
© 2018 IOP Publishing Ltd

Introduction

This paper examines innovation policies that attempt to bridge basic and applied research for commercializable 
products. For government research institutes (GRIs), universities, and the private sector, the frame within which 
this dynamic occurs is the Triple Helix model (Etzkowitz and Leydesdorff 2000, Etzkowitz 2003, 2008, Leydesdorff 
2006). More specifically, GRIs, universities, and firms have varying foci on basic and applied research, but their 
complementary skills and interests can be leveraged. Government funding is crucial for fostering the pillars of the 
Triple Helix model, facilitating universities’ and GRIs’ basic research, while university-based spinoffs and larger 
firms focus on applied research, patenting, and prototype development for later introduction to the marketplace. 
Such funding is even more significant when it is intended to produce innovations with social import, such as 
those that reduce energy costs and air pollution, particularly carbon emissions.

The focus here is on research and development (R&D) surrounding battery storage and lithium-ion batter-
ies. Two-thirds of all electricity generation is fossil fuel-based, and approximately two-third of all carbon emis-
sions originate in the electricity grid and transportation sector (U.S. Energy Information Administration 2017). 
Advances in electricity-related science can thus improve the well-being of society in terms of health outcomes as 
well as energy-related savings. For example, costs can be reduced and power quality can be improved in an urban 
electricity system with bi-directional charging of electric vehicles and stationary batteries (Kaschub et al 2014, 
Battke and Schmidt 2015). In the U.S., public policies that address these goals have focused on shifting energy 
demand. By 2024, the California Public Utilities Commission will require the installation of energy storage with 
a capacity of 1 percent of 2020 peak loads (California Public Utilities Commission 2013)1. Renewable portfolio 
standards also raise the importance of energy storage-related research as 13% of electricity sales nationwide are 
projected to be sourced from renewable energy sources by 2030 (Barbose 2017). Battery storage must improve to 
the point that it offsets the intermittency of solar and wind power.

M A Shapiro

Printed in the UK

044001

TMR

© 2018 IOP Publishing Ltd

5

Transl. Mater. Res.

TMR

2053-1613

10.1088/2053-1613/aae860

4

1

14

Translational Materials Research

IOP

30

October

2018

The Triple Helix within the lithium-ion battery research network:  
a case study of JCESR

Matthew A Shapiro
Illinois Institute of Technology, Chicago, Illinois, United States of America

E-mail: shapiro@iit.edu

Keywords: innovation policy, battery storage, Triple Helix paradigm, public-private R&D collaboration, interdisciplinarity, network 
analysis

Abstract
The Joint Center for Energy Storage Research (JCESR) attempts to fuse together basic research, 
battery design, and pathways to market, bypassing the high-risks, high-costs, and market entry-
challenges of sustainable energy technology. Focusing on JCESR’s publications record, this 
paper highlights qualities of the Triple Helix model of government-university-firm interactions, 
particularly the nearly ten thousand instances of research collaboration, the nearly three thousand 
collaborative instances among JCESR’s affiliated institutions and beyond, and the expanding 
disciplinary focus. These findings are confirmed with the first-ever survey of lithium-ion battery 
researchers. Despite intentions to commercialize battery technology in line with the tenets of the 
Triple Helix paradigm, battery storage research under JCESR remains primarily basic in orientation, 
thus diminishing opportunities for public-private research collaboration and commercialization. 
Nonetheless, JCESR provides a foundation for continued efforts to leverage synergies across the 
Triple Helix of battery storage research.

PAPER

1 This has since been addended with AB 2868, which adds 500 MW of behind-the-meter energy storage (Maloney 2017).
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It is assumed that the Triple Helix paradigm is present in translational battery storage research. National 
Science Foundation and Department of Energy (DOE) funding promotes centers to bring together researchers 
from the public and private sectors as well as to provide training to researchers regarding the commercializa-
tion process. Under its Innovation Hub program, the DOE provides particular R&D funding to make advanced 
energy storage technologies cost competitive as well as to seamlessly integrate them with existing energy systems 
(U.S. Department of Energy 2013). The DOE’s battery storage Innovation Hub—the Joint Center for Energy 
Storage Research (JCESR)—is the particular focus of this paper. In light of the challenges faced by past sustain-
able energy research consortia, the goals of this study are three-fold. First, to identify how the research network is 
structured, JCESR is discussed in the context of other large-scale sustainability-oriented R&D projects in the U.S. 
that highlight the science-commercialization divide. Second, the JCESR case is framed within the technology 
innovation systems literature to legitimize its specific focus. Third, the Triple Helix model is invoked to identify 
the development of connections among individual researchers, the institutions with which they are affiliated, 
and the scientific and engineering disciplines in which they specialize.

