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Abstract Subsurface technologies, such as geothermal
energy and carbon capture and storage, are options to help
limit global warming. Subsurface technologies involve the
risk of induced seismicity. The successful implementation
of these technologies depends on the public perception of
these risks. Risk governance frameworks propose assessing
the level of public concern and designing adapted risk
mitigation measures. We propose that concerns should not
only be investigated with respect to the perceived risks but
also with respect to the potential mitigation measures. We
explore this by analyzing the perception of risk mitigation
measures for different subsurface technologies. With an
online survey (N = 808) in Switzerland we analyzed four
technologies (in-between subject design) and four mitigation measures (within subject design). We found that risk
mitigation measures are perceived differently, within and
across technologies. Thus, public concerns about risk
mitigation really matter. We suggest that future research
should focus on how risk mitigation measures can be
applied and communicated to realize the full potential of
risk governance frameworks.
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1 Increasing Use of the Underground and Its
Impact on Society
The underground is increasingly important, as it provides
resources and opportunities for disposal. For climate
change mitigation, CO2 storage becomes more urgent,
considering that nearly all scenarios rely on bioenergy with
carbon capture and storage (BECCS) to achieve the 1.5 C
target (van Vuuren et al. 2018). For the energy transition,
geothermal energies can play an important role. With
growing activities in the underground, several hazards,
such as induced seismicity (IS) have been observed and
raised concerns (Hirschberg et al. 2014; Grigoli et al.
2017). Induced seismicity is documented for carbon capture and storage (CCS), deep geothermal energy (DGE),
and hydraulic fracturing for shale gas (SG), among others
(Giardini 2009; Zoback and Gorelick 2012; Keranen et al.
2014; Zang et al. 2014). Induced seismicity can cause
casualties (Grigoli et al. 2018), lead to increased media
attention (Stauffacher et al. 2015), and evoke strong public
reaction (Giardini 2009). Managing IS is one of the most
relevant challenges in the underground, whenever stress or
pore pressure is altered (Ellsworth 2013).
Tools for risk management are guidelines and frameworks to tackle IS. The most established framework has
been developed by the U.S. Department of Energy for
enhanced geothermal projects (Majer et al. 2012). It
includes a stepwise instruction on how to deal with IS
(Majer et al. 2012). Risk governance frameworks propose
to integrate technical risk assessment with public concern
assessments (IRGC 2012). Concern assessments can build
on decades of studies on risk perception (Slovic 1987;
Wilson et al. 2019). Trutnevyte and Wiemer (2017) proposed a screening tool to assess the level of concern related
to IS before deciding on adapted risk mitigation measures.
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Risk mitigation measures should be considered, if impacts
of seismicity appear greater than expected (Majer et al.
2012), or if social concern is high (Trutnevyte and Wiemer
2017).
While risk perception is considered essential in risk
governance frameworks (Wachinger et al. 2013; Trutnevyte and Wiemer 2017), the perception of mitigation
measures is not addressed. If public concerns matter,
concerns should not only be investigated for risks but for
proposed mitigation measures as well. It is possible, that
mitigation measures are perceived differently and thus the
concerns by the public are not fully addressed. We know of
only one study that asked questions on risk mitigation
perception for IS, focusing on gas production in the
Netherlands (Perlaviciute et al. 2017). But the study did not
discuss the implications of the results for risk governance.
To our knowledge, the perception of risk mitigation measures for different technologies has not been studied. This
is surprising, given that risk perception has been studied
across technologies and countries in numerous studies.
This study analyzes how a sample of the Swiss public
perceives various forms of risk mitigation that address the
severity of the induced seismicity hazard at the source
(traffic light system), exposure (relocation of the project to
a remote area), vulnerability (structural retrofitting), and
compensation (earthquake insurance). We examine risk
mitigation perception for deep geothermal energy (DGE),
hydraulic fracturing for shale gas (SG), carbon capture and
storage (CCS), and CO2-plume geothermal (CPG). The
technologies differ in their risk profiles, technological
maturity, social discourse, and risk benefit perceptions
(Dowd et al. 2011; Aposteanu et al. 2014; U.S. Department
of Energy 2015; Thomas et al. 2017). Since CPG is still in
the phase of basic technology research (Molnár et al. 2018;
Wang et al. 2019), there was no public discourse yet; SG is
widely used and discussed controversially (Williams et al.
2017); CCS and DGE are in between, with few installations
worldwide and technological development ongoing (Reiner
2016). We conducted an online survey (808 respondents) in
Switzerland, where these technologies have been discussed, are not fundamentally contested, and while they are
known (with the exception of CPG), few fixed opinions
have been developed.

