	of	plaster)	is	exceptionally	unlikely.	It	
has	a	probability	of	about	0.01%.	This	is	as	unlikely	as	a	tornado	in	your	community	during	
one	week.	

- An	earthquake	of	magnitude	6	on	the	Richter	scale	that	is	severely	felt	and	can	cause	serious	
structural	damage	to	average	houses	(e.g.	Large	cracks	in	walls,	falling	of	gable	parts)	is	even	
more	unlikely,	thus	also	exceptionally	unlikely.	It	has	a	probability	of	about	0.001%.	This	is	as	
unlikely	as	a	plane	crash	in	your	community	during	one	week.	

	
TableVII	
Risk	comparison	format	with	uncertainty	and	expert	confidence	statement	(Conditions	C6,	C12)	

- The	risk	study	concluded	for	the	week-long	drilling	and	project	operations	in	your	community:	
- Micro-earthquakes	are	virtually	certain.	These	micro-earthquakes	will	be	too	small	for	

humans	to	be	felt.		
- An	earthquake	of	magnitude	3	on	the	Richter	scale	that	is	lightly	noticeable	for	humans	has	a	

probability	of	about	5%.	This	is	as	unlikely	as	a	lightening	strike	in	your	community	during	
one	week.		

- An	earthquake	of	magnitude	5	on	the	Richter	scale	that	is	strongly	felt	and	can	cause	slight	
damage	(e.g.	hair-line	cracks	or	falling	of	small	pieces	of	plaster)	is	exceptionally	unlikely.	It	
has	a	probability	of	about	0.01%.	This	is	as	unlikely	as	a	tornado	in	your	community	during	
one	week.	

- An	earthquake	of	magnitude	6	on	the	Richter	scale	that	is	severely	felt	and	can	cause	serious	
structural	damage	to	average	houses	(e.g.	Large	cracks	in	walls,	falling	of	gable	parts)	is	even	
more	unlikely,	thus	also	exceptionally	unlikely.	It	has	a	probability	of	about	0.001%.	This	is	as	
unlikely	as	a	plane	crash	in	your	community	during	one	week.	

The	risk	assessment	is	based	on	best	available	methods.	Due	to	unpredictable	reactions	in	the	subsoil,	
such	risk	assessments	carry	uncertainty.	Therefore,	experts	can	disagree	on	the	exact	probabilities	and	
the	largest	possible	earthquake.	
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earthquakes	 during	 the	 project.	 Federal	 environmental	 authorities	 and	 independent	
experts	have	approved	the	risk	study.	The	operator	is	required	to	inform	about	the	risk	
of	induced	earthquakes.	How	do	you	find	the	following	information?		
	
Risk	communication	materials		
According	 to	 their	 experimental	 condition,	 participants	 received	 one	 of	 the	 risk	
communication	materials	displayed	in	Tables	AII-AVII.		
	
C	Technology	Description		
At	the	very	beginning	of	the	survey,	participants	were	briefly	introduced	to	DGE	or	shale	
gas,	respectively	(Table	AI).		
	
DGE	
What	is	deep	geothermal	energy?	
Geothermal	energy	–	also	called	underground	heat	–	is	energy	stored	in	the	sub-surface.	
The	amount	of	heat	stored	at	the	interior	of	the	Earth	is	large.	The	deeper,	the	warmer	it	
becomes.	Temperature	increases	by	3°C	per	100	m	on	average	from	the	Earth’s	surface.	
There	are	different	technologies	to	use	this	energy.	A	distinction	is	made	between	deep	
geothermal	energy	and	near-surface	geothermal	energy.	Deep	geothermal	energy	uses	
heat	in	up	to	5	km	depth	for	heating	and	in	many	cases	for	electricity	generation	(Figure	
A1,	 right	 side).	 In	 contrast,	near-surface	 geothermal	 energy	 uses	 energy	 up	 to	 400	m	
depth	for	heating	or	hot	water	processing	(Figure	A1,	left	side).	This	survey	deals	with	
deep	geothermal	energy	(Figure	A1,	right	side).		
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Figure	I:	Near-surface	and	deep	geothermal	energy,	adapted	from	(Department	für	
Inneres	und	Volkswirtschaft	Kanton	Thurgau	[Department	for	internal	affairs	and	
political	economicy	canton	Thurgau],	2009;	KBB	Underground	Technologies,	2016)	

	
	
	
Shale	gas			
What	is	shale	gas	and	hydraulic	fracturing?	
Shale	gas	is	a	fuel	stored	below	the	Earth’s	surface.	It	can	be	used	for	heating	or	electricity	
generation.	 Shale	gas	 is	 captured	 in	small	bubbles	within	rock	 formations	 (Figure	A2,	
right	side).	To	produce	shale	gas,	the	rock	formations	are	cracked.	This	process	is	called	
hydraulic	 fracturing.	 The	 difference	 between	 shale	 gas	 and	 conventional	 gas	 is	 the	
storage	(see	Figure	A2):	conventional	gas	accumulates	in	reservoirs	that	can	be	tapped	
for	 production	 (Figure	 A2,	 left	 side).	 This	 survey	 deals	 with	 production	 of	 shale	 gas	
through	hydraulic	fracturing	(Figure	A2,	right	side).		
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Figure	II:		Conventional	gas	and	shale	gas	with	hydraulic	fracturing,	adapted	
from(Bundesanstalt	für	Geowissenschaften	und	Rohstoffe	[Federal	Office	for	geoscience	
and	resources],	2016;	Europäisches	Institut	für	Klima	und	Energie	[European	Institute	
for	climate	and	energy],	2010)	
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