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The last decades have shown an increasing amount of research into expectations of science and technology. Es-
pecially for emerging technologies, expectations held by different stakeholder are guiding the direction of re-
search and development. In this article the results of an investigation into the expectations of specific actors
regarding the development of emerging battery technology for applications in the power grid are presented. It
is set up as an explorative studywithin the framework of Constructive Technology Assessment (CTA). A number
of studies since the 1990s have indicated a growing need for energy storage options in the power grid, where bat-
teries appear to be capable of providing a range of valuable services to the grid. Cost-effectiveness on a large scale
will however require considerable technical improvements. The configuration of energy storagemay differ in the
specific location and exploitation of the storage assets, as well as in the investments in new storage capacity. In
this study the visions and expectations of several relevant actors are analysed using interviews and surveys in
terms of expectations of technological development, expectations concerning stakeholder roles, and channels
of interaction between the relevant actors. The results indicate a divide in expectations between the user side
of the technology (the electric power industry) and the development side (academic researchers). Opinions dif-
fer with respect to the obstacles to technological development, the actors relevant in early technological devel-
opment, and the most suitable channels for interaction between these actors. It follows from the theoretical
background that conflicts in expectations provide the opportunity for the acceleration of technological develop-
ment and adoption through stakeholder participation. Small interactive workshops, where conflicts identified in
this paper are discussed, were identified as a suitable channel in order to reach consensus in visions and expec-
tations for battery technology.

© 2016 Elsevier Inc. All rights reserved.
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1. Introduction

New developments in energy production and the behaviour of con-
sumers require changes in the configuration of the power system, in
order to assure an efficient and reliable power supply. Energy storage
may be one of those changes, as a means to smoothen out the intermit-
tent energy production by renewable energy sources (RES). Battery sys-
tems are often mentioned as a suitable technology for this purpose.
However, the general consensus seems to be that before one can
make a viable business case for batteries, the technology first has to de-
velop further. Different chemistries, such as Lithium-Polymer, Lithium-
chnology, ITAS, Karlstraße 11,
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Sulphur and Metal-Air batteries, are promising new battery types that
could make distributed energy storage economically viable. But in
order to develop new systems and maximize the value proposition of
decentralized storage, different parties will need to cooperate and ex-
periment with new systems in real practice.

For the storage of electric power to become widely adopted in the
electric power system, it will require both technical innovation to pro-
duce better storage technologies as well as system innovation within
the energy industry to integrate electricity storage in the supply chain.
Innovation of large socio-technical systems are usually complicated
processes that may take a long time and include a lot of contingencies.
This is partly due to the inherent dependence on many different actors,
making the system difficult to steer. Also, big socio-technical systems
are characterized by stability and lock-in effects where swift changes
are hindered by sunk costs in technologies (power plants, lines and ca-
bles, etc.), skills and belief systems (Verbong and Geels, 2010).
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It is crucial for technology forecasting and public planning to better
understand long term patterns of innovation of certain energy technol-
ogies, such as energy storage. Particularly in the context of climate
change and the ongoing energy transition (Huenteler et al., 2015). Con-
structive TechnologyAssessment (CTA) has been suggested as a suitable
framework for the analysis of the social aspects of technological devel-
opment of battery development. CTA has been developed as a soft
intervention practice aimed at aligning expectations of different stake-
holders in order to facilitate this kind of innovation. The involvement
of different stakeholders in the design process of emerging technologies
should result in the adoption of new technologies that are better suited
for the needs and expectations of society (Baumann et al., 2014; Schot
and Rip, 1997; te Kulve, 2012).

This paper presents the results of a study of the expectations of dif-
ferent stakeholders regarding the development of emerging battery
technology for applications in the power grid. The research is set up as
an explorative study within the framework of CTA. This consists of a re-
view of scientific literature on storage technology and related power
grid developments, and empirical researchwith surveys and interviews
about the expectations held by experts and stakeholders on the issue. In
this paper we first present an introduction of sociotechnical systems
and the relevant concepts for CTA. This is followed by the research
methodology before the results of the literature review and the empir-
ical research are presented. Furthermore, the results are discussed in
light of the theory, as well as recommendations for further research.

2. Constructive Technology Assessment: an approach to analyze
emerging technologies and market uncertainties

According to Robinson (2010), CTA focuses on the wider interaction
of the broad range of actors (including society) that have a “stake” in the
development, deployment and use of new technology fields. This ap-
proach is based on theory of sociotechnical systems. In this theory tech-
nology is viewed as part of a seamlessweb of highly related heterogenic
elements, such as organizations, institutions, resources, scientific ele-
ments and legislation. Societal functions such as transport and energy
supply are results of such clusters of heterogenic elements which can
be named socio-technical system (Geels, 2005). In order to understand
how technological development takes place in an existing or changing
socio-technical system, multi-actor dynamics have to be taken into ac-
count (van Merkerk and van Lente, 2005; Parandian, 2012).

Technological development, in its core, is a process driven by the de-
cisions of the actors involved. In the early phases of technological devel-
opment it is hard, if not impossible, to accurately anticipate the
technical and economic impacts that a technology may have. Decisions
aremade in a context of uncertainty. Therefore, decisions are based on a
system of beliefs: visions and expectations held to be true by the actors,
but with little basis in reliable facts (van Lente, 2012). Emerging tech-
nologies and changes in science do not pre-exist themselves. Rather,
their potential is shaped by expectations and visions. These two factors
are told to play a significant role in mobilizing resources on a macro
level (e.g. national policy through regulation and research patronage),
themeso level of industry sectors, and at a micro level within engineer-
ing and research groups and in the work of single engineers or re-
searchers (Borup et al., 2006).

Despite this context of uncertainty, it is important to make decisions
in the early development phases. This is because technology is still mal-
leable in early development, but loses this quality during development
due to a process called entrenchment. This is related to the power-
control dilemma, first posited by Collingridge (1980) and described by
Berkhout (2002, p.3) as follows:

“During the development irreversibilities can arise that set the tech-
nology on a certain trajectory that determines the outcomes of tech-
nological change. …. This dilemma describes a double bind on
technological development because, on one side, one only has the
Please cite this article as: Versteeg, T., et al., Exploring emerging batter
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opportunity to steer technological change in the early development
of technology, before entrenchment has set in, but on the other
hand, one only has the knowledge to knowhow to influence techno-
logical change in the late development of technology, when it is al-
ready too late.”