Battery storage R&D policy

Battery storage R&D has roots in policies targeting energy efficiency and pollution. These policies originally 
pushed firms to redesign their R&D programs around new technology that responded to lower emissions 
standards. Beginning with the Clean Air Act in 1970 and later via California’s Zero-Emission Vehicle regulation, 
automobile companies became the hub for pollution-reduction technologies (Gerard and Lave 2005, Lee 
et al 2010, Sierzchula et al 2012, Bergek and Berggren 2014). This was accompanied by agreements among the 
European Car Manufacturing Association, the Japan Automobile Manufacturers Association, and the Korea 
Automobile Manufacturers Association to reduce carbon emissions. Finally, this manifested in the U.S.’s 
Partnership for a New Generation Vehicle that eventually led to the Toyota Prius (Bohnsack et al 2015). Lithium-
ion battery-related research among firms in the automotive and chemical sectors, however, did not preclude the 
need for government intervention to support cross-sector innovation between the public (universities and GRIs) 
and private research sectors (von Delft 2013, Attias and Mira-Bonnardel 2017). It also did not guarantee that the 
output would be battery technology appropriate for a host of applications (Muller et al 2017, Reddy and Jung 
2017).

Research funding for to improve electric vehicle battery performance was initially deficient given the DOE’s 
ambitious battery performance goals, particularly the call for non-incremental technological improvements 
(Gibson et al 2017). In response, and reflecting the DOE’s primacy in energy storage-related funding, as shown 
in figure 1 (U.S. Government Accountability Office 2012), the DOE’s Office of Science/Basic Energy Sciences 
selected JCESR as its Batteries and Energy Storage Energy Innovation Hub. Specifically, JCESR was tasked with 
focusing on lithium-ion batteries that could provide advances in terms of performance and cost for the trans-
portation and electricity grid sectors (Crabtree 2015a), thus addressing ‘the scientific and engineering research 
needed to advance the next generation of electrochemical energy storage for both transportation and the grid’ 
(U.S. Department of Energy 2013, 56). This focus on new energy storage chemistries was consistent with JCESR’s 
‘5/5/5’ goal, i.e. having five times the energy density of the present battery systems at one-fifth the cost within 
5 years (U.S. Department of Energy 2013). Basic research, battery design, and pathways to market are fused 
together at JCESR by integrating discovery science, battery design, research prototyping, and manufacturing col-
laboration2. This requires the careful and sustained promotion of Triple Helix-based linkages among vital players 
in the energy storage research community, namely interactions with JCESR’s industrial partners, adviso ry com-
mittees, and regional events to address specific grid and transportation issues. The entire venture is focused on 

Figure 1. Agency battery and energy storage initiatives and funding obligations (dollars), 2009–2012. Source: (U.S. Government 
Accountability Office 2012).

2 Comparable efforts include Japan’s RSING and Ogumi, J.M. in France, and Supergen in the U.K.
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prototyping as well as to encourage evaluations and assessments from both the scientific and industrial adviso ry 
committees.

The collaborative process at JCESR intends to integrate different forms of research and prototyping, but it 
also calls for periodic review of research outcomes and a strategic selection of prototype concepts (Crabtree et al 
2015, Brushett et al 2016). Also, with a dual focus on both transportation and electricity grid prototypes, JCESR 
can benefit from economies of scale in research, i.e. aspects of next-generation lithium-ion battery technology 
can be applied to more than one sector. More significant for the Triple Helix paradigm, if a university or GRI-
based researcher were interested in entrepreneurial activities, JCESR could provide opportunities to collaborate 
with firms or found new companies. In this way, JCESR is similar in function to other publicly funded R&D 
initiatives attempting to bridge the science-commercialization divide, such as Cooperative Research and Devel-
opment Agreements (CRADAs). CRADAs ultimately increase private sector patenting and investment (Adams 
et al 2000); however, commercializable products result are not likely to result (Crow and Bozeman 1998). JCESR 
is also similar in content to several of the DOE’s Energy Frontier Research Centers (EFRCs) focusing on bat-
tery storage research. EFRCs are distinct from Innovation Hubs in that they are less intentional in creating col-
laborations but focus instead on gathering together researchers in closely related disciplines (U.S. Department of 
Energy 2017).

