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Mainstreaming novel materials is essential to overcome crucial limitations of energy storage devices to address
societal challenges and decarbonization efforts. However, mainstreaming requires enabling conditions that are
influenced by complexities and tensions. Building on the concept of outcome-oriented scaling, this study ex-
plores how prioritization of interdependent drivers and barriers influences mainstreaming graphene in electro-
chemical energy storage devices.We capture the knowledge and perceptions of an expert panel through aDelphi
survey combinedwith in-depth interviews.We find the ongoing prioritization trajectories to fail in setting inter-
dependent drivers and barriers as a vision to achieve impact at scale, in creating opportunities to accelerate
mainstreaming, and in addressing key sustainability pressures and reconfiguration barriers. Also, we find wide-
spread consensus that urgent action is required to bend the prioritization trajectories in the right direction to
achieve impact at scale. Mainstreaming graphene is likely to challenge, compete and disrupt incumbent systems
instead of enabling a smooth transition.
© 2022 The Authors. Published by Elsevier Inc. on behalf of International Energy Initiative. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Efforts to electrify the transportation sector have led to an ever-
increasing demand for high-performance energy storage technologies
(Marinaro et al., 2020). Among the various energy storage systems,
electrochemical energy storage devices (EESDs) are expected to play
an important role in the electrification of the transportation sector
(Burd et al., 2021; Sauer, 2015). EESDs include lithium-ion batteries
and next-generation technologies, such as lithium‑sulfur and metal-air
batteries, as well as hybrid technologies (Gardner et al., 2016, p. 10).
High-performance EESDs are critical to reducing dependency on unsus-
tainable energy sources and enabling radical energy transitions
(Ballinger et al., 2019).

However, EESDsmay prove futile in transforming the transportation
sector and facilitating radical energy transitions unless significant per-
formance improvements are achieved to enhance their advantages rel-
ative to unsustainable technologies (Ballinger et al., 2019; How et al.,
erials; EESDs, Electrochemical
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2022; Lach et al., 2018). Performance improvements depend on a com-
bination of physical and chemical properties of the materials used in
EESDs. It is, therefore, critical to accelerate the mainstreaming of novel
materials in energy storage technologies (European Commission,
2020a; Hache et al., 2019; Huang et al., 2018; Koyamparambath et al.,
2022; Sivaram et al., 2018).

Since the discovery of graphene in 2004, significant efforts have
been made to deploy and disseminate its application in EESDs (Olabi
et al., 2021; Raccichini et al., 2015). The interest in using graphene and
its related materials (GRMs) in EESDs has been driven by its unique
properties, such as chemical and thermal stability, light weight, large
surface area, and electrical conductivity (Kakaei et al., 2019; Wu et al.,
2012). GRMs stand to become predominant cathode materials for
EESDs by significantly improving their performance through enhanced
electrical conductivity (Boulanger et al., 2021; Liu et al., 2020;
Moreno-Fernández et al., 2021; Peng et al., 2018), and sustainability
and competitiveness through improved lifespan (Olabi et al., 2021;
Raccichini et al., 2015). These benefits have been demonstrated to be
technologically feasible in small-scale experiments. However, multiple
challenges associated with manufacturing GRMs, and reconfiguring in-
cumbent socio-technical arrangements still require more research to
pave the way for mainstreaming.

The aim of this paper is to explore how the prioritization of interde-
pendent drivers and barriers shapes the mainstreaming of GRMs in
EESDs.We focus on the current prioritization trajectories and the extent
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Table 1
A taxonomy of drivers and barriers to mainstreaming GRMs in EESDs.

Category Specific items Reference

Drivers

Internal drivers

Improve energy
density

(Patel et al., 2020)

Improve power
density

(Lu et al., 2018)

Increase lifespan (Zhang et al., 2018)
Improve safety (Raccichini et al., 2015)

External drivers

Cost reduction
(Hassoun et al., 2014; Mauler et al.,
2021)

Waste reduction Expert interviews
Competition
non-sustainable
applications

(Olabi et al., 2021)

Substituting critical
materials

(Arvidsson & Sandén, 2017)

Socio-political
concerns

Expert interviews

Barriers

Technological
limitations

Quality (Bøggild, 2018; Kauling et al., 2018)
Processability (Lin et al., 2019)
Scalability
Price (Shapira et al., 2016)

Reconfiguration
barriers

Handling (Behrens et al., 2017; Braun & Skinner,
2007; Huang et al., 2018; Lin et al.,
2019)

Equipment
Transport
Storage
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to which they create a conducive environment for accelerating the
mainstreaming GRMs in EESDs by identifying opportunities and ten-
sions. We rely on a two-round Delphi survey combined with in-depth
expert interviews to capture experts' perceptions and knowledge,
aiming to inform policy design regarding themuch-needed acceleration
of GRMs in EESDs (U.S. Department of Energy, 2020; EuropeanCommis-
sion, 2020a; Huang et al., 2018, 2021). Our study is consistent with re-
cent calls for more research that inspires improved approaches for
accelerating the mainstreaming of new technologies to responsibly
and inclusively address societal problems.

Accelerating outcome-oriented scaling

Conventional concepts of diffusion and adoption of innovation
(Rogers, 1962) fall short in capturing the wickedness associated with
the mainstreaming of innovations to address societal problems and an-
ticipating sustainability implications (Biggi &Giuliani, 2021; Vargo et al.,
2020). In contrast, the notion of outcome-oriented scaling addresses the
inclusive acceleration of mainstreaming innovations by placing societal
problems at the center of scaling initiatives and anticipating future im-
plications (Ghiron et al., 2014; Wigboldus, 2016). Outcome-oriented
scaling refers to inclusive and refined approaches and strategies
through which innovation's outcomes are responsibly mainstreamed
in society and contribute to broader systemic change processes to
achieve impact at scale (Wigboldus, 2016; Wigboldus et al., 2016). Its
purpose is to steer the outcomes of innovation toward societal problems
by highlighting the idea that innovations and theirmainstreaming in so-
ciety are shaped by transformative social processes (Schut et al., 2020).

Scaling innovations typically encompasses two distinct approaches:
push and pull scaling (Wigboldus et al., 2016). The push scaling ap-
proach is primarily technology-driven, presupposing that a novelty
has a value that leads to benefits at scale. In this approach, scaling efforts
are directed toward adoption and uptake, where the innovation com-
petes, challenges, and disrupts the incumbent regimes. However, con-
sidering the path dependency and relative stability of incumbent
regimes, push scaling may be ineffective in inducing innovations to
achieve impact at scale.