Constructive Technology Assessment (CTA) offers an opportunity to
account for this dilemma by broadening the design of new technologies
through feedback from technology assessment activities into the devel-
opment process. CTA involves the identification of stakeholder expecta-
tions, and ultimately aims at aligning these expectations to influence,
rather than assess, technological development (Schot and Rip, 1997;
van Merkerk, 2008).

In the following paragraphs the concepts behind the approach taken
in this work are explained. Important concepts include emerging irre-
versibilities and the operationalisation of expectations of technological
development into general expectations, positionings and spaces. Some
general patterns in actor dynamics are also discussed.

2.1. Emerging irreversibilities

Entrenchment of technologies is the result of several irreversibilities
that emerge during the development of a technology. From conception
of a technological possibility, to its diffusion into the market, a technol-
ogy becomes gradually more entrenched. This entrenchment is steered
by the actions of the actors involved, for instance by the investors and
developers that drive the development into a certain direction. Van
Merkerk and van Lente (2005) introduce the term emerging irrevers-
ibilities to refer to patterns that enable certain actions and interactions,
while constraining others. This process is driven by the fact that almost
all resources are limited, including human and of course financial re-
sources. This means that for any resources put into a certain project, an-
otherwill have to dowithout. The first decision in distributing resources
creates a disparity between different options. As these decisions are
based on the beliefs of stakeholders, studying these beliefs provides in-
sight into the irreversibilities that are emerging. Based on this, stake-
holder beliefs are taken to be the best indicator for the futures of
emerging technologies, and the object of analysis in this paper.

2.2. Expectations of emerging technologies

Expectations can play a big role because of the inherent uncertainty
of technological development. Decisions have to be made within the
context of uncertainty, and treating expectations as facts decreases the
subjective degree of uncertainty. As such, expectations have three ef-
fects that make up their impact: legitimization, heuristic guidance and
coordination (van Lente, 2012): expectations that are circulating
among stakeholders raise attention to a technology and legitimize in-
vestments that carry high risks with them (as investments in emerging
technologies generally do). Expectations offer direction when there is
no objective way of deciding between many possible different paths
that may be taken in scientific research and technology development,
much like a heuristic deals with complexity and uncertainty. Finally, ex-
pectations move across boundaries, thereby providing coordination be-
tween distinct groups and communities, and across levels (Borup et al.,
2006). Coordinated action across different research groups leads to mu-
tually reinforcing research efforts in one specific direction, and coordi-
nation across levels (the research groups, sectors and innovation
networks, and governments and society) leads to a wider economic
and social basis for technological development. Through these effects,
expectations constitute themselves as driving forces of the emerging ir-
reversibilities discussed above.

The power of expectations depends on the degree to which they are
shared (Borup et al., 2006). The ‘sharedness’ ensures that actors act ac-
cordingly to these expectations. Expectations thus inspire new techno-
logical developments that subsequently have to be protected by other
y technology for grid-connected energy storage with Constructive
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collective expectations. Clear instances of shared expectations can be
found in sector or industry roadmaps or other foresight results (van
Lente, 2012). These formalized expectationsmay be the easiest to iden-
tify, but they do not represent the whole landscape of influential expec-
tations. Many decisions are made on more tacit expectations, only
expressed in a more informal capacity. These informal expectations
are the beliefs and ideas that actors may hold without them being writ-
ten down or expressed in a more formal capacity. It has been observed
that roadmaps sometimes underrepresent wider socio-technical con-
texts for innovation and may articulate inconsistent levels of optimism
or ambitions across different technology stakeholder groups (Winskel
et al., 2014).

2.3. Positionings

Aside from general expectations held by actors of the potential per-
formance of a technological artefact, expectations held about other ac-
tors are particularly important. In industry, and even in research,
actors continuously try to adapt their plans to the intentions of others.
In the context of emerging technology, these roles of different actors
in relation to the technology, otherwise known as stakeholder roles,
are undefined and fluid. van Merkerk and van Lente, 2008 use the
term positionings and emphasize the influence of positioning on the de-
velopment of emerging technologies. Positioning refers to the allocation
of roles, in line with the positioning theory in social psychology (Rom
and Van Langenhove, 1999). The foundation of this concept lies in the
idea that for emerging technologies, the concept of stakeholder roles
does not really apply. This is the case because stable roles of actors in re-
spect to the technology have not been established yet: they are contin-
uously being shaped and altered, based on expectations of the roles one
attributes to themselves and other actors, as well as the expected roles
other actors attribute to them. Nonetheless these roles, or rather the ex-
pectations of roles i.e. positionings, are an important concept to consider
and factor in emerging irreversibilities from an actor point of view.

In interactions, actors use positioning to express their role and the
roles of others (actors or artefacts). For emerging technologies roles
are still undefined and actors are still finding their place. Actors have
the option to base their positioning on how they have historically
been involved with similar technology, or on the role other actors
expect them to take. These positionings are expressed in statements
by actors about the future (visions and expectations). As an extension
of the concept of positioning, a position is defined as an accepted or
established role, which means there exists consensus among actors
about the role of an actor or artefact.

2.4. Spaces for interaction

Besides expectations (andpositionings carriedwithin them), the cir-
culation of expectations through interactions are an important factor.
VanMerkerk (2008) identifies the channels of communication between
stakeholders as an important factor in trajectory formation. He uses the
concept of spaces, to indicate the way that interactions are organized.
Spaces can be anything that provides opportunities for interaction.
Van Merkerk (2008, p.34) defines their function as follows:

“Spaces allow a variety of actors to assemble for deliberation, nego-
tiation and aggregation (…). They are a locus for particular kinds of
events, an opportunity for particular action and a gradient for and
thus a constraint on the range of actions.”

As such, a distinction needs to bemade between the space itself, and
the occasion for creation of a space. The occasion for creation of a space
also offers the opportunity for interaction between actors, but only
when this opportunity becomes a structural channel for interaction, is
it considered a space. In the field of emerging technologies, actors are
often confronted with the absence of spaces, and the need for the
Please cite this article as: Versteeg, T., et al., Exploring emerging batter
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creation of them (van Merkerk, 2008). In this context interaction is
bound to happen through existing, unspecialized spaces, or the occasion
for creation of new spaces.

