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Converging infrastructures illustrate the complexity of the processes 
involved in both operational sector coupling and socio-technical sec-
tor integration. What consequences of this development can technol-
ogy impact research estimate today and what difficulties will arise in 
doing so? This article introduces the TATuP special topic as well as the 
individual contributions and also addresses socio-political aspects, be-
yond the usual questions of technical feasibility and efficiency: What 
strategies are developed to initiate and control comprehensive change? 
What are the mechanisms to maintain the ability to act despite great 
uncertainties for all those concerned with future converging infrastruc-
tures for energy, transport, and heating/cooling. The interdisciplinary 
approach to the topic focuses on three central “socio-technical prob-
lems” and gives a first insight into the conditions under which converg-
ing infrastructures emerge and what consequences these processes 
might have.

Die Verschärfung sozio-technischer Probleme 
in konvergierenden Infrastrukturen
Ein neues Thema für die Technikfolgenabschätzung?

Konvergierende Infrastrukturen verdeutlichen die Komplexität in Prozes-
sen der operationalen Sektorkopplung sowie der soziotechnischen Sek-
torintegration. Welche Konsequenzen dieser Entwicklung kann die Tech-
nikfolgenforschung bereits jetzt abschätzen und welche Schwierigkei-
ten ergeben sich dabei? Dieser Artikel stellt das TATuP-Thema sowie 
die einzelnen Beiträge vor und stellt neben technischer Machbarkeit 
und Effizienz auch explorative Fragen nach gesellschaftspolitischen As-
pekten: Welche Strategien sollen den umfassenden Wandel initiieren 
und kontrollieren? Welche Mechanismen erlauben Handlungsfähigkeit 
trotz großer Unsicherheiten für zukünftige Akteure konvergierender In-

frastrukturen für Energie, Transport und Wärme/Kühlung? Der inter-
disziplinäre Ansatz orientiert sich an drei zentralen „soziotechnischen 
Problemen“ und gibt einen ersten Einblick, unter welchen Bedingungen 
konvergierende Infrastrukturen entstehen und welche Konsequenzen 
diese Prozesse möglicherweise haben werden.

Keywords: sector coupling and integration, energy and transport, 
complexity and control, change and stability, action under 
uncertainty

The convergence of infrastructures: 
promise or paradigm?

The coupling of infrastructure sectors such as energy and trans-
port or heating and cooling is becoming an important topic in 
energy transition studies. Sector coupling may not only lead to 
an overall more efficient use of energy but also make a sub-
stantial contribution to the more widespread use of renewable 
energy sources (RES). Scholars and practitioners approach the 
topic from very different perspectives and with different goals. 
There are, for example, publications on scenario-building and 
meta-studies (Ausfelder et al. 2017), modeling (Robinius et al. 
2017 a, 2017 b), case studies and visions (Canzler and Knie 
2013), economic reports (acatech et  al. 2018), governance re-
search (Hoffrichter and Beckers 2018), and stakeholder analyses 
(Bauknecht et al. 2018). However, the question remains whether 
sector coupling is still in the stage of an expectation statement, 
i. e., the explication of a vision, an emerging technology, or a 

“promising technology” (van Lente 2000, p. 60), or whether we 
are actually witnessing the consolidation of a scientific, eco-
nomic, or political agenda (Bender 2005). Proponents of this 
approach no longer discuss sector coupling only as a promise to 
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increase resource use efficiency and an opportunity to reduce 
greenhouse gas emissions, but agree in unison that it is an essen-
tial requirement for slowing down climate change. However, sec-
tor coupling goes far beyond the technical coupling of produc-
tion and consumption systems. The success of technical sector 
coupling depends on socio-technical sector integration through 
consideration and combination of multiple types of knowledge, 
the creation of new social networks, the alignment of techni-
cal norms and standards, and new forms of social coordination 
in markets and in regulation between actors and sectors. For 
this reason, we propose the term “converging infrastructures”, 
which ultimately implies the interlinking and transformation of 
existing socio-technical systems. Converging infrastructures il-
lustrate the complexity of the processes involved in both oper-
ational sector coupling and socio-technical sector integration.

There is evidence suggesting that integrated approaches will 
become increasingly important in the coming years, not only in 
research but also through the implementation of political meas-
ures or the realization of infrastructure projects. Against this 
background, some important questions arise:

• To what extent is it possible to combine previously separate 
infrastructures into integrated entities in the future?

• What social and technical implications and risks would such 
far-reaching changes entail?

• Finally, how could the emerging complexity be adequately 
investigated and how should possible consequences be ad-
dressed?

This TATuP special topic aims to provide some preliminary 
considerations on converging infrastructures and thus provide 
a stimulus to further explore the possibilities and consequences 
of this development from the perspective of different disciplines. 
Therefore, we propose the concept of socio-technical problems 
as a heuristic to gain insights from various disciplinary perspec-
tives. This concept was initially developed to identify common 
reference problems in interdisciplinary energy research.1 The 
underlying idea was to support a cognitive integration of various 
contributions without burdening the collaborative work with ex-
cessive discussions on the identification of shared research ob-
jects (Büscher et al. 2018).

What are socio-technical problems?

Many scholars in the field of energy transitions emphasize the 
need to consider technical systems, organizations, regimes or 
networks, as well as individual and collective action affecting 
system operations (Geels 2004; Bolton and Foxon 2015; Cherp 

1   The concept started to take shape in the Helmholtz Alliance ENERGY-TRANS 
(2011–2016), which consisted of an interdisciplinary group of about 80 research-
ers from different disciplinary backgrounds who investigated the interactions 
between technical and societal developments in the context of the German en-
ergy transition (www.energy-trans.de).

et al. 2018). Terms such as socio-technical systems, actor net-
works, or social practices are used to emphasize the close in-
terrelation between technical artifacts or operations, on the one 
hand, and social behavior, action, or decision making, i. e., com-
munication, on the other. We assume that the topic of sector cou-
pling needs to be addressed in a similar way – in reference to 
technical and social elements.

Furthermore, researchers argue that system transitions are 
triggered if societal functions are at risk, since unsustainable 
consumption of fossil fuels endangers energy supply and pro-
motes climate change. Grin et al. (2010, pp. 2) argue that “per-
sistent problems” deeply embedded in the structure of social 
systems result in innovative practices and structural adaptation, 
which eventually lead to system innovation and transitions as a 
possible response to these problems. However, the ever increas-
ing complexity of energy supply observed in recent years pro-
duces a growing variety of solutions to existing problems, and 
these “solutions” almost simultaneously lead to new problems 
(Schuitmaker 2012, p. 1023). We only have to consider how the 
introduction and implementation of RES during the last dec-
ades has partly replaced fossil energy supply and brought about 
new challenges for storage and transport (e. g., of electricity), 
for the organization of production (market interaction, regula-
tion), or for legislative decision making regarding the installa-
tion of corresponding infrastructures (power plants, physical net-
works).

The historian Paul Edwards, who sees large infrastructures 
not only as solutions to societal problems but also as a constant 
challenge, argues in the same direction: “The overall [socio-tech-
nical] system can be fruitfully described as posing a linked se-
ries of socio-technical problems” (Edwards 2004, p. 209). He 
thus refers to problems that cannot be reduced to either techni-
cal or social characteristics, that cannot be solved for good, i. e., 
definitively, and that need to be addressed constantly, i. e., to-
day, tomorrow, next year, and, if we think about sustainability, 
for the next centuries.

Existing research from science and technology studies (STS), 
large technical systems theory (LTS), systems theory, transition 
and innovation research, etc. offers a rich body of literature that 
helped to identify core issues and thus to reformulate them as 
the following socio-technical problems (Büscher et al. 2018):

• The factual dimension refers to the issue of the increasingly 
complex interaction between technical and social elements, 
such as physical installations and networks with social organ-
ization, and the ensuing quest for maintaining control, e. g., in 
terms of predictability, security, safety, efficiency, etc. (prob-
lem of control).

• The social dimension focuses on generally shared expecta-
tions, i. e., institutions, where the different participants in-
volved in the provision and use of services (actors, parties, 
persons, agents, stakeholders, organizations, etc.) find mu-
tual orientation, and where change is enacted upon or by the 
activities of all parties involved (problem of change).
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• The temporal dimension stresses the need to act in the pres-
ent, despite the past serving only as experience and the fu-
ture not yet being known, as well as the problem of coping 
with uncertainty and risk. This dimension is particularly af-
fected by the consequences of energy transitions, because the 
resulting structural complexity and institutional change in-
crease non-transparency and challenge the ability to act and 
take decisions (problem of action).

All three problem dimensions represent, in an abstract way, chal-
lenges for the energy complex as a whole as well as for the on-
going energy transition. These dimensions serve as an analytical 
heuristic; they are simultaneously effective and influence each 
other, as will be discussed in more detail below.

Control despite complexity
The problem of energy supply is addressed through a heteroge-
neous structure of a comprehensive energy complex compris-
ing several technical and organizational systems and subsystems. 
The notion of structure refers to a chain of technical and social 
events that at best produces the expected output (Hughes 1983, 
p. 5). System structures aim to enable control of technical oper-
ation and social activities as well as the interaction of both, in 
particular to align the actual behavior of a system with its in-
tended behavior (Nightingale et al. 2003, p. 484). In this sense, 
technology is always operated within the medium of instrumen-
tality and under conditions of limited operating principles (con-
servation, transformation, storage, and transmission) (Beckman 
1994, p. 320). In complicated technical systems, all of these prin-
ciples come into effect simultaneously, and thus technology rep-
resents the determination of production and demand (of ser-
vices and goods).

In the early stages of the development of power grids, control 
was the major problem if further rationalization and optimiza-
tion was to be realized (Hughes 1983, p. 367). In order to achieve 
economically effective operation, operators had to align physi-
cal structures and machine operation with increasingly sophis-
ticated means of social organization in order to manipulate the 

“load factor” (the ratio of actual energy output to the theoretical 
maximum output of a power plant) of the system. In the search 
for the most economically effective system architecture, system 
traffic must be allocated. Capacity utilization changes from mo-
ment to moment, as does the internal state, the load factor, which 
must be continuously optimized. Consequently, social settings 
are required to safeguard critical functions: the organization of 
operation monitoring (metering, comparing, compensating, actu-
ating), the coordination of activities; the restriction of access to 
the system or network; the starting-up or shutting-down of facili-
ties connected to the overall system (Künneke et al. 2010, p. 499).

These challenges, as we assume, have become more acute in 
recent decades with the introduction and dissemination of RES, 
energy storage options, and new market models (Droste-Franke 
et al. 2012). We must assume that the problem of control will in-
tensify with recent developments of sector integration.

Change despite stability
Sustaining functions while simultaneously enabling change re-
fers to the problem of balancing redundancy and variety (Atlan 
1974, p. 300). The transition from one system to another (or the 
transformation of a system during operation) implies changes 
while society still depends on the output and services of the sys-
tem. Structural changes affect the way social actors orient them-
selves mutually in the complexity of the energy system. Users 
expect energy services that are reliable, safe, and affordable, and 
this expectation is deeply entrenched in the industrialized world. 
The major changes that began in the nineteenth century – the 
shift from a biomass-based to a fossil fuel-based economy and 
the diversification of energy sources (Fouquet 2016) – led to in-
dustrial society’s dependence on the exponential exploitation 
of energy sources such as coal, oil, or gas (Hagens 2020, p. 5). 
Since then, energy infrastructures have been operated in a highly 
redundant mode – reliably providing energy through refineries 
and pipelines as well as large power plants and vast networks. 
The transformation of energy systems worldwide will change 
this situation. After decades of successful deployment of con-
ventional means of energy supply, the contingency of such par-
adigms has been revealed through the increasing use of renew-
able energy sources, decentralized network architectures, and 
novel business models (including, for example, small munici-
pal cooperatives).

However, transformations that vary greatly in their degree, 
scope, and pace result in high complexity (Gallagher et al. 2012, 
p. 144). Stable orientation may get lost and the self-organizing 
capacities of social systems are at stake (Atlan 1974, p. 300). 
Both variety and redundancy are essential, but too much variety 
leads to volatile, erratic behavior, whilst too much redundancy 
causes inertia, lock-ins, and path dependencies (which in turn 
maintain redundancy).

In our case, it is interesting to look into the possible drivers 
(derived from research on energy transitions) of sector integra-
tion. These may be technical and social innovations that chal-
lenge established regimes (Geels 2014); energy and climate pol-
icy initiatives that aim to transform existing systems (Cherp et al. 
2018); synchronized development processes designed to involve 
actors at all relevant levels, e. g., in the area of knowledge ac-
quisition and exchange; processes of behavioral change as part 
of innovation processes, i. e., “exnovation” of established prac-
tices and commonly shared knowledge (David and Gross 2019); 
changes and events in the external landscape that also put pres-
sure on the regimes (e. g., technical accidents and effects of cli-
mate change, as well as global recessions and pandemics).

Action(ability) despite non-transparency
In converging infrastructures we will encounter many physical, 
digital, and social relationships between systems (e. g., power 
plants, vehicles, manufacturing facilities), networks of systems 
(e. g., smart grids), and networks of networks (e. g., Internet of 
Everything), as well as between diverse social actors such as op-
erators and designers, legislators, controllers, electricity suppli-
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erators, supervisors, and users and will most likely become even 
more complex in the future. As a result, the effort required for 
controlling and governing these systems – both their operation 
and transition – will increase significantly. New risks and side 
effects will certainly arise that are difficult to predict. One way 
to deal with this situation is to address the resulting socio-tech-
nical problems in their factual, social, and temporal dimension. 
The contributions to this special topic refer to these dimensions 
and the associated dilemmas in a number of ways. In this sense, 
the contributions in this volume further explore, test, and deepen 
the concept of converging infrastructures from various discipli-
nary perspectives:

In their contribution, Christian Büscher, Dirk Scheer, and 
Lisa Nabitz take up the challenge of reviewing existing knowl-
edge about sector coupling and its various implications. They do 
so by drawing on the concept of socio-technical problems, which 
should make it possible to better portray the manifold conse-
quences and risks of integrating several sectors and forms of en-
ergy. They note that sector coupling is widely seen as a promising 
strategy to increase resource and energy efficiency and, thus, to 
reduce greenhouse gas emissions, but that it is typically accom-
panied by greater technical and social diversity. This increases, 
among other things, the complexity of existing systems, entails 
uncertainties and risks, and increases the need for coordination 
between various actors. A number of studies claim that politics 
has a central role to play as initiator and facilitator of the intended 
infrastructural changes. Although the associated political risks 
are known, there is a lack of analyses of possible strategies to 
deal with such risks. The review also shows, however, that there 
are hardly any studies that deal with the risks and uncertainties 
associated with the operation of integrated infrastructures. The 
authors conclude that future research should address issues such 
as exnovation, the coordination of key innovation actors, or the 
role of multi-level governance systems in more detail to better 
reflect the socio-technical nature of converging infrastructures.

Oberle at al. present an analysis of options for residential 
heating, which shows the relevance of sector coupling and the 
need for active coordination of the transformation processes in 
this area. They start with the characterization of the three com-
peting infrastructures gas networks, heating networks, and elec-
tricity grids as well as the respective options for installed heating 
devices. Based on current conditions and a projection for 2050, 
an aggregated assessment of all costs and CO22 emissions of the 
currently most relevant and promising variants of gas condens-
ing boilers, heat pumps, and connections to a heating network is 
carried out. With natural gas and synthetic methane, two options 
for gaseous fuels are considered. The resulting cost estimates 
show large differences and reveal that sector coupling needs to 
be taken into account in future infrastructure planning. In de-
signing infrastructures during the transformation process, such 
analyses need to be considered, but be complemented by more 
in-depth research and against the background of socio-technical 
systems with wider consideration of disciplinary aspects, op-
tions, impacts, and framework conditions.

ers, and customers and many more. In these socio-technical con-
stellations, many of the emerging relationships take the form of 

“flat” screens for the user interface, as opposed to the “deep” and 
complicated structure of the system behind the surface. This in-
creases the experience of non-transparency of relevant opera-
tions and thus of uncertainty and risk (Büscher 2018, p. 26 ff.).

Within socio-technical constellations, operators are responsi-
ble for maintaining control from moment to moment, taking ac-
count of planned changes toward the convergence of infrastruc-
tures. The modeling of possible failures and threats in order to 
address vulnerabilities or increase resilience is a serious chal-
lenge (Kröger and Nan 2018). Lack of data hampers informed 
decision making. Uncertainty must be absorbed by distributing 
risks and responsibilities, legal protection, and informal mech-
anisms such as trust and confidence. In situations of change, 
plausible decision-making programs replace accurate calcula-
tions for decision making (Weick et al. 2005, p. 415). In prac-
tice, the problem of coping with uncertainty exists, for example, 
with respect to interconnected infrastructures (Roe and Schul-
man 2016, p. 62). In order to ensure reliable operation even be-
yond the planned and intended design, engineers, policy makers, 
or managers, must trust in the skills and knowledge of the prac-
titioners operating the facilities from moment to moment (Roe 
and Schulman 2016, p. 156).

In addition, visions of smart grids and novel markets propose 
a bi-directional data exchange between providers and consum-
ers. Especially consumers are expected to be involved more ac-
tively in both the production and consumption of electricity. The 
term prosumer clearly indicates these changes on the supply side. 
The industry is searching for viable business cases and models 
for smart appliances and prosumer roles, as already seen in “vir-
tual power plants” (Dürr and Heyne 2017), while politicians, ad-
ministrators, and consumer protection associations are looking 
for ways to enable innovation and protection of prosumers at the 
same time (Covrig et al. 2014, p. 87). Moreover, the problem of 
lack of insight into the behavior, e. g., the algorithms, of smart 
technology may progressively become the most important issue 
for all parties involved (Milchram et al. 2018, p. 11).