What distinguishes JCESR from these other examples of the Triple Helix paradigm is its research manage-
ment style. CRADAs operate in ways consistent with the affiliated GRIs’ historical missions but are flexibly man-
aged (Ham and Mowery 1998). JCESR, however, engages in research prototyping and ‘science sprints’, meaning 
that research efforts are distilled into focused 1–6 month-long projects for 5–10 collaborators (Crabtree 2015a, 
2015b). Under these parameters, each sprint is closely guided and managed and incorporates a large number of 
graduate students and postdoctoral researchers who are required to share responsibilities as well as lead indi-
vidual sprints. This management style reflects a high degree of ‘publicness’ of the JCESR innovation hub, i.e. 
the control exerted by government actors to shape the laboratory’s research agenda and structure in pursuit of 
specific goals of innovation (Crow and Bozeman 1998), battery storage in this case.

Literature review

In the context of the Triple Helix paradigm, the relevant literature can be divided into research focusing on energy 
innovation policy and research focusing on R&D collaborations. Given the connections between battery storage 
R&D and renewable energy, there is an overarching theme of sustainability-oriented research. Underlying this 
literature is the assumption that public-private R&D collaboration and interdisciplinary research under the 
Triple Helix model result in increased avenues for transferring basic research to the market.

Battery technology innovation systems
Public-private R&D collaboration may occur without government intervention (David et al 2000, Scott et al 2001, 
OECD 2004), but there is a tendency for market failure in R&D, requiring corrective policies to address learning 
costs and to promote linkages (Lall 2000). Policies promoting the Triple Helix paradigm are thus consistent with 
those that promote a complex ‘innovation system’, i.e. the human capital, infrastructure, and investments of a 
particular geography, as well as their alignment to the economy (Nelson 1993, Nelson and Rosenberg 1993). One 
may examine innovation processes—knowledge development, knowledge diffusion, and entrepreneurialism—
within a single technology and thus establish a ‘technological innovation system’ (Carlsson et al 2002, Hekkert 
et al 2007, Bergek et al 2008). Relevant studies of technological innovation systems have examined their dynamics 
with regard to the renewable energies and the electrical grid in Kenya (Hansen et al 2018) and the technology 
value chain of battery technology in Japan (Stephan et al 2017). There is evidence that electric vehicle R&D 
occurs in firms that are connected with local university-based research partners (Sarasini 2014). Deficiencies in 
firms’ battery storage capabilities have also been studied to show that low-emission standards could have been 
achieved simultaneously with a bolstered knowledge base around battery technology, to which some attribute the 
success of the Japanese electric vehicles sector (Magnusson and Berggren 2011, Pohl and Yarime 2012, Bohnsack 
et al 2015).

The technological innovation system’s contribution to specific research goals extends beyond standard 
measures, such as publications, patents, and invention disclosures. In the wake of advances in science and tech-
nology studies accounting for synergism, one must account for whether large scale research projects such as 
JCESR capitalize on synergistic opportunities. These phenomena are represented in figure 3 by the interaction 
of both the public and private sectors simultaneously, shown as δ1 and δ2, which can be compared to the non-
collaborative research dynamic presented in figure 2. The overall impact between the collaborative and non-
collaborative case may be measured by change in the social rate of return to research (Jones and Williams 1998), 
represented graphically as the difference between the sum of the outputs of figures 2 and 3. To this end, the syner-
gies offered through the DOE’s Innovation Hub provide a challenge to the standard market model of innovation 
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emphasizing the role of incumbent research institutions that may innovate initially but lack subsequent incen-
tives (Schumpeter 2008, Sosa 2009, Buenstorf 2016).