Pull scaling, on the contrary, conceives multiple drivers and barriers
as a desirable vision and stimulates enabling conditions to orchestrate
scaling processes to achieve intended outcomes (Schut et al., 2020).
The pull scaling approach focuses on reorienting system values toward
the innovation such that the incumbent regime stimulates and accom-
modates the innovation, creating a self-organized dynamic. Pull scaling
may be more compelling than push scaling in accelerating the achieve-
ment of impact at scale (i.e.,mainstreaming). It leveragesmultiple inter-
dependent drivers and barriers (Wigboldus et al., 2016) to create a
process of spontaneous order (Leeuwis & Aarts, 2011) and opportuni-
ties (vanMierlo et al., 2013), leading to accelerated system transforma-
tion andmainstreaming of innovations. Nevertheless, the notion of pull
scaling is far more convoluted as its orchestration arises from specific
and coinciding events influencing multiple drivers and barriers (Hall &
Dijkman, 2019). Accordingly, pull scaling requires continuous monitor-
ing and adaptive management to facilitate innovations embedding in
society (Arkesteijn et al., 2015; Klerkx et al., 2010).

We draw on the concept of pull scaling to accelerate the
mainstreaming of innovations' outcomes and outputs and achieve im-
pact at scale. Therefore, in the remainder of this section, we identify
the drivers and barriers to mainstreaming GRMs in EESDs and discuss
prioritization challenges regarding the drivers and barriers shaping
the acceleration of scaling.

Drivers and barriers for scaling GRMs in EESDs

GRMs are a family of materials available in different forms, such as
graphene films, graphene oxide, and reduced graphene oxide
(Döscher et al., 2021; Döscher & Reiss, 2021). Thanks to their electrical
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and chemical properties, they are expected to resolve key technological
issues in EESDs and help contribute to more sustainable modes of pro-
duction and consumption (Olabi et al., 2021; Raccichini et al., 2015).
On the one hand, various sustainability pressures and technological im-
provements drive the mainstreaming of GRMs in EESDs (Table 1). On
the other hand, multiple technological trade-offs and reconfiguration
barriers hinder the mainstreaming of GRMs (Table 1).

From the perspective of the drivers, there are two sets of drivers that
stimulate the mainstreaming of GRMs in EESDs: external and internal
drivers (Table 1). The external drivers are related primarily to key sus-
tainability pressures that include environmental impact, socio-political
and resource depletion concerns, and cost reduction (Castelvecchi,
2021; U.S. Department of Energy, 2020; European Commission, 2020b,
2021; Mauler et al., 2021; Olabi et al., 2021; Pavel & Blagoeva, 2017).
For example, GRMs are expected to open new opportunities by lower-
ing overall costs, minimizing waste, and reducing environmental im-
pact. They are also expected to play a crucial role in substituting
critical materials (Arvidsson & Sandén, 2017). For instance, graphite is
a critical material but yet an essential component in EESDs that GRMs
could replace (U.S. Department of Energy, 2020; European Commission,
2020b, 2021). Finally, the advances GRMs will unleash are expected to
make current and future EESDs competitive compared to non-
sustainable applications, e.g., fossil fuels (Olabi et al., 2021). Against
this backdrop, such systems with sustainability pressures allow induc-
ing systemic change relatively easier compared to stable systems
(Williams, 2001) and hence allow for accelerated mainstreaming.

These external drivers depend on internal drivers, i.e., the improve-
ments made in EESDs due to the use of GRMs. The internal drivers are
associated with the improvements made in the electrochemical perfor-
mance of EESDs, which relate to performance characteristics such as en-
ergy and power density, in addition to improving life cycle and overall
safety (El-Kady et al., 2016; Ladrón-de-Guevara et al., 2019; Moreno-
Fernández et al., 2020;Wong et al., 2018). These technological improve-
ments are essential to overcome the limitations of current EESDs and
offer potential solutions for next-generation devices.

However, there are two categories of barriers that hamper the
mainstreaming of GRMs in EESDs: technological limitations and recon-
figuration constraints (Table 1). Technological limitations are associated
with themanufacturing techniques of GRMs (Du et al., 2019; Gumfekar,



Table 2
Distribution of Delphi panelists by years of experience, country, and stakeholder group.

Years of
experience

Country Stakeholder group

<8 years:
6

Australia: 1 Researcher: 13

8–15: 12 Canada: 1 Graphene producer/supplier;EESDs
developer/producer;Researcher: 1

16–23: 3 Germany: 3 EESDs developer/producer: 3
>23 years:
4

India: 2 EESDs developer/producer;Researcher: 1
Italy: 1 Graphene producer/supplier: 5
Norway: 2 Graphene producer/supplier;Researcher: 2
Spain: 6
Sweden: 3
United
Kingdom: 5
United States:
1
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2018; Kong et al., 2019; Levchenko et al., 2016). Each production tech-
nique involves trade-offs between quality, price, processability, and
scalability. Commercially available GRMs vary considerably not only be-
tween different GRMs producers but also between batches from a single
producer (Kauling et al., 2018; Probst et al., 2015; Ye & Tour, 2019). Fur-
thermore, the current prices of GRMs influence their economic accessi-
bility and, therefore, their scaling (Burd et al., 2021). This is directly
linked to the “cost-saving” driver mentioned above, and current prices
can affect the mainstreaming efforts as well as the attempts to address
societal challenges. After all, mainstreaming GRMs requires incorporat-
ing goals beyond “controlled” performance, such as volume, reproduc-
ibility, and production cost (Huang et al., 2018).

A key challenge lies in the availability and accessibility of specialized
knowledge and equipment to reconfigure incumbent arrangements,
specifically in periphery countries (Castrejon-Campos, 2022). The un-
availability and inaccessibility of specialized knowledge and auxiliary
equipmentmay influencemainstreaming and leads to disproportionate
upscaling in core countries, leaving peripheral countries as followers
and adopters (Castrejon-Campos, 2022). Such barriers have been
widely recognized as infrastructure requirements constraints
(Rosenthal et al., 2018). Accordingly, the second group of barriers re-
lates to the existing arrangements, equipment, practices, and norms.

Incumbent arrangements of EESDs producers play an essential role
in the mainstreaming of GRMs (Meelen et al., 2019). In particular, four
elements require reconfiguration to pave the way for mainstreaming:
auxiliary equipment, handling arrangements, storage practices, and as-
sociated transportation practices (Behrens et al., 2017; Braun & Skinner,
2007; Lin et al., 2019). These transformations are complex due to the
“uniqueness” of the scaling of energy technologies (Braun & Skinner,
2007), which can lead to delays in their engineering and installation.
In addition, they also imply significant cost increases for EESDs devel-
opers.