2 Methods
We performed an online survey in Switzerland in July
2017. We analyzed the perception of four risk mitigation
measures (within subject design). All four risk mitigation
measures were presented to all respondents, but each
respondent got only one subsurface technology (in-between
subject design).
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2.1 Sample
In total, 808 respondents from the German- and Frenchspeaking parts of Switzerland completed the survey,
recruited through an online access panel. Because of
unrealistic answers, we excluded one respondent from the
analysis, leading to 807 respondents. We used a quota for
gender, age, and the two language regions. Thus, gender
and language ratio were balanced and representative for the
Swiss population (Swiss Federal Statistical Office 2016).
The age ranged from 18 to 85 years (M = 47.12 years,
SD = 15.00), which is slightly older than the average Swiss
population (M = 43.65 years) (Swiss Federal Statistical
Office 2016). Compared to the average Swiss population,
the sample was better educated. A minority of 43 respondents (5.3%) completed compulsory education (6 years of
primary school and 3 years of secondary school, nine years
in total), which was lower compared to the Swiss average
of 12.6%. The number of respondents who completed
secondary education (N = 429, 53.1%) was higher than the
average in the Swiss population (46.2%). Respondents who
had completed the tertiary education level (41.6%) were
representative for the Swiss population average (41.3%)
(Swiss Federal Statistical Office 2017). An additional 284
respondents did not complete the full survey. The highest
dropout rate was found for CCS (N = 79), followed by
CPG (N = 74), SG (N = 65), and DGE (N = 66).
2.2 Procedure and Measurements
We tested the perception of four underground technologies:
deep geothermal energy (DGE), hydraulic fracturing for
shale gas (SG), CO2-plume geothermal (CPG), and carbon
capture and storage (CCS). The respondents were randomly assigned to one of the four underground technologies (between subject design). We tested the perception of
the four risk mitigation measures by a within subject
design.
The survey consisted of several parts. It first provided
respondents with necessary information to reach an
informed opinion. The information text included an illustration, adopted from Knoblauch et al. (2017) for DGE,
SG, and CPG, and L’Orange Seigo et al. (2013) for CCS.
The information texts were structured similarly as follows:
Deep Geothermal Energy Geothermal energy—also
called underground heat—is energy stored in the subsurface. 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
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for electricity generation. Water is pumped down, which is
heated in the underground. With this technology, almost no
greenhouse gases, such as carbon dioxide, are released.
Shale Gas Shale gas is a fuel stored below the Earth’s
surface. It is a fossil fuel and is mainly used for heating and
electricity generation. When combusting shale gas, carbon
dioxide (a greenhouse gas) is released. Shale gas is captured in small bubbles within rock formations. To produce
shale gas, a borehole of up to 5 km depth has to be set up,
followed by a horizontal bore, to crack the rock formations
with high pressure and a mix of water, sand, and chemicals—this is called hydraulic fracturing. The difference
between shale gas and conventional gas is the storage:
conventional gas accumulates in reservoirs that can be
tapped for production.
Carbon Capture and Storage Carbon dioxide (CO2) is
one of the most relevant greenhouse gases, which is mostly
released into the atmosphere by the combustion of fossil
fuels. The combustion of fossil fuels (oil, natural gas, and
coal) generates large quantities of electricity and heat
worldwide. With carbon capture and storage (CCS) a large
part of these CO2 emissions are directly captured at the
source of the power plants and stored in the underground.
The captured CO2 is pumped through a borehole to a depth
of at least 800 meters. For this purpose, the CO2 must be
compressed so much that it is no longer gaseous. This
ensures that carbon dioxide is not released into the
atmosphere.
CO2-Plume Geothermal Geothermal energy—also
called underground heat—is energy stored in the subsurface. 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. Carbon dioxide (CO2) is pumped
down, which is heated in the underground. CO2 is one of
the most relevant greenhouse gases. A part of this CO2,
which is pumped into the depth, will be stored permanently
in the underground. This ensures that carbon dioxide is not
released into the atmosphere.
2.2.1 Perception of the Technology
Perception of the technology was assessed by means of a
series of six evaluative semantic differential 7-point Likert
scales (for example, ‘‘I think the technology is negative /
positive, frightening / promising, retrograde / innovative,
bad for the global environment / good for the global
environment, bad for the local environment / good for the
local environment, dangerous / safe’’ adapted from
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Dütschke et al. (2016). Scores were calculated so that
higher scores indicate a more favorable perception of the
underground technology. We created an overall technology
perception scale by calculating the mean values of the six
categories. We classified scores below 3.5 as negative,
between 3.5 and 4.5 as neutral, and scores above 4.5 as
positive technology perception.
2.2.2 Perception of Risk Mitigation Measures
We measured the perception of four risk mitigation measures regarding induced seismicity (the measures used in
the survey are described in the footnotes). Mitigation can
be divided into direct and indirect measures. Direct measures aim to reduce seismicity. Examples are altering the
injection rates, traffic light systems, structural retrofitting
(Majer et al. 2012), changing the site location of the project, and relocation of the affected populations. Indirect
measures focus on public/regulatory acceptance or operator
liability and insurance, outreach, and benefit to the local
community (Majer et al. 2012). The first mitigation measure ‘‘traffic light system’’1 observes seismicity, and if a
magnitude threshold is exceeded, operation will be adjusted to avoid greater damage (McGarr et al. 2015).
‘‘Structural retrofitting’’2 is more costly and not effective
for non-structural damage (Bommer et al. 2015).
‘‘Changing the site location of the project’’3 to a remote
location might impact the economic viability (Bommer
et al. 2015). In the survey, we described relocation as
changing the project site to a more remote area. ‘‘Insurance’’4 is an indirect mitigation measure and compensates affected people financially.
We assessed the perception of mitigation measures on a
7-point Likert scale (1 = ‘‘I do not agree at all’’ to 7 = ‘‘I
fully agree’’) using five categories in each case: ‘‘I think the
measure traffic light system to reduce the risk of induced
seismicity is necessary / effective / unnecessary [recoded
so that highest agreement receives lowest value and vice
1