New researchers continue to join the innovation process from the public and private research sectors given 
government funding, and the size or past achievements of existing innovators does not limit new entrants in 
the innovative pursuit. In other words, it can be claimed that large-scale projects such as the DOE’s Innovation 
Hub limit incumbent advantage and lowers barriers to innovation through its collaborative mandate. It is thus 
posited that there is greater inclusion in JCESR’s innovation process, representing an expanding technologi-
cal innovation system surrounding lithium-ion battery research. Growth of the network could also be a func-
tion of the inherent advantages of participating in networks of learning (Powell et al 1996). To test for the pres-
ence of a viable technological innovation system with minimal incumbent advantage, it is hypothesized that the 
JCESR-based research network has increasing breadth and decreasing density, i.e. is it growing and becoming less 
cohesive. In light of JCESR’s science sprints, also considered here is an exploratory analysis of the effects on the  
integrity of the JCESR research network from sub-collaborations and divisions of labor.

Interdisciplinarity
Interdisciplinarity is a crucial component of innovation (Bordons et al 1999, Lundvall 2001). While there 
is variance in how it is conceptualized (Rau et al 2018), interdisciplinarity contributes to sustainable research 
(Rau and Fahy 2013). Applying this to battery storage-related research, we can build on Trajtenberg et al (1997) 
finding that diversity of existing knowledge increases diversity of subsequent knowledge. For example, Battke 
et al (2016) argue that specialized knowledge within a particular battery technlogy increases knowledge flows 
within that technology but not across technologies. This was shown through an analysis of more than 42,000 
battery technology-related patents issued from 1980 to 2010, specifically lead-acid, lithium-ion, and nickel 
battery patents. If specialization leads to more specialization in terms of battery-related knowledge, innovation 

Figure 2. Returns to R&D and information channels without collaboration. Source: Shapiro (2012). © Akadémiai Kiadó, Budapest, 
Hungary 2011. With permission of Springer.

Figure 3. Returns to R&D and information channels with collaboration. Source: Shapiro (2012). © Akadémiai Kiadó, Budapest, 
Hungary 2011. With permission of Springer.
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hubs such as JCESR must avoid the tendency to restrict the scope of its research. Successful innovation requires 
increased interdisciplinarity, i.e. increases in the degree of ‘diversified and peripheral knowledge’, to adopt the 
language of Battke et al (2016). In this way, it is claimed that research efforts at JCESR are aligned with translational 
science and innovation when the disciplinary content of these efforts is expanding. Given the DOE’s mandate for 
its battery storage innovation hub, it is hypothesized that JCESR’s research has increasing breadth and decreasing 
density across disciplines, i.e. it is growing and becoming less cohesive.

This claim is consistent with the literature regarding technology lock-in3. While lock-in potential is a func-
tion of technological path-dependency (David 1985, Arthur 1989), a technology-neutral policy instrument—i.e. 
one that is sufficiently general in its stated objectives (Jaffe et al 2005)—is less likely to result in lock-in. There 
remains a tension between technology-neutral policy instruments and commercializability, but this can be over-
come with sufficient coordination between the basic and applied segments of the technology production chain 
(Schmidt et al 2016). In other words, strategic implementation of the Triple Helix paradigm can help establish 
balance between technological neutrality and commercializability. In this light, the evolution of lithium ion bat-
tery technology has been described as a breakthrough in research leading to a cross-discplinary expansion of 
research, followed by a contraction or convergence of research, which is subsequently followed by yet another 
research breakthrough and cross-disciplinary expansion (Hung et al 2014). This model is based on an analysis of 
‘key-routes’ or citation networks of research on a particular technology, within which JCESR may be playing a 
crucial role conditional on its interdisciplinarity.

Method

To address the aforementioned hypotheses and the exploratory research question, the primary method of analysis 
will be network analysis. Social network methods approach an Sij matrix where i and j are nodes and the value 
between the two represents their internal relations. Invoked here is Wasserman and Faust (1994) in that various node 
types are analyzed: individual researchers, research institutions, and research disciplines. The primary indicators of 
interest from social network analysis are betweenness centrality and density, but it is also relevant to examine the 
groupings among nodes based on clustering algorithms, an approach well employed in research on collaborations in 
science (see, for example, Barabasi et al 2002). One could also tabulate frequencies of connections across researchers, 
institutions, and disciplines, but this provides ambiguous evidence regarding the nature of the larger network.