Contributions

It is well recognized that sector integration is of considerable 
importance to the transition of the energy system toward decar-
bonization goals. And it is very likely that its importance will 
increase in the coming years. However, the benefits of this ap-
proach face a number of critical challenges. The underlying ra-
tionale for this TATuP special topic is the legitimate assump-
tion that converging infrastructures, i. e., the operational cou-
pling and social, organizational, and institutional integration of 
sectors, will significantly increase socio-technical problems, as 
briefly sketched above. Socio-technical entities, which incorpo-
rate a large number of heterogeneous elements and interrelation-
ships, already today impose a high degree of complexity on op-
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The case of the Dutch energy transition strengthens the ar-
gument of continuous socio-technical problems. In order to 
achieve the ambitious decarbonization policy objectives, as 
Romi Dekker and Rinie van Est claim, Dutch policy focuses 
primarily on technical solutions, i. e., renewable energy sources. 
The dissemination of RES brings about many new problems. In 
this case, the need for “smarter” control of a decentralized, dis-
tributed energy complex in conjunction with electrified trans-
port and heating. The core believe of Dutch policy is “digitali-
zation” (besides liberalization and privatization), because only 
information and communication technology promises to help 
secure reliable, efficient, affordable, and inclusive services. 
Dekker and van Est emphasize in this context that digitaliza-
tion is becoming an integral part of any political agenda in re-
sponse to increasing complexity (from promise to requirement). 
However, it is precisely the means of mitigating the problem of 
complexity that contributes to this situation: “On the other hand, 
since they increase the diversity of actors and add new roles, 
smart grids also add extra complexity with regard to organiz-
ing the electricity market” (Dekker and van Est in this issue, 
p. 34). In the future, topics such as digital security, data govern-
ance, equality, and justice in the distribution of costs and ben-
efits as well as a (presumably government-led and observed by 
non-governmental actors) supervision of digitalization will be-
come pressing issues for academic research (especially TA), pol-
icy making, and public debate.

Michael Ornetzeder and Tanja Sinozic present an example 
of a pilot project in which several novel technologies are tested 
in an actively designed niche situation. The case study is about 
a smart energy housing project in Austria, in which the heat-
ing, gas, and electricity sectors were interlinked in several ways. 
They show that sector coupling in this case was substantially 
supported by niche protection activities, which enabled the de-
velopment of a comprehensive actor network structure, and by 
long-established cognitive and organizational routines. Among 
other things, it seemed to be crucial for the implementation of 
the pilot project that the main project owner had a long history 
as a multi-utility company and that services and infrastructure 
units were never completely unbundled in the course of the lib-
eralization of the energy markets. This constellation enabled an 
effective management of potential technical, economic, and or-
ganizational risks. The example also shows that end users are 
not entirely satisfied with the monopoly-like situation resulting 
from the arrangement applied. Furthermore, the project setting 
and the design of the follow-up projects implemented under cur-
rent market conditions show that the economic and legal frame-
work conditions still need to change in order to realize the full 
potential of sector coupling.

Finally, Bert Droste-Franke presents the manifold perils and 
challenges for the theory and practice of systems analysis in the 
case of converging infrastructures. Droste-Franke emphasizes 
that the basic socio-technical problems outlined above also ap-
ply to systems analysis and corresponding scientific modeling 
efforts. The approach becomes self-reflexive. Looking at the sci-

ence-policy interface, Droste-Franke raises questions about the 
quality of models and the underlying presumptions and prem-
ises in relation to, first, the research object of interest, i. e., the 
complex of operating and simultaneously transforming systems, 
and, second, in relation to the need for system knowledge. The 
latter refers to the attempt to clarify the conditions for providing 
sound advice that is instructive for different actors in different 
situations. For the topic of converging infrastructures, the prob-
lem of controlling all relevant elements and their interrelations 
in the modeling process becomes prevalent. Predicting the in-
novation dynamics resulting from a myriad of micro processes 
compared to past developments also becomes a challenge. Con-
sequently, also modeling methods must be altered to take ac-
count of multiple disciplinary insights and expose constant pat-
terns in innovation dynamics (redundancy in a stream of vary-
ing events). Coping with uncertainty in modeling is therefore an 
inherent feature of this work. Also, finding the means to com-
municate scientific uncertainty to those seeking advice is cru-
cial. The mode of communication seems decisive to foster some 
confidence in scientific expertise. Only then can decision mak-
ers on the future course of sector integration be put in a position 
to act based on the information provided.
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The process of converging infrastructures  – the integration and cou-
pling of the energy, transport, heating and cooling sectors – challenges 
technological paradigms and economic structures as well as patterns of 
individual and collective action. Renewable energy sources (RES), phys-
ical and digital networks, and new market opportunities promise more 
efficient use of energy and reduced emissions. However, every techno-
logical solution creates new problems. Therefore, we propose to ana-
lyze possible developments by exposing socio-technical problems. This 
contribution analyses recent studies drawing on sector coupling and 
assesses the consequences of converging infrastructures.

Zukünftige konvergierende Infrastrukturen
Bewertung der Folgen einer zunehmenden Sektorkopplung

Der Prozess konvergierender Infrastrukturen  – die Integration und 
Kopplung der Sektoren Energie, Transport und Wärme bzw. Kühlung – 
fordert technologische Paradigmen und Wirtschaftsstrukturen he-
raus, ebenso wie Muster individuellen und kollektiven Handelns. Er-
neuerbare Energiequellen, physikalische und digitale Netze sowie neue 
Marktchancen versprechen einen effizienteren Umgang mit Ressour-
cen und eine Reduzierung von Emissionen. Jede neue Technologie er-
zeugt aber nicht nur Lösungen, sondern auch neue Probleme. Deshalb 
schlagen wir vor, mögliche Entwicklungen anhand exponierter „sozio-
technischer Probleme“ zu untersuchen. Dieser Beitrag analysiert aktu-
elle Studien zur Sektorkopplung und bewertet die Folgen der Konver-
genz von Infrastrukturen.

Keywords: complexity, control, socio-technical change, decision mak-
ing, uncertainty

Introduction

Basic services in modern society  – energy supply, transport, 
heating and cooling – need to be maintained, despite numerous 
problems such as continuous CO22 emissions, resource scarcity, 
or dangerous technologies and hazardous waste. Experts call for 
a holistic transformation of societies’ vital infrastructures in or-
der to eliminate, or at least mitigate, these undesirable side ef-
fects. To achieve significant reductions in greenhouse gas emis-
sions, the transformation of individual sectors as well as tighter 
operational coupling and organizational integration of technical 
and social systems is required (Robinius et al. 2017 a, p. 2 ff.).

In Germany, the idea of sector coupling has become a prom-
inent strategy to meet these objectives. With several emerging 
technologies enabling sector coupling (including developments 
in renewable energy sources [RES], heat pumps, combined heat 
and power [CHP] systems, synthetic fuel production, electric 
cars, or developments in information and communication tech-
nologies), researchers propose different sector coupling path-
ways that combine research and development activities and en-
ergy-related practices. In a broad understanding, the idea of sec-
tor coupling refers to the integration of energy systems with the 

“process of coordinating the operation and planning of energy 
systems across multiple pathways and/or geographical scales to 
deliver reliable, cost-effective energy services with minimal im-
pact on the environment” (O’Malley and Kroposki 2017, p. 10).

This vision entails – as we understand it – a process of con-
verging infrastructures that results in the design and implemen-
tation of

1. tighter coupling of operations of conservation, conversion, 
storage, and/or transmission of energy (Beckman 1994, 
p. 321) in order to impose control of the allocation of system- 
wide operations (Nightingale et al. 2003), and
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2. tighter organizational and institutional integration to harmo-
nize the interaction of different actors with different purposes, 
such as design and engineering, supervision, investment, and/
or consumption of services (Franssen and Kroes 2009).

This contribution is concerned with the assessment of possi-
ble consequences of converging infrastructures related to sec-
tor coupling strategies. We refer to the notion of “socio-techni-
cal problems” (Edwards 2004, p. 209) to expose issues that usu-
ally receive less attention in engineering or economic modeling, 
but to which social science research and technology assessment 
can contribute with complementary perspectives.

Existing research from the fields of science, technology and 
society studies (STS), large technical systems theory (LTS), sys-
tems theory, or transition and innovation research, offers a rich 
body of literature to (tentatively) extract and differentiate the key 
issues and reduce them to core socio-technical problems. From a 
factual point of view, with converging infrastructures, we must 
assume increasingly complex interactions between technical 
and social elements, such as physical installations and networks 
with social organization, and the ensuing quest for maintaining 
control, e. g., in terms of predictability, security, safety, and ef-
ficiency. From a social perspective, the problem of generally 
shared expectations comes into focus, i. e., institutions where 
different actors, parties, persons, agents, or stakeholders must 
find mutual orientation in a converging field, such as energy, 
transport, and heating/cooling, and where change is enacted 
upon or by the activities of all parties involved. From a tempo-
ral point of view, the problem of coping with uncertainty and 
risk stresses the need to act in the present, despite the past serv-
ing “only” as experience and the future being not yet determined. 
In this dimension, the consequences of energy transitions are 
particularly evident, because the resulting structural complex-

ity and institutional change increase non-transparency and chal-
lenge the ability to act. All three dimensions represent the so-
cio-technical reality of converging entities and, subsequently, in-
fluence each other. The concept of socio-technical problems is 
laid out in detail in Büscher (2018) and serves as a heuristic to 
structure possible issues of integration processes (see also the 
introduction to this TATuP special topic by Christian Büscher, 
Michael Ornetzeder, and Bert Droste-Franke).

To begin with, we selected recent sector coupling studies for 
Germany as a data set (acatech et al. 2018; Ausfelder et al. 2017; 
Bauknecht et al. 2018; Henning and Palzer 2015; Hoffrichter 
and Beckers 2018; Wietschel et al. 2018; Winter 2018). Almost 

all of them are studies based on publicly funded projects and 
claim to provide orientation and advice to policy makers. We 
therefore assume that these studies have an influence on policy 
and decision makers in choosing and designing future pathways 
to integration and coupling of infrastructures. The basic obser-
vation is that sector coupling will integrate energy infrastruc-
ture (e. g., technical, social, and institutional) in areas that have 
so far operated largely side by side. In order to explore the con-
sequences of future converging infrastructures, we will direct 
the following questions to the selected studies and try to iden-
tify proposed solutions and remaining issues:

1. With converging infrastructures, we can assume that more 
and more technical systems and social actors will be inter-
twined. Consequently, we must ask how the problem of con-
trol for secure, reliable, cost-effective, and sustainable oper-
ation of the energy system can be solved despite increased 
socio-technical complexity. What are the technical and or-
ganizational means to achieve sector coupling?

2. Change must be enacted in various sectors simultaneously, 
despite the need for continued reliable operation and secure 
services. The question arises how and by whom technical and 
social innovation processes are initiated. Is the public admin-
istration, the private sector, or the public at large the driver 
of sector coupling?

3. Uncertainty must be absorbed in order to maintain the ability 
to act in the transformation of various sectors. In the face of 
complicated technologies and complex transformations, so-
cial mechanisms must be in effect to enable decision mak-
ing and action despite increasing non-transparency. There-
fore, we need to ask what problems and strategies for coping 
with uncertainties we can find in our set of studies.

The literature we subsequently analyse offers various pathways 
to achieving sector coupling, as we will present in the next sec-
tion. After a brief presentation of these pathways, we will high-
light two key findings from the analysis of recent studies: First, 
in general, many studies emphasize that the idea of converg-
ing infrastructures is based on more technical and social diver-
sity, such as the parallel development and existence of differ-
ent grids and infrastructure networks. Second, the assumptions 
made in many studies about how sector coupling and integra-
tion will come into reality show a strong reliance on politics as 
initiator, planner, and controller of this process. Along the lines 
of the questions set out in the introduction, we will discuss the 
fundamental socio-technical problems behind these premises of 
sector integration, followed by a short conclusion.

The case of sector coupling

Sector coupling as a climate protection strategy has gained con-
siderable importance in recent years, since fossil fuels are to be 
gradually replaced by RES not only in the electricity sector, but 

Sector coupling will integrate 
energy infrastructure in areas that 
have so far operated side by side.
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sponsible for the production of goods and services as well as ex-
ogenous processes such as governance and regulation (Mayntz 
2009, p. 124).

Direct electrification as a sector coupling strategy aims to re-
place current fossil energy use in heating and transport with re-
newable, low-carbon electricity. The power sector will thus be-
come the main backbone for all energy consuming sectors (acat-
ech et al. 2018; Ausfelder et al. 2017; Henning and Palzer 2015; 
Wietschel et al. 2018). From a control perspective, several chal-
lenges arise. First, end-use devices and corresponding infrastruc-
tures in the heat and transport sector need to be replaced by elec-
trical devices. In the heat sector, oil and gas heating systems have 
to be replaced by electric heat pumps and/or heating networks in 
combination with CHP plants and increasingly with solar ther-
mal systems, deep geothermal systems, and industrial waste heat 
recovery. In the transport sector, alternative drive systems such 
as electric and hybrid vehicles are planned to replace the inter-
nal combustion engine. In terms of infrastructure, an expansion 
of the capacity of vehicle and battery charging infrastructures as 
well as the development and expansion of the grid are necessary. 
Meeting the triple challenge of adjusting power supply based on 
wind and solar energy, expanding grid and charging infrastruc-
ture, and replacing end-use devices will be a major task (Hen-
ning and Palzer 2015).

A second challenge concerns the interplay between power 
production, distribution, and consumption. With the expansion 
of power production from renewables such as wind and solar, a 
paradigm shift is taking place in the energy sector. In the past, 
the principle “production follows consumption” meant major 
control efforts on the production side with control of the uti-
lization of power plant capacity. With fluctuating renewables, 
the paradigm is reversed to “consumption follows production”. 
The process of balancing electricity supply and network re-
quirements and demand becomes more complicated (D’haese-

also in the heating, cooling, and transport 
sectors (BMUB 2016, p. 3). Sector cou-
pling thus embodies the structural link-
age of the various industries (electricity, 
heating, cooling) and the mobility sector. 
However, as Wietschel et al. (2018, p. 3) 
state, there are several definitions of sec-
tor coupling, and the available studies take 
different disciplinary and methodologi-
cal perspectives: energy system modeling 
(Ausfelder et al. 2017; Henning and Pal-
zer 2015), political science and decision 
making (Bauknecht et  al. 2018), institu-
tional economics (Hoffrichter and Beck-
ers 2018), social science analyses (Can-
zler and Knie 2013), and meta-studies 
(Wietschel et al. 2018; Winter 2018). A 
rough distinction can be made between a 
broad and a narrow understanding of sec-
tor coupling (Wietschel et al. 2018, p. 3).

Some authors interpret sector coupling narrowly and refer 
only to the conversion of RES (surplus) electricity into gases 
or liquids (Power-to-X) as a substitute for fossil fuels (Robinius 
et al. 2017 a, 2017 b). Others focus on all aspects associated with 
the coupling of energy-related sectors (e. g., also the use of waste 
heat) and exclude only those solutions that apply to a single sec-
tor, e. g., residential roof-mounted PV systems (Wietschel et al. 
2018). Still others additionally emphasize cross-border interde-
pendencies and the potential benefits of international coopera-
tion as crucial aspects of sector coupling (Hoffrichter and Beck-
ers 2018). Bauknecht et al. (2018) look beyond technical aspects 
and include the flexibilization also of the electricity sector and 
the reduction of the required expansion of the power grid, e. g., 
through the use of gas infrastructure.

With regard to the specific technical design of sector coupling 
paths, the discussed literature basically distinguishes between 
three options for feeding electricity from RES into the heat-
ing, cooling, and transport sectors: (1) direct electrification (e. g., 
electric cars or heat pumps), (2) indirect electrification divided 
into two sub-paths a) hydrogen (fuel cells) and b) synthetic fuels, 
and (3) alternative renewable energies such as biomass, solar 
thermal or geothermal and waste heat. Due to the limited poten-
tial of the third option in terms of energy production, the follow-
ing analysis will focus on the first two. Figure 1 illustrates ele-
ments of sector coupling issues along the socio-technical prob-
lem dimensions of control, change, and action (Büscher 2018).

Converging infrastructures – 
with or despite socio-technical diversity?

Control problems arise from various endogenous and exoge-
nous changes with regard to the envisioned goal of sector cou-
pling. We need to consider technical and social operations re-

conversion 
of RES

low carbon
technologies

system 
flexibility

institutional
decisions

individual
decisions

 

ActionChange

Control

direct
electrification

indirect
electrification

(alternative RES) 

Fig. 1: Sector coupling and socio-technical problems.  Source: Authors’ own compilation
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leer et al. 2017). The balancing process is based on flexible load 
management activities focusing on all three system elements. 
Adjusted control activities aimed at flexibility will be more de-
centralized and based on highly digitalized network systems. 
With sector coupling, the demand side will become even more 
“unpredictable”. While household electricity consumption is rel-
atively easy to forecast based on the daily load profile, charging 
activities of electric cars, for instance, will be more randomized 
over day and night. Several studies discuss this challenge with 
regard to beneficial flexibility options for the system (Ausfelder 
et al. 2017; Bauknecht et al. 2018; Henning and Palzer 2015).

For indirect electrification via hydrogen and synthetic fuels, 
the challenge is not only to balance supply and demand, but also 
to establish global value and supply chains for hydrogen and 
e-fuel production with connected supply infrastructure for na-
tional use. There is consensus that synthetic fuels produced from 
RES are essential for meeting the Paris Climate Agreement and 
should be used in transport where no low-carbon alternatives are 
available (e. g., aviation and shipping) and in energy-intensive 
industry sectors. Due to structural cost disadvantages for domes-
tic production, supply chains abroad are favored (acatech et al. 
2018). Most advocates favor a strategy with technology innova-
tion and development in Germany, followed by an upscaling of 
Power-to-X technology abroad (e. g., Norway, Morocco, Dubai, 
or Australia). However, from a control perspective, it is unclear 
how to steer and manage the establishment of production and 
supply chains for hydrogen and e-fuels (Hoffrichter and Beck-
ers 2018; Winter 2018).