2.5. Enactors and selectors

Rip and Kulve (2005) identify two categories of actors which are in-
volved in technological development: enactors and comparative selec-
tors. Enactors are actors who try to realize a new technology. They
identify with a technology. They construct scenarios of progress and
identify obstacles to be overcome. In other words, they think in
enactment cycles. This represents a concentric kind of thinking, in
which the context in which technology is developed is taken into ac-
count, but is still second to the actual hardware that is central (Rip
and Kemp, 1997). Enactors are technology actors, the developers and
manufacturers of a technology, or some government agencies such as
national laboratories or technology programs who have rallied behind
a certain technology. Societal actors on the other hand see alternative
technology options and take a position of comparing and selecting;
they think in comparative selection cycles. Selectors are the eventual
users, societal groups and other governmental agencies who take a
more distant perspective than the ones mentioned above. This differ-
ence in thinking between the two types of actors can result in conflict.
Enactment cycle thinking is characterized by an emphasis on the posi-
tive aspects of a technology, which is accompanied by a tendency to dis-
qualify opposition as irrational and misguided, or following a personal
agenda. Enactors might get frustrated when they have to convince the
public and they find explaining the promise of their technology is not
convincing enough. Loci where enactment cycles and comparative se-
lection cycles interfere offer opportunities for bridging events, and this
is where CTA comes in. By orchestrating bridging events, creating and
orchestrating forums where interaction can occur, the different actors
can probe each other's reality. A good example of such a forum would
be an interactive workshop, where different actors share and compare
their scenarios of the future of a technology.

3. Research design and applied methods to explore barriers,
expectations and opportunities

It was argued above that it is essential to create a holistic under-
standing of the future development of emerging technologies, in this
case new battery technology. In order to understand potential innova-
tion problems in uncertain socio-economical environments such holis-
tic understanding must be built on a coherent research design and the
applied methods should be chosen accordingly. Thus, this study is com-
prised of two parts: first a literature study was conducted in order to
identify the relevant issues surrounding battery technology develop-
ment and the applications in the electric power grid. Second, different
stakeholders were consulted in order to identify informal expectations
that exist among stakeholders. In this section themethodology is briefly
explained.

The literature study served as an inductive, preliminary step from
which the technical landscape was identified. From the literature a
stakeholder analysis could be performed along the supply chain of pres-
ent battery technology for stationary andmobile applications, aswell as
the value chain for storage services in the electric power system. Also,
the formal (published) expectations regarding battery storage were un-
covered. Results from this study were summarized in Chapter 4.

In the empirical part of our study, the expectations of two different
stakeholder groups were investigated; actors from the development
side of technology, and from the user or application side. In the case of
new battery technology, this would, in the first place, be researchers
from technical research institutes. The users are less well defined, as
there is no clearly defined or established market for stationary applica-
tions yet. However, it is clear that thepotential users should be sought in
the electric power industry, which consists of a fewmajor actors, aswell
y technology for grid-connected energy storage with Constructive
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as other users of battery systems (think of vehicle-to-grid or battery
repurposing configurations). In line with the theoretical framework
presented above, developers are expected to behave like enactors,
whereas the potential users are more likely to behave as selectors,
with the corresponding views on storage systems as technological arte-
facts. Although this hypothesis has to be confirmed, the label of enactors
and selectors will be applied to the group of development side actors
and the group of user side actors, respectively, in the rest of this paper.

Eight interviews have been conducted, of which four were with
stakeholders that fall into the category of enactors, and four interviews
werewith selectors. Theparticipantswere selected from theprofession-
al networks of the authors that include corresponding research groups
and people met at congresses on storage technology. Interviewees all
worked for different organizations from each other. The researchers
interviewed all worked directly on the development of new technology
for electrochemical energy storage. The respective positions of the ac-
tors within the research organizations differed as well: One candidate
was a promotion (PhD) candidate (P2), whereas two were post-
doctoral researchers (P3, P4) and the last onewas the head of a research
group (P1). From the industry participants, two participants worked in
supervising positions in the R&Ddepartments of large European electric
utilities (P7, P8), one participant worked as a consultant and external
project manager in the electric power sector (P6), and the last partici-
pant worked on the development of car sharing services with electric
vehicles for a large automotive company (P5).

The main instrument for the empirical study is a survey build
through an iterative process of testing and confirmation with the in-
depth interviews. The first four interviews (two enactors, two selectors)
were used to create and improve the survey, and four more were con-
ducted in order to confirm the researcher's interpretation of survey re-
sults. Aside from input for the surveys, the interviews provide valuable
in-depth insights into the rationale behind stakeholder expectations as
well, and as such are first analysed separately from the surveys, before
the results are integrated.

Two surveys were made; one for enactors and one for selectors. The
surveys were kept as similar as possible, only accounting for the differ-
ences in knowledge about and involvement with the technology. For
the development side survey 220 researchers from the largest battery
research centres within Germany were approached, as well as 8 addi-
tional researchers from other countries. This has rendered 38 responses
(37 from Germany, 1 from UK). This exercise does not aim to achieve
any representative sample but only to work over a meaningful number
of answers that reveal expertise and that can point out a group of new
questions and possible problems in the field for further research. In
the survey, participantswere asked closedquestions regardingdevelop-
ment expectations, positionings and spaces. These topics were treated
with a list of potential obstacles to innovation, stakeholders, and chan-
nels of communications respectively, as well as with a small selection
of statements derived from the preliminary interviews or literature.
All answers were based on a Likert scale of 6 options. For statements,
these options are Completely disagree, Disagree, Neutral, Agree, Strongly
agree, and Do not know. It should be noted that, whereas in the inter-
views a complete narrative of the vision of certain groups is sought, in
surveys only a few aspects can be investigated. These aspects were cho-
sen in order to be able to support or adjust the narrative constructed in
the interviews.

