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a b s t r a c t

Geothermal heating is often perceived as an almost ideal sustainable energy source and as one that
provides its users with a means of potentially heating their homes independently from established
energy suppliers. However, our research in Germany also shows that the implementation of geothermal
energy technology has triggered uncertainties regarding environmental impacts and its general technical
feasibility also beyond the household level. Unlike traditional heating systems, geothermal technology
forms a tightly coupled relationship with the complex environmental system of subsurface. Our analyses
show that decentralized renewable energy sources are not “ready-made” but need to be adapted to the
specific situation. Questions often emerge in situ when new facilities are installed or are already in use.
The paper discusses some of the strategies actors have developed in the course of interactions between
nature, culture, and technology to enable them to cope experimentally with unforeseen risks. We suggest
that the way geothermal energy use is organized can serve as a typical example of coping with un-
certainties in ongoing energy transitions.

& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

In the realm of energy research the transformation from fossil
fuel based energy production to renewable energies has focused
mainly on wind, solar, biomass and, to a lesser extent, hydropower.
Geothermal heat, the heat stored in the depths of the Earth, has

perhaps received the least attention of the potential sources of
renewable energy. This lack of attention may have to do with the
fact that, for a long time, tapping geothermal energy has been
limited to extracting energy from hot springs located near tectonic
plate boundaries. However, by the end of the 20th century the use
of so-called shallow geothermal heat had also become well es-
tablished in several countries. Generally speaking geothermal
(ground-source) heat pumps extract energy from groundwater
and humid subsurface to provide space heating, cooling, and do-
mestic hot water for buildings. Diverse technologies have been
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developed reaching from open systems using extraction and in-
jection wells to closed systems using for example borehole heat
exchangers, direct expansion heat pumps with horizontal collec-
tors or foundation piles [1,2,11,20,41]. The use of low enthalpy
geothermal energy for these purposes is of particular interest
because a large proportion of fossil resources are wasted in pro-
cesses where the actual temperatures needed range from 40 °C to
60 °C [3].

As a result of growing political attempts since the late 1990s to
foster a transition towards more sustainable energy systems (in
Germany and Denmark, but also in Spain and many other areas,
especially North America) the sociotechnical regime of heating
and cooling has become destabilized, thus providing an opportu-
nity for several niche technologies to enter the market. The tech-
nologies used for geothermal heating and cooling have since
emerged from the incubatory stage it went through during the
1980s and has made an entrance onto the market [2,4–8].

Shallow geothermal energy is a ubiquitous and en-
vironmentally friendly renewable energy resource delivering heat
throughout the year [8,43]. Geothermal energy is thus understood
by its proponents and many of the users as an infinite and stable
source of energy that promises its users a certain independence
from energy imports (mainly oil and gas) and political conflict
related with fossil resources [45,46]. Nevertheless, unlike oil or gas
based heating systems, geothermal heat pumps operate on the
basis of potentially fluctuating flows of heat and water, thus re-
quiring new ways of coping with unavoidable uncertainty. Al-
though less fluctuating than wind and sun geothermal flows are
invisible for the user and any possible vagaries of subterranean
geology remain a matter of the mercy of natural processes. Given
that hydrogeological conditions in each location are hetero-
geneous and are not readily accessible to close inspection, each
geothermal installation has to cope with unforeseen issues that
often emerge in situ while new facilities are either being installed
or while they are in use. Furthermore, although the costs of heat
pumps along with their ducts and electrical installations have
fallen over the last few decades, home owners additionally need to
cover the cost of drilling wells. These drilling costs can suddenly
increase if the drilling process is hampered by unforeseen geolo-
gical conditions. In addition, after a few years wells may deliver
less heat due to naturally changing hydrogeological conditions, or
the soil may cool down because the levels of heating required have
been underestimated.

In addition to such uncertainties, the process of transferring
this technology into broader societal contexts has raised novel
questions about local ecological impacts such as the so-called
neighborhood effects on groundwater temperature and how to
deal with geological specificities [5,43]. Furthermore, it is far from
clear what sociotechnical processes may be initiated by estab-
lishing geothermal heat facilities on a larger scale.