Betweenness centrality and density capture, respectively, the connectedness and cohesiveness of a network. 
More specifically, betweenness centrality measures how connected each node is to other nodes that are not con-
nected to each other. In this sense, betweenness measures the extent to which a node—researcher, institution, or 
discipline—serves as a bridge within the battery storage-based technology innovation system (Wasserman and 
Faust 1994). Where reported below, betweenness is presented in absolute values. The second measure of interest, 
density, is measured by the total number of connections among nodes divided by the possible number of con-
nections; e.g. (N X (N  −  1))/2 for a symmetrical matrix, where N represents the number of connections among 
nodes (Wasserman and Faust 1994). Density is presented in the subsequent analysis as the average of the matrix, 
consistent with methods employed in existing research (see, for example, Park and Leydesdorff (2009)). In this 
way, density represents the proximity researchers, institutions, or disciplines are to each other.

The data analyzed are based on the 346 publications sourced from the Web of Science publications database 
that include the text, ‘Joint Center for Energy Storage Research’, in the ‘funding text (FT)’ parameter. To assess 
connectedness, the nodes of the subsequent network analysis take the form of either researcher, institution, or 
discipline4. When assessing interdisciplinarity, the Web of Science’s formal categories are referenced, which is 
consistent with Bordons et al (1999). Co-authorship relations in publications-based data are conventional when 
examining Triple Helix relationships (Wagner 2008), and citation analysis of 1,531 battery storage-related pub-
lications from 1997 to 2012 has already confirmed knowledge diffusion (Hung et al 2014). In the present study, 
however, citation analysis is eschewed given that JCESR’s research is ongoing and also that there is a tendency 
for scientific collaboration to disproportionately increase citation impact given that larger collaborative projects 
utilize larger proportions of supporting material (Persson et al 2004). In essence, while knowledge diffusion is 
important for the battery storage technology innovation system, it is inferred here as arising from researcher-
based, institution-based, and discipline-based networks.

Analyses of publications data tend to be exploratory, identifying patterns of collaboration, interdisciplinarity, 
and citations across large samples of the population of Web of Science publications (see, for example, Wagner 
and Leydesdorff (2005) and Olmeda-Gomez et al (2009)). In relative terms, the present study of JCESR’s publi-
cations represents but a narrow slice of the available data on battery storage research. Nonetheless, this sample is 
entirely sufficient to test for the connections among researchers, institutions, and disciplines. To provide context, 

3 The classic example of technology lock-in is David’s (1985) example of continued use of the QWERTY keyboard despite its 
identified deficiencies.
4 Alternate spellings of researchers’ and institutions’ names were consolidated.
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JCESR’s publications output will also be compared to five EFRCs that also focus on battery storage technol-
ogy: Center for Electrochemical Energy Science (CEES), Nanostructures for Electrical Energy Storage (NEES), 
NorthEast Center for Chemical Energy Storage (NECCES), Center for Mesoscale Transport Properties (M2M), 
and Fluid Interface Reactions, Structures and Transport Center (FIRST)5.

A survey-based approach with key actors is consistent with an extensive literature attempting to under-
stand phenomena related to R&D collaboration (Lécuyer 1998, Rahm et al 1999, Scott et al 2001, Cohen et al 
2002). Thus, the aforementioned network analysis is coupled with survey results from a questionnaire distrib-
uted to JCESR researchers in early March 2018. Among the population of 149 current researchers at JCESR, 47 
responded, which is equivalent to a 31.5% response rate. These responses provide further insight into JCESR 
researchers’ views about research productivity, basic/applied research type, connections with firms, research 
commercialization potential, and degree of interdisciplinarity. It should be noted that this is the first question-
naire of its kind on the topic of government-supported battery storage research in the U.S.6.

Results

JCESR’s publications record begins in 2013 and has increased steadily over time. Both cumulative publications 
(left axis) and cumulative citations from those publications (right axis) are presented figure 4. Citations are 
reported to convey the impact of JCESR’s research, the total number of which is 8,147, or 23.55 times per article. 
Fifteen articles have 100 or more citations, another 26 articles have 50 or more citations, and another 70 articles 
have 20 or more citations. In terms of individual researchers, a total of 805 people have been involved with JCESR-
funded research, 259 of whom have been formally affiliated with JCESR. The implication is that approximately 
68% of the researchers involved with published JCESR research are engaged via the collaborative efforts of 
JCESR’s affiliated researchers and institutions. Among JCESR’s current and alumni researchers, there are 383 
total research positions, including director-level positions, scientists, lead scientists, lead technologists, thrust 
PIs, graduate students, and postdoctoral researchers. For those JCESR researchers contributing to the Web of 
Science-based sample of publications, 145 (39 scientists and 106 graduate students/postdocs) are JCESR alumni, 
while 114 (63 scientists and 51 graduate students/postdocs) are current affiliates of JCESR7.