The results represent ordinal datawith a largemargin of error (~16%
at a confidence level of 95%). This means that the statistical analysis one
can do with this data is limited (Allen and Seaman, 2007). The answers
to the statements are presented in exact percentages. Answers to the
lists are coded from −2 (not at all threatening/relevant/suitable) to 2
(very threatening/relevant/suitable), centering on 0 (neutral/do not
know). From these the mean is calculated in order to create a ranking.
It should be stressed, however, that for ordinal data, as is the case
with Likert items, the coding represents a ranking order, but not a rela-
tive degree of difference. As such, the numerical value attributed to the
Please cite this article as: Versteeg, T., et al., Exploring emerging batter
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ranking of an item, cannot be interpreted quantitatively, and should be
regarded as purely instrumental for the illustration of the ranking. For
completeness, the frequencies of responses are provided in the supple-
mentary material available online.

A selector survey was distributed among actors from the electrical
power industry via online communities for professionals in the electric
power industry, but this rendered only 14 responses, from participants
from7 different countries and 7 different types of businesses. Due to the
limited number of responses and the heterogeneity of this group from a
very large population, themargin of error is very large, resulting in a low
validity. Due to this low validity, the focus of this paper is on the enac-
tors, and only the results to the lists in the selector survey are discussed
to enable comparison to the enactor survey results.

4. Literature review

4.1. Storage services

There are amultitude of services that electrical energy storage (EES)
could provide in the power grid. That energy storage can be used to
smoothen out the intermittent generation of renewable energy by
wind turbines or photovoltaics is mentioned most often in literature
(e.g. Grünewald, 2012). The value of storage can also come from the de-
ferral of investments in further generation or grid capacity, reduction of
operation costs of generation facilities, reduced emissions and fossil fuel
use of current generation facilities and increased reliability of the power
supply. In this section the most important services that energy storage
could provide to the power grid are briefly discussed, as well as the dif-
ferent storage technologies with a focus on developments in battery
technology.

4.2. Storage services

The current electric power industry uses a just-in-time inventory
system (Dunn et al., 2011a, 2011b). This means that power needs to
be used directly when it is produced. Demand varies greatly over the
course of a year, a day, or even aminute, causing the need for generation
to be ramped up in order to respond to these changes. However, this
ramping up takes severalminutes, so energy balancing capacities are re-
quired at all time for quick responses. The bulk of production is based on
predictions of the hourly and seasonal consumption, and several types
of reserves are employed by electric utilities in the case that these pre-
dictions fall short, or in case of failure (Weedy et al., 2012). Reserve ca-
pacity today is mostly in the form of fossil fuel burning generating
modules. This type of reserve makes up 95% of the reserve capacity in
Europe (the other 5% is mostly in pumped hydro energy storage) and
these assets generally run at lower efficiency and at higher emissions
than the bulk generators that run at a constant rate to provide the
base load (Dunn et al., 2011a, 2011b). Due to the variability of energy
demand, much of the generation capacity that is required during peak
consumption hours sits idle formost of the year. Aside from this idle ca-
pacity, the up- and down cycling of production decreases the overall ef-
ficiency of power plants, reduces the life time of the generation assets
and increases the maintenance costs (Dunn et al., 2011a, 2011b). By
storing electricity when demand is low, and releasing it when demand
is high, the load could be spread out over the day, thereby increasing
the baseload and relieving the need for extra peak capacity (see
Fig. 1). Pumped hydro storage (PHS) is seen as the only commercial vi-
able and available large scale storage technology nowadays for these
services.

The issue of the variability of demand for centrally produced energy
is exacerbated by an increasing number of decentral energy generation
units (e.g. roof top photovoltaic). The intermittent character of most of
this generation also poses a serious threat to the reliability of the grid,
if the share of the total load is high: sudden changes in solar irradiation
or wind power can cause significant imbalances between generation
y technology for grid-connected energy storage with Constructive
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and load, resulting in changes in voltage and frequency in certain parts
of the grid. Such changes, if large enough, can cause emergency shut-
downs that lead to blackoutswithin the grid.Without significant energy
reserves to regulate load, voltage and frequency, there appears to be a
limit to RES penetration above which the grid becomes critically unreli-
able (Yang et al., 2010). In the absence of energy storage (andotherflex-
ibility options e.g. demand sidemanagement), renewable energywould
have to be backed up by fossil-fuel burning reserves that generally run
at lower efficiencies than the larger generators that run at a constant
rate. The need for such back-up capacity diminishes the ‘green’ benefit
of RES.

Related to this issue is the fact that new, distributed generation facil-
ities such as those using RESs can introduce congestion in the power
grid, which would traditionally require the reinforcement of cables
and transformers (Weedy et al., 2012). EES is one option that can limit
the impact of new generation facilities to the grid, by shaving the peak
load on the transmission or distribution grid, thereby limiting and de-
ferring new construction activities.

Other services that EES could provide include energy trading and
back-up power for reliability and uninterruptible power supply (UPS)
(EPRI, 2010): Large scale storage could be used for energy trading, by
storing power when the price is low, and selling when the price is
high. Storage on longer timescales for back-up power can improve the
reliability of the grid as well as provide reserve power for sensitive
Fig. 2. Comparison of Different storage technologies based on characteristic capa
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locations, such as hospitals and data/communications centres. Energy
storage systems with an advanced management system may also be
able to provide several services simultaneously, depending on system
characteristics such as the discharge and reaction time.

4.3. Energy storage technology

Given the variety of energy storage services discussed above, the re-
quirements for energy storage vary greatly in terms of capacity and run-
ning times depending on the specific application. There is a number of
energy storage technologies with diverse characteristics eligible for
providing these services. These technologies store electricity either as
mechanical, chemical or electrochemical energy, or directly as electrici-
ty (Ibrahim et al., 2008). Examples of mechanical systems are pumped
hydro energy storage (PHES) and compressed air (CAES). Chemical
are systems such as fuel cells (FC), whereas batteries (BES) or
supercapacitors (SC) are electrochemical. Capacitor or super magnetic
energy storage (SMES) stores electricity in an electric or magnetic
field, respectively. Fig. 2 gives an overview of the different technologies
and their characteristics.