This leads to the first question we aim to answer, of how the
transfer of a technology that forms a tightly coupled relationship
with complex local environmental conditions from a niche into the
existing technological regime takes place. We assume that specific
recursive patterns of practice can offer opportunity for breaking
down old structures and create novel arrangements and strategies
that are needed in order to tailor the technology to specific con-
texts on the one hand and to further develop it on the other, so as
to achieve a more sustainable form of energy provision [39]. This
leads us to a second question on how human and non-human
elements are dealt with in situations of newly faced uncertainties.
The uptake of renewable energies and sustainable practices into
the dominant technological regime has been discussed as part of
transition theory [12,17,18]. One of the basic ideas is that in-
novative technologies and practices are developed in niches and
then upscaled to the regime level where it might induce a regime

shift. Within the concept of sustainability transitions the niche
level is the place of trying things out, of developing new config-
urations of technologies (and practices) and of dealing with open
questions [52,53]. Based on the idea of real world experimentation
(see next section) we will add an aspect to this discourse in ar-
guing that experimental strategies cannot be limited to the niche
level but can also be observed in transferring a technology to the
regime level.

Thirdly our analysis constitutes an attempt at better under-
standing: how is self-declared energy independence at the
household level achieved? This is to say that in many cases house
owners are well-aware that they are not self-sustaining on all le-
vels in a closed system, but a heat pump in the basement gives
them the feeling to be less dependent from “outside sources”.
Many authors have already analyzed user's engagement with in-
novative energy technologies taking up the concept of prosump-
tion [28,44]. This research focusses on the role of users in custo-
mizing pre-configured technologies to their specific situation and
thus, the interplay of technology developers and users
[27,28,47,48]. This correlates well with the classical notion of in-
nofusion as coined by James Fleck. Fleck (1993) proposed an in-
teractive model of technology development that aims to integrate
user needs in “experimental” feedback loops [54]. We will con-
tribute to these debates by shedding light on the interplay of
governance mechanisms (notably administrative practices) and
innovative technology users and the impact of these processes on
technology design. In order to do this, we take into account the
interplay between home owners' strategies for dealing with the
technology, the role of the relevant statutory authorities, and the
generation of site-specific knowledge in the face of largely un-
known conditions beneath the earth's surface.

Given the enormous amount of potential energy stored un-
derneath the Earth's crust, we would like to help adding knowl-
edge in social science research by reconstructing and analyzing the
specificities of implementing heat pumps for heating (and cooling)
using sources from beneath people's own homes.

2. Ground source heat pumps as real world experiments

Geothermal technology differs markedly from other forms of
heating: its dependence on the invisible geological conditions
beneath a house is quite different from, say, the dependence of
solar panels on sunshine [9]. This almost necessarily calls forth
new practices and ways of coping with the unforeseen changes
attributed to hydrogeological conditions. We thus follow an ap-
proach where actors and “activities” by technological devices in
and above the Earth's subsurface are treated as part of a mobile
collective where the boundaries are being negotiated (and re-
negotiated) during the process of assembling the collective
[9,11,28]. Taking this idea a step further, we would like to link the
notion of a collective to what has been termed real-world ex-
periments [14–16] or sometimes collective experiments [13,21].
For Bruno Latour a “sharp distinction between scientific labora-
tories experimenting on theories and phenomena inside, and a
political outside where non-experts were getting by with human
values, opinions and passions, is simply evaporating before our
eyes. We are now all embarked on the same collective experi-
ments, mixing humans and non-humans together” [21:3]. The
notion of experiment here can be used to show that the collec-
tives' direction and composition is contested and the results
presented are often not the ones expected (hypothesis falsified).
To put it more bluntly, sudden, unexpected changes that make
house owners but also responsible authorities and engineers
aware of their own ignorance about the geological underground
as well as the technology they are using can provide the impetus
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