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Abstract
Radical innovations can shift the global competitiveness of entire nations. While countries typically
struggle to absorb knowledge about novel technologies quickly, in which knowledge tends to be
spatially sticky, an important exception is the fast catch-up of the Korean Li-ion battery industry
from Japan in the early 2000s. In this paper, we conduct an exploratory case study on this
surprising success story. Focussing on patent co-inventions between Korea and Japan, we
investigate their significance, as well as underlying types of co-inventions and types of transferred
knowledge. To this end, we proceed in four steps: (1) a Poisson regression model; (2) social
network analyses; (3) patent inventor tracking and (4) patent coding. Our results indicate that
Korean–Japanese co-inventions hold significantly greater influence than other cross-country
co-inventions, including with patents without cross-country collaboration. We find a pronounced
knowledge-transfer intensity during the early 2000s and observe two types of co-inventions:
organisation-level and inventor-level. Predominantly, we observe inventor-level co-inventions,
i.e. Korean companies hiring experienced Japanese engineers, that proved important to
transferring sticky knowledge. Moreover, while most patents target the design of core
battery components, the share of manufacturing patents are—contrary to theoretical
expectations—highest during the first half of the observation period. We also discuss our findings
and draw implications for policy, industrial and academic players, including industry localisation
policies, technology-inherent catch-up strategies and directions for future research.

1. Introduction

Technological change—i.e. the invention, innova-
tion and diffusion of novel technologies—is a key
lever for economic development and competitive-
ness and important to address societal issues such
as climate change (Mowery et al 2010, Acemoglu
et al 2012). As such, radically novel technologies
that alter the foundations of entire global sectors

can shift the competitiveness of nations (Kwasnicki
2013) and are often transferred globally (Brewer
2008, Bell 2012, Lema and Lema 2013). International
technology transfer commonly is categorised as
part of the flow of capital goods (e.g. production
equipment), intangible human skills (e.g. opera-
tion and maintenance of machines) and intangible
human knowledge and experience (e.g. innovation)
(Lema and Lema 2012). The first two flows increase
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production capacity, while human knowledge trans-
fer7 primarily advances local innovative capacity and
catalyses local innovation (Bell and Pavitt 1992,
Kathuria 2002, Bell 2009, Binz and Truffer 2017).

Analytical explanations of why certain knowledge
types (and, thus, technologies) seem easier to trans-
fer than others often draw from the product architec-
ture and complexity literature (Huenteler et al 2016a,
Scheifele et al 2022; e.g. Schmidt and Huenteler 2016,
Surana et al 2020). Product architecture refers to the
organisation and interfaces between a technology’s
subsystems (Simon 1962, Clark 1985). A commonly
used architecture typology is the categorisation of
subsystems into core and periphery system groups
(Tushman and Rosenkopf 1992, Baldwin et al 2014).
Technological changes to a core subsystem typically
evoke changes to other subsystems, whereas modify-
ing a peripheral subsystem rarely affects other subsys-
tems (Tushman and Rosenkopf 1992).

A concept closely related to product architec-
ture is complexity, i.e. subsystems’ interrelatedness
within the product architecture (Baldwin et al 2014).
In other words, complexity gauges how much over-
all change is induced by altering a single subsystem.
The link between product complexity and knowledge
transfer has been established in the literature (Lema
and Lema 2012, Balland and Rigby 2016, Schmidt
and Huenteler 2016, Wouden, 2019, Malhotra and
Schmidt 2020, Surana et al 2020, Meissner et al
2021, Matsuo et al 2022) and often builds on the
concept of sticky knowledge. Hippel (1994) coined this
term, which refers to certain types of information
(or knowledge) that are empirically difficult to trans-
fer. Ultimately, it has been suggested that complex
technologies typically come with sticky (inventor-
specific) knowledge and are challenging to trans-
fer (Balland and Rigby 2016, Wouden and Rigby
2019).