Figure 4. Cumulative counts of publications (left axis) and citations (right axis) for JCESR-funded research. Note: Publications data 
are based on Web of Science data from JCESR’s approximate first publication in April 2013 through March 1, 2018.

Table 1. Statistics for three measures of the JCESR-based research network, 2013–2018.

Node category Number of nodes Total number of connections Average geodesic distance Density

Researcher 805 9605 3.22 0.020

Institution 136 2890 2.53 0.044

Discipline 28 2150 2.13 0.145

Note: 2018 data based on publications available in Web of Science as of March 1, 2018.

5 Details regarding these five EFRCs can be found at the following webpage: https://science.energy.gov/bes/efrc/centers/.
6 The exception may be Yue and Sun (2015), which is an incomplete project emphasizing government assistance and measures 
of research activity/defensiveness.
7 These reflect the JCESR roster as of March 1, 2018.

Transl. Mater. Res. 5 (2018) 044001
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To test for whether the JCESR-based research network has increasing breadth and decreasing density, we 
refer to the first row of table 1. For the 805 researchers involved with JCESR’s publication output, there are a total 
of 9,605 collaborations. Density is 0.020, and the average geodesic distance is 3.22; i.e. the average distance two 
researchers are separated from each other is approximately three other researchers. Longitudinal analysis of con-
nections, distance, and density from 2013 to 2018 shows that there has been a steady pattern of outreach to new 
researchers. For example, the annual number of connections was 368 in 2013, 1,012 in 2014, 2,750 in 2015, 2,877 
in 2016, and 2,566 in 2017. Simultaneously, density dropped from 0.047 in 2014 to 0.035 in 2017.

A closer examination of the researcher-based network helps explain why approximately 66% of researchers 
felt that productivity was greater than expected, a view conveyed graphically in figure 5. This will also address 
the exploratory research question regarding divisions of labor within the JCESR network. First, JCESR’s affili-
ated researchers have been divided into two groups—scientists and grad students/postdocs—to examine dif-
ferences in their betweenness centrality. Graphically, the network of researchers is presented in figure 6 via the 
Harel-Koren Fast Multiscale graph8. While it is common to examine network structure with force-direct graphs 
such as the Fruchterman-Reingold force-directed algorithm, which plots nodes more collaborative nodes near 
the center (Fruchterman and Reingold 1991), the Harel-Koren Fast Multiscale layout is recursively coarsened 
using principal components analysis (Harel and Koren 2001). These principal components are, one could argue, 
representations of the science sprint approach employed by JCESR. In this way, figure 6 reveals a concentration 
of scientists (blue) and grad students/postdocs (red) near the center of the graph, but there are also many small 
clusters peripheral to this central group.

Further examination of the differences between scientists and grad students/postdocs affiliated with JCESR 
illustrates the relative importance of each group for the overall network. In table 2, it is shown that there are 
researchers with exceptionally high betweenness centrality from both the scientist and grad student/postdoc 
groups. When distributed across the spectrum of between centrality scores, presented in figure 7, nearly 40% 
of grad students/postdocs have no betweenness centrality. Yet, the betweenness centrality scores of the remain-
ing grad students/postdocs are distributed equitably. This contrasts with the concentration of JCESR scientists 
at the high end of the betweenness centrality scale, yielding a scientist group average of 5,410 and a median of 
2,604. However, scientists and grad students/postdocs are similar at lower thresholds of betweenness centrality. 
For example, 33 grad students/postdocs and 31 scientists have centrality scores of 1,000 or greater. One can con-
clude that there is not a major imbalance between scientists and grad students/postdoc in the research network, 
although a small number of scientists do play a critical role in the overall network.

Shifting to the network of institutions in the JCESR-based research network, the second row of table 1 indi-
cates that the network is comprised of 136 different institutions with 2,890 total connections, and that the net-
work has an average geodesic distance of 2.53 and a density of 0.044. Longitudinal analysis confirms that the 
number of connections has increased and that density has decreased. For comparative purposes, the network 
of institutions across the five EFRCs reveals a total of 273 institutions9, 1,714 total connections, an average geo-

Figure 5. Distribution of responses to the following: ‘My JCESR-related research exceeded my expectations in terms of productivity’. 
Do you agree with that statement?