When combining several sector coupling pathways, an addi-
tional control challenge becomes apparent. Different networks 
and infrastructures are required to implement the different paths 
(direct and/or indirect electrification). Depending on political 
and societal priorities the system requires different networks. 

These are electricity networks (both transmission and distri-
bution networks), gas, hydrogen, and heating networks, elec-
tricity grids for overhead line trucks as well as rail and road 
networks and intelligently communicating supply networks 
(smart grids). Besides these network expansion activities, var-
ious types of storage (battery, heat, gas, and hydrogen storage) 
may be needed (acatech et al. 2018; Schwan et al. 2016). Fur-
thermore, in line with the increasing flexibility of the system, 
local demand side management (smart meters), consumption 
and storage partnerships through links to other consumption ar-
eas such as mobility, battery electric vehicles as storage (vehi-
cle to grid), and electricity self-consumption will have to be es-

tablished (see Dekker and van Est in this volume). This raises 
the question of how operators and supervisors can control par-
allel grids and networks in terms of service security (vulnera-
bility and resilience), safety (data integrity and privacy), and 
cost efficiency.

Change strategies for converging 
 infrastructures

The energy transition, and thus increased sector coupling, is a 
huge technical and social experiment which has must find a bal-
ance between sufficient redundancy and appropriate variance 
in infrastructure operations (Büscher 2018, p. 23 f.). Given a 
steadily increasing share of RES, the challenge is no longer the 
supply of energy, but rather to manage supply and demand ac-
cordingly, especially in times of low RES-based energy supply 
(Bauknecht et al. 2018, p. 40 f.). In this situation, planned (pol-
icy) instruments and evolutionary events factor into the process 
of change. According to current logic, many interventions are 
conceptualized as a linear cause-effect relationship in which in-
centives should lead to market and behavioral changes (acat-
ech et al. 2018, p. 4; Wietschel et al. 2018, p. 6 f.; Winter 2018, 
p. 16 f.). In energy system modeling, this is usually implemented 
by assuming specific RES shares in energy production, energy 
efficiency progress, and/or price elasticities of the actors or pol-
icy instruments such as regulation or funding programs. How-
ever, barriers, e. g., regarding the adoption of climate-friendly 
technologies, or bounded rationalities, such as a lack of infor-
mation, are often disregarded.

With converging infrastructures, we must also assume that 
new actor structures and market opportunities will emerge. The 
transformation process from today’s centralized to decentralized 

supply structures is influenced by many actors and is associated 
with uncertainties (Bauknecht et al. 2018, p. 36 f.). The likeli-
hood of (sustainable) innovations increases in less regulated, but 
protected niches (Geels and Schot 2007). The engagement of 
private individuals (e. g., system-oriented “prosuming” through 
energy self-consumption by household PV systems), new co-
operatives, and new business perspectives (i. e., new business 
models) even for already established companies fundamentally 
change the constellation of actors within the system.

In addition, for an (internationally) consistent sector coupling 
strategy, cross-border interdependencies and international coop-
eration must be considered (D’haeseleer et al. 2017, p. 67). The 

An expansion of the capacity of vehicle and   
 battery charging infrastructures as well as the development   

 and expansion of the grid are necessary.
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coordination of national measures to transform European energy 
systems can be seen as a prerequisite for the development of ef-
ficient sector coupling solutions (Hoffrichter and Beckers 2018, 
p. 48). Political interventions such as, e. g., the internalization 
of external costs through a CO22 price, an expanded emissions 
trading system (ETS) or through a CO22-oriented reform of elec-
tricity and energy taxes, are crucial for the success of the sector 
coupling process (acatech et al. 2018, p. 4; Wietschel et al. 2018, 
p. 6 f.; Winter 2018, p. 16 f.). Several approaches are available, 
ranging from a centralized governance model (e.  g., transna-
tional energy-only market) to a decentralized governance model 
(Hoffrichter and Beckers 2018, p. 22 f.). In this context, many is-

sues remain unresolved, such as the structure of adequate long-
term governance and the coordination of decision-making pro-
cesses involving the EU, national, and local levels in the con-
text of sector coupling.

Most studies of sector coupling assume that politics is the 
main driver for a far-reaching convergence of energy/electricity, 
transport, heating and cooling. Therefore, action is supposed to 
be based on political programs that provide incentives for desired 
transactions (for example via price signals) leading to research 
and development of technologies and investment in new technol-
ogies that promote sector coupling. Uncertainty, then, is a stim-
ulus for innovation, but only if politics is committed to the over-
all goal of the energy transition in the long term (Canzler and 
Knie 2013, p. 15). All studies emphasize that trust in long-term, 
reliable, and transparent political programs is the fundamental 
mechanism of uncertainty absorption and thus stimulus for risk 
taking and action by the industry (acatech et al. 2018, p. 53).

On the other hand, the reviewed studies analyze political 
risks without giving any indication how political decision-mak-
ers might cope with uncertainty. A general problem is the lack 
of acceptance of large scale infrastructure projects such as trans-
mission lines, which particularly hinders the development path 
of direct or high degree of electrification (Ausfelder et al. 2017, 
p. 59). Specific problems that may arise are:

• failing subsidy allocation and free-rider effects resulting in 
undesired exploitation (deadweight effects) where companies 
receive financial resources they would have invested anyway 
(Ausfelder et al. 2017, p. 141);

• failing incentives where too low a price (a tax or a certificate) 
might not motivate people to invest in energy efficiency, re-
newable energies, and technologies for coupling the energy 
sectors (acatech et al. 2018, p. 59);

• economic inefficiency of technology-specific regulations, 
which might hinder transparent competition between differ-
ent technologies in achieving political goals such as reducing 
CO22 emissions (acatech et al. 2018, p. 55 f.);

• migration of businesses due to resistance from energy-inten-
sive industries to higher prices (via taxes or certificates) and 
possible relocation of production sites if these prices remain 
a purely national policy and are not applied in the EU and 
elsewhere (acatech et al. 2018, p. 58; Ausfelder et al. 2017, 
p. 131).

As for the role of the “prosumer”, non-professional users have 
to take risks in future integrated and smart infrastructures. One 
aspect is the complexity of smart grids, in which RES technol-
ogies and information technologies represent novel possibilities 
for electricity supply, transport, and heating. Novel control tech-
nologies might burden users who normally rely on simplifica-
tion and routine behavior (Canzler and Knie 2013, p. 95). The 
other aspect is that the costs of shared infrastructure in commu-
nal projects increases the risk for participants and their financial 
commitments (Canzler and Knie 2013, p. 94).

All in all, we find no evidence that the studies consider un-
certainty and risk in the operation of converging infrastructures. 
After all, the developments in question touch on issues such as 
centralization vs. decentralization: If more complicated tight 
couplings are introduced in future infrastructures, the danger 
of systemic risk might increase (Hellström 2009, p. 327). Fail-
ures in one part of the overall complex can lead to a cascade 
of failures in other parts if sectors (systems) become increas-
ingly coupled. On the other hand, with the emergence of a more 
decentralized energy system, more redundancies come into ef-
fect, which might increase the resilience of the overall complex 
(Kröger and Nan 2018). The issue of integration vs. disintegra-
tion also moves into the focus. US and European policy has for 
decades supported vertical disintegration along the value chain 
of energy supply, transmission, and distribution (unbundling) 
to promote more market-oriented coordination (Coutard 1994). 
In sector coupling, on the other hand, system planners and su-
pervisors focus on horizontal integration – via the coupling of 
different infrastructures. This means, for example, that any reg-
ulatory attempt must account for the consequences of decision 
making in a much larger and more complex entity. Planning and 
risk assessment are thus faced with new problems of responsi-
bility and liability.

Conclusion

The future of converging infrastructures through sector coupling 
is a visionary and ambitious project, which may entail a heavy 
burden of increased complexity and contingency as well as in-
creased uncertainty and the need for risk-taking. In addition, the 
energy transition is subject to constant technological change and 
occasional disruptive events, such as accidents (Fukushima) or 

The energy transition, and thus 
increased sector coupling, is a huge 

technical and social experiment.
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crisis situations (coronavirus pandemic), which may fundamen-
tally change the conditions of planned action programs.

The studies we analyzed describe a coherent set of commonly 
shared goals, seeing sector coupling as a promising strategy to 
increase resource and energy efficiency and reduce greenhouse 
gas emissions. Against this background, the studies focus on lay-
ing out a variety of optional sector coupling pathways that are 
generally considered feasible, efficient, and effective. The main 
pathways refer to direct or indirect electrification (sometimes 
a third pathway is added, namely alternative renewable energy 

sources). The set of optional pathways includes volumes (of en-
ergy sources) and capacities (of transport, distribution, and con-
sumption, respectively), technical needs and future options, fea-
sibility and compatibility, as well as market requirements and 
macroeconomic efficiency. However, several issues remain open 
as to how to make this vision a reality.

The conceptualized pathways assume a degree of social be-
havioral adaptation, with investment and routine braking con-
sumption decisions that are hard to realize. There are lock-in 
effects (e. g., long investment cycles for certain technologies), 
trade-offs, and inefficiencies due to structural and individual 
behavioral decision-making traditions that hinder action and 
change in sector coupling. The elaborated sector coupling path-
ways highlight the paradigms of technical feasibility and eco-
nomic efficiency, underestimating the (assumed) requirements 
and consequences for consumer action and institutional deci-
sion making alike. The techno-economic optimization approach 
must be complemented by implementation research considering 
power structures and individual decision making.

Also, innovation and exnovation management and regula-
tion strategies will play a central role in successful sector cou-
pling strategies (David and Gross 2019). There is some discus-
sion about the transition process with a parallelism between 
the shutdown of old and the opening of new technology path-
ways (such as the fossil fuel phase-out). However, in particular 
with regard to the transport sector, efforts to proactively man-
age defossilization and thereby the “exnovation” of fossil-fu-
el-based technologies are currently less apparent. With regard to 
behavioral changes and the diffusion of technologies, the stud-
ies mostly assume linear cause-effect relationships (with a fo-
cus on CO22 prices through taxation, subsidies, or ETS) – in the 
hope of achieving desired effects. Socio-technical dynamics in 
the change process – such as varying acceptance depending on 
the technological solution or varying degrees of willingness to 
change behavior in society – are ignored.

Finally, it remains largely unclear how the overall change pro-
cess toward sector coupling is initiated and triggered. We have 
noted an almost complete reliance on politics, which is expected 
to implement financial incentives or subsidies. Although poli-
tics is seen as the central actor in steering the sector coupling 
process, the interaction between different actors (e. g., business, 
municipal actors, or civil society, etc.) is not discussed. Very few 
studies elaborate on bottom-up activities to stimulate sustainable 
innovations (see Ornetzeder and Sinozic in this volume). Finally, 
the decision-making process for sector coupling in a multi-level 

governance system (interplay of local, federal, national, or even 
European and global levels) needs to be specified. Among the 
optional sector coupling pathways, policy makers need to prior-
itize and decide on the pathways to follow.
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Current investment in distribution networks for electricity, gas, and 
heat is high, and the distribution networks play a prominent role in 
the necessary transformation of the energy system. This paper pro-
vides insights into the relationship between residential end-user deci-
sions on heat supply and their effect on infrastructure planning. There-
fore, the gas, electricity, and heat networks are analyzed together. After 
a review of the characteristics of the networks, the most common sec-
tor coupling technologies are compared economically and environmen-
tally. The results show that, under the assumptions made, heat pumps 
are the cheapest option for residential end-users in the long run. This 
raises the question of whether a parallel development of three differ-
ent infrastructures for the heat supply of buildings is the best path to 
a successful energy transition.

Sektorkopplungstechnologien in Gas-, Strom- und Wärmenetzen
Konkurrenz oder Synergie?

Die derzeitigen Investitionen in die Verteilnetze für Strom, Gas und 
Wärme sind hoch und die Verteilnetze spielen eine bedeutende Rolle 
bei der notwendigen Transformation des Energiesystems. Diese Arbeit 
gibt Einblicke in den Zusammenhang zwischen Entscheidungen priva-
ter Endnutzer zur Wärmeversorgung und deren Auswirkungen auf die 
Infrastrukturplanung. Dafür werden die Gas-, Strom- und Wärmenetze 
gemeinsam analysiert. Nach einem Überblick über die Charakteristika 
der Netze werden die gängigsten Sektorkopplungstechnologien öko-
nomisch und ökologisch verglichen. Die Ergebnisse zeigen, dass un-
ter den getroffenen Annahmen Wärmepumpen langfristig die kosten-

günstigste Option für private Endnutzer sind. Dies wirft die Frage auf, 
ob eine parallele Entwicklung von drei verschiedenen Infrastrukturen 
zur Wärmeversorgung von Gebäuden der beste Weg hin zu einer erfolg-
reichen Energiewende ist.

Keywords: gas network, electricity network, heat network, end-user 
perspective, infrastructure planning

Introduction

The national and international commitments to curb greenhouse 
gas (GHG) emissions (UNFCCC 2015; BMU 2016) make the 
reduction of fossil energy sources to a minimum by 2050 a ne-
cessity. Achieving this requires a fundamental transformation 
of not only the energy sector, but also changes in the demand 
sectors of households, transport, trade, commerce, and services 
(TCS), and industry.

With a share of 23.8 % in Germany in 2017 (AGEB 2018), 
natural gas is the second most important primary energy source 
after mineral oils. Natural gas is also used as a final energy 
source in almost every sector. Only in the transport sector is it 
less relevant with minor market shares of natural gas-powered 
passenger cars. However, there is a growing focus on alterna-
tives, especially regarding buildings (households and TCS). For 
example, heat pumps are increasingly used to supply heat to 
highly insulated buildings and are being installed in heat net-
works (district heating).

Various studies, investigating a significant GHG reduction of 
95 % until 2050 compared to 1990, indicate a clear decline in 
the demand for natural gas by 2050 (dena 2018; BCG and prog-
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nos 2018; Öko-Institut and Fraunhofer ISI 2015). These stud-
ies point to a move from heat generation based predominantly 
on natural gas to electricity-based heat by 2050, especially con-
cerning buildings. Such a strong drop in the demand for natu-
ral gas in a gas distribution network, assuming its size remains 
unchanged, results in a sharp rise in the specific operating costs 
(Wachsmuth et al. 2019) and casts doubt on the economic effi-
ciency of a natural gas distribution network for supplying heat 
to buildings.

To analyze the competitive situation of the natural gas dis-
tribution network, the gas, electricity, and heat distribution in-
frastructures are analyzed together. The definition of sector 
coupling is broadly discussed in the literature (Wietschel et al. 
2018 b; Scorza et al. 2018; bdew 2017). We understand sector 
coupling as the linking of the sectors electricity and heat with 
their infrastructure, i. e. a stronger coupling of the grid-bound 
energy sources electricity, heat and gas. The technologies, that 
couple the networks with each other, differ depending on the de-
mand sector. We will focus on the building sector. In this sec-
tor, gas boilers and to a limited extent combined heat and power 
plants (CHP) are connected to the natural gas distribution net-
work. The electricity distribution network supplies heat pumps 
and electric heating appliances as well as night storage heaters, 
the latter to a limited and declining extent. Alongside oil-based 
options, these compete with gas boilers and heat networks to 
supply buildings with heat. A strong synergy emerges between 
the electricity distribution network and heat networks if the lat-
ter are supplied with heat from large heat pumps or electric heat-
ing rods. Otherwise, when using geothermal or solar thermal 
technologies as a heat source, the heat networks compete with 
natural gas and electricity distribution networks to supply heat 
to buildings.

The objective of the paper is to provide insights into the con-
nection between residential end-user decisions and their poten-
tial effect on infrastructure planning. These insights then con-
tribute to the question of the role to be played by the gas distri-
bution network in the energy system of the future. As a first step, 
the characteristics of the three infrastructures and the current 
regulatory framework are described and the most relevant sector 
coupling and competing options are pointed out. Subsequently, 
an economic comparison and a comparison based on CO22 emis-
sion of those technologies in Germany is made, to provide in-
sights into the basis of decision-making for residential end-us-
ers, and the results are explained.

Perspective of network operators: 
characteristics of the infrastructures

The annual investment and service and maintenance expenses 
of gas and electricity distribution networks are nearly double 
the expenses of their transport networks, so that infrastructure 
changes will lead to higher expenses on the distribution net-
work level than on the transport network level. Comparing the 

investments per kilometer expanded in electricity and gas dis-
tribution networks reveals that specific investments in electric-
ity (624,584 €/km) are much higher than in gas (90,162 €/km) 
(BNetzA and Bundeskartellamt 2019). The cost of building heat-
ing networks is 50,000 €/km under very favorable conditions and 
can be up to 800,000 €/km under unfavorable conditions (for ex-
ample in dense urban areas) (Clausen 2012). On the other hand, 
the service and maintenance expenses for the total length of the 
distribution networks are significantly higher for the gas distri-
bution network, with 2,105 €/km, than for the electricity grid, 
with 1,734 €/km. Furthermore, the energy transported via the 
gas distribution network was 754 TWh in 2018. This is consid-
erably more than via the electricity distribution grid, which was 
only 443 TWh (BNetzA and Bundeskartellamt 2019).

The expansion and maintenance of the gas and electricity dis-
tribution networks is planned and implemented by the respec-
tive distribution network operator (DSO) separately, according 
to the amount of energy purchased in a network area. This is 
done due to the link between rising costs and decreasing de-
mand. For example considering the situation for gas distribution 
networks, there is a clear increase in the specific operating costs 
if the length of the gas network remains the same but there is a 
drop in the demand for gas.

So-called network charges distribute the costs for building, 
operating, maintaining and expanding the gas and electricity net-
works across all network users (BNetzA and Bundeskartellamt 
2019). Broadly speaking the higher the utilization of electric-
ity or gas networks is, the wider the cost can be spread among 
network users; a lower rate of utilization of the infrastructure 
leads to higher individual costs for the remaining network users. 
With a 22.3 % share of the German average electricity price of 
30.85 €ct/kWh, the electricity network charges for transportation 
and distribution networks have a similar share of prices to those 
of the gas network charges, which account for 23.3 % of the av-
erage German gas price of 6.34 €ct/kWh for household custom-
ers (BNetzA and Bundeskartellamt 2019). However, at nearly a 
quarter of the price, the network charges, and consequently the 
infrastructure cost, have a strong influence on the end-user price.