Method

In this study, we used a two-round Delphi survey combinedwith in-
depth expert interviews. Delphi studies focus on eliciting experts' opin-
ions and knowledge regarding novel and complex matters to inform
strategic planning and policy design (Loo, 2002). Eliciting expert knowl-
edge has been described as a useful method to inform outcome-
oriented scaling initiatives (Wigboldus, 2016). Delphi studies seek
agreement, dialectic disagreement, sharing insights, and a collective
build-up of informed conclusions on complex issues (Vernon, 2009).
Delphi surveys are structured communications among a panel of ex-
perts and are characterized by iteration, anonymity, and controlled
feedback (Landeta & Barrutia, 2011). Despite conveying a statistical rep-
resentation of expert panel responses, they fall within the realm of qual-
itative research methods (Barnes & Mattsson, 2016). Furthermore,
Delphi surveys are usually combined with semi-structured and in-
depth expert interviews (Beiderbeck et al., 2021; Schmalz et al., 2021).

Expert selection and panel composition

We selected the panelists based on purposive expert sampling
(Gbededo& Liyanage, 2020).We relied on the knowledge and expertise
of the experts (vanAudenhove &Donders, 2019). Two eligibility criteria
for participation were considered: participants were required (1) to
have knowledge of two-dimensional materials and their application in
energy storage technologies, and (2) to belong to specific stakeholder
groups based on the context of our study. Accordingly, three stake-
holder groups were of interest to our study: graphene producers/sup-
pliers, EESDs developers/producers and users such as original
equipment manufacturers, and researchers in academia and non-
academic institutions. The identification of experts drew from publicly
available information. This includes screening organizational docu-
ments, journal publications, and scientific conference records. Beyond
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screening these specialized documents, the identification of experts
was further augmented through the researchers' network, who cur-
rently work within umbrella organizations.

The Delphi survey panel consisted of 25 leading international ex-
perts with an average experience of nearly twelve years, ranging from
six to 35 years. This panel size iswithin the recommended range for Del-
phi studies (Okoli & Pawlowski, 2004). For more details on the compo-
sition of the Delphi survey panel, see Table 2. Before the Delphi survey,
we conducted personal interviewswith the experts.We first carried out
23 interviews,whichwere then completed by additional two interviews
to cross-validate our interpretation of the Delphi survey results. In total,
we carried out 25 interviews, which is substantially beyond the re-
quired size for initial interviews in Delphi studies (Beiderbeck et al.,
2021). Sixteen of the 25 interviewees were also panelists in the Delphi
survey. For more details on the interviewees' profiles, see Appendix A.

We carried out the Delphi survey in two rounds. In the second
round, six out of 25 panelists dropped. However, we considered the as-
sessments of the six panelists that did not respond during the second
round as definitive. Accordingly, we included these in the analysis of
the second round, which is considered a reasonable practice in Delphi
studies (Landeta et al., 2011).

Data collection

First, we reviewed the factors influencing the mainstreaming of
GRMs in EESDs. Based on this review, we designed our analytical frame-
work, fromwhichwe determined a set of questions that guided us dur-
ing the interviews. Following the interviews, we revisited our analytical
framework to fine-tune it further. We then used the analytical frame-
work and the insights from the interviews to design the Delphi survey.

The datawere collected fromMarch 2021 to February 2022, a typical
timeframe for Delphi studies (Chand et al., 2020). We carried out 25 in-
depth interviews that lasted anhour on average, ranging from45min to
two hours. Despite approaching the interviewswith a pre-defined set of
questions, we also aimed at an in-depth understanding of specific
topics. Therefore, the interviews were conducted using a semi-
structured in-depth format. The objectives of the interviews were to
frame the Delphi questionnaire, refine the analytical framework, find
other informants, and contextualize the results of the Delphi survey.

The interviews were conducted in two distinct stages. In the first
stage, we conducted 23 interviews that played an essential role in shap-
ing the Delphi questionnaire and provided valuable qualitative insights.
The last three of these interviews were used to pilot the Delphi ques-
tionnaire. Further, we invited interviewees to participate in the subse-
quent Delphi survey at the end of each interview and asked them to
recommend additional interview participants. In the second stage,
after the two rounds of the Delphi survey were completed, we



Table 3
Required vs. current prioritization of the drivers to mainstreaming GRMs in EESDs.

1- Low priority to 5 high priority
Round 1 Round 2

Mean SD Mean SD

srevirdlanretnI

Improve energy density

Desirable 3.5 0.92 3.7 0.8

Actual 2.8 0.99 2.8 0.8

Insufficient 0.7 0.8

Urgency for action 0.4 0

Improve power density

Desirable 3.9 0.68 4 0.66

Actual 3.2 0.92 3.2 0.82

Insufficient 0.7 0.8

Urgency for action 0.4 0

Improve life cycle

Desirable 3 1.3 3.5 0.98

Actual 2.3 0.96 2.2 0.64

Insufficient 0.7 1.3

Urgency for action 0.4 0.6

Improve safety

Desirable 2.5 1.14 2.8 0.93

Actual 2.2 1.01 1.8 0.56

Insufficient 0.3 1

Urgency for action 0 0.2

srevirdlanretx
E

Reduce overall costs

Desirable 2.8 1.41 3.3 1.17

Actual 2 1.08 2 0.93

Insufficient 0.8 1.2

Urgency for action 0.5 0.5

Reduce waste

Desirable 2.8 1.25 3.3 0.94

Actual 2.2 1.2 2.1 0.97

Insufficient 0.6 1.2

Urgency for action 0.3 0.4

Substitute critical materials

Desirable 2.9 1.55 3.6 1.22

Actual 2 1.22 2 0.96

Insufficient 0.9 1.6

Urgency for action 0.6 1

Overcome socio-political 

challenges

Desirable 2.8 1.35 3.2 1.04

Actual 2.2 1.21 2 0.82

Insufficient 0.6 1.2

Urgency for action 0.3 0.5

Spur competition with non-

sustainable applications

Desirable 3.3 1.34 3.9 0.97

Actual 2.6 1.33 2.4 0.96

Insufficient 0.7 1.4

Urgency for action 0.4 0.8
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conducted two extra interviews to triangulate the interpretation of the
results.

Following the first stage of expert interviews, we administered the
Delphi survey in two separate rounds using an online platform. The Del-
phi questionnaire consisted of four questions with several sub-items
based on a 5-point scale (from 1- low priority to 5- high priority) and
captured the stakeholder group, years of experience, and country. We
asked the panelists to evaluate how they believed the seventeen drivers
and barriers to mainstreaming GRMs were currently prioritized and, in
contrast, how they should be prioritized according to them. Given the
multidisciplinary nature of the study, we intentionally chose not to re-
quire an answer to all seventeen items. We instructed the panelists
that “no answer” was equivalent to not being familiar. Finally, the Del-
phi survey included open fields asking the panelists to provide com-
ments where necessary.