The traffic light system measure consists of real-time monitoring of
earthquakes. The values for the colors of the traffic light system are
predefined—Green: no earthquake registration or no earthquakes that
give cause for serious concern, continuation of the drilling. Orange:
indicates that the level of earthquake intensity is increasing towards
an unacceptable level. The drilling procedure must be changed. Red:
at this stage, the immediate suspension of the drilling is required.
2
The structural retrofitting measure intends to make buildings and
infrastructure more earthquake-proof through structural provisions. In
particular, the structures of buildings are reinforced.
3
The relocation measure intends to move the project to an area
where fewer people live. This reduces the number of people that
could be affected by an induced earthquake.
4
The insurance against earthquake damage measure reduces the
personal (financial) risk. In case of an earthquake, the cost of the
damage caused will be refunded.
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versa] / I feel safe with the mitigation measure / I would
approve the project with this measure.’’ The categories
‘‘necessary’’ and ‘‘effective’’ were adapted from the study
by Perlaviciute et al. (2017). We will refer to the categories
as effectiveness, necessity, safety, and technology
approval. The four measures traffic light system, structural
retrofitting, earthquake insurance, and project relocation
yielded an overall scale with excellent internal consistency
(5 items, a = 0.92). Reliability tests for individual technologies and individual risk mitigation measures yielded
very similar results (Table 1). We created an overall risk
mitigation scale for each mitigation measure by calculating
the mean values. Similarly, we calculated an overall perception scale across all four risk mitigation measures for
each of the four categories effectiveness, necessity, safety,
and technology approval.

a flat v2 = 6.62, p = 0.68, and the size of the respondents’
residences F(3, 803) = 1.00, p = 0.39; and in terms of age
F(3, 803) = 0.98, p = 0.40 and education F(3, 803) = 1.66,
p = 0.18.