Perspective of residential end-users: 
sector coupling and competing 
technologies
Since the distribution network level is of particular importance, 
we focus on heat supply in the residential building sector. In par-
ticular, the technologies with the highest relevance – gas boilers, 
heat pumps and a connection to a heat network supplied by a 
large heat pump – are considered in more detail. BDEW (2019) 
shows that user satisfaction is highest with these selected tech-
nologies.

Efficient gas condensing boilers are the current state-of-the-
art technology capable of achieving an efficiency of more than 
90 % (Hirzel 2017). With a view to decarbonization, a move 
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from natural gas to synthetic methane, produced using electric-
ity, by 2050 is being discussed. Synthetic methane can be fed 
into the gas distribution network without any additional modi-
fications and can be used to fuel condensing boilers (Viebahn 
et al. 2018). Condensing boilers are promoted in Germany by 
the nationwide funding offered by the Kreditanstalt für Wied-
eraufbau (KfW) and the Federal Office for Economic Affairs 
and Export Control (BAFA). The KfW funds the conversion 
of gas heating systems to condensing boiler technologies with 
low-interest loans of up to € 50,000 or with subsidies of 20 %, 
which can range between € 300 and € 10,000 (KfW 2020). BAFA 
funds up to 20 % of the eligible costs of converting an existing 
boiler to a condensing one if solar thermal is installed as well 
(BAFA 2019).

The sales figures for heat pumps in Germany show that elec-
tricity-based air heat pumps are currently preferred (BWP 2019). 
The efficiency of such a system is measured using the so-called 
annual coefficient of performance (COP), which represents 
the ratio between the amount of heat supplied and the amount 
of power used (Wietschel et al. 2018 a). The COP of such de-
vices depends heavily on the heat source used and is on aver-
age around 3.0 for air heat pumps (Miara et al. 2011). To ensure 
their efficient operation, the temperature difference between the 
heat source and the heating system should be as low as possi-
ble, which is why its performance is best in well-insulated build-
ings (Wietschel et al. 2018 a). BAFA funds heat pumps through 
the KfW mainly via loans with a repayment bonus or invest-
ment subsidies for energy-related (complete) renovations (BWP 
2020). For air heat pumps this funding is 45 % of the eligible 
costs when substituting oil-based heating in existing buildings 
and 35 % when replacing a different kind of heating system. The 
required COP of the heat pumps is ≥ 3.8 (BWP 2020). For new 
buildings, the funding is also 35 % of the eligible costs, but the 
required COP is ≥ 4.5 (BWP 2020).

Large heat pumps installed in heat networks function in a 
similar way to other heat pumps. As a private person, a subsidy 
for establishing a connection to a district heating network can be 
granted in Germany under the KfW subsidy program No. 430. A 
subsidy of 10 % is granted up to a maximum amount of € 5,000 
per housing unit (KfW 2019).

Comparison of sector coupling and 
competing technologies

To provide a clearer picture of the possible heat production op-
tions for residential end-users this section compares the sec-
tor coupling technologies described above using a defined case 
study regarding environmental and economic aspects. The anal-
ysis includes the different framework conditions of single-fam-
ily houses (SFH) and multi-family houses (MFH) in existing 
buildings and new buildings for 2015 and 2050. The economic 
analysis also considers the current funding possibilities. It is as-
sumed that these subsidies will no longer apply in 2050. Further 

the comparison is based on useful energy. This is the part of en-
ergy that is left after converting the final energy, such as electric-
ity or natural gas, into – for example – light or heat.

The existing SFH considered has a floor area of 140 m² and 
currently a heating demand of 236  kWh/m² and therefore an 
annual heating demand of 33,040  kWhuseful energyuseful energy (dena 2016). 
In 2050 the existing SFH assumed has a heating demand of 
40 kWh/m², because the buildings newly constructed in 2015 
will be the existing buildings in 2050. A newly built SFH has 
an annual heating demand of 5,600 kWhuseful energyuseful energy for the same 
floor area in 2015 and 2050 (dena 2016). The MFH is assumed 
to be a five-story building with two apartments per story, each 
with a floor area of 80 m². This results in a heating energy de-
mand of 132,800 kWhuseful energyuseful energy per year for existing buildings in 
2015 and 32,000 kWhuseful energyuseful energy per year in new buildings in 2015 
and 2050 as well as in existing buildings in 2050. These cases 
are only examples of current buildings. The structure of build-
ings and therefore their heating demand varies very widely. This 
is the case in both new buildings and existing buildings. Heat-
ing demand can range from below 100 kWh/m² to more than 
500 kWh/m² (Häupl et al. 2017). These examples only represent 
conditions in a “typical” building and are taken from the dena 
report on buildings in Germany (dena 2016).

Economic perspective:   
 costs, prices, and taxes/duties
The economic comparison is conducted from the point of view 
of the residential end-user and therefore shows which technol-
ogies are the cheapest solution for him/her. Tab. 1 provides an 
overview of the assumed investments and costs that are used 
to determine capital costs. With regard to funding, subsidies 
of 20 % are assumed for gas condensing boilers, 35 % for heat 
pumps, and 10 % for heat networks (see the section “Perspective 
of residential end-users: sector coupling and competing technol-
ogies”). For the existing buildings, it is assumed that the required 
heat pump COP of 3.8 cannot be achieved without an expensive 
(partial) refurbishment. Therefore, no subsidy is assumed for ex-
isting buildings and we consider a COP of 2.8.

For the operating costs of the different technologies, today’s 
energy prices and the price development until 2050 are esti-
mated based on various studies. The same studies show that for 
achieving a 95 % GHG reduction in 2050 compared to 1990, 
natural gas needs to be replaced by carbon-neutral synthetic 
methane (BCG and prognos 2018; dena 2018; Öko-Institut and 
Fraunhofer ISI 2015). The comparison for 2050 contains syn-
thetic methane imported from North Africa. The Power-to-Gas 
and Power-to-Liquid (PtG/PtL) calculator of Frontier Econom-
ics (2017) was used to determine the costs for synthetic meth-
ane and 0.43 €ct/kWh was added for sales (Agora Energiewende 
and Frontier Economics 2017) plus another 10 % margin to ob-
tain the price without taxes and levies. The assumed mainte-
nance costs, as well as the efficiency developments of the tech-
nologies are based on Hirzel (2017), Viebahn et al. (2018) and 
Wietschel et al. (2018 a).
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Based on the assumptions described above, the capital and 
operating costs are calculated per kWh of useful energy (heat). 
Fig. 1 shows the results for investments and operating costs bro-
ken down by building category and technology. Operating costs 
are further split into on the one hand network charges and on the 
other hand other taxes, levies and charges. For SFH and MFH 

Tab. 2 provides an overview of the assumptions used to calcu-
late the operating costs. The price of district heating up to 2050 
was based on a linear extrapolation of prices according to WIB-
ERA (2017). Comparing the difference of the average energy 
carrier price after taxes and pre-taxes shows the high tax bur-
den on electricity compared to gas and heat.

Investment Funding Lifespan Interest rate Retrofitting costs

2015 2050 2015 2015 2050
€ € € years % €/kWh €/kWh

Gas condensing boiler SFH existing 4,000 1,000 800 20 2 0.02 0.02

SFH new 1,000 200 – –

MFH existing 15,000 4,000 3,000 0.02 0.02

MFH new 4,000 800 – –

Heat pump (air) SFH existing 26,000 4,000 – 25 2 0.03 0.05

SFH new 4,000 4,000 1,400 – –

MFH existing 106,000 20,000 – 0.03 0.04

MFH new 25,000 20,000 8,750 – –

Connection to heating network1 SFH existing 15,000 1,500 25 2 – –

SFH new – –

MFH existing 40,000 4,000 – –

MFH new – –

1   Expert interview on 24. 01. 2020

Tab. 1: Assumptions for the derivation of capital expenditures for the coupling technologies.  Source: Wietschel et al. (2018 a), Clausen (2012), Henning and Palzer (2015)

Gas condensing boiler/gas Heat pump/electricity Connection to heating network/heat 

existing buildings new buildings existing buildings new buildings existing buildings new buildings

Efficiency in % 2015 90 2801 4501 100

2050 4501 4501

Average energy carrier price 
for households (after-tax) 
in €ct/kWh 

2015 6.3 21.7 8.9

2050 15.4 27.0 12.0

Average energy carrier price 
for households (pre-tax) 
in €ct/kWh

2015 4.8 10.6 7.5

2050 5.3 13.1 10.1

Price for synthetic methane 
(pre-tax) in €ct/kWh

2050 20.9 – –

Maintenance costs in €ct/kWh 2015 1.3 1.4 2.3 –

2050

1   As explained in the section “Perspective of residential end-users: sector coupling and competing technologies”, the COP can be approximately defined as the 
efficiency. The COP represents the ratio between the amount of heat supplied to the amount of power used, which in turn means that it can be higher than 100 %.

Tab. 2: Development of the efficiency of three sector coupling technologies and assumed price development of the four network-based energy carriers.   
  Source: Hirzel (2017), Viebahn et al. (2018), Wietschel et al. (2018 a), dena (2018), BCG and prognos (2018),   
  Öko-Institut and Fraunhofer ISI (2015), Agora Energiewende and Frontier Economics (2017), WIBERA (2017), BNetzA and Bundeskartellamt (2019)
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in new buildings the heat pump is already 
the most favorable solution today and con-
tinues to be so in 2050, with the expendi-
tures in SFH being 18.4  €ct/kWhuseful en-useful en-

ergyergy less than a connection to the heating 
network in 2050 and potential savings of 
11.2 €ct/kWhuseful energyuseful energy for MFH. The spe-
cific costs of heat pump use in new build-
ings are lower than in existing buildings, 
as a higher COP can be achieved. For ex-
isting buildings, a gas condensing boiler 
running on natural gas is the cheapest 
technology option today, with only a dif-
ference of approximately 0.6 €ct/kWhuseful useful 

energyenergy compared to heat pumps. Connecting 
to the heating network is the most expen-
sive solution for all building categories in 
2015. In new buildings especially, the spe-
cific costs are significantly higher than for 
the other technologies, because the con-
nection to the heating network leads to 
fixed costs and is not measured accord-
ing to heating capacity.

Overall, the costs (excluding inflation) 
will increase in 2050 for all technology 
options. This is partly due to the rising en-
ergy carrier costs and partly due to subsi-
dies no longer being available. Due to the 
high fuel costs the use of synthetic meth-
ane will not be competitive compared to 
the other heating technologies in 2050. 
For the network charges which include the 
infrastructure costs spread across the net-
work users, the assumption is made that 
the share of network charges of the energy 
carrier price will stay constant until 2050, 
due to high uncertainties in their future 
development, leading to a slight increase 
in absolute network charges.

Environmental perspective: CO22 emissions
To compare the environmental impact of the different technol-
ogies, an emission factor of 62.33 t CO2CO2  / TJuseful energyuseful energy is assumed 
for natural gas today and in 2050 (European Commission 2007). 
The current power mix is applied to heat pumps today (UBA 
2019), and carbon-neutral electricity generation is assumed for 
2050, without biomass and fossil fuels. GHG emissions caused 
indirectly or along the upstream, such as during the production 
of PV and wind power installations, are not considered. But their 
influence is negligible in a world with very ambitious climate 
protection measures. The emissions of district heating today de-
pend on the heat mix fed into the networks (AGFW 2019). For 
2050 it is assumed that the heat in heat networks is exclusively 
produced by large heat pumps, which are powered by 100 % re-

newable electricity. Heat accumulators in combination with heat 
pumps for a better coordination with renewable electricity gen-
eration make these assumptions plausible. As described in the 
previous section, synthetic methane is imported from North Af-
rica. In North Africa, it is assumed that the synthetic methane is 
produced using electricity from renewable energy sources and 
that direct air capture (DAC) is used to gain CO22. Further up-
stream emissions are not taken into account.

Fig. 2 shows the annual CO22 emissions of the technologies in 
the building categories considered. From an environmental per-
spective, using heat networks with the current heat mix to supply 
existing MFH is the least attractive option, because this causes 
CO22 emissions nearly twice as high as supplying heat with a gas 
condensing boiler. Heat pumps are the technology with the low-
est CO22 emissions despite the current power mix still including a 

Fig. 1: Overview of the total expenditures for the different technologies in the different building categories. 
 Source: Authors’ own compilation

Fig. 2: Overview of the annual CO22 emissions of the different technologies in the different building categories. 
 Source: Authors’ own compilation
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large share of coal-fired electricity. This result is also found in the 
other building categories. The development in 2050 shows, that 
natural gas is the least attractive solution due to its CO22 emissions.

Summary, conclusions, and outlook

To achieve ambitious climate protection targets, fossil energy 
sources have to be almost completely replaced by renewable 
ones by 2050. This requires new technical solutions for the sup-
ply of energy. The distribution networks for electricity, gas, and 
heat play a prominent role in the necessary transformation based 
on the current annual investments of 5 billion euro in Germany, 
and the strong influence they have on the final energy prices for 
gas, electricity, and heat. This gives rise to the question, which 
distribution networks will still be required in the future. Another 
question is how the different kinds of distribution networks can 
be integrated more closely with each other using new technol-
ogies, such as electric heat pumps in heat networks, an issue 
which now falls under the topic of sector coupling.

From a regulatory viewpoint, gas and electricity distribution 
networks, as well as heat networks, are planned independently 
of each other at present. The tax burdens on the three energy 
sources also differ strongly, with the electricity price bearing 
the biggest burden per kWh compared to gas and heat. Nev-
ertheless, because of their high efficiency, heat pumps are the 
most favorable solution in almost all building categories con-
sidered today and in 2050 under the assumptions made, with 
the exception of currently existing buildings, if (partial) refur-
bishment is disregarded. In this case, gas condensing boilers are 
the most cost-effective solution. The comparison assumed con-
stant shares of network charges until 2050. Taking into account 
the decreasing gas demand and the increasing electricity de-
mand the gas network charges would increase, and the electric-
ity network charges decrease, making heat pumps an even more 
economically attractive option. From an environmental view-
point, however, heat pumps currently already have the lowest 
CO22 emissions. In 2050 – assuming a decarbonized electricity 
sector – both heat pumps and a connection to the district heating 
network are the ecologically most attractive options.

Economically and environmentally, the most attractive op-
tion for residential end-users seems to be an electricity-based 
heat production in buildings, leading to the question of whether 
a parallel development of three different infrastructures is the 
best path for achieving GHG reduction targets or whether it 
would not be better to focus on the development of one or maybe 
two infrastructures. This raises the question, how much money 
should be invested in the natural gas distribution networks for 
supplying heat to buildings. Managing the transition phase in 
which the demand for gas falls sharply and, as a result, the spe-
cific gas network costs rise substantially, will be especially chal-
lenging for those households still dependent on gas supplies, gas 
suppliers and politicians. The design of this transformation pro-
cess should be examined in greater depth in the future.
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This paper explores the convergence of electricity and digitalization in 
the Netherlands. Based on the Advocacy Coalition Framework, we first 
show how the Paris Agreement on global warming in 2015 has led to 
a new renewable energy policy paradigm, in which digitalization plays 
a key enabling role. We will then show that the far-reaching conver-
gence of electricity and digitalization pursued by European and Dutch 
policy makers will raise new policy issues. The core challenge is ade-
quate energy data governance. Digitalization also raises policy issues 
in the areas of safety, consumer protection, democratic control, and 
equal distribution of costs and benefits in a digitized energy system. 
As the transition to a sustainable energy system must take place rap-
idly and energy data are expected to play a crucial role in achieving 
this, these issues are urgent.

Die Konvergenz von Elektrizität und Digitalisierung 
in den Niederlanden
Data Governance als neues politisches Thema

Dieser Artikel befasst sich mit der Konvergenz von Elektrizität und Di-
gitalisierung in den Niederlanden. Anhand des Advocacy Coalition Fra-
mework zeigen wir zunächst, dass das Pariser Abkommen zur globalen 
Erwärmung im Jahr 2015 zu einem neuen Paradigma der Politik für er-
neuerbare Energien geführt hat, bei dem Digitalisierung eine zentrale 
Rolle spielt. Darüber hinaus werden wir zeigen, dass die weitreichende 
Konvergenz von Elektrizität und Digitalisierung, die von europäischen 
und niederländischen Politikern angestrebt wird, neue politische Fra-
gen aufwerfen wird. Die zentrale Herausforderung ist ein entsprechen-
des Energiedatenmanagement. Darüber hinaus wirft die Digitalisierung 
auch politische Fragen im Bereich Sicherheit, Verbraucherschutz, demo-
kratische Kontrolle und die gleichmäßige Verteilung von Kosten und 
Nutzen in einem digitalisierten Energiesystem auf. Da der Übergang zu 

einem nachhaltigen Energiesystem rasch erfolgen muss und Energie-
daten hierfür voraussichtlich eine entscheidende Rolle spielen werden, 
sind diese Fragen dringend.

Keywords: global warming, digitalization, energy policy, 
data governance

In the Netherlands the digitalization of the electricity sector is in 
full swing: from the almost completed roll out of the smart meter 
to mushrooming energy platforms (Kloppenburg and Boekelo 
2019). Current developments in the ICT-sector – advancements 
in data, analytics and connectivity – and the ongoing decarboni-
zation of energy systems are expected to accelerate the conver-
gence of digitalization and energy (IEA 2017). The Paris agree-
ment of 2015 and the Dutch policy goals to come to a 49 % CO22 
reduction by 2030 and a 95 % CO22 reduction by 2050, drive the 
emergence of large numbers of intermittent and often distribu-
ted energy resources (DER). As a result, electricity grids need 
to become smarter and in this way the convergence of electricity 
and digitalization is stimulated (Milchram et al. 2018; Tagliapie-
tra et al. 2019). These rapid technological changes also require 
regulatory institutional changes (Koirala et al. 2018).