After receiving the responses from the first round, we conducted an
interim analysis that calculated themean scores of each participant's as-
sessments. The results of the interim analysis were distributed to all
panelists via e-mail. In this individual communication with the experts,
we included a table containing the mean scores of all items in one col-
umn and the personal scores of each panelist in another. This personal
column highlighted the responses that varied strongly from the mean.
We asked the panelists whether they disagreed or agreedwith the gen-
eral views expressed in averages and asked them to express their
choices by filling out the same questionnaire again in its entirety or
the specific scores highlighted in yellow. Responses for the second
round were finally received via the online platform.

Analysis

The Delphi survey results were analyzed using descriptive statistics,
focusing mainly on the averages to measure the panelists' assessments.
In addition,we used standard deviation (SD) as ameasure of consensus.
For Delphi surveys on 10-point scale questions, an SD ≤ 2 is considered
an appropriate consensus (von der Gracht, 2012). In this study, we used
questions on a 5-point scale and considered an SD ≤ 1 as an adequate
consensus.

Panelists rated the priority levels they believed were currently
assigned and the priority levels they believed should be assigned. We
constructed a thematic indicator (Ti) of prioritization sufficiency based
on the difference between these two indicators. For this indicator, we
relied on the initial consensus of the actual and required priority
levels. In the case of dissensus, we relied on takeaways from the
interviews to unpack the dissensus observed. The thematic indicator is
based on an “if-then” rule type, and its functions are:

i. If (Ti)> 0 then prioritization is insufficient (Tension for acceleration)
ii. If (Ti) < 0 then prioritization is sufficient (Opportunity for

acceleration)
iii. If (Ti) = 0 then prioritization is optimal

Then, following the approach of Salazar-Elena et al. (2020), we con-
structed a synthetic indicator (Si) by normalizing the values of functions
i. and ii. separately. The objective of this normalization is to flip the
interpretation of the thematic indicator in case of insufficiency to
action required for acceleration and in case of sufficient to opportunity
for acceleration. We normalized the (Si) using a widely used unity-
based normalization formula to construct such indicators (Akanbi
et al., 2015, p. 52; Freudenberg, 2003, p. 10), provided in Appendix B.
This formula normalizes the values based on the distance from the
worst-performing value. Accordingly, the normalized value of the
worst performer becomes 0, and that of the best performer becomes
1. This normalization of values provides a consistent and comparable in-
terpretation across all items.
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The normalized values for insufficiency are referred to as “urgency to
act” and for sufficiency as “opportunity to accelerate.” The closer (Si) is
to zero, the smaller its impact is perceived to be, and the further it
tends toward 1, the greater its impact becomes. However, for the
normalized values, we focus on values ≥0.2 and ≤ 0.8. The underlying
principle for this range is that we assume that the drivers and barriers
are virtually impossible to be optimally prioritized due to the
subjective reality we live in. Therefore, we assume that values of the
normalized scores<0.2 to be semi-optimally prioritized and>0.8 to ex-
perience limited to no change in the short term. On the contrary, values
>8 may still be impactful but are considered unlikely to produce a
meaningful change in the short- and intermediate-term.

Results

The analysis in this section is divided into two main sections. First,
Tables 3 and 4 present the results of theDelphi survey,which are further
analyzed on a disaggregate level. Second, Figs. 1, 2, and 3 illustrate the
results of the Delphi survey to analyze the categories of the drivers
and barriers on an aggregate level to detect similarities and differences
among them.

Adaptive priority-setting of drivers

Table 3 presents themean assessments of how the panelists believed
the drivers tomainstreaming GRMswere currently prioritized and how
they should be prioritized.



Table 4
Required vs. current prioritization of the barriers to mainstreaming GRMs in EESDs.

1- Low priority to 5 high priority
Round 1 Round 2

Mean SD Mean SD

snoitati
millacigolonhce

T

Improve quality

Desirable 3.7 0.89 4.0 0.61

Actual 3.2 1.14 3.2 0.85

Insufficient 0.6 0.9

Urgency for action 0.2 0.1

Improve scalability

Desirable 4.0 1.10 4.3 0.85

Actual 3.3 1.31 3.1 0.95

Insufficient 0.8 1.2

Urgency for action 0.5 0.5

Improve processability

Desirable 3.9 1.04 4.2 0.85

Actual 3.1 1.20 3.1 0.95

Insufficient 0.5 1.1

Urgency for action 0.5 0.3

Improve/lower prices of 

graphene materials

Desirable 4.3 0.90 4.4 0.91

Actual 3.2 1.25 2.9 0.97

Insufficient 1.2 1.5

Urgency for action 0.9 0.9

sreirrab
noitarugifnoce

R

Aligning handling practices

Desirable 3.8 0.92 4.0 0.72

Actual 2.5 1.10 2.4 0.91

Insufficient 1.3 1.5

Urgency for action 1.0 0.9

Aligning equipment 

configuration

Desirable 3.0 1.21 3.4 1.10

Actual 2.5 1.18 2.3 0.83

Insufficient 0.6 1.1

Urgency for action 0.3 0.4

Aligning storage practices

Desirable 3.2 1.26 3.7 0.95

Actual 2.5 1.19 2.4 0.90

Insufficient 0.7 1.3

Urgency for action 0.4 0.6

Aligning transport practices

Desirable 3.0 1.35 3.5 1.06

Actual 2.2 1.15 2.2 0.80

Insufficient 0.8 1.4

Urgency for action 0.5 0.7
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According to the current priority levels of the internal drivers, im-
proving power density seems to be of great interest. The expert panel
reached consensus on this assessment in both rounds. In the second,
however, the consensus on the actual priority level for improving
power density was even more robust (SD 0.82). This is followed by
the driver of improving energy density, which is slightly above average,
as indicated by the score of (2.8) as a mean assessment for both rounds.
The panelists reached consensus on this priority level for both rounds.

In the same line of current priority levels, the panelists perceived life
cycle improvement and safety to be prioritized as below average. Re-
garding life cycle improvement, the change in themean assessment be-
tween the first and second rounds was relatively small. However, the
consensus level dropped significantly from (0.96) to (0.64), indicating
a solid consensus on how life cycle improvement is currently prioritized.
For safety improvement, the mean score decreased from (2.2) in the
first round to (1.8) in the second round. Panelists diverged in the first
round (SD 1.01) but reached solid consensus in the second round (SD
0.56).