2.2.3 Preference of Risk Mitigation Measures

Respondents had to evaluate the effectiveness and the
necessity of the risk mitigation measure, the subjective
safety feeling, and if they would approve the technology
project if such a measure was applied. The mean scores of
these ratings for each mitigation measure are displayed in
Table 2. The perception of effectiveness, necessity, safety,
and technology approval differed significantly across the
four mitigation measures (Fig. 1). The measures traffic
light system and insurance are considered most needed, but
relatively ineffective and less safe. Structural retrofitting
and project relocation are perceived as less needed but
more effective and safe.
With respect to effectiveness, safety, and technology
approval, project relocation was perceived as the best and
insurance the worst. Structural retrofitting was in-between,
followed by traffic light system. Performing contrast
analysis regarding safety revealed significant differences in
all combinations. This is also true for effectiveness, except
between the measures structural retrofitting (M = 4.48) and
relocation (M = 4.63). Performing contrast analysis for the
approval of the technology also revealed statistically significant differences between measures except for traffic
light system (M = 3.64) and insurance (M = 3.56). However, with respect to necessity, traffic light system was
perceived as the best, followed by insurance, structural
retrofitting, and relocation. Performing contrast analysis
only revealed statistically significant differences between
relocation and all other measures.
To check which risk mitigation measure was preferred
overall (see Fig. 1), we conducted repeated measures
ANOVA. The results show that the perception significantly
differed by the measure to mitigate the risk of induced
seismicity, F(2.83, 2283.78) = 14.55. Post hoc tests using
the Bonferroni correction revealed that the mitigation
measure relocation (M = 4.49 ± 0.048) was preferred over
insurance (M = 4.20 ± 0.050) and over the measure traffic

We assessed the preference of risk mitigation measures by
providing the opportunity to rank the four different risk
mitigation measures according to the preferred order of
importance. Weights are applied in reverse, so that a
respondent’s most preferred choice has the weight of 4, and
the least preferred choice (which was ranked in the last
position) has a weight of 1. We calculated the average
ranking and examined the most preferred choice.
2.2.4 Demographic Information
The respondents indicated their age, gender, and level of
education. The questionnaire included additional items that
are not relevant to the present research.
2.3 Statistical Analysis
We used univariate analysis of variances (ANOVAs) to
study the effects of the technologies on the respondents’
perceptions of risk mitigation measures. Repeated measures ANOVAs were conducted to analyze the results
across different risk mitigation measures (within subject
design). If Levene’s test of homogeneity of variances was
significant for the dependent variables (p \ 0.001) and the
group sizes were unequal, we used Welch’s F-test and
Games-Howell as a post hoc test for statistical significance
(Field 2013). Otherwise, we used Bonferroni post hoc
testing.
2.4 Experimental Check
The four experimental conditions were balanced in terms
of: language v2 = 0.85, p = 0.84 and gender v2 = 1.35,
p = 0.72; whether respondents owned or rented a house or

3 Results
The results are divided into three sections. First, the overall
perception of the risk mitigation measures is analyzed.
Subsequently, we present the perception of risk mitigation
measures across technologies. Finally, we show the preference of risk mitigation measures across technology
perception.
3.1 Perception of Risk Mitigation Measures
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Table 1 Cronbach’s alpha by each technology

Perception technology

Please indicate, what you spontaneously think of the technology. I find the technology…

V1

Negative–positive

V2

Bad–good for the global environment

V3

Innovative–retrogressive

V4

Encouraging–frightening

V5

Safe–risky

V6

Bad–good for the local environment

Risk perception

I find the risk of induced earthquakes…

V7

Difficult to assess

V8

Considerable

V9
V10

Too high
Controllable

Perception traffic light

I find the measure traffic light system to reduce the risk of induced earthquakes…

V15

Effective

V16

Needless*

V17

Necessary

V18

I would feel safer with this measure.