In this paper we explore the policy challenges associated with 
this scenario of far-reaching digitalization of the electricity sec-
tor pursued by Dutch policymakers. We take a policy perspective 
because public policies are major drivers of the desired sustain-
able energy transition (Markard et al. 2016). We use the Advo-
cacy Coalition Framework (ACF) (Sabatier and Jenkins-Smith 
1993) to study how global warming and climate policy are lead-
ing to major changes in energy policy and to gain insight into 
the policy challenges associated with the digitization of the elec-
tricity system. To do that the Dutch energy policy is, in line 
with ACF, conceptualized as a policy belief system. In doing so 
the paper contributes to policy process theories and, since pol-
icy changes are a crucial part of larger socio-technical transi-
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tions, holds relevance for sustainable transition studies (Kern 
and Howlett 2009; Markard et al. 2016).

Our policy analysis covers a long period of about 25 years: 
from 1995 to 2019. Our research is based on various relevant 
policy documents, such as the national energy policy reports 
of the Ministry of Economic Affairs and Climate which ap-
pear every four years. These energy reports look back at devel-
opments in recent years and determine the energy policy for the 
years to come. In addition, we analyzed the electricity law of 
1998 and the Independent Network Management Act of 2006. 
Moreover, to verify our analysis, we organized several meetings 
with policy makers from the department of Economic Affairs 
and Climate, social scientists and experts from the energy sec-
tor to discuss our work.

The paper is structured as follows: in the following section 
we introduce the ACF. Next, we describe the influence of global 
warming and climate policy on energy policy. We will show that 
digitalization of the electricity sector has become a new policy 
core belief. We further analyze how the convergence of electric-
ity with digitalization raises new policy issues. The conclusion 
discusses the implications of the analysis and highlights data 
governance as an emerging policy concern.

The Advocacy Coalition Framework: 
a short description

The ACF aims to understand the process of policy change over 
time (Sabatier and Jenkins-Smith 1993). It assumes that a fo-
cus on ‘policy subsystems’ – that is, those actors from a vari-
ety of public and private organizations who are actively con-
cerned with a policy problem or issue – is a useful way to think 
about policy change over a period of more than a decade. An-
other basic premise of the ACF is that public policies (or pro-
grams) incorporate implicit theories about how to achieve their 
objectives and can thus be conceptualized in the same manner 
as belief systems, that is, as a set of value priorities, perceptions 
of the magnitude of the problem and causal assumptions about 
how to solve them.

According to the ACF, policy change over time is a function 
of three sets of processes. The first concerns the interaction of 
competing advocacy coalitions, that consist of actors who share 
a set of basic beliefs, within a subsystem. The second set of pro-
cesses concerns changes external to the subsystem, like change 
of government or in socioeconomic or technological conditions. 
The third set involves the effects of stable system parameters, 
such as constitutional rules or the basic attributes of the prob-
lem area, on the constraints and resources of the various sub-
system actors.

The ACF conceptualizes policy by means of policy belief sys-
tems and related policy change by means of changes in policy be-
lief systems. The ACF distinguishes three hierarchical levels of 
beliefs: (1) Deep core beliefs refer to fundamental assumptions 
and worldviews and are very difficult to change. At the second 

level, policy core beliefs are about basic positions in a policy 
subsystem, e. g. with regard to the role of the state or the promi-
nence and understanding of the policy issue. (2) Policy core be-
liefs encompass an entire policy subsystem and are hypothesized 
to be relatively stable over periods of a decade or more. (3) Sec-
ondary beliefs serve as premises for specific policies to be im-
plemented or measures to be taken within a specific subsystem.

The ACF distinguishes between minor change as a result of 
changes in secondary beliefs and major policy change as a con-
sequence of shifting core beliefs. According to the ACF, core be-
liefs will seldom change voluntarily (Sabatier and Weible 2007). 
Major external shocks, like the oil crisis or the Chernobyl nu-
clear disaster, are needed to cause major policy change. A ma-
jor policy change can even result in a so-called policy paradigm 
shift (Hall 1993). In a policy paradigm shift, changes occur on 
each of the three levels of the policy belief system although cer-
tain dimensions of the old paradigm will remain after the shift 
(Salas Girones et al. 2019).

Paris Agreement leads to major policy 
changes

Tracking changes in the energy policy belief systems
In this section we analyze how a major change in climate pol-
icy, in particular the Paris Agreement in 2015, influenced Dutch 
energy policy. In terms of the ACF the Paris Agreement can be 
seen as a major external development which requires adjustment 
of energy policy and the energy system. The nation’s ambition 
to come to a 49 % CO22 reduction by 2030, has led to the Dutch 
government’s decision to phase out fossil fuels and develop a 
cleaner, decentralized energy system, and thus new ways of pro-
ducing and consuming (renewable) energy.

This section describes that the Paris Agreement has led to 
major energy policy changes. We use the ACF’s three hierar-
chical levels of the energy policy belief system – deep core be-
liefs, policy core beliefs and secondary policy beliefs – to show 
that. We will describe the Dutch energy policy before and after 
the Paris Agreement. Because we see changes at both the deep 
core and policy core beliefs level, we conclude that the Paris cli-
mate treaty led to a paradigm shift in energy policy. The policy 
paradigm which characterized the Dutch energy policy between 
1998 up to 2015 is named fossil energy market policy paradigm. 
The paradigm from 2015 onwards is called the renewable energy 
market policy paradigm (see table 1).

Deep core beliefs
Over the last two decades, affordability, reliability and clean en-
ergy have been the main goals or deep core beliefs of the Dutch 
energy policy (TK 1995; EZ 2008; EZLI 2011). These deep 
core beliefs should be achieved at the same time and are of-
ten referred to as a ‘trilemma’ (Edens 2017). Affordability re-
fers to an energy system that is economically efficient and relia-
bility relates to security of supply (EZ 2008). With a reliability 
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As a consequence, the electricity grid needs to be expanded by 
putting more cables in the ground. This is a very costly activity 
and in the Netherlands the costs for expanding the network are 
shared by all electricity consumers. All this leads to a greater 
challenge to continue safeguarding the reliability and affordabil-
ity of the Dutch energy system.

We argue that the novel and radical interpretation of the deep 
core belief ‘clean’ has led to a new policy paradigm, which we 
name the renewable energy market policy paradigm. Below we 
investigate to what extent the policy core beliefs and secondary 
beliefs of the Dutch energy policy have changed.

Policy core beliefs
To strive for a clean, affordable and reliable electricity sys-
tem, liberalization, privatization and clean and efficient energy 
formed the policy core beliefs of the Dutch energy policy to 
2015. In the Netherlands, fundamental choices for liberaliza-
tion and privatization respectively, are laid down in the Electric-
ity Act of 1998 and the Independent Network Management Act 
of 2006. To safeguard the reliability, the responsibility for grid 
management was placed in public hands. In addition, market 
mechanisms were introduced on the supply side to secure the 
affordability of energy.

After the Paris Agreement the existing policy core beliefs 
have remained the same. The Dutch government expresses its 
belief that the transition towards a ‘very’ clean energy supply 
can be achieved with a liberalized and privatized market and by 
continuing stimulating renewable energy and energy efficiency 
(EZK 2016). However, prioritizing ‘clean’ makes it more dif-
ficult to secure the affordability and reliability of the energy 
system. In line with the European Commission (EC 2019), the 
Dutch Ministry of Economic Affairs and Climate (EZK 2018) 
expects that digitalization can enable the transition towards a 
clean, affordable and reliable energy system. So digitalization 
has been added as a new policy core belief within the Dutch re-
newable energy market policy paradigm.

of 99.994 % of the Dutch electricity grid, it can be said that the 
Dutch energy system was successful in obtaining the deep core 
belief of reliability. Clean energy was defined as an energy sup-
ply with the highest possible environmental quality (EZ 2008). 
Even though the deep core of ‘clean’ has been pursued through 
various policies and goals over the years, in 2018, 90 % of Dutch 
electricity was still provided by centralized coal and natural gas 
based power plants (CBS 2019). Consequently, it may be con-
cluded that cleanliness was not a priority, as opposed to afforda-
bility and reliability. We refer to the policy paradigm during this 
time span as the fossil energy market policy paradigm.

After the Paris Agreement the political weight and policy in-
terpretation of the deep core belief ‘clean’ changed drastically. To 
combat global warming, and in line with the Paris agreement of 
2015, the Dutch government expressed in 2016 the ambition to 
strive for a low carbon energy supply that is reliable, affordable 
and, for the first time mentioned, safe (EZK 2016). Thus, even 
though the deep core belief of ‘clean’ remains the same word, 
its meaning and priority changes substantially under the influ-
ence of global warming.

Dutch energy policy aims for 70 % of electricity to be pro-
vided by renewable energy resources in 2030 (EZK 2019). To 
facilitate this, the Dutch energy system must undergo a drastic 
change from a centralized, fossil energy system to a more dis-
tributed, renewable energy system. Renewable energy resources 
are often intermittent and implemented at the distribution level, 
making it more complex to secure the reliability of the grid. 

Fossil energy market policy paradigm (1998–2015) Renewable energy market policy paradigm (2016–ongoing)

Deep core beliefs Affordable 
Reliable 
(Somewhat) Clean (20 % in 2020)

Affordable 
Reliable 
(Very) Clean (95 % in 2050) 
Safe

Policy core beliefs Liberalization 
Privatization  
Clean and efficient energy

Liberalization 
Privatization  
Clean and efficient energy  
Digitalization

Secondary beliefs Promotion of clean/efficient energy
Electricity grid
Energy market design
Consumer protection framework

Promotion of clean/efficient energy
Electricity grid
Energy market design
Consumer protection framework

Tab. 1: Belief system change for Dutch energy policy.  Source: Authors’ own compilation

The Paris Agreement in 2015 
has led to a paradigm shift in the 

Dutch energy policy.
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Driven by these policy changes, it is expected that central, 
fossil-based power plants are going to be replaced by large num-
bers of intermittent and often distributed, renewable energy 
sources. In certain parts of the Netherlands, the rapidly grow-
ing demand for transport capacity is already causing a queue of 
requests that prevents renewable energy sources such as wind 
and solar to be connected to the grid (EZK 2019). The demand 
for electricity is also increasing because of the electrification of 
other sectors such as heating and transport. As a result, the dis-
tribution network is becoming more complex to manage (Koi-
rala et al. 2018; Lavrijssen 2017).

Besides putting more cables into the ground, the Dutch gov-
ernment advocates the use of digitalization to manage the grid in 

a smarter way (EZK 2018). More and more components within 
the energy system are already equipped with digital technologies 
that enable the collection and analysis of large amounts of data 
to improve the reliability and affordability of the energy system. 
In this way, digitalization could “help with better network man-
agement, assisting with the renewable generation intermittency 
problem, allowing more effective network monitoring and more 
efficient network operation” (Küfeoglu et al. 2019, p. 1).

Secondary beliefs
To implement the policy core beliefs of liberalization, privatiza-
tion and clean and efficient energy, there are four main second-
ary belief categories covering the most important policy instru-
ments. The categories relate to: 1) guidelines for electricity grid 
management, planning and operation, 2) the energy market de-
sign in which roles and responsibilities, non-discriminatory ac-
cess for third parties and guidelines for a level-playing field are 
defined, 3) the promotion of clean energy to support energy ef-
ficiency measurements such as the roll out of the smart meter 
and subsidies for renewable energy and 4) the establishment of 
a consumer protection framework such as for price monitoring 
and monitoring of accessible information for consumers. We de-
scribe below how, as a result of the desired steep rise of renew-
able energy resources, the other three secondary beliefs might 
change and what role digitalization plays in it.

The new energy system should be “less polluting, more dis-
tributed and altogether smarter” (Edens 2017, p. 134). In the 
‘old’ situation, demand for electricity was leading and power sta-
tions were adjusted accordingly. The Dutch electricity law held 
the transmission system operator (TSO) responsible to ensure 
that at all times the electricity fed into the network is the same 
as the electricity extracted from the network. In this situation 
the distribution system operator (DSO) was mainly responsible 
for ‘burying copper in the ground’. In the new situation not only 

TSOs but also DSOs need to become active managers of smart 
electricity grids. To facilitate this, adjustments need to be made 
at the secondary belief category of electricity grids to make it 
possible for DSOs to fulfill this role (RVO 2015).

Smart grid technologies facilitate the integration of large 
numbers of distributed generation by automatically balancing 
supply and demand and reducing electricity peaks. Smart grid 
technologies can refer to different subsystems within the energy 
system such as smart meter systems, smart home energy man-
agement systems, demand side-response, household storage, and 
the integration of electric-vehicles (Milchram et al. 2018). On 
the one hand, smart grids can help to deal with the increased 
complexity. On the other hand, since they increase the diversity 

of actors and add new roles, smart grids also add extra complex-
ity with regard to organizing the electricity market. As a result, 
new questions on data property and market access rights are 
raised (Milchram et al. 2018). Action is already being taken in 
the form of a legal regime for data access and data management 
that was proposed by the European Commission in the Electric-
ity Directive and adopted by the European Parliament and Coun-
cil in 2019 (EC 2019).

Access and control over data could also enable citizens and 
communities to play a more active role in the energy system. In 
combination with renewable energy sources such as solar panels, 
consumers can become prosumers that participate in the energy 
transition through online platforms (Kloppenburg and Boekelo 
2019). Involvement of citizens and communities is even seen as 
one of the biggest challenges of the future energy system, a chal-
lenge where digitalization can help (Koirala et al. 2018). How-
ever, the changing role of citizens in the energy system also im-
plies that changes are necessary at the secondary belief level of 
the consumer protection framework. Below we will highlight 
some challenges that relate to this.

Policy issues related to convergence 
of electricity with digitization

The former section showed that policy makers see digitalization 
as crucial for enabling the sustainable energy transition. The 
convergence of digitalization with electricity not only creates 
opportunities. Digital technologies such as robotics, big data, 
AI and digital platforms evoke a wide range of social issues 
(Kool et al. 2017, Royakkers et al. 2018). Important public val-
ues and human rights could be at stake such as privacy, equal 
treatment, autonomy and control over technology. It is increas-
ingly acknowledged that the digitization of the Dutch energy 

Prioritizing ‘clean’ energy makes it more difficult to secure 
the affordability and reliability of the energy system.
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system raises similar issues (Hollander et al. 2017; RLI 2018; 
Milchram et al. 2018; Kloppenburg and Boekelo 2019). If such 
concerns are not properly addressed they can form serious bar-
riers for the development and adoption of digital technologies 
in the energy system.

This section analyses some policy issues pertaining to digiti-
zation of the electricity system by investigating the significance 
of digitization on various elements of the energy policy belief 
system. Based on academic literature research, we identify the 
following issues: digital security, data governance, equal distri-
bution of costs and benefits and control as well as supervision 
of digitalization.

A digital secure infrastructure
The energy system is a critical infrastructure that is of great soci-
etal importance. In addition, certain functions and sectors, such 
as heating and transport, will become even more interconnected 
and interdependent. Given the crucial role of data for the energy 
market, digital security is a concern for all those sectors. Digiti-
zation not only makes the energy system more flexible, but also 
more vulnerable: for software errors, but also for unpredictable 
behavior by algorithms, and for cyberattacks (RLI 2018; Mun-
nichs et al. 2017). The ‘new’ energy system is expected to con-
sist of “both cyber and physical assets that are tightly integrated, 
and all of these assets must be protected” (Pérez-Arriaga and 
Knittel 2016, p. 67). Therefore, the ‘new’ deep core belief of 
safe should also be interpreted as digitally safe and the second-
ary beliefs related to the electricity grid must be equipped with 
a cybersecurity component.

Data governance as a new core function
The major policy change resulting from the convergence of dig-
italization and clean energy is putting data governance on the 
policy agenda. Data governance is becoming a core function for 
the renewable energy system (Pérez-Arriaga and Knittel 2016). 
In fact, data governance cannot be separated from digitalization 
as a policy core belief and should therefore also be integrated in 
all secondary belief categories. Below we highlight some of the 
policy challenges related to data governance.

The rationale for data governance is often unclear and re-
mains vague by calling for “a fair competition for data” (Ducu-
ing 2019, p. 9). The notion of data governance should there-
fore be interpreted more concretely. In line with this vision, the 
Dutch Authority for Consumers and Markets (ACM) argues that 
the current data governance model is not sufficient to facili-
tate the energy transition since it is still based on the situation 
in which meter data was requested once a year and only market 
roles recognized by law had access to energy data. Therefore, 
the ACM advocates for energy data governance that is afforda-
ble, reliable, safe, protects the privacy of consumers and ensures 
that they have control over their data (ACM 2019). Additionally, 
we propose that the aforementioned social issues related to dig-
italization should also be integrated in the energy data govern-
ance model. This is currently not the case.

The Electricity Directive proposes a new market design that 
contains a legal framework for data governance with accompa-
nying secondary beliefs such as that “Member States shall en-
sure that all eligible parties have non-discriminatory access to 
data under clear and equal terms, in accordance with the rele-
vant data protection rules.” (European Parliament and Council 
of the European Union, art. 23.2). These secondary beliefs re-
lated to the category ‘electricity market design’ give substance 
to the policy core of liberalization and privatization which are 
integrated into the energy data layer.

The Electricity Directive also states that energy data is to “in-
clude metering and consumption data as well as data required for 
customer switching, demand response and other services” (ibid). 
However, according to Ducuing (2019, p. 9): “it remains unclear 
what ‘other services’ concretely consist of”. Data generation by 
most DERs, such as rooftop solar panels or electric cars, is tak-
ing place ‘behind the meter’ and are “hence not covered by tra-
ditional energy regulation” (Tagliapietra et al. 2019, p. 952). In 
addition, the use of these types of non-regulated data raises var-
ious issues in the field of autonomy, privacy, cybersecurity and 
equal treatment.