In terms of the actual priority levels of the external drivers, spurring
competition with unsustainable applications appears to be the highest
priority. Panelists viewed this driver as currently prioritized average,
i.e., (2.6) in the first round and (2.4) in the second round. In the first
round, the panel diverged on the current priority level (SD 1.33). In
the second round, however, the panel reached a reasonable consensus
on this “average” prioritization (SD 0.96). The second top priority is
thedriver of reducingwaste,with amean assessment of (2.1) in the sec-
ond round,which is “below average.” The other influencing factorswere
rated relatively similar to the second highest priority. However, there is
a striking similarity between thefirst and second rounds for the external
drivers, which is the fact that in the second round, the panel reached
consensus on the actual priority levels of these drivers being currently
prioritized as “below average.”
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In contrast, from the required priority level's perspective, experts
perceived the current priority levels to mismatch the required priority
levels for all the drivers. Starting from the internal drivers, with strong
consensus (SD0.66), the panelists perceived that improvingpower den-
sity should be prioritized as the highest. The panelists' assessments re-
mained relatively similar between the two rounds regarding the
improvement of power density. The second top required priority is im-
proving energy density, onwhich the experts also reached a strong con-
sensus (SD 0.8) with a slight change in the mean assessment between
the two rounds. The third top priority is the improvement in life cycle.
In the first round, the panelists diverged on the required priority levels.
However, in the second round, the panelists reached a consensus (SD
0.98). The change between the two rounds in the mean assessment
went from being “slightly above average” to “substantially above aver-
age” or even “nearly high priority.” Finally, the lowest required priority
within the internal drivers is improving safety. Although panelists were
far apart in the first round (SD 1.14), they reached a relatively strong
consensus in the second round (SD 0.93).

At the same time, the panelists perceived the external drivers to be
prioritized largely below the internal drivers, i.e., for both the current
and required priority levels. In terms of current priority levels, the top
priority for external drivers is making GRMs-enhanced EESDs competi-
tive relative to unsustainable applications. Panelists rated spurring com-
petitionwith unsustainable applications as “semi average,”with a slight
change between the first and second rounds. Experts reached a rela-
tively strong consensus on this assessment in the second round (SD
0.96). The remaining four drivers are perceived to be currently priori-
tized as relatively similar and “below average.” In the first round, panel-
ists divergedwidely on the current priority levels of the external drivers,
but in the second round, they reached a reasonably strong consensus.

On the other hand, panelists seem to have different views on the re-
quired priority levels of the external drivers. In particular, the experts
viewed spurring competition with unsustainable applications as the
top priority, with an assessment being relatively high in the second
round after being “above average” in the first round. Despite the panel-
ists diverging on the required priority for this driver in the first round,
they reached consensus in the second round. Further, substituting crit-
ical materials was the second top priority for both rounds. However,
the experts diverged widely on the required priority levels for both
rounds regarding the driver of substituting critical materials. In addi-
tion, the panelists perceived the remaining three drivers as quite similar
in the first and second rounds. However, the assessment increased from
slightly above average in the first round to substantially above average
in the second round. Also, the experts diverged extensively on the re-
quired priority levels in both rounds, apart from reaching consensus in
the second round on the driver of reducing waste (SD 0.94).

Considering the thematic indicator of prioritization sufficiency, we
observe a pattern of prioritization insufficiency across both categories
of drivers. The highest prioritization insufficiencies are observed for
the external drivers. In particular, the driver of substituting critical ma-
terials seems to be the top insufficiency. The panel diverged widely on
the required priority in the first and second rounds. The second top in-
sufficiency is observed for making GRMs-enhanced EESDs competitive
relative to unsustainable applications. This insufficiency increased in
the second round due to changes in the experts' assessments of the ac-
tual and required priority levels. In the second round, the panel reached
a relatively strong consensus on both the required and actual priority
levels, hence giving more weight to the insufficiency of this driver.
The third top insufficiency is simultaneously observed for the drivers
of overcoming socio-political challenges, reducing waste, and reducing
overall costs. For reducing waste, the panel reached consensus in the
second round on the required and actual priority levels. Whereas for
overcoming socio-political challenges, the panel diverged on the re-
quired priority levels in the first and second rounds. While reducing
overall costs, the panel diverged on the required priority levels in the
second round.
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On the dissensus observed above, some of the experts voiced differ-
ent views. One expert commented: “The question is not whether
graphene can or cannot be a potential solution, it is more about will it
really be a realistic solution? I think yes, but we have a long way to
reach to this point.” Another expert said: “Usually these drivers [exter-
nal drivers] are far in the future and too radical, making them desirable
for some and less so for others. Andwhen you are developing a technol-
ogy, you focus on immediate and tangible outcomes.” Another expert
added, “This may be because of the benefits of the current materials
compared to graphene (and here we are not talking about theoretical
potential, just current situation) either with regard to the performance
or economic benefits, which could lead actors not to desire such a
change.”

Moreover, the insufficiency of the internal drivers is lower than that
of external drivers. The top insufficiency lies in the driver of improving
life cycle of EESDs. In the second round, panelists agreed on the required
and the actual priority. Then, the second top insufficiency is the im-
provement of safety on the panel also reached consensus for both the
actual and required priority levels. Further, the lowest insufficiencies
are observed simultaneously for improving energy and power densities,
which also have strong consensuses on the actual and required priori-
ties in the second round.

Due to these insufficiencies, several items fell within the established
range of urgency for action to bend their prioritization trajectories in the
right direction and accelerate mainstreaming GRMs in EESDs. The top
urgency for action is observed for improving life cycle (Si 0.6). Then,
the experts perceived the reduction of overall costs and overcoming
socio-political challenges to be the second top drivers “simultaneously”
to require urgency for action (Si 0.5). However, experts diverged on the
required priority levels for both drivers in the second round. Further, the
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panelists perceived the third top urgency for action as the driver of
reducing waste (Si 0.4). As for the drivers of improving power and
energy density, the urgency for action is <0.2; hence, they are
perceived not to require urgency for action. On the other hand, the
urgency for action for the drivers of safety and substituting critical
materials is >0.8; therefore, these drivers are perceived to have
limited or no impact in the near future as the urgency for action is
significant and unlikely to produce discernible impact.

Adaptive priority-setting of barriers

Table 4 presents themean assessments of how the panelists believed
the barriers tomainstreamingGRMswere currently prioritized and how
they should be prioritized.

According to the current prioritization trajectories, the panel consid-
ered the quality barrier as themain concern. In thefirst round, panelists'
opinions differed on the actual prioritization of quality (SD 1.14), but in
the second round, they reached a strong consensus (SD 0.85). After that,
improving scalability and processability were perceived “equally” as the
second highest priority. On both items, the panel diverged in the first
round. However, in the second round, the panel reached a strong con-
sensus (SD 0.95). Improving prices of GRMs ranked third with an
“above average” prioritization (2.9). The panel reached consensus on
this prioritization in the second round (SD 0.97). In the first round, the
driver of improving prices was slightly higher (3.2), but the panel di-
verged widely on this prioritization (SD 1.25).