V19

I would approve the project with this measure.

Perception retrofitting

I find the measure structural retrofitting to reduce the risk of induced earthquakes…

V20

Effective

V21

Needless*

V22

Necessary

V23

I would feel safer with this measure.

V24

I would approve the project with this measure.

Perception insurance

I find the measure insurance to reduce the risk of induced earthquakes…

V25

Effective

V26
V27

Needless*
Necessary

V28

I would feel safer with this measure.

V29

I would approve the project with this measure.

Perception relocation

I find the measure relocation to reduce the risk of induced earthquakes…

V30

Effective

V31

Needless*

V32

Necessary

V33

I would feel safer with this measure.

V34

I would approve the project with this measure.

DGE

SG

CPG

CCS

0.78

0.89

0.83

0.88

0.82

0.75

0.82

0.80

0.86

0.84

0.86

0.85

0.86

0.79

0.83

0.86

0.84

0.81

0.87

0.86

0.87

0.82

0.88

0.85

DGE deep geothermal energy, SG hydraulic fracturing for shale gas, CPG CO2-plume geothermal, CCS carbon capture and storage
*Recoded

light system (M = 4.32 ± 0.047), which was statistically
significant in both cases (p \ 0.001 and p = 0.003). Post
hoc testing also revealed that the measure structural retrofitting (M = 4.41 ± 0.045) was preferred over insurance
(M = 4.20 ± 0.050), which was also significant
(p \ 0.001). Therefore, we can conclude that the measures
relocation and structural retrofitting are more desirable
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overall than the measures insurance and traffic light
system.
A closer look at the evaluation of the mitigation measures showed that all four measures aggregated together are
perceived as rather necessary (M = 4.90 ± 0.041). But
effectiveness
(M = 4.35 ± 0.043),
safety
(M = 3.95 ± 0.050), and approval (M = 3.73 ± 0.057) are
seen as much more critical than necessity (Fig. 2).
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Table 2 Risk mitigation perception with four different criteria (within subject design, N = 807)
Traffic light
M (SD)

Retrofitting
M (SD)

Insurance
M (SD)

Relocation
M (SD)

F(d1, d2)

Effectiveness

4.24 (1.60)

4.48 (1.51)

4.04 (1.81)

4.63 (1.62)

(2.93, 2364.15) 34.40***

Necessity

5.00 (1.59)

4.89 (1.51)

4.98 (1.70)

4.73 (1.68)

(2.89, 2327.39) 7.62***

Safety
Technology approval

3.85 (1.74)
3.64 (1.79)

4.12 (1.70)
3.77 (1.81)

3.58 (1.87)
3.56 (1.88)

4.24 (1.71)
3.95 (1.84)

(2.90, 2336.40) 48.97***
(2.74, 2207.13) 23.68***

Values range from 1 = low to 7 = high
* p \ 0.05; ** p \ 0.01; *** p \ 0.001

Overall Risk Mitigation Perception
(1 = I do not agree at all, 7 = I fully agree)

7

6

5

4

3

2

1
Traffic light system

Structural retrofitting

Insurance

Relocation

Fig. 1 Overall perception of risk mitigation measures (average of the
four categories effectiveness, necessity, safety, and technology
approval, N = 807)

Risk Mitigation Perception Over All Measures
(1 = I do not agree at all, 7 = I fully agree)

7

6

5

4

3

2

1
Necessity

Effectiveness

Safety

Approval

Fig. 2 Itemized perception of risk mitigation measures (average of
the four mitigation measures traffic light, structural retrofitting,
insurance, and relocation, N = 807)