The Electricity Directive refers to the role of the data man-
agement operator (EC 2019). Given the expectation that due to 
the energy transition, the system task of DSOs will become in-
creasingly important and that access to data is crucial for this, 
Pérez-Arriaga and Knittel (2016) argue in favor of combining the 
management of the physical network with the management of 
data. These scholars also state that non-innovative DSOs risk los-
ing knowledge in the long term to efficiently manage the highly 
digitized electricity grid of the future (Enerquire 2018). In that 
case a takeover by “dominant tech companies, becoming opera-
tor of the digital work in the country distribution platform” could 
become an option (Tagliapietra et al. 2019, p. 951). Such an op-
tion directly raises the issue of how public governance of such 
large tech companies should be shaped in a democratic fashion. 
The dependence of democratic government on technical exper-
tise and companies can also play a role at the local level. Milch-
ram et al. (2018, p. 1253) state that “greater reliance on novel 
technologies in smart grids, which require more special knowl-
edge, leads to perceptions that knowledge concentrated at pri-
vate corporations is seen as source of power over municipalities”.

Promotion of sustainable energy: 
equal distribution of costs and benefits
Clean energy and digitalization can undermine the justice of 
the current energy system in various ways. Roles, responsibili-
ties, rights and obligations that were previously fair can in the 
(near) future contribute to an unfair distribution of costs and ben-
efits. Purchasing solar panels or setting up a local energy com-
munity requires financial as well as social and technical skills. 
Even though prosumers and local energy communities can ben-
efit from their investments in renewable energy, it is the general 
public who has to pay for the infrastructure that makes those in-
vestments possible. Moreover, trading of energy by communities 
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is likely to put more strains on the grid in this way endangering 
its affordability and reliability (Kloppenburg and Boekelo 2019). 
On the other hand, prosumers and communities can also deliver 
the flexibility that is needed for matching energy supply and de-
mand. Whether someone has the ability to be flexible depends 
on one’s flexibility capital and other dimensions such as age or 
levels of digital inclusion. These flexibility conditions raise ques-
tions about ̀ flexibility justice' (Powells and Fell 2019). It is there-
fore important to find a fair balance between the money that ac-
tive consumers earn and the system value of the services, such 
as flexibility, that they offer (Pérez-Arriaga and Knittel 2016).

Consumer protection: control and supervision
The promise of digitalization and smart grids in particular, is 
that they can contribute to more equitable and democratic en-
ergy systems. Smart grids enable the shift towards more small 
scale electricity generation and empower citizens to play a more 
active role. Milchram et al. (2018) wonder whether smart grids 
actually give ‘power to the people’. Whether citizens will be able 
to benefit from the new opportunities will likely depend on their 
ability to invest and their (required) level of knowledge.

There is more to this, in recent decades the internet has be-
come a Utopia for mass surveillance, mass behavioral experi-
ments and, profiling and manipulating people on a large scale 
(Lanier 2018; Zuboff 2019). The internet is putting considerable 
pressure on people’s privacy and autonomy. For example, Goog-
le’s Nest smart thermostat can be “transformed into a spy that 
can not only report on the routines of the inhabitants of a cer-
tain home or office, but also on their cyber activities and provide 
a backdoor to their local network which could go unnoticed.” 
(Hernandez et al. 2014, p. 7).

Whether smart energy systems strengthen or weaken people’s 
autonomy and enhance the democratic controllability of the en-
ergy system, depends on the extent to which users have insight 
into and control over those algorithmic systems. According to 
the Dutch Authority for Consumers and Markets, the current 
situation is unclear and a new data governance model should 
clearly facilitate this right (ACM 2019). Therefore, it must be 

clarified how and on what basis, automatic decisions are made 
and who is responsible for the decisions taken (Raad van State 
2018). It is also important that supervisors remain able to con-
trol such processes (Jong et al. 2019). Also mushrooming energy 
platforms cause new opacities, dependencies and uncertainties 
for both consumers and prosumers (Kloppenburg and Boekelo 
2019). From the point of view of autonomy, it is also crucial that 
energy consumers can make well-informed and optimal choices 
in a future intelligent energy system (Lavrijssen 2017).

Conclusion

The Paris Agreement in 2015 has led to a paradigm shift in the 
Dutch energy policy: from a fossil to a renewable energy mar-
ket policy paradigm. The Paris climate treaty led to a reinforce-
ment of the importance of the deep core belief ‘clean’ and the 
need for a shift towards a renewable energy system. Since policy 
makers see digitalization as crucial for enabling the sustainable 
energy transition, digitalization has become an important extra 
policy core belief of the renewable energy market policy para-
digm. At the level of the secondary beliefs the categories seem 
to remain the same but the interpretation thereof will be strongly 
influenced by digitalization.

We showed that the far-reaching convergence of electricity 
and digitalization pursued by European and Dutch policy mak-
ers will raise new policy issues. The core challenge is adequate 
energy data governance. Digitalization also raises policy issues 
in the field of safety, consumer protection, democratic control 
and the equal distribution of costs and benefits in a digitized en-
ergy system. The speed with which the sustainable energy tran-
sition must take place and the foreseen crucial role of energy 
data to enable that transition, make these policy challenges ur-
gent.
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The integration of previously unconnected sectors of the energy sys-
tem is considered one of the most important strategies for reducing 
CO22 emissions. Many studies on technological innovations that deal 
with the transition to a sustainable energy system focus on innovation 
niches as a favorable environment within which new solutions can be 
tested and made ready for the market. This paper examines how pro-
tection in such a niche, in combination with organizational path de-
pendency, supports the integration of renewable energy in residential 
buildings. The results presented are based on a case study on the inte-
gration of the electricity, heat, and gas sectors in a housing pilot project, 
in which local energy needs are met and electricity is fed into the grid 
in a flexible way. Our findings indicate that favorable conditions for in-
ter-sectoral innovation can be achieved through niche protection, com-
plemented by path dependency in organizational routines and culture.

Sektorkopplung erneuerbarer Energien in einer experimentellen 
Umgebung
Erkenntnisse aus einem Pilotprojekt für intelligente Energiegebäude 
in Österreich

Die Integration von bisher nicht miteinander verbundenen Sektoren 
des Energiesystems gilt als eine der wichtigsten Strategien zur Reduk-
tion von CO22-Emissionen. Viele Studien zu technischen Innovationen, die 
sich mit dem Übergang zu einem nachhaltigen Energiesystem befas-
sen, konzentrieren sich auf Innovationsnischen als ein förderliches Um-
feld, in dem neue Lösungen getestet und zur Marktreife gebracht wer-
den können. Im vorliegenden Beitrag wird untersucht, wie der Schutz 
in einer solchen Nische in Kombination mit bestehenden Pfadabhän-
gigkeiten die Integration erneuerbarer Energien bei Wohngebäuden be-

günstigt. Die Ergebnisse basieren auf einer Fallstudie zur Integration 
der Sektoren Strom, Wärme und Gas in einem Pilotprojekt, bei dem der 
lokale Energiebedarf gedeckt und flexibel Strom in das Netz einspeist 
wird. Unsere Ergebnisse deuten darauf hin, dass förderliche Bedingun-
gen für intersektorale Innovation durch Schutz in der Nische, ergänzt 
durch Pfadabhängigkeit in Organisationsroutinen und Organisations-
kultur, gewährleistet werden können.

Keywords: sectoral integration, energy transitions, smart grids, 
pilot and demonstration projects (PDPs), green buildings

Introduction

A stronger integration of different sectors of the energy system 
is seen as one of the key strategies to support the transformation 
towards greater sustainability. The underlying rationale behind 
the concept is to move away from sector-specific approaches 
that only consider solutions within sectors, and instead adopt a 
more holistic approach to all sectors, allowing for energy-effi-
cient and more cost-effective overall configurations. There are 
numerous options in which technical applications from differ-
ent sectors can be combined to achieve significantly higher ef-
ficiency levels (BDEW 2017). The term smart energy system is 
used in the literature when referring to energy concepts in which 
various forms of energy and sectors are combined with com-
puting-based control technology to create increasingly efficient 
solutions (Lund et al. 2017).

However, several regulatory, organisational, economic, and 
technical problems limit the widespread implementation of such 
solutions. In addition, approaches to the integration of different 
sectors often lead to greater complexity and thus to new and dif-
ficult-to-estimate risks in practice (Büscher 2018).

Sector coupling 
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In this paper, we present a case study from Austria in which 
the heat, gas and electricity sectors were coupled. The underly-
ing empirical investigation was carried out in 2016 and 2017 as 
part of the European project MATCH1. During two site visits, 
a total of seven qualitative interviews were conducted: with the 
project manager as well as two people involved in the project, 
and with three residents of the housing estate. The interviews 
were transcribed and analysed using content analysis software. 
In addition, written material (reports, project descriptions) was 
included in the case study.

In the text below we demonstrate and discuss the results of 
this study. We examine why the technologically advanced pi-
lot project could be realised and how the project was perceived 
by the end users. Before discussing the case study in more de-
tail, the following section presents the theoretical approaches 
through which the findings are viewed and analysed.

Innovation, strategic niches, and 
path dependencies in sector coupling 
of renewable energy
A definition of innovation in sector coupling of renewables, 
which can be considered to align most closely with the goals 
of energy transition strategies in the EU, most notably in Ger-
many, is the one provided by the German Association of En-
ergy and Water Industries (BDEW): “the energy engineering 
and energy economy of the connection of electricity, heat, mo-
bility and industrial processes, as well as their infrastructures, 
with the aim of decarbonisation, while simultaneously increas-
ing the flexibility of energy use in the sectors of industry and 
commercial/trade, households and transport under the premises 
of profitability, sustainability and security of supply” (BDEW 
2017). Intersectoral coupling intends to achieve several syner-
gies in energy production and consumption. According to Lund 
et al. (2017), these include, amongst others, much better use of 
waste heat, more flexible CHP production, or better balancing 
of the electricity grids and thus greater integration of renewa-
ble energies. The coupling of sectors that have, up until now, 
mostly existed independently is expected to bring advantages 

1   The project MATCH (Markets, Actors and Technologies – A comparative study 
of smart grid solutions) was funded by the ERA-Net Smart Energy Systems pro-
gramme and involved partners from Austria, Denmark, and Norway, and ran from 
February 2016 to October 2018. Project website: https://www.match-project.eu/.

for the entire energy system as well as for underlying individ-
ual sub-systems.

However, in practice sectoral coupling combined with renew-
able energy sources faces several unresolved problems. Wiet-
schel et al. (2018) discuss a number of issues for the German 
context that need to be addressed if integrated solutions are to 
become more widespread in the energy system. These include 
macro and sectoral level issues such as regulatory and legal as-
pects, economic considerations of costs and revenue opportu-
nities, IT issues, supply-side and consumption-side potentials, 

and practical challenges for the implementation as well as so-
cial science aspects such as micro-level acceptance of specific 
integrated solutions.

History has shown that the coupling of different sectors 
of the energy system usually leads to greater complexity and 
thus brings about new and difficult-to-estimate risks. Büscher 
and Sumpf (2015) argue that smart technology and new busi-
ness models will create socio-technical problems as they rely 
on structural coupling of technology and communication. This 
makes it difficult to predict and control these systems, jeopard-
ises the reliability of output, and causes a lack of transparency. 
Moreover, the solutions to these problems change over time and 
differ across contexts so that all solutions are indeed tempo-
rary and simultaneously create new problems (Büscher 2018). 
However, under the current regulatory framework operators of 
smart energy systems are also exposed to certain risks, for ex-
ample with regard to their actual ability to make a profit (Lei-
sen et al. 2019). This situation could also be found in the pres-
ent case where the coupling of several energy sectors was real-
ised in a strategic niche context.

One of the most prominent frameworks used to under-
stand the socio-technical factors and processes required for sys-
tem-wide sustainable energy transitions that are reinforced by 
developments at the local, project and individual levels, is stra-
tegic niche management (SNM) (Schot and Geels 2008). The 
SNM approach suggests that innovation processes that can po-
tentially lead to regime-wide transformations can be enabled 
through experimentation and mutual alignment of technology 
design, user practices, and regulatory structures in technologi-
cal niches (Schot 1992; Rip and Kemp 1998). Niches are spaces 
protected from market competition (similar to the infant indus-
try argument in international trade) where firms and industries 
develop variations which do not yet fit the existing selection en-
vironment. The probability of being competitive (over time) is 
increased because initial trial-and-error processes are confined 

The coupling of different sectors of the energy system 
usually leads to greater complexity and 
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base”, and (3) the company’s “organisational routines” on which 
it depends to conduct its regular business (Coombs and Hull 1998, 
p 243). Knowledge bases can be defined in various ways, but 
Hodgson (1993), cited in Combs and Hull (1998), emphasises 

“corporate culture” and “competencies” to “mould the individual 
perceptions, preferences, abilities and actions of its personnel”. 
Trust and loyalty are the outcomes of this capacity as well as cul-
tural institutional aspects such as practices and habitual ways of 
thinking. Regarding the third aspect, corporate path dependency 
depends upon what the company does in practice, for example 
specific “knowledge management practices” (Coombs and Hull 
1998, p. 244). Such practices can, for example, be formal or infor-
mal, paper-based or electronic, people- or system-driven,  focused 
on knowledge management or peripheral to it.

The following case study applies these perspectives when 
 examining favourable conditions for the coupling of different 
energy sectors in a highly ambitious pilot project in Salzburg, 
Austria.

Renewables integration in a 
smart energy system pilot project 
in Austria
The case study analyses a local smart energy system (Lund et al. 
2017) that was realised as a pilot project in a new residential 
building complex. The project combines smart electricity, ther-
mal and gas grids with thermal storage to harness synergies be-
tween the different sectors. The aim of the configuration is to 
use the housing complex as an active element in the electricity 
grid and thus make the grid more flexible without compromis-
ing the needs of the residents. The applied smart energy system 
works according to the following basic “logic”: the building con-
sumes electricity when the price is low (which is when the share 
of renewable energies in the grid is large) and it produces elec-
tricity when the feed-in tariff is high. The required flexibility is 
mainly provided by on-site heat storage.

The pilot project, later called Rosa Zukunft2, started as a 
nationally funded research project under the umbrella of the 
smart grids model region Salzburg in 2011. It was conducted 
by a consortium including the local energy supplier (Salzburg 
AG), a non-profit housing developer (Salzburg Wohnbau), and 
a main technology provider (Siemens Austria) together with 
several research institutes (Austrian Institute of Technology, 
CURE, Fichtner, and the Vienna Technical University). This 
team developed the technical concept and related planning re-
quirements for the project. Together with additional housing de-
velopers and a company for social services as well as an engi-
neering office, eight residential buildings with 129 apartments 
were planned and constructed almost simultaneously to launch-

2   The term Rosa Zukunft combines a reference to the location of the residen-
tial building complex (Rosa-Hoffmann-Straße [street name] in Salzburg) with the 
seminal orientation of the technical concept.

to a scale where the cost of errors is both relatively predictable 
and accounted for.

The premise of transformation in technological niches is par-
tially determined by diversity in the sense that different actors 
are present, and also that they differ from who was previously 
part of the group (Sengers et al. 2019). For example, the sem-
inal approach to the technological regime states that stability 
and continuation can be achieved through collectively shared 
cognitive routines (Nelson and Winter 1982; Dosi 1982) which 
are aligned with those of engineers and investors in the domi-
nant trajectory. The niche approach emphasises the importance 
of alignment of different actors, structures and processes such as 
scientists, policymakers, industry, infrastructures, and cultural 
significance (Kemp 1994).

The majority of empirical cases on which niche concepts 
have been tested are engineering research and development 
(R & D) contexts such as experiments or pilot and demonstra-
tion projects (PDPs) (Hoogma et  al. 2002) which are part of 
a national innovation strategy. PDPs are required for learning 
about a new technology at corporate level (Rosenberg and Stein-
mueller 2013), and indeed most studies conclude that this is the 
main outcome of this type of setting (Brown and Vergragt 2008; 
Frishammar et al. 2015), with the guiding vision being compet-
itiveness, job creation, and growth at national level. Learning 
from PDPs can be categorised into different types, such as, for 
example, technical learning effects, organisational learning ef-
fects, policy learning effects, and market learning effects as cat-
egorised by Bossink (2017) who found technical learning to be 
the most important reason for organisations to invest in PDPs 
in sustainable energy.

More recently however, PDPs have taken on different roles 
in the innovation system and are also being framed as policies 
for sustainability transitions (Geels and Schot 2007). This shift 
can be likened to strategically placed vehicles to achieve not only 
traditional policy goals of employment and growth, but also as-
sist with integrating broader societal and environmental values 
into technology development (Huguenin and Jeannerat 2017).

National innovation system strategies targeting innovation 
in complex technologies such as renewables integration in en-
ergy systems rely upon systems integration capabilities which 
are highly path-dependent (Rycroft and Kash 2002). These tech-
nological capabilities integrate diverse scientific and engineer-
ing knowledge bases that are required for complex product, pro-
cess and systems innovation. Integrating and combining dif-
ferent technologies at micro level depends heavily upon their 
availability at the local level (Hansen 1992; Maskell and Malm-
berg 1999).

Capabilities and routines at corporate level directly influence 
how a company carries out its production processes, but most 
importantly how innovative it is. According to Coombs and Hull 
(1998), three aspects of the company can be used to define its 
path dependence: (1) its “technology as hardware” which in-
cludes physical artefacts such as, for example, products, machi-
nery, equipment, and software; (2) the company’s “knowledge 
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ing the research project. Construction was started in 2012 and 
the first residents moved in in late 2013. The city of Salzburg 
supported the project by providing attractive framework condi-
tions such as housing subsidies for the installation of photovol-
taic (PV) systems.

As a pilot project, Rosa Zukunft had wide-ranging techni-
cal and social ambitions. In addition to the smart energy sys-
tem solution which is at the centre of this paper, a one-year 
demand-response trial was conducted with selected house-
holds (Salzburg AG 2015). Furthermore, it was planned to pro-
vide electric vehicles to some residents and to have these inte-
grated into the energy concept as controllable load. However, 
this part of the project could not be realised because of a lack 
of demand.