Regarding the reconfiguration barriers, experts viewed
reconfiguring handling practices and aligning storage practices as the
highest priority. In the first round, this prioritization was average, but
the experts diverged widely. In the second round, however, the panel
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reached a reasonable consensus. Reconfiguring equipment arrange-
mentswas viewed as the secondhighest priority, with an average rating
(2.3) in the second round and a slight deviation compared to the first
round (2.5). The panel diverged widely in the first round (SD 1.18),
but in the second round a solid consensus was reached (SD 0.83). The
panel perceived reconfiguring transportation practices to be prioritized
below average (2.2). In the first round, this rating was similar, but the
panel diverged (SD 1.15). In the second round, however, the panel
reached a strong consensus.

On the other hand, the panelists had different views on how the bar-
riers should be prioritized. Starting from the top priority, the panel felt
that the driver of improving the prices of GRMs should be prioritized
substantially high (4.4). Most importantly, the panel reached solid con-
sensus in both rounds on how the prices of GRMs should be prioritized.
Then, improving scalability was perceived as the second top priority
(4.3), on which the panel reached consensus in the second round (SD
0.85). Further, improving processability came as the third top priority
(4.2). In the first round, there was a weak divergence among the panel-
ists on this item (SD 1.04), but in the second round, they reached strong
consensus (0.85). After that, the panel perceived that the driver of im-
proving quality and reconfiguring handling practices should be priori-
tized similarly (4.0). The panel reached strong consensuses in both
rounds (SD 0.61 and 0.72, respectively). This is followed by
reconfiguring storage practices (3.7), on which the panel reached con-
sensus (SD 0.95). Nevertheless, in the first round, the panelists diverged
extensively on how reconfiguring storage practices should be priori-
tized (1.26).

Moreover, the panel perceived reconfiguring transport practices and
equipment reconfigurations to be prioritized as slightly similar (3.5 and
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3.4, respectively). These priority levels are relatively high and have
changed substantially compared to the first round. In the first round,
the panel diverged significantly (SD 1.35 and 1.21, respectively). In
the second round, they converged slightly more than in the first round
but still did not reach consensus on how these items should be priori-
tized (SD 1.06 and 1.10, respectively).

Illustrating the prioritization sufficiency, the panelists perceived the
driver of reconfiguring handling practices to be considerably insuffi-
ciently prioritized. The experts agreed extensively on this insufficiency,
with relatively strong consensus in both rounds. An expert commented:
“In some very specific cases, you need specialized expertise, and some-
times even in the setup of the devices and technologies, you require
consultancy that is unfortunately not always available, and in this
case, I don't expect it to be available everywhere to enable such scaling
initiative.”Another expert added: “Companies that produce batteries al-
ready have in-house experts and researchers, but they may not be able
to replicate everything done in labs at large scales because at large scale,
you need to control many more things and I don't expect them to have
all the required knowledge to deal with everything.”

Then, reconfiguring transport and storage practices are perceived to
be the second highest insufficiency within the barriers. However, the
panelists diverged widely on how these items should be prioritized
compared to how they are currently prioritized.Within the reconfigura-
tion barriers reconfiguring equipment configuration is also insuffi-
ciently prioritized. But there is overwhelming dissensus among the
experts on how this item should be prioritized. One expert referenced
(Arvidsson et al., 2018), arguing: “Graphene shouldn't be dealt with as
if it were a completely newmaterial; it is just carbon.” Similarly, another
expert stated that “There is nothing disruptive, it will have to fit existing
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configurations.” Still, it is worth mentioning that the concept of recon-
figuration was a new topic to many of the panelists. An expert added:
“For materials producers, these are not a barrier, but for the companies
working with these materials it is [a barrier], which I believe does affect
their decision to adopt new materials.” Thus, it is reasonable to assume
that the disagreement may have resulted from the different views be-
tween producers and users.

Furthermore, the technological limitations are also significantly in-
sufficiently prioritized. For example, the highest insufficiency is ob-
served for improving GRMs prices. The panelists agreed extensively on
this insufficiency, i.e., according to the consensus on the required and
actual priority levels. Remarkably, this insufficiency is the highest
among all the barriers. One expert explained this insufficiency stating,
“Mostly, we look at referencematerials (e.g., graphite),which are signif-
icantly cheaper thanGRMs. But onewould expect such higher prices be-
cause of the added value of GRMs. But even with such an added value,
current prices seem to be very high.” From a slightly different perspec-
tive, another expert commented, “I expect graphene prices to drop as
demand increases. There is this factor of economies of scale that we
haven't reached yet, which could play a role in decreasing prices of
GRMs.”

Then, the insufficiency for improving scalability is also high, and in
the second round, this insufficiency became more robust due to the
overwhelming consensus on the required and actual priority levels. Fur-
ther, the experts perceived improvingprocessability to be broadly insuf-
ficiently prioritized, which is also agreed upon extensively. The lowest
insufficiency is observed for improving quality. Improving quality
seems to be insufficiently prioritized with an overwhelming consensus.

Due to this insufficient prioritization, several barriers are perceived
to demand urgent action to bend their prioritization trajectories in the
right direction. Accordingly, many barriers fell within the established
range of urgency. Within the technological limitations, scalability is
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the top item requiring urgent action (Si 0.5). Processability also is
perceived to require urgent action (Si 0.3). The panel agreed on
both items' required and actual prioritization. Regarding the
reconfiguration barriers, reconfiguring storage practices is
perceived to require urgent action (Si 0.6). The panel agreed on this
driver's required and action priority levels; therefore, there is a
solid urgency for action. Then, reconfiguring transport practices is
perceived to have a relatively high urgency for action (Si 0.7).
However, the panel reached weak dissensus on the required
priority level on how this driver should be prioritized. Similarly,
reconfiguring equipment arrangements also required urgent action
(Si 0.4). But the panel disagreed on the required priority levels.
Apart from that, the urgency for action to improve quality appears
to be relatively low. On the contrary, improving prices and
reconfiguring handling practices seem to have an urgency for
action of (Si 0.9), and hence this urgency for action is unlikely to
produce meaningful progress in the near future.

Aggregate analysis

Figs. 1, 2, and 3 illustrate the results of the Delphi survey presented
in Tables 3 and 4. These Figures are presented to analyze the similarities
and differences among the drivers and barriers on an aggregate level.

As illustrated in Fig. 1, technological limitations are generally per-
ceived as top priorities from the perspective of both the actual and the
required priority levels. Most of the internal drivers also match the re-
quired priority levels of the technological limitations on a disaggregate
level. This is particularly evident for the required priority levels. In con-
trast, only some internal drivers match the actual priority levels. How-
ever, the technological limitations and the internal drivers appear to
be the top priorities, both from actual and required priority levels,
with the technological limitations being the overriding priorities.
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Although within the internal drivers, at least, the driver of safety is per-
ceived to be inadequately prioritized.