3.2 Perception of Risk Mitigation Measures
across Technologies
Univariate ANOVA revealed that the perception of the four
mitigation measures differed significantly across technologies (Table 3). Bonferroni post hoc testing showed a

significant difference between DGE (M = 4.56) and SG
(M = 4.03) across all four measures (p \ 0.001). Thus,
respondents to DGE preferred all risk mitigation measures
compared with the respondents to SG (Table 3). The perception of the risk mitigation measures traffic light system
and structural retrofitting differed significantly between all
technologies, except that there was no difference between
DGE and CPG (p = 1) and between CCS and SG (p = 1),
indicating that these measures were preferred by respondents to DGE and CPG over respondents to CCS and SG.
The risk mitigation measure insurance was also perceived
more positively by respondents to DGE and CPG, showing
a significant difference between DGE and CCS
(p = 0.002), DGE and SG, as well as SG and CPG
(p = 0.009).
We conducted repeated measures ANOVA to check
which measures were perceived differently across technologies. There was a significant (but small) interaction,
F(8.54, 2285.54) = 2.056, p = 0.03, indicating that the
preference of the mitigation measures differed according to
the technology. To break down this interaction, contrasts
analysis was performed, comparing the perception of all
risk mitigation measures across technologies. This revealed
a significant interaction between the perception of the risk
mitigation measures traffic light system and relocation
across technologies, F(3,803) = 3.50, p = 0.015. This
effect reflects that only respondents to CPG preferred the
measure traffic light system over relocation. The other
technologies preferred the measure relocation. For the rest,
the preference ranking was the same (project relocation,
structural retrofitting, traffic light system, earthquake
insurance), but at different absolute levels (Table 3).
3.3 Preference of Risk Mitigation Measures
across Technology Perception
We conducted a univariate ANOVA to examine the effect
of the technology perception (negative, neutral, or positive)
on risk mitigation measures preference. Levene’s F test
revealed that the homogeneity of variance assumption was
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Table 3 Risk mitigation perception (overall score across the four individual criteria necessity, effectiveness, safety, technology approval) by
technology (N = 807)—DGE; deep geothermal energy; SG: shale gas with hydraulic fracturing; CPG: CO2-plume geothermal; CCS: carbon
capture and storage
Risk mitigation perception

DGE
N = 209
M (SD)

SG
N = 200
M (SD)

CPG
N = 198
M (SD)

CCS
N = 200
M (SD)

F(3, 803)

Traffic light system

4.62 (1.27)

3.99 (1.30)

4.54 (1.30)

4.10 (1.37)

12.029***

Structural retrofitting

4.63 (1.24)

4.08 (1.23)

4.63 (1.19)

4.28 (1.34)

Earthquake insurance

4.58 (1.35)

3.84 (1.32)

4.29 (1.46)

4.09 (1.47)

10.216**

Relocation

4.73 (1.32)

4.21 (1.32)

4.51 (1.40)

4.50 (1.36)

4.988**

9.690***

Values range from 1 = low to 7 = high
* p \ 0.05; ** p \ 0.01; *** p \ 0.001

Table 4 Preference of risk mitigation measures by technology perception (N = 807)
Measures

Negative technology perception
N = 277
M (SD)

Neutral technology perception
N = 218
M (SD)

Positive technology perception
N = 312
M (SD)

Welch’s F

Traffic light system

2.35 (1.05)

2.52 (1.16)

2.63 (1.16)

4.418*

Structural retrofitting

2.64 (0.95)

2.61 (1.00)

2.75 (0.97)

2.748

Earthquake insurance
Relocation

1.92 (1.00)
3.08 (1.14)

2.20 (1.02)
2.67 (1.23)

2.21 (1.03)
2.41 (1.23)

F(2, 506.92)

7.181**
23.733***

Values range from 1 = low preference to 4 = high preference
* p \ 0.05; ** p \ 0.01; *** p \ 0.001

not met (p \ 0.05) for some of the risk mitigation measures. As such, we used the Welch’s F-test. The analysis
showed that the effect of the technology perception on the
preference of risk mitigation measures was significant for
the measures traffic light system, insurance, and relocation
(Table 4). A positive technology perception leads to a
higher preference for the risk mitigation measures traffic
light system and earthquake insurance. In the case of the
measure relocation, a positive technology perception leads
to a lower preference.
A closer look at the first choice of the risk mitigation
measure revealed differences for the different technology
perceptions. Respondents with a negative perception of the
technology (regardless of the technology) preferred relocation, followed by structural retrofitting, traffic light system, and earthquake insurance. Respondents with a
positive perception of the technology preferred different
mitigation measures. They preferred the measure traffic
light system, followed by relocation, structural retrofitting,
and earthquake insurance (Fig. 3).