These different technologies all have their advantages and disadvan-
tages. The mechanical systems are generally mature technologies, but
have certain geographical requirements that render most sites unsuit-
able (Dunn et al., 2011a, 2011b): CAES, for instance, requires rock
city and discharge time (EPRI, 2010) (Sauer, 2011) (Leonhard et al., 2008).

y technology for grid-connected energy storage with Constructive
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caverns for air injection and PHS requires two superficial water reser-
voirs situated in different altitudes connected by a penstock. This re-
quires firstly proper locations for the basins and secondly a suitable
height different between these. Furthermore, energy has to be
transported from the location of generation to the storage location
and from storage to the demand areas. As some energy is lost in
transport and remote locationsmay require the additional construction
of transmission lines, not all technically suitable locations are financially
viable. The other systems are still in early development, particularly for
large scale applications. With respect to energy conversion efficiency
and lifetime, they are still immature. In this paper the focus is on BES,
as the technology is suitable for a broad range of applications and is rap-
idly being developed around the world (European Commission, 2013;
US DoE, 2013). This development is driven not only by the need for
stationary storage, but mainly for mobile applications such as in electric
vehicles and portable devices (Tarascon, 2011), (Dunn et al., 2011a,
2011b).
4.4. Battery technology

Battery technology is generally seen as an interesting technology for
grid-connected storage, given the modular configuration and high
round trip efficiency of some battery types. Currently, the technology
dominating the battery market (mainly in mobile devices and cars) is
the lithium-ion battery (LIB) (Bruce et al., 2011). However, these batte-
ries have limitations, both theoretically and in practice, that put restric-
tions on e.g. driving ranges achievable with full electric vehicles as well
as on achievable cost reductions (among other things). The wish to
overcome these limitations is an important driver for the development
of new battery types that may be very suitable for stationary applica-
tions aswell. There are a number battery types based on different chem-
istries in the pipeline. Among these, Lithium-Polymer, Lithium-Sulphur
(Li-S) andMetal-Air are considered themost promising technologies to
produce significant improvements on the performances of systems cur-
rently available in the next 10 to 20 years (Meisenzahl et al., 2014;
Simon et al., 2014; Thielmann et al., 2010). An overview of different bat-
tery technologies is given in Fig. 3. The battery types in the red field can
be seen as completely new development whilst the types in the green
field are already available on markets or at least on a demonstration
level.

There are also endeavours to develop batteries with lower energy
densities, but with high efficiencies and low costs, specifically for sta-
tionary applications (e.g. redox-flow batteries) (Doughty et al., 2010).
Fig. 3. Ragone plot of existing and emerging technologies based on data from (Baumann
et al., 2013), (Stenzel et al., 2014).
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4.5. Relevant Stakeholders

It has been shown that the impact of storage can affectmany parts of
the electric power system, and with that it affects a large group of
agents: power producers, both central (utility) and decentral, transmis-
sion system operators and distribution network operators (TSOs and
DNOs). Beside these stakeholders, energy storage also has implication
for end user organisations, such as those particularly sensitive to inter-
ruptions in their power supply, like hospitals or data centres. It has to
be mentioned that these potential users perceive the risk of incompati-
bility with the conventional energy, high initial installation cost and dif-
ficult operation (Yun and Lee, 2015).

In general, energy systems consist of a multitude of different tech-
nologies from several industry sectors (e.g. conversion, extraction and
end-use of energy).Most of these technologies are not developed by en-
ergy companies as utilities but enter the electricity sector as specialized
equipment from other sectors (e.g. semiconductors (solar panels) or
electro-mechanical machinery (gas turbines) (Huenteler et al., 2015).
This principle can be applied to the case of electrochemical energy stor-
age as well. As mentioned above, the development of batteries is driven
not only by the need for stationary storage in the energy system: The
need for a larger driving range for electric vehicles and better batteries
for portable devices are important drivers as well. Technologies as Li-
ion with various cathode chemistries and others as NiMH and NaNiCl
technology have captured and enabled the portable electronic market,
invaded the power tool equipment market and are penetrating and en-
abling the EV market on condition that improvements can be achieved
in terms of cost and safety (Tarascon, 2010; Whittingham, 2012). This
means that manufacturers of these products may therefore be regarded
as indirect stakeholders in the development of battery technology that
may be used for grid-connected services. Although they are very differ-
ent products (large storage systems for power generation, vehicle bat-
tery, or small batteries for portable devices) developed by different
companies, all may have coinciding interests in the development of cer-
tain technologies. Integrating batteries into the electricity system may
however require different efforts because, as Kemp (1994) and Yun
and Lee (2015) state, innovative companies do not only have to develop
better technologies, but they also have to put immense efforts into
shaping the market through persuasion of consumers in order to in-
crease their perceived benefits and to decrease perceived risk. Tesla
for example announced its “Powerwall” home battery storage system
that can be used to charge electricity generated from solar panels, or
to store electricity when utility prices are low (Tesla, 2015). Mercedes
Benz also introduced its “Mercedes-Benz Energiespeicher” shortly after
this announcement. Both, Tesla andMercedes initially developed batte-
ries for EVs (Mercedes, 2015). The areas ofmobility and stationary ener-
gy storage are highly independent from each other as high market
diffusion of electric vehicles might enable potential economies of scale.

Implicit so far has been the importance of government bodies:much
of the support for the development of battery technology comes from
public funding agencies, and utility companies in many countries are
(partially) publicly owned. Some government bodies also publish regu-
lar roadmaps that document the formal expectations regarding devel-
opments in the energy sector that often include or even focus on
energy storage (European Commission, 2013; US DOE, 2013). Further-
more, the energy sector is heavily regulated, and regulation can act as
a driver, as well as an anchor on technological development (Foxon
et al., 2005). For instance, in most of Europe, DSOs are prohibited from
trading energy, which effectively means that under current regulation
they are generally not allowed to feed energy into the grid or to take
large amounts of energy out of the grid (Oosterkampet al., 2014). Trans-
port losses and temporary solutions for grid-failure or maintenance are
not included. As this rule currently also applies to storage and other
flexibility options, it excludes DSO's from contributing to the develop-
ment of this technology. A good example where regulation acts as a
driver for technological development is the promotion of renewable
y technology for grid-connected energy storage with Constructive
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Fig. 4. Survey statements from the enactor survey. The graph shows the mean of the value labels attributed to the responses.
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energy systems as photovoltaics and wind turbines e.g. through EU di-
rectives 2001/77/EC that took place in the early 2000s which has set
challenging indicative national targets to increase RES shares.