On the other hand, the panel perceived the external drivers and the
reconfiguration barriers as currently prioritized below average. The ex-
ternal drivers are currently prioritized as the lowest among all the other
categories of drivers and barriers. However, there is a striking similarity
between the external drivers and the reconfiguration barriers: they are
perceived to require relatively the same priority levels. However, the re-
configuration barriers are ranked slightly above the external drivers
from the actual priority levels.

As illustrated in Fig. 2, all drivers and barriers are perceived to be in-
sufficiently prioritized. The insufficient prioritization of all the determi-
nants represents a remarkable similarity among all the drivers and
barriers. In contrast, the panel perceived none of the determinants to
correspond to an opportunity to accelerate mainstreaming, which is a
notable similarity across categories. On the aggregate level, there is a
slight similarity in insufficiency between the internal drivers and the
technological limitations. However, the barrier of GRMs prices is per-
ceived to be significantly insufficiently prioritized.

On the other hand, there appears to be a slight similarity between
the external drivers and the reconfiguration barriers, which differ in
terms of insufficiency from the internal drivers and technological limita-
tions. The panel viewed the insufficiency of the external drivers and the
reconfiguration barriers to bemuch higher than the internal drivers and
the technological barriers.

On the flip side of the tensions created by the insufficiency of prior-
itization, the panel perceived that many drivers and barriers require ur-
gent action to bend the prioritization trajectories in the right direction.
In Fig. 3. the drivers and barriers that fall within the range of 0.2 and
0.8 are the ones that require urgent action. On an aggregate level,
many differences can be observed. For example, experts saw the exter-
nal drivers to require the highest urgency for action. Reconfiguration
barriers are reasonably close in terms of urgent action required but
still fall below the external drivers. Notably, the internal drivers seem
to be nearly optimally prioritized, except for improving the life cycle.
Furthermore, there are a few drivers and barriers that are perceived to
require an urgency for action >0.8, but they are dispersed with no sim-
ilarities on an aggregate level can be observed.

Discussion

In this study, we have developed a novel approach of “adaptive
priority-setting” to explore how the prioritization of interdependent
drivers and barriers shapes accelerating the mainstreaming of GRMs
in EESDs. We departed from the idea that orchestrating a pull scaling
to accelerate mainstreaming requires setting multiple interdependent
drivers and barriers as a vision and prioritizing them sufficiently to
stimulate enabling conditions to achieve the intended outcomes.

Overall, our analysis reveals that the interdependent drivers and
barriers tomainstreaming GRMs in EESDs are ill-prioritized. They influ-
ence the creation of a conducive environment for pull scaling andmod-
erate the acceleration of mainstreaming. Specifically, the prioritization
trajectories shape accelerating the mainstreaming on three levels.
First, the drivers and barriers are prioritized inadequately, i.e., not
being set simultaneously as a vision to stimulate enabling conditions
for mainstreaming. Second, the drivers and barriers are creating ten-
sions for mainstreaming GRMs, and accelerating the mainstreaming re-
quires urgent action to bend the prioritization trajectories in the right
direction. Third, our analysis of the prioritization dynamics suggests a
strong focus on the internal drivers and technological limitations over
the external drivers and the reconfiguration barriers.

The drivers and barriers are not coherently forming a vision to or-
chestrate pull scaling and self-organized mainstreaming. We find this
to be an issue on a disaggregate and aggregate level. For example, the
key internal drivers that are considered prime priorities are the drivers
of improving energy and power density.We findwidespread consensus
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that the use of GRMs in EESDs will be predominantly centered around
these two drivers. Also, we find the external drivers to be disproportion-
ately prioritized. This suggests that the different drivers are being used
as a “vehicle” to create expectations and diffuse GRMs to make the
drivers of improving power and energy densities materialize. Accord-
ingly, in the near future, we expect the application of GRMs in EESDs
to be predominantly known as a material enabling higher energy and
power densities in EESDs. In some rare applications, GRMs may be
used to improve safety and life cycle of EESDs. However, the overall pat-
tern shows it is likely to be mainly used as a material for improving en-
ergy and power densities.

While regarding the barriers, we find the technological limitations to
be themaximumpriority. On a disaggregate level, we find that the qual-
ity of GRMs will likely improve significantly in the near future. While
quality is likely to improve, we find the rest of the barriers to continue
hampering the mainstreaming of GRMs. Key issues are the prices and
scalability of GRMs, which we find very improbable to improve in the
short- and intermediate-term future. This may imply that GRMs will
likely be positioned as new materials with superior added value and
premium prices that will continue to be available in relatively niche ap-
plications. However, in such circumstances, incumbent technologies
may still not be replaced, and the co-existence of both technologies
may imply a continuation of unsustainable modes of production and
consumption.

In terms of reconfiguration barriers, we find the reconfiguration bar-
riers unlikely to reconfigure in the short- and intermediate-term. On a
disaggregate level, a key influencing factor in mainstreaming GRMs is
reconfiguring handling practices. Factors like handling practices are
convoluted andmay affect themainstreaming of GRMs due to their spa-
tial availability (Huang et al., 2018, 2021). The inaccessibility to special-
ized knowledge and lack of reconfigurations of incumbent
arrangements are thus key factors to continue influencing the
mainstreaming of GRMs in EESDs. This implies that there will be tech-
nology leaders (primarily core countries) and technology followers or
adopters (primarily periphery countries) (Castrejon-Campos, 2022). In
this context, sustainability challenges such as decarbonization and cli-
mate change are likely to persist and take longer to address.

On a slightly more aggregated level, the drivers and barriers appear
to constitute tensions for mainstreaming GRMs. We find widespread
consensus that the drivers and barriers are perceived to be insufficiently
prioritized. In the context of non-coordinated ecosystems, optimal pri-
oritizationmay be subjective and impossible to achieve, as such ecosys-
tems initially may not allow for strategic orientation (Larrue, 2021).
However, we find the drivers and barriers to be insufficiently prioritized
significantly.We observe the perceived insufficiency to be exceptionally
high for external drivers and the reconfiguration barriers alongwith im-
proving prices of GRMs and improving the life cycle of EESDs. The exter-
nal drivers and reconfiguration barriers are perceived as insufficiently
prioritized and may be driven by vested interests of different actors in
incumbent technologies, which may resist reconfiguration. At the
same time, such vested interests directly affect the extent to which
the external drivers are insufficiently prioritized. Such prioritization tra-
jectories mean that mainstreaming GRMs in EESDs would require the
emergence of new actors, i.e., new actors entering with niche innova-
tions.