60%

54%

50%
40%

37%
30%

30%
20%

32%
29%

26%

17%

neutral

19% 21%

positive
10%

10%

Technology
perception
negative

12% 13%

0%
Traffic light
system

Structural
retrofitting

Earthquake
insurance

Relocation

Fig. 3 Risk mitigation preference across technology perception
(N = 807)

for adapted risk mitigation measures. Yet, the perception of
different risk mitigation measures is not addressed. We
investigated the perception of four different measures
across four underground technologies in Switzerland. Perceptions vary across measures and across technologies,
showing that such concerns matter.

4 Discussion

4.1 Substantive Findings

Underground technologies pose the risk of induced seismicity. Risk governance proposes to integrate risk assessment and public concerns, resulting in recommendations

There are three substantive findings. First, mitigation
measures are perceived differently. The mitigation
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measures project relocation and structural retrofitting are
preferred over traffic light system and earthquake insurance. The least preferred mitigation measure, earthquake
insurance, is also only reluctantly taken out for naturally
occurring earthquakes (Heller et al. 2005; Brown 2013;
Wachinger et al. 2013). Unlike most other mitigation
measures, earthquake insurance needs action from the
respondents themselves. As a result, insurance is probably
less preferred. In general, direct mitigation measures, with
the aim to reduce seismicity, are preferred over indirect
measures. People prefer the hazard to be addressed directly
and not for the potentially resulting consequences to be
reduced.
Compensating the risk afterwards is viewed as less
desirable than relocating the project and its potential hazards. The mitigation measure relocation is preferred over
traffic light system and insurance. This could give us an
indication that the public is especially sensitive with
respect to their neighborhoods. This is in line with many
studies around contested technology. With respect to CCS,
for example, Krause et al. (2014) showed that 20% of the
original proponents of a technology changed their minds
after such a project was promoted in their neighborhood.
Knoblauch and Trutnevyte (2018) also showed for deep
geothermal energy that projects should be sited in remote
areas, where the risk of induced seismicity is reduced, and
the project is more accepted. The measure traffic light
system is not perceived as particularly effective in comparison to the other mitigation measures. It might be that
the public does not perceive this as a direct measure. In
fact, real-time monitoring cannot always prevent seismic
events, as there is a certain risk that some events occur
even after the injection has stopped. Still, the traffic light
system is considered to be best practice, especially for
DGE (Kao et al. 2016). Thus, more dialogue with the
public on the possibilities and challenges of traffic light
systems would be reasonable. All risk mitigation measures
are perceived more necessary than effective. This finding is
in line with the longitudinal questionnaire study by
Perlaviciute et al. (2017), which also found that most risk
mitigation measures for earthquakes caused by gas production in the Netherlands were seen as more urgent than
effective. The public wants mitigation measures, and finds
them necessary, but people are not convinced that these
measures will suffice. For risk governance, this means that
polling risk mitigation perception is an essential input for
choosing the appropriate set of mitigation measures and a
respective risk governance scheme.
Second, mitigation measures are perceived differently
across the four technologies. Our results show that all four
mitigation measures are perceived more positively for a
DGE project than for a SG project. The type of technology,
and preexisting views and attitudes towards different
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technologies influence how the public perceives mitigation
measures. This finding is comparable to the results of the
study by Knoblauch et al. (2017) for risk communication
with respect to induced seismicity. Attitude towards technology is a crucial factor in risk perception (Sjöberg 2000),
and negative technology attitudes arguably lead to negative
perceptions of risk mitigation measures as well. This can
be supported with our results: DGE is perceived most
positively, SG most negatively, similar to the risk mitigation perception. Still, the differences in risk mitigation
perception are much smaller than for the technologies in
general and not consistent across all four technologies. The
differences are driven by other factors, arguably a combination of the differences in risk profiles, technological
maturity, social discourse, and risk benefit perceptions
(Dowd et al. 2011; Aposteanu et al. 2014; U.S. Department
of Energy 2015; Knoblauch et al. 2017). Additional studies
will be needed to better understand the variations in risk
mitigation perception across technologies. For risk governance, this reaffirms the need to adapt measures according
to the technology.
Third, we see that risk mitigation perception varies
across and within different technologies. This has implications for risk governance, and concern assessment more
specifically (IRGC 2012). We expect that the public will,
dependent on the technology discussed, react differently to
proposed risk mitigation measures. Thus, the public would
conclude differently how well their concerns were taken
into account and respond differently to the technology as
well. This finding is comparable with a previous study,
which analyzed three different hazards and showed that all
hazard types required specific tailor-made mitigation
approaches (de Vet et al. 2019). This is important for risk
governance, as these frameworks generally assume that
knowing about risk perception and designing risk mitigation measures accordingly (Trutnevyte and Wiemer 2017)
would suffice. In fact, we can illustrate that neglecting such
information will most probably lead to inadequate recommendations of risk mitigation measures within the scope of
risk governance frameworks. Our study shows that we need
to consider risk mitigation perception as well, as this can be
important for the implementation of a technology.
4.2 Limitations
There is no Swiss history of fossil-based fuels, unlike in
other countries such as Germany or the United States.
Underground technologies are not very well known in the
broad Swiss population. This is especially true for CO2plume geothermal, which is still in the phase of basic
technology research (Molnár et al. 2018; Wang et al.
2019). With respect to carbon capture and storage, there
has not yet been a broad public discourse in Switzerland
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(unlike in other countries) and it is still unclear whether
Switzerland is suitable for storing carbon dioxide. Thus,
generalizations should be made with care and we strongly
encourage researchers to replicate our study for other
countries.
The sample in the study is slightly better educated and
older than the Swiss population as a whole, comparable
with other surveys (Mohorko et al. 2013). Also, a high
dropout rate from the survey was recorded. But because the
dropout rates were similarly high for the four technologies,
the findings should not be biased when comparing between
the technologies. However, it cannot be excluded, that this
dropout rate had some impact on the findings.