8 This graph is a force-directed graph with springs between nodes, where the attractive force is the number of collaborative 
papers, and there is an artificial repulsive force to keep the nodes from collapsing.
9 Comparisons between JCESR and the five battery storage-oriented EFRCs was not possible for the researcher network given 
the absence of rosters to confirm the identity of EFRC participants.
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Figure 6. Harel-Koren Fast Multiscale graph of JCESR researchers, Web of Science publications. Note: Grad students/postdocs are 
red, scientists are blue, and all other non-JCESR researchers are black.

Table 2. Ten most-central scientists and grad student/postdocs.

Scientist name and centrality score Grad student/postdoc name and centrality score

#1 Persson, Kristin 50,526.244 Rajput, Nav Nidhi 12,003.010

#2 Zavadil, Kevin 34,202.822 Feng, Zhenxing 9,259.778

#3 Curtiss, Larry 30,698.053 Thelen, Jacob L. 4,953.719

#4 Liu, Jun 25,063.874 Sevov, Christo S. 4,354.068

#5 Cabana, Jordi 24,348.845 Adams, Brian 4,291.588

#6 Moore, Jeff 22,694.627 Fan, Frank Y. 3,862.610

#7 Cui, Yi 19,595.113 Pan, Baofei 3,157.065

#8 Brushett, Fikile 18,510.660 Huang, Jinhua 3,117.160

#9 Gewirth, Andrew A. 15,453.522 Chen, Wei 3,000.568

#10 Connell, Justin G. 14,360.489 Sa, Niya 2,871.602

Total Average of 102 scientists 5,410.067 Average of 157 grad students/postdocs 663.949

Figure 7. Distribution of betweenness centrality scores across JCESR research groups. Note: x-axis not linearly scaled.

Transl. Mater. Res. 5 (2018) 044001
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desic distance of 2.70, and a density of 0.026. It is apparent that JCESR has much more intensively engaged in 
research collaborations. Although EFRC publications data represent the entire 2010–2018 period, as the EFRCs 
were established in 200910, collaborations are prioritized less than creating groups of researchers in closely 
related disciplines (U.S. Department of Energy 2017). Harel-Koren Fast Multiscale graphs of both the JCESR 
and EFRC institutions-based networks, presented in figures 8 and 9, respectively, indicate an imbalance between 
the GRIs and universities (non-blue/non-black nodes) and the firms (blue nodes). Based on the results of the 
questionnaire, conveyed in figures 10–12, the Triple Helix paradigm is sufficiently imbalanced to the point that 
commercialization is hindered. Nearly 80% of respondents classify their research as either ‘completely basic’ 
or ‘more basic than applied’, and nearly 90% of respondents are engaged in research in which companies are 

Figure 8. Harel-Koren Fast Multiscale graph of JCESR institutions, Web of Science publications. Note: JCESR institutions are red, 
firms are blue, and all other non-JCESR institutions are black.

Figure 9. Harel-Koren Fast Multiscale graph of EFRC institutions, Web of Science publications. Note: Firms are blue, NECCES 
institutions are red, NEES institutions are green, CEES institutions are yellow, M2M institutions are pink, FIRST institutions are 
gray, appropriate color mixtures (Argonne National Laboratory, University of Illinois, UC Berkeley, and Georgia Tech) represent 
partnerships with multiple centers, and all other non-EFRC institutions are black.

10 The exception is M2M, which was established in 2014.
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‘not at all involved’ or ‘slightly involved’. Simultaneously, 53% of respondents expect that their JCESR-related 
research will result in a commercializable product in more than five years, and another 19% do not expect that 
their research will ever amount to a commercializable product11. The institutional networks may be strong, but 
JCESR’s (and the EFRC’s) connections to the private sector are not.