Yet, a good understanding of transfermechanisms
is crucial (Bozeman 2000, Stephan et al 2019) given
that important technologies are classified as com-
plex, e.g. Lithium-Ion Batteries (LIB) (Stephan et al
2017, Malhotra et al 2019), and faster globalisation
rates will support the fight against the climate crisis
(IPCC 2022). While a sizable amount of literature
has investigated knowledge transfers within or across
organisations (e.g. Song et al 2003, Etzkowitz 2008,
Dima and Vasilache 2015, Isaksen and Trippl 2017),
other studies have focussed on the spatial dimension,
such as regional (e.g. Almeida and Kogut 1999) and

7 In this context, human knowledge refers to the capacity to invoke
technological change, including on an organisational level (Lema
and Lema 2012). Experience helps build personal knowledge, but
is typically less explicit andmore difficult to codify than knowledge.
Considering that these conceptual differences are not fundamental
to this study, for the sake of brevity, we use the term knowledge for
both concepts throughout the remainder of the manuscript.

trans-national (e.g. Jaffe et al 1993, Miguélez et al
2010, Binz et al 2014, Glachant and Dechezleprêtre
2017) transfers. One important angle to knowledge
transfer is the co-invention mechanism, i.e. patent
collaborations between inventors and/or organisa-
tions.Many studies have used co-inventions to invest-
igate the value and determinants of co-inventions
(e.g. Lei et al 2013, Cassi and Plunket 2014, Wouden
and Rigby 2019, Meissner et al 2021). Amongst these
determinants, a prominent one is inventors’ mobil-
ity (pattern) and properties (e.g. Almeida and Kogut,
1999, Breschi and Lissoni 2009, Kerr and Kerr 2018,
Wouden and Rigby 2019). In this context, valu-
able insights can be derived from using social net-
work analysis, as done by, e.g. Breschi and Lissoni
(2009), Gonçalves et al (2023) or Wouden and Rigby
(2019).

So far, no study has investigated the dynamics and
patterns of international co-inventions, i.e. how co-
inventions came about, and combined these insights
with a content analysis of patents, i.e. what types of
knowledge were created through co-inventions. Only
through the combination of these two aspects can
we learn about the interdependence of technology-
inherent characteristics and co-invention dynamics.
This study encompasses the following contributions:
First, a methodological combination of co-invention
dynamic and patent content analysis is proposed.
Second, we apply the proposed methodology to the
unlikely but successful case of Korean catch-up from
Japan in the LIB industry. We contribute to the
existing understanding of successful catch-ups for
this important technology. Importantly, by lever-
aging knowledge transfer and product architecture
literatures and applying our proposed methodology,
we offer a combined insight into the types of co-
inventions (‘how’) and types of transferred know-
ledge (‘what’). Thirdly, this study discusses the gener-
alisability of our findings and contributes to ongoing
questions by closingwith implications for policymak-
ing and research.

2. Research design

2.1. Case selection
Our study centres on LIB for two primary reasons:
its significance from an innovation theory perspect-
ive and its global relevance. First, LIBs are dual com-
plex in their design andmanufacturing, characterized
by highly interdependent product components and
manufacturing steps (Schmidt and Huenteler 2016,
Stephan et al 2017, Beuse et al 2018). This complex-
ity presents an intriguing theoretical case (Seawright
and Gerring 2008), particularly given the rapid mar-
ket share capture by Korean companies from Japanese
industry leaders since the late 1990s (figure 1), a
development contradicting theoretical expectations
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Figure 1. Aggregated historic Li-ion battery (LIB) market shares of Korean (blue), Japanese (red), Chinese (light grey) and other
(grey) companies. Historic market shares are derived based on (NEDO 2010) and (KBIA 2014) and 2022 market shares for EV
and stationary storage demand are based on (SNE Research 2023).