5 Conclusion
Climate change mitigation and the energy transition both
depend on technologies in the underground and this will
become more important in the future. Yet, the respective
technologies entail risks and will need carefully designed
risk mitigation measures and respective dialogues with
society. To date, these dialogues have been primarily based
on the potential benefits of technologies and their risks,
informed by risk perception and risk communication
research. It is remarkable that research has not paid equal
attention to risk mitigation. Our study is one of the first to
study risk mitigation perception in detail and illustrates that
risk mitigation perception varies across and within technologies, and matters for designing appropriate risk governance strategies.
In general, the perception of risk mitigation measures in
our survey was less different than we expected given their
very different nature. In our view, this shows that the
public lacks experience in reflecting and discussing such
measures for underground technologies. Society needs a
new ‘‘literacy’’ for risk mitigation. This lack might also
explain why preparedness in society for technological risk
such as induced seismicity is far less developed than one
would hope. Thus, it is not only a risk dialogue that is
needed, but rather an integrated risk and risk mitigation
dialogue as well. This is in line with the media study
conducted by Stauffacher et al. (2015), who showed that
media coverage is focused strongly on risks, but practically
not at all on risk mitigation measures. However, we do not
know enough about how various measures are perceived to
inform such a dialogue.
Our explorative study showed that integrating social
science research into the assessment and mitigation of risks
of induced seismicity could contribute towards more
comprehensive risk governance frameworks. Our study
should be viewed as an invitation to other researchers to
conduct similar and more detailed studies to explore the
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conditions and effects of risk mitigation perception. Future
research should also focus on how risk mitigation measures
can be applied and communicated, so that the potential of
risk governance frameworks can be realized.
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