The network of disciplines arising from JCESR’s publications indicates that interdisciplinarity has increased, 
which is a function of an increasing number of connections and a decreasing density. Aggregated metrics for 
the discipline-oriented network, presented in the third row of table 1, indicate that there are 28 disciplines with 
2,150 total connections among them. Throughout nearly the entire duration of JCESR’s publishing record, there 
has been a focus on physical chemistry, multidisciplinary materials science, applied physics, nanoscience and 
nanotechnology, multidisciplinary chemistry, condensed matter physics, energy and fuels, chemical engineer-
ing, environmental sciences, and atomic, molecular and chemical physics. From 2014, electrochemistry, coatings 
and films materials science, chemical engineering, environmental sciences, and green and sustainable science 
and technology were consistent topics. From 2015, new topics included polymer science and multidisciplinary 
physics, and there was also a temporary focus on metallurgy and metallurgical engineering and computer sci-
ence. In 2016, new topics included analytical chemistry, biochemical research methods, nuclear science and tech-
nology, environmental engineering, and biotechnology and applied microbiology, while, in 2017, biochemistry 
and molecular biology, biophysics, and interdisciplinary computer science were new topics.

Overall, battery R&D is inherently interdisciplinary, and 59% of survey respondents confirmed that their 
research for JCESR was either ‘extremely interdisciplinary’ or ‘very interdisciplinary’. These results are pre-

Figure 10. Distribution of responses to the following: ‘Is your research for JCESR basic, applied, or somewhere in between?’ 

Figure 11. Distribution of responses to the following: ‘Does your JCESR-related research involve private companies?’ 

11 These expectations regarding commercializability are consistent with the CRADA case (Crow and Bozeman 1998).
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Figure 12. Distribution of responses to the following: ‘When do you expect that your JCESR-related research will result in a product to 
be sold by a company?’ 

Figure 13. Distribution of responses to the following: ‘Is your JCESR-related research interdisciplinary?’ 

Figure 14. Harel-Koren Fast Multiscale graph of JCESR disciplines, Web of Science publications. Note: Colors represent 
communities within the network as determined by the Clauset-Newman-Moore algorithm (Clauset et al 2004).
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sented in figure 13. Another 32% viewed their JCESR-related research as being ‘moderately interdisciplinary’. 
Overall, and visually conveyed in the Harel-Koren Fast Multiscale graph of figure 1412, electrochemistry is the 
central activity, embedded in materials science, chemistry, coatings and films, computer science, and energy and 
fuels. There is very little bioscience-related research, although the organic molecules dealt with in liquid organic 
electrolytes have biological relatives. For this reason, biophysics and biochemistry and molecular biology are 
not central to JCESR’s research and arose only through publications in 2017. Similarly, while there are environ-
mental implications for some of the materials explored through JCESR-related research, environmental science 
and environmental engineering serve only complementary functions to multidisciplinary chemistry and energy 
and fuels. These patterns, however, represent important expansions of JCESR’s disciplinary network.

Conclusion

This paper has presented a structural analysis of JCESR’s partnerships based on its publications record in 
an attempt to provide evidence of the Triple Helix paradigm in battery storage research. Over time, it can be 
observed that a relatively small network has transformed into a large one that encompasses universities, GRIs, 
and firms that are oriented around battery storage R&D. There is no single dominating institution, but there are 
dominating collaborations. There is also evidence that the public sector (i.e. GRIs and universities) is emphasized 
over the private sector. Further, JCESR is unique in its ability to leverage the strengths of both its senior scientists 
as well as its graduate students and postdoctoral researchers. Sub-collaborations and divisions of labor within and 
beyond the JCESR network have corresponded with greater opportunities for JCESR researchers to collaborate 
with non-JCESR researchers, to deny the incumbent advantage, and to tap into synergies across individual 
researchers, institutions, and disciplines.

There are two broad caveats to this project. First, by examining only the publications record and not the pat-
enting and licensing record of JCESR-based research output, it must be acknowledged that this study engaged 
in a formal but one-sided analysis of JCESR’s impact. The collaborations arising through the generation of pat-
ents as well as the knowledge that has diffused from such patents have been ignored. This omission, however, 
was deliberate, reflecting the significantly fewer number of patents available for analysis. Future analyses of the 
translational nature of JCESR’s work—or next generation battery storage R&D broadly defined—can integrate 
patents. Indeed, that aspect of JCESR’s output may reveal a very different view of JCESR’s applied research and 
commercialization foci. Second, this research project draws attention to the challenges of applying the Triple 
Helix paradigm to relatively underdeveloped fields that rely much more on basic research efforts. While it is true 
that the Triple Helix relies on government-university-firm connections, it has been shown here that JCESR is 
predominantly centered on GRIs and universities. In the case of battery storage technology, we are not yet at the 
point where the three pillars of the Triple Helix are fully activated given the emphasis on basic and basic/applied 
research.
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