5. Survey & interview results

In this section the results of the interviews and surveys are
discussed. As the interviews served to provide input for the surveys
on the one hand, and a tool for interpretation of survey responses on
the other, interview data is discussed anecdotally in juxtaposition to
the survey. Themes that were treated are expectations of technological
development (and specifically obstacles to development), relevant
stakeholders, and channels for communication between the relevant
stakeholders that may benefit development.

5.1. Expectations on emerging battery technologies

Responses from experts in interviews as well as the survey re-
sponses (see Fig. 4, S9) confirm the formal expectation from much of
the literature that battery technology is generally seen as a potentially
viable technology option for grid connected storage. However, the
participants generally agree that this application for batteries will
follow the application of new battery technologies in electric vehicles
(Fig. 4, S1).

A combination of these opinions is expressed in the following quote
of interviewparticipant P1, in relation to thebattery type theparticipant
focuses on in his work:

“The main advantage [of lithium-sulphur batteries] comes from its
high energy density, so people sooner think aboutmobile. But it is al-
so quite cheap, so it could be advantageous for stationary applica-
tions as well.”1

This statement is an example of howmany actors, as indicated in the
survey, view stationary battery applications as secondary to electric
mobility.

Generally dismissed was the statement that the technology in ques-
tion may never be used in mainstream applications due to the incom-
patibility with existing production lines, with only 8% in agreement
1 Transcript P1; l. 76-78.
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versus 71% in disagreement (Fig. 4, S4). This statement was inspired
by a statement from interview participant P2:

“Youwould have to change all the technology, as [my technology] is to-
tally alternative to the current technology tomake electrodes by coating
metal foil”.2

In this interview, the specific technology concerned electrodes that
were nanostructured in a way that was incompatible with the standard
role to role foil coatingmethod of electrode production. An explanation
for the fact thatmost researchers feel that this statement does not apply
to their technologymay be that their technology is designed to be com-
patible with the standards of battery production.

The fact that researchers do not view the disruptiveness of their
technology, otherwise defined in this work as incompatibility of a tech-
nology with existing technologies and/or production lines, as a likely
threat is also reflected in the ranking of potential obstacles.

Fig. 5 shows a list of potential obstacles in the development of new
battery systems, ranked on the basis of the ratings or relevance by the
development side actors. This ranking shows a general priority given
to obstacles concerning more or less intrinsic properties of the technol-
ogy; stability and performance issues are seen as most important,
followed by the costs, safety and achieving economy of scale. Obstacles
related to users, competing technologies, regulation and the before stat-
ed disruptiveness are generally rated as unimportant.

These obstacles can be seen as originating from factors external to the
technology. Quite surprising is that environmental impact is ranked as
least threatening of the obstacles. This may be because of an implicit as-
sumption that the use of stored electrical power is intrinsicallymore envi-
ronmentally friendly than direct use of chemical energy from fossil fuels.

The observation that researchers tend to give priority to the charac-
teristics of the hardware of the technology was also made in the inter-
views. Participant P2 said the following:

“my focus is onlywhat is the chemical composition,what is the elec-
trochemical performance, so really like howmany cycles can I make
and how do I do it…”3

This statement seems illustrative for the attitude of an enactor, de-
scribed in chapter 3 as the concentric systems view of technology.
This is discussed in more detail in the discussion.
2 Transcript P2; l. 75-76
3 Transcript P2; l. 104-105.
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Fig. 5.Relevance of obstacles to technological development. Relevance attributed by enactors in blue, and by selectors in orange. The graph shows themean of the value labels attributed to
responses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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An aspect that could not be treated in detail in this project is the spe-
cific dynamics of the expectations of the stakeholders. In order to under-
stand not only what the expectations are today, but also how they will
develop in the future, it is important to study how expectations spread
between actors. This point is closely related to studying the important
spaces around today, and tracing the sources of expectations. The fact
that the power of expectations depends on the degree to which they
are shared adds to this point. Future research into the dynamics of ex-
pectations in the electric power industry would be essential to improve
understanding of the direction of developments in this industry, and of
how to influence these developments.

5.2. Positionings of relevant Stakeholders

The ranking of stakeholder relevance (Fig. 6) indicates quite clearly
that researchers generally assign a higher relevance to technology ac-
tors (battery component manufacturers, chemical companies, car man-
ufacturers and battery system producers), than to the potential users in
the electrical power industry. Actors from the electric power industry
are collectively at the bottom of the ranking, with a generally negative
appreciation of relevance. This preference was also observed among
the participants from the development side in the interviews.

Regardless of this estimate of relevance, a large majority of partici-
pants has responded in agreement to the statement that it is never too
early in the development of a technology to get information from the
application side of that technology (Fig. 4, S5). This indicator of interest
in the potential users of technology is further confirmed by the re-
sponses to statement 6: only a small majority of the researchers that
participated indicated an initial preference for interactive workshops
with other developers over workshops with actors from the application
side. A similar position was observed in the interviews, as shown in the
following quote from participant P1:

“It is also useful to get information from application side so that you
get the technology to market faster”4
4 Transcript P1; l. 67-68.

Please cite this article as: Versteeg, T., et al., Exploring emerging batter
Technology Assessment, Technol. Forecast. Soc. Change (2016), http://dx.
In comparison to the responses of the selectors, the difference in im-
portance attributed to regulation is particularly striking: For actors from
industry, uncertainty regarding regulation is considered the secondmost
threatening obstacle, whereas by development side actors, it is generally
seen as unthreatening. In the list of stakeholders, regulation actors were
ranked thirdmost important by selectors, whereas enactors have gener-
ally ranked regulation actors as slightly irrelevant or uncertain. The im-
portance attributed to regulation actors by the participants in the
interviewwas similar to that found in the survey. As participant P5 said:

“From a macro-economic view, I expect, it [grid-connected storage]
will be cost efficient, but therefore first the laws regarding the regulation
of grid operators have to be changed.”5

Where actors from the electric power industry were collectively
rated as the least relevant actors in the development of new storage
technology in the development side survey, this was not the case for
the selector survey. Thismay, of course, be expected as this does involve
self-reflection: the actors from the electric power industry are ranking
themselves. This makes interpretation difficult: had these actors not
considered themselves as relevant actors for the development of energy
storage systems for grid-connected storage, they would probably not
have participated in the survey. Nonetheless, it indicates that many ac-
tors from the electric power industry do envision a role for themselves,
and each other, in the development of new storage technology.