The smart energy system that was implemented consists of a 
number of different elements: technologies to produce and con-
sume electricity on-site, technologies to store and distribute en-
ergy in the form of heat, smart control technologies to run the 
system as automatically as possible, and connections to electric-
ity, gas and district heating infrastructures. The entire smart en-
ergy system is owned and operated by the energy supplier (Salz-
burg AG), and most of the essential technical equipment is lo-
cated in one of the eight residential buildings of the complex 
(“technical room”).

Broadly speaking, in practice this system works as follows: 
the energy supplier creates a simulated price curve which is up-
dated daily. It is made up of assumed grid and electricity costs 
(based on the actual stock exchange price). The information is 
transmitted daily to the control unit of the local system and used 
to control the plant the following day. Based on this and addi-
tional information about the expected energy needs of the build-

ing, the system can work in two modes: either in the “electric-
ity production mode” or in the “electricity consumption mode”. 
In the former, electricity is generated on-site using a CHP plant 
that runs on biogas. The electricity is supplied to the public grid, 
and the waste heat from the plant is used to heat water in a large 
storage tank (90 m³, 18 m tall) which is integrated into one of the 
buildings. In the other mode, when electricity is to be consumed 
because of favourable stock exchange prices, a heat pump is ac-
tivated. It uses groundwater from six drill holes located 200 be-
low the ground to produce heat energy which is also stored in 
the large on-site tank. In both operating modes, the electricity 
and heat sectors are coupled. In the case of electricity produc-
tion, the gas sector is also added. The primary goal of the con-
figuration is to make heat production in the housing complex 

both economically advantageous and useful to the grid, e. g. to 
support the integration of flexible renewable generation facili-
ties throughout the grid.

The 129 apartments in the complex and the communal facil-
ities are supplied with thermal energy for hot water and heat-
ing needs through a micro grid. To guarantee the energy supply 
to consumers, the pilot project’s micro grid is additionally con-
nected to the district heating network (backup). The PV panels 
installed on the roofs of the residential complex are also oper-
ated by the project owner but are not integrated into the smart 
energy system. The electricity produced is simply fed into the 
grid.

According to the interviewees involved in the project, the sys-
tem has proven to be effective in practice. The main objectives of 
the project were achieved: the heat supply to households is work-
ing with great reliability except for a few problems during the 
start-up phase. Only economic efficiency is suboptimal because 
of backup facilities and oversized technical elements. Compared 
with a conventional energy system, however, this case exhibits a 
number of specific issues.

It is evident that such a project involves higher levels of tech-
nical, legal, financial, and organisational complexity. The plan-
ning and building of the applied system were highly dependent 
on extensive use of computers and electrical engineering, mainly 
because of the nature of the equipment and the sophisticated 
modelling and programming that is involved in making such 
a system work well. It took considerable effort to calculate not 
only the building complex’s specific energy needs and at what 
times energy was required, but also to design the correspond-
ing size of the energy production and storage units. During the 
construction phase, the project needed significantly more effort 

in coordinating and convincing the numerous partners from dif-
ferent areas and disciplines than traditional projects of this size. 
Conventional construction projects are usually developed with 
strong pressures regarding time and cost. Additional require-
ments, such as those imposed by a research project, tend to exac-
erbate this situation. The smart energy system also requires new 
technologies (e. g. the central control unit, an in-house develop-
ment of Siemens AG) and new combinations of existing tech-
nologies from which risks and unforeseeable situations must be 
expected (Luhmann 1991). Although the project was financially 
supported by the public sector, the project owner also took fi-
nancial risks. Extraordinary investment costs are offset by pos-
sible profits from the sale of heat and electricity. And of course, 
there was uncertainty in the beginning as to how users would re-

Synergies across the sectors of smart electricity, thermal 
and gas grids together with thermal storage can make 

the housing complex an active element in the electricity grid.
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act. In our interviews, for example, some residents complained 
about what they perceived to be the energy supplier’s monop-
oly position. In fact, the monopoly situation exists only regard-
ing the heat supply. However, because of joint invoicing (Salz-
burg AG provides heat, electricity, water, and telecommunica-
tion services), some residents got the impression that they could 
only purchase electricity from the project owner, which was not 
the case.

Building on the results and experience gained from the pilot 
project, the project owner has now implemented several similar 
projects. However, these projects have a simpler design, the stor-
age tanks are significantly smaller, there are no heat pumps, and 
the systems are not controlled by a simulated price curve (which 
is also no longer used in the pilot project). Although these fol-
low-up projects combine different forms of energy, they are not 
designed to balance the electricity grid because there is currently 
no functioning market for this in Austria. The aim of these pro-
jects is to achieve optimal economic performance under current 
market conditions.

Discussion

The smart energy system implemented in the course of the pi-
lot project involved the coupling of different sectors in order to 
create an efficient and renewable solution. However, the imple-
mented solution is limited in both size and impact. According to 
the project management, the objective was to build a functioning 
pilot plant and thus gain hands-on experience. The case study 
shows that even small, locally bounded smart energy systems are 

associated with high demands on planning and implementation 
as well as with new risks. Subsequently, we will discuss two spe-
cific circumstances found at the project level in this example of 
sector coupling, which were important for the implementation.

The first condition results from the fact that this was a pub-
licly funded pilot project (Salzburg AG 2015). Pilot projects usu-
ally take place in a “protected space” (Smith and Raven 2012) 
that supports broad experimentation with new solutions. This is 
essential because technologies in early phases of development 
require strategic support to protect them against market forces 
and allow for the improvement of performance, price, and infra-
structures because of their immaturity (Raven et al. 2016). This 
was true for this pilot project as Rosa Zukunft was one of three 
major pilot projects part of a nationally funded smart grid initi-
ative (Salzburg AG 2015).

Salzburg AG, which has been working on technical smart 
grid research projects since 2004, was awarded the national pro-
gramme contract for the Smart Grids Model Region Salzburg 
together with two partners (Siemens AG and Salzburg Wohn-
bau) as part of the New Energies 2020 national funding frame-
work. New Energies 2020 was one of several programmes of 
the Climate and Energy Fund which was created two years ear-
lier to support the federal government in implementing the Aus-
trian Climate Strategy (Klima- und Energiefonds 2010). Within 
the framework of the designated model region, knowledge from 
previous projects was consolidated, providing the basis for the 
planning and implementation of several other pilot and demon-
stration projects. The overall objective of the model region was 
to conduct comprehensive research into the various options that 
smart grid technology potentially offers for the transition of the 
energy system (bmvit 2010).

The status as a model region helped to provide access to re-
search funding and reinforced the normative orientation of the 
projects aimed at developing technologies for a decarbonised en-
ergy economy (Klima- und Energiefonds 2010). However, this 
strong research orientation resulted in designing a project for po-
tential future framework conditions (e. g. clear price signals from 
the electricity market) and favoured a solution based on techni-
cal feasibility rather than on economic considerations (e. g. heat 
pump and CHP, oversized storage tank, district heating connec-
tion). A further consequence of the activities conducted over 
several years within the model region was the establishment of 
a strong network of actors consisting of energy companies, tech-
nology providers, research institutions, housing developers, and 
contractors. The pilot project Rosa Zukunft could be accom-

plished not least because most of the participating partners had 
already been involved in earlier projects, allowing them to jointly 
acquire knowledge and build mutual trust (Salzburg AG 2015).

The status as a model region and the associated research 
funds were undoubtedly of central importance for the pilot pro-
ject. However, the protected space was also created as a result 
of additional factors. The research activities of various Salzburg 
AG departments were strongly promoted and supported by the 
management, the national energy regulator approved the use of 
the simulated price curve to control the plant, and the city and 
region of Salzburg provided helpful political support.

In addition, the project benefited from existing internal com-
pany path dependencies. This aspect is closely related to the 
history and corporate culture of the project owner and leading 
player of the model region activities, the Salzburg AG. Not only 

Even small, locally bounded smart energy systems 
are associated with high demands on planning and implementation 

as well as with new risks.
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is Salzburg AG the main regional energy provider, it is also a 
multi-utility firm covering the fields of electricity supply, nat-
ural gas, district heating, water, telecommunications, and trans-
port. Today’s Salzburg AG was formed in the year 2000 from 
merging two different companies, the municipal utilities of Salz-
burg and the former provincial energy supplier (SAFE). Both 
predecessors have existed for more than one hundred years. To 
this day, Salzburg AG is majority-owned by the city and prov-
ince of Salzburg (Eymannsberger and Kurtz 2017). With this 
particular history, Salzburg AG was well suited to deal with 
smart grids in the early 2000s. The associated vision of link-
ing various sectors and business areas has long been part of the 
firm’s identity and culture.

As a result of market liberalisation in the energy sector, the 
network operator Salzburg Netz GmbH was founded in 2006. 
This company operates the distribution networks for electricity 
and gas in the province of Salzburg and is a 100 % subsidiary 
of Salzburg AG (Eymannsberger and Kurtz 2017). In our case 
study we could observe that the separation of energy provider 
and network operator was thus only implemented on paper. The 
two companies share common headquarters and there were al-
most no institutional barriers for the cooperation of the two com-
panies within the smart grids model region. This form of “easy 
unbundling” also helped with the implementation of the pilot 
project. An existing common organisational structure, familiar 
internal company processes, a common identity, and the phys-
ical proximity of the necessary specialist departments contrib-
uted to the management of amplified requirements during the 
set-up of the local smart energy system.

Conclusion

This pilot project is one of those examples where the coupling 
of different sectors in order to increase the efficiency and use of 
renewable energies has been implemented to a very high degree, 
especially when compared internationally. However, the project 
is local and limited in size and impact. Despite these limitations, 
the implementation of the project was associated with a number 
of uncertainties and risks as well as additional difficulties. The 
project required higher levels of technical, organisational, legal, 
and financial complexity. Extensive simulations and model cal-
culations were necessary during the planning stage, considerably 
more actors were involved in the implementation than in a con-
ventional project, legal exceptions were necessary for the use of 
the simulated price curve, and because of a lack of experience 
and the non-existent market for demand response services, there 
were also financial risks for the project operator.

We have shown how the pilot project works in practice, which 
sectors are connected in what ways and with which objectives. 
We outlined the history of the project and found that both a 
protected space in a specially created innovation niche and 
long-standing path dependencies contributed to the characteris-
tics of the chosen approach of the pilot project and its success-

ful implementation. This also allowed potential technical, eco-
nomic, and organisational risks to be managed effectively. How-
ever, on the end user side, criticism was expressed about the 
resulting monopolistic situation associated with this solution. 
The fact that the experience gained in the pilot project was only 
partially implemented in subsequent activities of the project op-
erator is mainly the result of a lack of a favourable economic and 
legal framework for such projects.
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This paper discusses the challenges of systems analysis for policy ad-
vice in the context of sector coupling along the three dimensions of 
socio-technical problems: control, change, and action. Research shows 
that the challenges of systems analyses increase significantly when 
considering sector coupling, both with respect to the choice of areas 
of investigation and with respect to the basic methods and practices 
of systems analysis for policy advice. In particular, social aspects and 
practical expertise need to be considered, results of different studies 
should ideally be combinable for reflexive meta-analyses, and analy-
ses should focus on key messages.

Herausforderungen und Möglichkeiten zur Verbesserung 
von Systemanalysen zur Sektorkopplung
Eine Diskussion entlang der Dimensionen soziotechnischer Probleme

In diesem Beitrag werden Herausforderungen der Systemanalyse für 
die Politikberatung im Bereich der Sektorkopplung entlang der drei Di-
mensionen soziotechnischer Probleme diskutiert: Kontrolle, Verände-
rungsprozesse und Handlungen. Es zeigt sich, dass Herausforderungen 
von Systemanalysen unter Berücksichtigung der Sektorkopplung deut-
lich steigen, sowohl hinsichtlich der Wahl der Untersuchungsbereiche 
als auch hinsichtlich der grundlegenden Methoden und Praktiken der 
Systemanalyse zur Politikberatung. Insbesondere gesellschaftliche As-
pekte und praktische Expertise müssen berücksichtigt werden, Ergeb-
nisse verschiedener Studien sollten idealerweise für reflexive Metaana-
lysen kombinierbar sein und die Analysen sollten sich auf die wichtigs-
ten Aussagen konzentrieren.

Keywords: systems analysis, challenges, sector coupling, robustness, 
energy supply

Introduction

Current plans for modifying energy systems in order to meet 
greenhouse gas reduction targets particularly include using 
much more fluctuating renewable energy sources than nowa-
days. Thus, the need for system flexibility increases significantly 
(Ausfelder et al. 2017). Ensuring secure and safe energy supply 
in spite of such a system transformation process requires to in-
telligently combine electricity and heat supply as well as appli-
cations in sectors with large energy consumption. This means to 
come much closer in touch with societal habits and needs than 
in current energy systems. As result “socio-technical problems” 
may arise from energy transition processes. Büscher (2018) 
made up three facets which are to be analyzed in this context: 
the problems of control, change and action. In this contribution 
these dimensions are taken for structuring the discussion of chal-
lenges connected with energy system analyses as identified by 
Droste-Franke et al. (2015), sketching additionally first experi-
ences from practical attempts to improve systems analyses with 
the focus on sector coupling.

General challenges of systems   
 analyses

Droste-Franke et al. (2015) analyses challenges of systems anal-
yses for policy advice following the approach of rational tech-
nology assessment, using ethical reflection to propose rational 
options (Decker and Grunwald 2001; Grunwald 1999; Grun-
wald and Saupe 1999; Decker 2004). Accordingly, a scientific 
expert group was set up, extended by further experts in two 
workshops. Recommendations for the design of systems analy-
sis were elaborated in intensive interdisciplinary reflections on 
framework conditions and on the virtue of systems analyses for 
policy advice. Lines of rational arguments were made visible 
and as far as possible preconditions and causal links as well as 
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descriptive and normative elements were dissected to derive rec-
ommendations.

Droste-Franke et  al. (2015) focus on general challenges of 
systems analyses for policy advice. Basic results from their ar-
gumentation taken up here are

• the need for dynamic stability and social robustness in solu-
tions and analyses,

• recommendations on how to proceed in typical systems anal-
yses to reach such a robustness, and

• a specific culturally based systems view supporting to distin-
guish systems and their environment as well as to evaluate the 
explanatory power of analyses.

In their argumentation Droste-Franke et  al. (2015) start with 
general aims of an energy supply system. Following them, ba-
sic requirements are that

• the system should be designed in a way that the essential 
function of providing usable energy to the consumer can be 
guaranteed and

• unintended “negative side effects should not outweigh the in-
tended effects” (ibid, p. 5).

Having in mind the increasing amount of fluctuating and 
non-disposable power in the system, besides safety also secu-
rity requires particular attention when designing future energy 
systems.

The proposed concept of dynamic stability is basically re-
ferring to two requirements for future energy supply: robust-
ness and opportuneness (Ben-Haim 2006; Carrier 2010). Ro-
bustness means that solutions for energy supply ensure “staying 
within an admissible corridor where one is safe against adverse 
effects” (Droste-Franke et al. 2015, p. 9). Opportuneness means 

to ensure that “we are able to take advantage of opportunities 
that open up unexpectedly” (ibid, p. 9). The market is not able 
to stimulate such solutions by itself. Instead a “comprehensive 
scheme, which is best developed by drawing on foresight and 
epistemic penetration, is required … This is why science-based 
policy advice can prove helpful in exploring the dynamically sta-
ble pathway toward a robust energy supply system.” (ibid, p. 12). 
Social robustness means “that at an expert analysis or recom-
mendation is acceptable within a wide spectrum of diverse in-
terests and value commitments” (ibid, p. 13). It aims to achieve 
social inclusion in order to elaborate acceptable solutions.

According to the types of solutions needed, expert advice 
should be a reliable guide to secure energy supply even under 

unforeseen circumstances. For this purpose, it is important to 
analyses a full range of options. The focus should be laid on their 
striking features which mean difference for decisions on human 
action. Furthermore, the technologies employed “should operate 
in conformity with the interests and values professed within the 
society concerned” (ibid, p. 39). A typical process could be de-
signed in a way that in a first step an analysis of options is car-
ried out from which in a second step, preferred options can be 
selected by taking the interests and valuations of the concerned 
society into account. This should ideally be done by comprising 
a wide range of interests. Final decisions on actions to take have 
to be made by legitimated political bodies.

The systems view taken by Droste-Franke et al. (2015), based 
on Janich (2001), was specifically designed to support the de-
sign of new studies and the evaluation of existing studies. Its 
fundamental approach is to distinguish systems from their en-
vironment in two orthogonal dimensions: the operational and 
the intentional dimension (“systems-web approach”) (Droste-
Franke et al. 2015; Droste-Franke 2015). Following this system 
perception, in the operational dimension a system develops au-
tomatically from the formal operation which corresponds to the 
disciplinary perspective taken to describe certain circumstances: 
characteristics of entities which can be influenced by the oper-
ation are part of the system, all other characteristics of entities 
belong to the environment (operationally closed system). In the 
intentional dimension, the intention of the analysis carried out 
allows to clearly separate the elements of the system from its en-
vironment: all characteristics of entities which are seen as rele-
vant for the purpose of analysis are elements of the system, all 
others are not (intentionally closed system). Combining both di-
mensions results in the view that a system consists of all charac-
teristics of entities which are affected by the chosen formal oper-
ation which are relevant for the purpose of analysis. For instance, 
the “energy supply system” unfolds as a bundle of character-

istics of elements which, according to their chosen formal de-
scriptions, have influence on conditions of supply and consump-
tion of usable energy. For instance, from the physical perspec-
tive, energy fluxes to entities which cannot be used for energy 
supply represent energy losses from the system and are thus re-
leased to the system’s environment. Relevant operations include 
all scientific and practically based descriptions or disciplinary 
perspectives (social, technical, economical, psychological etc.) 
which are relevant for the design of future energy supply sys - 
 tems.