On a fully aggerate level, the current priorities give technological
drivers and barriers an advantage over external drivers and reconfigura-
tion barriers. Despite the interdependency among the drivers and bar-
riers, the external drivers and the reconfiguration barriers are
inadequately prioritized. An important reason for not adequately prior-
itizing the reconfiguration barriers may be the commonly held percep-
tion that GRMsmay be yet another carbonmaterial and therefore do not
require reconfiguring incumbent arrangements. On the other hand, a
possible explanation for not adequately prioritizing the sustainability
pressures may be because sustainability is a public good and private ac-
tors may have limited interest in addressing such drivers.
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Our study finds the external drivers to be a highly disputed topic
among the expert panel. On the one hand, according to relatively
small-scale experiments, it is claimed that the scaling of GRMs would
likely address such drivers. While technological feasibility may be
achieved at such a small scale, there is widespread consensus that the
mainstreaming GRMs niche applications to address the external drivers
seems to be far in the future. Therefore, it may be unlikely to address
such drivers in the short- and intermediate-term.

Nevertheless, tensions can also be reframed as an opportunity to shift
the prioritization trajectories in the right direction and create favorable
conditions for pull scaling. Creating such a favorable environment for
pull scaling, in the short and medium term, requires drastic policies as
most drivers and barriers require urgent action. Only a few drivers and
barriers were “nearly optimally prioritized,” and others were exceedingly
insufficiently prioritized, requiring no urgent action. But the vastmajority
of the drivers and barrierswere perceived to require urgent action, specif-
ically the external drivers and reconfiguration barriers. Not surprisingly,
the external drivers and the reconfiguration barriers require higher ur-
gency for action than the technological drivers and barriers since they
are perceived to be a top concern. But what is of prime concern for accel-
erating the mainstreaming of GRMs is the creation of a conducive envi-
ronment for pull scaling, which requires setting the drivers and barriers
as a vision with adequate and sufficient priority levels.

However, bending the trajectories in the right direction is challeng-
ing, given that the GRMs ecosystem is relatively non-coordinated, with
the exemption of some regional projects. Therefore, the call for urgent
action to bend the prioritization trajectories in the right direction is di-
rected not only by GRMs and EESDs producers but also by policymakers,
as they play a crucial role in mainstreaming initiatives (Wigboldus,
2016; Wigboldus et al., 2016). On the one hand, GRMs and EESDs pro-
ducers need to address the articulation of societal needs beyond techno-
logical progress and application developments. This is highlighted by
the urgency for action, specifically regarding the external drivers. On
the other hand, policymakers need to: a) foster more profound collabo-
ration between EESDs developers and GRMs producers to create en-
abling conditions and b) devise essential policies regarding the use
and import of critical materials.

Conclusion

Despite the significant potential that GRMs hold to transform cur-
rent and future-generation EESDs, their mainstreaming to address soci-
etal problems is complex. The current prioritization trajectories of
drivers and barriers to mainstreaming GRMs in EESDs fall short in
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creating a conducive environment for pull scaling. They “under-privi-
lege” reconfiguration barriers and major sustainability pressures. In ad-
dition, the prioritization of interdependent drivers and barriers is
widely perceived to constitute tensions for mainstreaming. Expecta-
tions among key stakeholders are low regarding the current prioritiza-
tion trajectories to mainstream GRMs in EESDs. Drivers and barriers
should be prioritized sufficiently and adequately to accelerate the
mainstreaming of GRMs and help address societal problems and
decarbonization of the transportation sectors.

In conclusion, our study suggests that GRMs currently remain some-
what a niche technology in EESDs within a stable status quo based on
incumbent technologies and rigid configurations. Accordingly,
mainstreaming GRMs is likely to rely on the value of the technology
and follow the dynamics of push scaling, where a relatively stable in-
cumbent regime is challenged, disrupted, and competedwith. However,
this is likely to result in inefficiencies and may fail to achieve impact at
scale. Against this backdrop, mainstreaming GRMs is, thus, likely to
take longer unless significant and collective action is taken to shift cur-
rent prioritization trajectories in the right direction and create an en-
abling environment for pull scaling. This is because the ongoing
prioritization can do little to address the electrification of the transpor-
tation sector and help achieve decarbonization goals, which are woe-
fully adrift of viable solutions. Although GRMs have the potential to
transform these challenges, the current prioritization trajectories fail
to enable such a transformation, and therefore, urgent action is needed.
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Appendix A. List of interviewees
Role/Position
 Type of organization
 Country
 Stakeholder group
Professor
 University/related to two EU initiatives on graphene and battery materials
 Sweden
 Researcher

Professor
 University
 Sweden
 Researcher

R&D manager
 A large original equipment manufacturer
 Germany
 EESDs developer/user

Researcher
 A large university-based center on graphene
 United Kingdom
 Researcher

Head of a department
 A national institute focused on graphene
 United Kingdom
 Researcher

Researcher
 A large original equipment manufacturer
 Germany
 EESDs developer/user

Researcher
 A national institute focused on batteries cells
 Germany
 Researcher

Researcher
 A national materials institute
 Spain
 Researcher

Program manager
 A program manager in EU led initiative
 Italy
 Researcher
0
 Product manager
 A Medium-sized graphene supplier
 Spain
 Graphene producer

1
 Innovator
 A focused on the production of graphene and development of EESDs
 USA/China
 Graphene producer/EESDs developer

2
 Head of a department
 University Department focused on synthesizing GRMs and developing EESDs
 Spain
 Researcher

3
 Director of a department
 A national center for renewable energies
 Spain
 EESDs developer/user

4
 Researcher
 A national research center for electrochemical and thermal energy storage
 Spain
 Researcher

5
 Senior researcher
 A state-owned research institute
 Sweden
 Researcher

6
 Researcher
 A research institute focused on developing graphene nanoparticles
 Spain
 Researcher

7
 CEO
 A medium-sized graphene producer/supplier
 Spain
 Graphene producer

8
 Researcher
 A large graphene producer
 United Kingdom/Sweden
 Graphene producer

9
 Program manager
 A large graphene producer
 United Kingdom
 Graphene producer

0
 Researcher
 A national institute focused on batteries cells
 Germany
 Researcher

1
 Project manager
 A medium-sized graphene producer/supplier
 Spain
 Graphene producer
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(continued)
2
2
2

Role/Position
 Type of organization
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Country
 Stakeholder group
2
 Researcher
 A national research center for electrochemical and thermal energy storage
 Spain
 Researcher

3
 Technology transfer
 A medium-sized graphene supplier
 Italy
 Graphene producer

4
 R&D
 A large graphene producer
 Spain
 Graphene producer

5
 Technology transfer
 A medium-sized graphene producer/supplier
 Italy
 Graphene producer
2
Appendix B. Formula used to construct the synthetic indicator

Si ¼
X � Xmin

Xmax � Xmin

Where:
• X is the average of the differences between the desirable and actual scores for each driver and barrier
• Xmaxand Xmin are the minimum and maximum values of the mean of all differences
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