5.3. Relevant spaces and channels of communication

With regard to channels of communications (Fig. 7), scientific publi-
cations and conferences are rated as the most suitable by the enactors.
This indicates that the traditional means of communication in the sci-
ence community are preferred over others that are perhaps more com-
mon in industry. Interactiveworkshops, a practice gaining in popularity
in the scientific community, are ranked, on average, as suitable as scien-
tific publications, followed by expert panels or focus groups (Horst,
2013; Khan et al., 2016). This indicates that formal, interactive means
of communication (conferences, workshops, expert panels), are
5 Transcript P6; l. 39-40.
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Fig. 6. Relevance of stakeholders in technological development. Relevance attributed by enactors in blue, and by selectors in orange. The graph shows the mean of the value labels
attributed to responses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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generally considered very suitable. On average, all channels of commu-
nications are deemed suitable by the participants, indicating that all in-
teraction is considered beneficial. With regard to workshops with
potential users, one interview (P3) produced the following statement:

“These [stakeholderworkshops] are onlywhen the technology is already
out of the lab. Otherwise they [other stakeholders] don't have interest.
At the current development phase you only have scientific papers and
conferences.”6

That enactors do find these interactive workshops between actors
fromdevelopment aswell as application relevantwas already remarked
above (Fig. 4: S6). This quote illustrates however, that the expectation
that selectors may not be interested yet appears as a barrier. This be-
comes more striking as the participants from the selector side have
expressed the same interest in this kind of workshop.

Regarding channels of knowledge transfer, selectors indicate a
stronger preference for interactive formats than the enactors did.
Ranked most important are small interactive stakeholder workshops,
followed by expert panels and conferences. Scientific publications, the
least interactive channel, are ranked the least suitable. One of the inter-
view participants (P7) gave a motivation for the importance of interac-
tive channels in the following.When asked how fast development could
best be facilitated, he answered:

“It's not really clear to me how we improve the situation except for get-
ting everybody to talk together asmuch as possible. And, youmake sure
that policy makers are included in that discussion. Because we are used
to having conferences and such things, but actually persuading policy
makers to come and speak at and them actually staying to listen to
other speakers is quite difficult I think.”7

This statement expresses the importance attributed to regulation ac-
tors, aswell as the preference for interactive fora as felt by an actor from
industry.

One of the observations in this project was that the willingness
among developers and potential users of battery technology to take
6 Transcript P3; l. 63-65.
7 Transcript P7; l. 273-277.
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part in stakeholder participation activities is very limited. This is indicat-
ed by the low response rate for interviews and surveys: both for the in-
terview and the enactor survey the response ratewas 15% aftermultiple
requests. In part this can be attributed to a lack of interest. Secrecy and
mistrust regarding intellectual property and competitive advantage
have also been observed to contribute. These barriers to participation
pose a challenge to further research steps, as industry and regulation ac-
tors can generally be expected to be evenmore closed-off than academ-
ic researchers, and are definitelymore difficult to approach. Suggestions
to improve on these problems would be to offer a clear benefit for par-
ticipants, aside from just sharing the findings. Especially for more inten-
sive participation (say a workshop) this would be helpful.
5.4. Discussion of survey results

Chapter 3 introduced theory and concepts that were used to analyse
and frame the results from the research. Here, three concepts were cen-
tral: expectations, positionings and spaces. It was found that the data
could be coded with these concepts. In this section we discuss the cor-
relation of the results with these concepts from theory.

In the survey, expectations of technological development were cov-
ered by a number of statements (Fig. 4: S9, S1, S2 & S4), aswell aswith a
ranking of potential obstacles. Positionings were reflected in several
statements (Fig. 4: S3, S5, S6, S7 and S8), together with a ranking of dif-
ferent stakeholders. Spaces were treated with a ranking of channels for
communication. Although this does cover the three concepts, the inves-
tigation stays relatively close to the surface. Positionings include expec-
tations of the activities of an actor in relation to a technology. In this
paperwewere only able to cover expectations of the influence of differ-
ent actors, without discussing how the role of that influence. Also, the
focus was on traditional stakeholders, offering little opportunity for
the discussion of new stakeholder roles. A similar situation is the case
for spaces, which strictly refers to structural, regular interaction
between stakeholders. This aspect was not discussed in full in the inter-
views, nor treated in the survey. The consequence of this is that, when
participants discuss a workshop as a one-time event, it actually con-
cerns what in the literature is called an occasion for the creation of
spaces, instead of the actual space. Similarly, the expectations of techno-
logical development could have been treated in much more detail.
y technology for grid-connected energy storage with Constructive
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Fig. 7. Relevance of channels of knowledge transfers between the relevant stakeholders. Relevance attributed by enactors in blue, and by selectors in orange. The graph shows themean of
the value labels attributed to responses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Although the concepts are considered to be convenient for the cod-
ing of the data, there does appear to be some overlap between catego-
ries: for instance, the argument that unwillingness of industries to
innovate might be an obstacle to innovation, generally classified here
under the concept expectations, is repeated in the statement that indus-
try is often conservative, in the category involvement, of the concept po-
sitionings. The involvement of regulation actors, generally a positioning,
is also related to the obstacles that one may perceive in obstructive or
uncertain policy and regulation. This overlap does not appear to be a
strange finding: the observation that obstacles to innovation might fol-
low from the positionings of actors is an essential characteristic of the
theoretical framework. However, a difficulty to distinguish between
concepts is a serious flaw in a theoretical system. Nonetheless, stressing
the nuances in the differences between the positionings and the general
expectations can still make this framework functional.

The visions of developers participating in this project have been
found to, on average, exhibit the characteristics of the concentric sys-
tems view of technology typical for enactors as described in chapter 2:
researchers have indicated to give priority to issues related to the intrin-
sic properties of their technology, such as the stability and safety of the
product, as well as stakeholders related to the hardware (technology
companies). Application side actors on the other hand have indicated
more priority for the external factors than the developers. Factors such
as the regulatory framework and competitive technologies. With this,
the results corroborate to some extent the general division of stake-
holders into enactors and comparative selectors.Whether the actors in-
volved in this project also exhibit further characteristics and patterns of
enactment cycle thinking and comparative selection cycle thinking is
hard to determine based on the data presented in this paper. Further re-
search,wheremore elaborate qualitative scenarios are constructedwith
the participants would be necessary to establish this (Rip and Kulve,
2005).