In the following, more detailed insights to challenges of sys-
tems analyses for policy advice and potential solutions are dis-
cussed along the approach of socio-technical problems.

Expert advice should be a reliable guide to secure energy supply 
even under unforeseen circumstances.
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Challenges of systems analyses along 
three dimensions of socio-technical 
problems
Three dimensions of socio-technical problems
Büscher (2018) defines three “dimensions” or “facets” of socio- 
technical problems, control, change, and action, which are used 
to get a deeper insight into problems arising with the energy 
transition. These are taken here as starting point for structuring 
the more detailed discussion of particular challenges for systems 
analyses in the context of sector coupling. Büscher (2018) makes 
up three facets, as briefly sketched in the following:

• The problem of control: It includes structural characteristics 
of systems, particularly, the aspect of knowing about “rela-
tions of heterogeneous elements”, in order to enable operat-
ing energy supply according to societal needs. Technical is-
sues and social issues are distinguished here as well as inter-
nal (system) and external (environment) issues.

• The problem of change: It is defined by Büscher (2018) as 
a trade-off between enabling change and ensuring security 
by redundancy. In this facet institutional aspects are particu-
larly addressed.

• The problem of action: this facet concentrates on problems 
of operation and decision making which develop particularly 
when technical processes are substituted by social processes 
with different time scales and higher simultaneity. Accord-
ing to Büscher (2018) increasing uncertainty can be absorbed 
by social arrangements or technical devices providing trust 
and confidence.

A discussion of these three facets of socio-technical problems 
can also be found in the introduction (pp. 11–16) and in Büscher 
et al. of this TATuP special topic (pp. 17–23).

Considering the problem of control
For the problem of control, various technical and social aspects 
need to be taken into account: the complete chain of interacting 
elements applied for energy supply (energy supply system), im-
pacts of circumstances in the environment on this system, and 
vice versa, and options of inputs to the system needed for reach-
ing a certain expected output. As the chain consists of tech-
nical as well as social elements, a necessary synchronization 
of all processes is very complex, especially if circumstances 
change.

Control is the domain for which particularly system knowl-
edge is needed. In order to capture all problems of this dimen-
sion, first the knowledge about the system and all processes to 
establish and operate a system need to be known. As introduced 
above we follow here the system perception of Droste-Franke 
et al. (2015), distinguishing an operational and an intentional 
dimension. In order to analyses an energy system and its link-
ages to other sectors with respect to its future design, societal 
and natural framework conditions need to be taken into account. 

Thus, in addition to formal descriptions of physical and tech-
nical aspects perspectives of social and psychological science, 
but also of other natural and especially geo-sciences etc. are re-
quired. Additionally, scientific insights need to be supplemented 
by practical aspects in the areas of regulations, responsibilities, 
knowledge and societal and individual beliefs etc. In this way a 
web of descriptions develops which becomes denser with each 
perspective complemented.

The necessity of considering the individual disciplinary per-
spectives comes with the necessity of analyzing the inter-con-
nections via the involved entities in an interdisciplinary manner. 
Exchange between the systems takes place via the entities. Pro-
cesses in one system may lead to changes in entity characteris-
tics relevant for another system.

Scientific means are designed to provide general descriptions 
which here need to bear in a certain fixed context of application. 
In order to be able to provide epistemic robustness, additionally 
the following practical expertise is needed:

• technical expertise: knowing how to follow a “fixed canon 
of rules” (ibid, p. 36),

• professional expertise: proceeding “on the basis of exemplars 
or precedents” (ibid, p. 36),

• local, experience-based expertise: “advanced knowledge in 
virtue of  … [the experts] familiarity with the relevant do-
main” (ibid, p. 41).

In most cases, these expertises can also be sorted into discipli-
nary description systems. An inclusion of such additional exper-
tises can be realized by establishing respective co-design pro-
cesses, including all relevant experts and stakeholders into the 
process. Experience has been gained in various projects, e. g. in 
the “FONA Research for Sustainable Development” program, 
project “Helmholtz Alliance ENERGY-TRANS” and Koper-
nikus project “ENavi”. One of the projects in “FONA” is the 
EnAHRgie1. The innovation group as the core working group 
was assembled following the recommendations of Droste-
Franke et al. (2015). It consisted of local representatives from 
banks, companies, handicraft, administration, civil society or-
ganizations, energy suppliers and scientists from different disci-
plines: engineering science, political science, legal science, tech-
nology assessment and economics. For instance, due to the dis-
cussion process with the practitioners, the scientific analysis was 
significantly changed by concentrating on carrying out a mul-
ti-criterial scenario development instead of modelling the tech-
nical distribution grid which was originally planned.

With sector coupling, regulations become much more com-
plex than without, because devices formerly used only for spe-
cific purposes like cars and heating systems need to be con-

1   EnAHRgie: Nachhaltige Gestaltung der Landnutzung und Energieversorgung 
auf kommunaler Ebene. Umsetzung für die Modellregion Kreis Ahrweiler, Förde-
rung: BMBF, FONA, Innovationsgruppen „Nachhaltiges Landmanagement“, FKZ: 
033L110
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The approach of the project EnAHRgie, already discussed for 
the problem of control, shows how an expert group consisting of 
scientific and practical experts can be compiled and consulted 
to develop an energy concept following the recommendations 
of Droste-Franke et al. (2015). By doing this, the initiated pro-
cess follows a certain workflow carried out with scientific and 
practical experts. First, questions are collectively derived. Then 
appropriate systems analyses are designed and carried out. In a 
next step, the results are reflected and reviewed with respect to 
them providing answers to the posed questions. Finally, analy-
ses are finetuned and results are updated in at least one iterative 
slope. The realization of the approach in the project EnAHR-
gie represents a variation of the workflow initially proposed by 
Schilperoord and Ahrweiler (2014) for the analysis of innova-
tion networks (Droste-Franke 2018).

Carrying out meaningful systems analyses in the realm of 
change is a very specific endeavor, because change is particu-
larly steeped in a large number of incremental and radical in-
novation processes on multiple scales, changing products, pro-
cesses and structures (Ahrweiler 2010; Fagerberg et  al. 2006; 
Schumpeter 1912). Such innovation processes take place on 
various levels and are by far too complex to capture them by 
system correlations (Kline and Rosenberg 1986). Particularly, 
unforeseen processes of creative destruction, as introduced by 

nected to the energy system in order to 
provide more flexibility. Systems analy-
ses of the more complex technical system 
become much more ambitious in many 
respects: options competing for the same 
system tasks are of different nature, are 
situated in different locations and on dif-
ferent levels of the energy supply system, 
e. g. the provision of balancing energy by 
large power plants competes with flexi-
bly charging batteries in electric cars at 
home. Figure 1 shows directly compet-
ing balancing technologies. All those 
options need to be considered for ade-
quate systems analyses, considering also 
many more societal aspects and restric-
tions. Furthermore, researchers of differ-
ent disciplinary fields like transport and 
energy system research who did not co-
operate before, need to work hand in hand 
to derive meaningful analyses.

Droste-Franke et  al. (2015) show al-
ready that many energy system studies dif-
fer even in the technologies considered, 
with the effect that the results are not com-
parable. Furthermore, most of the anal-
yses concentrate on pure cost-effective 
solutions. Even studies dealing with sec-
tor coupling in an interdisciplinary setting 
like Ausfelder et al. (2017) are not able to 
provide a full picture. Arguing mainly from a techno-economic 
perspective, they miss aspects such as more concrete analysis of 
environmental and resource aspects, local added value, occupa-
tional effects etc. The example shows how hard it is to take all 
relevant perspectives in one study. Establishing studies with var-
ious foci, temporal and spatial scale which are combinable for 
reflexive meta-studies could be a solution here.

Considering the problem of change
As shown above, Droste-Franke et al. (2015) address the contin-
uous problem of balancing change and security. They focus on 
designing an energy supply system which can provide a secure 
operation under a variety of framework conditions which may 
potentially change over time due to events external to the sys-
tem. Stability of the system operation in spite of changing cir-
cumstances is emphasized as very important. Following their ar-
gumentation, the role of scientific experts for policy support is 
to identify a number of good solutions which can ensure stable 
operation under a variety of circumstances and that these can 
be changed as soon as superior solutions are available. This in-
cludes analyzing options for the change process which Büscher 
(2018) concentrates on. In designing this process, they see again 
the need to consider all expertise which is required in order to 
assure that the solution fits to the purpose.
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Schumpeter (1993), represent non-linear developments in a way 
that completely new elements – we could not think about be-
forehand – enter the scene. These can impossibly be simulated 
by dynamic system modelling. Nonetheless, other models like 
agent-based models can be applied for systems analyses in such 
contexts by simulating the acting of agents on a micro-level and 
observing what happens in the innovation system on meso-level 
(Gilbert 2008).

Some potentials and challenges of such analyses can be 
drawn from experiences with modelling innovation processes 
in the InnoSEn-project (the case of lithium batteries as a core 
technology for coupling energy and transport).2 In order to as-
sure a model design and respective analyses which fit to the pur-

pose, the above described workflow was initiated for the model 
set-up. Experts from respective national associations, innova-
tion research, acting companies and research funding agencies 
were involved by three workshops. First, questions were elabo-
rated taking into account the heuristics of technological innova-
tion systems, then the model was built in a way to be able to an-
swer these questions, intermediate results were discussed and 
the analyses were updated to achieve refined answers (Droste-
Franke and Fohr 2017; Globisch et al. 2019).

The exercise of adapting the basic SKIN (Simulating Knowl-
edge Dynamics in Innovation Networks) model developed by 
Gilbert et al. (2010) to model the technological innovation sys-
tem exposed various challenges. From first experiences of the 
simulation it can be stated that micro processes can be described 
quite well. Simulations show reasonable results in various de-
tails of the model and modelled effects on the meso level fit 
well to empirical findings for such innovation processes. In ad-
dition, types of actors can be calibrated well by existing data in 
order to realize reasonable proportions in numbers. For model-
ling future processes, it has to be borne in mind that currently 
existing structures are subject to continuous change. Due to lack 
of knowledge about causal correlations in the complex realm 
of innovation processes, based on statistical analyses, random 
actors with typical characteristics are modelled instead of con-
crete individual actors. Furthermore, the implementation of the 
core evolutionary random mechanism in knowledge generation 
cannot be calibrated in detail, let alone validating calculations 
with respect to empirical data. One main reason is missing de-
tail in data from comparable past developments including pre-
vailing framework conditions. Furthermore, influencing frame-
work conditions and actor structures of the technological inno-

2   Netzwerkanalyse und Simulation von Innovationsdynamiken neuer Schlüssel-
technologien im Energiebereich (InnoSEn), BMWi, FKZ: 03ET4032

vation system are continuously changing and their emergence 
in the future is unknown. Thus, depending on complexity and 
future uncertainties of relevant framework conditions, valida-
tion by comparing past situations with potential future ones is 
hardly possible, or not possible at all. Nonetheless, the strong 
descriptiveness of micro processes and the plausible patterns 
in results make it a well-founded tool to carry out comparative 
explorative analyses of measures to foster innovation dynamics. 
In experiments hypotheses of impacts can be tested by compar-
ing results for different options and analyzing their emergence. 
As outcome, the rational foundation for the application of such 
measures can be further enhanced beyond merely empirically 
analyzing past situations. Such a tool is particularly applicable 

to analyses measures to increase innovation dynamics for tran-
sitions processes.

Tackling the problem of change for sector coupling would 
mean that processes need to be developed in a way that insti-
tutions change smoothly according to technological change so 
that secure energy supply is ensured at each point in time. This 
means to ideally coordinate and consider formal and informal 
institutions in many places of societal action and of various tem-
poral scopes in a way which was not needed before. An exam-
ple is coordinated adequate change of curricula in education and 
training of the handicraft to enable and to convince installers to 
sell respective technical devices and to develop fitting mainte-
nance services. This is one prerequisite for introducing harmo-
nized combinations of devices needed for sector coupling such 
as (bi-directional) loading of electric vehicles, heat pumps, CHP 
systems, fuel cells, heat storage, (small) electrolyzers, photovol-
taics, and batteries. Systems analyses combining social and tech-
nological simulations can support decision making with pro-
viding theoretical insight in socio-technical circumstances for 
which experience is not yet available.

Considering the problem of action
In terms of risk and uncertainty, Droste-Franke et al. (2015) dis-
cuss various kinds of hazards distinguishing two basic dimen-
sions. The first dimension is if “all influential factors can be 
reasonably expected to be known” (ibid, p. 46). The second di-
mension is if probability estimates are available. Following the 
categories of risks (all influential factors and probability esti-
mates are known), uncertainty (known outcomes, but no observ-
able probability) and deep uncertainty or ignorance (unknown 
factors may exist and have strong impact), in the case of energy 
transition and sector coupling we have the situation of structural 
change in which observed probabilities may no longer hold. This 
holds more specifically if social processes replace technical in-

Researchers need to work hand in hand   
 to derive meaningful analyses.
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terconnections as discussed by Büscher (2018). In such cases ex-
perience-based knowledge may be misleading as it is based upon 
experience under previous conditions and without the new el-
ements in place. Systemic, theoretical knowledge-based analy-
ses will usually have better chance to succeed in these contexts. 
Following Droste-Franke et al. (2015) scientific policy advice 
addressing uncertainty of this kind should consider three com-
ponents to be able to provide valuable policy advice in com-
plex matters:

• bringing in local knowledge and lay experience of certain 
important aspects which may still be important to design ro-
bust solutions;

• strengthening the knowledge base by analyzing interdepend-
encies and causal relations further;

• providing epistemically robust advice by reducing the state-
ments to robust results providing main messages which re-
main stable under all possible interpretations in the area of 
high uncertainty.

The challenge for systems analyses in this case is to analyses op-
tions to design processes which can be similarly reliable as tech-
nological processes despite unknown behavior of individuals. 
Also, in this case social simulation, e. g. via agent-based mod-
elling, may help. Starting with a categorization of potential be-
havior according to different types of individuals including as-
sumptions for its potential change in the future, e. g. for decision 
situations, social processes can be analyzed and measures can 
be designed in order to increase security of supply. This would 
strengthen the knowledge. In case that calibration and validation 
again turn out to be difficult, the analysis of striking interlink-
ages could at least provide better insights into potential effects. 
This holds particularly if stable main messages can be identi-
fied. Another challenge lies in the communication of the results. 

An adequate interactive visualization of the complex interlink-
ages implemented in the model and the main messages in the 
results as well as the respective uncertainties of the modelling 
process could establish confidence in the system on the side of 
the decision maker.

For the case of sector coupling, those researchers interested 
in providing rational orientation for decision-making have to 
consider many more aspects of various disciplines, on different 
levels of technical systems and society than before. The current 
difficulties with providing and communicating energy systems 
analyses show that new ways need to be found to provide knowl-
edge about striking consequences of actions to decision makers, 
providing main messages including involved uncertainties. Ad-

ditionally, decision makers need to be made familiar with mak-
ing decisions based on such results (Droste-Franke et al. 2015).

For the definition of processes to replace technological parts 
of the system, e. g. implemented and tested in simulations and 
model experiments, incorporating practical knowledge is specif-
ically important. Knowledge of action, technical knowledge and 
maybe professional knowledge, does not only comprise knowl-
edge about the consequences of action, but also of knowledge 
about how to act. In order to define a scheme for action as basis 
for such processes in a way that it is successful and the intended 
impacts are accomplished (Janich 2011), even small details may 
be important. Particularly options to develop and transfer “tacit 
knowledge” – knowledge which “cannot be expressed outside 
the action of the person who has it” (Foray 2007) – need to be 
considered in respective modelling exercises and when estab-
lishing effective learning or training processes3.

Increasing flexibility of the energy system by sector coupling 
means establishing and coordinating many more of these pro-
cesses than before, both in various sectors and on multiple lev-
els. The need for practical knowledge for defining and establish-
ing societal processes further emphasizes the increasing need 
for participatory co-design analyses as already discussed above.

Conclusions

Discussing challenges of energy systems analyses for policy sup-
port along the three facets of socio-technical problems in com-
bination with first experiences of applying such approaches, re-
veals that the need for sector coupling significantly increases 
challenges of energy supply and systems analyses. It fosters ex-
tending systems analyses by explicitly considering societal as-
pects in detail and combining them to provide insight into deci-
sive consequences of decisions. Furthermore, practical knowl-

edge becomes more important and needs to be taken adequately 
into account. Additionally, analyses of various detail and on dif-
ferent levels should ideally be comparable or even combinable to 
enable reflexive meta-analyses of main correlations.

The experiences discussed show options for tackling the 
problems by systems analyses. They suggest that successful ap-
proaches should include more concretely:

3   Although tacit knowledge cannot be expressed, specific situations can be 
established in which intensive learning, e. g. via iterative imitation and correc-
tion, potentially combined with trial and error cycles, lead to a certain transfer 
of tacit knowledge. Modelling can consider if such situations prevail and transfer 
of tacit knowledge in the described way is likely in the modelled circumstances.

Incorporating practical and tacit knowledge is specifically important 
for simulations and model experiments.
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• enabling close involvement or in depth and detailed consid-
eration of expertise from science and practice in designing 
and carrying out meaningful systems analyses,

• modelling more of the relevant (formal) systems of various 
scientific disciplines and practical aspects on the basis of 
fundamental characteristics and behavior of entities which 
will prospectively remain unchanged over time,

• communicating and providing study results transparently so 
that they can be taken up by others for reflexive meta-anal-
yses in concrete decision situations and maybe can even be 
transferred to related areas, and

• presenting results of systems analyses in a way that the pub-
lic and decision makers can make themselves familiar with 
uncertainties and sensitivities in order to be able to assess 
the meaning of the results for their individual area of interest.

Thus, not only the areas of analyses need to change, but also the 
kind of analyses carried out and the presentation of the results. 
These challenges run counter to current practice and basic meth-
odologies of systems analyses and ask for creative solutions and 
innovative kinds of system analyses.
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