Literature on CTA discussed in chapter 3 proposed the format of
small interactive workshop as the preferred space for bridging the dif-
ferences between enactor visions and comparative selector visions.
The results in this research indicated that the stakeholders involved
generally see this format as a suitable channel of knowledge transfer be-
tween different stakeholders, and indicate that such a bridging event
may contribute to the development of the technology. As indicated,
the findings of this paper should contribute new questions and new
challenges that stakeholder networks related with energy production
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and distribution can face in the recent future, based on informing stake-
holders, developing scenarios and interactively comparing these sce-
narios with several different stakeholders. This paper provides an
overview of recent developments and indicators of the promise of
next generation batteries that may be instrumental in such a project.
It also provides an overview of different expectations as well as an indi-
cation of which stakeholders are considered relevant by directly in-
volved actors. This may serve as a good starting point for such a
project and to build a frame for aworkshop and to broaden the perspec-
tive of both selectors and enactors.

The results from the survey and in depth interviews indicate that
there are many different issues for which stakeholder alignment can
be very important. These range from concrete issues identified as rele-
vant, relating to the value of characteristics of storage systems (size,
weight, lifetime, efficiency, safety, environmental impact), to frame-
work conditions of the market for electricity storage (regulation, value
streams and aggregation schemes). The fact that these can be divided
into two categories indicates that stakeholder involvement activities
can be applied in different forms, from two different perspectives:
from the perspective of the technological artefact in order to answer
the question ‘What market does this technology address and how can
this technology be designed in order to best fit this market’, and from
the other side to answer the question ‘how can the market conditions
be optimized for this technology’. This division in perspectives may
the case particularly for highly stratified and regulated industries like
the electric power industry. Health care would also fall into this indus-
try. The need for both perspectives also depends on the disruptiveness
of the technology: does this technology require innovation of the
techno-economic system?

Not all actor groups identified as relevant have been involved in this
study. Given the scope of the project it had been decided only to focus
on the two main actor groups, which were researchers as enactors of
emerging battery technology, and electrical power industry actors as
the selectors. The response rate to the surveys was insufficient to reli-
ably differentiate between sub-groups. For enactors, for instance, the re-
sults from this research suggest that awareness of factors extrinsic to
the technological artefact ismuch greater for people higher up in the hi-
erarchy of the research institute. The population of selectors included in
this projectwasmuchmore diverse, but rendered fewer responses. This
also warrants more investigation, to distinguish between expectations
of different groups within this population.
y technology for grid-connected energy storage with Constructive
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6. Conclusion

In this paper we have discussed the results of a preliminary CTA
study by analysing the visions and expectations of actors relevant for
the development of emerging battery technologies for grid-connected
energy storage. It has been argued that, as emerging technologies are
still in an early phase of development, researchers in academic institutes
are at themoment themain actors involvedwith technological develop-
ment. However, industry roadmaps and policy documents indicate a
similar interest from electric power utilities as well as governments.
The visions of actors regarding the development of the technology
were investigated using the concepts Expectations, Positionings, and
Spaces. These actors were scientific researchers as enactors, and profes-
sionals from the electric power industry as selectors.

For the actors researched in this project, enactors and selectors, their
responses have indicated that a large majority sees batteries as a viable
option for grid-connected storage. More specifically, however, it has
been observed that researchers working on new battery technology
are focused more on high energy density batteries for electric vehicles,
and view stationary application as a secondary market for next-
generation batteries. This observation is indicative of a direction in bat-
tery development, being focused at lightweight, small size batteries.
These characteristics are essential formobile applications, but not so rel-
evant for stationary storage. Characteristics like costs, longevity and en-
vironmental impact may be of more importance for stationary systems
than energy density is. Note, however, that there are battery systems for
which stationary applications are the main focus (e.g. redox flow
batteries).

On the application side, the market for stationary storage systems is
generally attributed more priority: interview participants all indicated
to have very little doubt that thismarketwill take off in the next decade,
regardless of the success of EVs. Related to this point is the observation
that application side actors view the connectionwith themarket of bat-
teries for EVs as indirect, related through increased research effort into
and growing production of batteries and, perhaps, through the public
image of energy storage. Further differences in expectations that have
been identified are in terms of the obstacles thatmight threaten the suc-
cessful innovation for stationary battery systems. Developers have indi-
cated to see the issues related to the intrinsic properties of battery
systems as relevant (stability and performances of the batteries, the
costs of the system and safety). The application side on the other hand
seems to give priority to obstacles based on the framework conditions
for stationary storage, such as competing technologies and uncertainty
regarding regulation and government policy.

In the interviews and survey, the development-side actors have gen-
erally indicated that they find technology companies themost relevant;
manufacturers of battery components, producers of battery systems and
chemical companies. Furthermore, public research funding agencies
were indicated as relevant. The application-side actors that were in-
volved in this project have indicated that other actors from the electric
power industry are very relevant. The argument being that for viable
business cases, some alignment between generation utilities and net-
work operators (distribution and network) would be necessary. Also,
the importance of including regulation actors was stressed, due to the
possibly constraining effect of regulation. This opinion was not shared
by the enactors, who have ranked regulation actors as being generally
irrelevant.

In general, both sides of the technology (development and applica-
tion) have indicated interest in involvement with the other side of the
technology, even in early phases of development. Constructive interac-
tionwas deemed an important step towards improvement of the condi-
tions for the development of new technology for stationary storage.
Furthermore, regarding spaces for this interaction, small interactive
workshops were mentioned and rated as suitable channels by both
sides of the technology. This appears to offer opportunities for the
broadening of design of emerging battery technologies, such as the
Please cite this article as: Versteeg, T., et al., Exploring emerging batter
Technology Assessment, Technol. Forecast. Soc. Change (2016), http://dx.
promising Li-S battery, for the specifics of grid-connected applications.
It should be noted, however, that given the findings of this project,
such a workshop would only address a small part of the issues facing
storage technology. Other than cell chemistry, the regulatory frame-
work and aggregation of storage services are important issues to be ad-
dressed for the formation of viable business cases with battery systems.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.techfore.2016.09.024.
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