described above. While recent literature (EPO and
IEA 2020, Jetin 2020, Davidson et al 2022) docu-
ments China’s current dominance in the LIB market
(right-hand bar in figure 1), our study focuses on the
first phase of the globalisation of innovative activities,
where, intriguingly, China does not yet demonstrate
a strong presence (figure 3). Instead, Japan and Korea
maintain the lead in terms of high-quality patent-
ing activities. Furthermore, as shown in figure 3, the
early 2000s witnessed exceptionally high co-invention
rates between Korea and Japan, which merit partic-
ular attention in our analysis. Thus, our exploratory
research design zeroes in on the period between late
1990s and early 2010s of Korean catch-up from Japan,
a time when China did not yet emerge as a leader in
LIB production.

The second reason for our focus on LIBs is
their relevance, underscored by their transformative
impact on the global automotive sector. Accelerated
by rapid cost reductions (Ziegler and Trancik 2021,
IPCC 2022), LIBs are crucial for the widespread
adoption of electric vehicles and are, thus, lower-
ing the market entry barriers by altering the merit
order of industry capabilities (Christensen 2011,
McKinsey&Company 2021). Their importance as
a low-carbon technology is further recognized
through significant policy attention, including the
US Inflation Reduction Act and the EU Battery
Regulation (Peiseler et al 2022). Additionally, the
strategic shift towards resource independence, par-
ticularly from China, underscores LIBs’ growing rel-
evance for industry stakeholders and policymakers
(Davidson et al 2022).

2.2. Methods and data
We prepare the analysis by assembling and imput-
ing a global LIB patent database8 to identify Korea–
Japan (KR–JP) co-inventions (Step 0 in table 1).
The subsequent analysis encompasses four steps, each
addressing separate research questions (see table 1):
(1) estimating a Poisson regression model to identify
the relative importance of KR–JP patents; (2) select-
ing patents with KR–JP co-inventions to understand
collaboration patterns; (3) tracking the most central
Japanese inventors’ publication history to shed light
on their professional trajectory and (4) coding influ-
ential patents’ product hierarchy and product share to
shed light on the type of transferred knowledge.

As a prerequisite for our analysis (Step 0),
we assemble a global LIB patent database fol-
lowing the methodology proposed by (Malhotra
et al 2021). By applying LIB-specific keywords and
International Patent Classification (IPC) codes, we
used the PATSTAT 2021 Spring version to extract

8 In our analysis, we employ patent data, a commonly used proxy
for innovative activity and knowledge flows, leveraging their char-
acteristic of building on and citing existing knowledge (Trajtenberg
1990, Hall et al 2005, Huenteler et al 2016a, Malhotra et al 2021).
Moreover, patents’ metadata, e.g. who invented what and when,
can provide the basis for social network analysis to visualise and
streamline the interpretation of social dynamics (Meyer 2002, Binz
et al 2014, Liu et al 2022). The underlying assumption of know-
ledge transfer is that through collaborative innovation activity,
social interactions facilitate the flow of (implicit) knowledge (see
(Howells 1996, Breschi and Lissoni 2009,Dima andVasilache 2015)
for more information).
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Table 1. Overview of methodological steps. please refer to the supplementary information (SI) for a detailed description of the steps.

Why?

Step
What?
Description Objective

Research
question

From where?
Data source

On what?
Unit of analysis

How many?
n

0 Assembly and
imputation of
global LIB
patent data set

Identify KR–JP
co-inventions

Prerequisite PATSTAT
Online 2021
Spring(by
European
Patent Office)

Patent, metadata 152918

1 Poisson
pseudo-MLE
regression

Identify
relative
importance of
KR–JP
co-inventions

RQ1: How
important are
KR–JP
cross-country
co-inventions?

Patent data set Patent, metadata 79266

2 Social network
analysis

Illustrate
KR–JP
co-invention
characteristics

RQ2: What are
the types of
co-invention
networks?

Patent subset
KR–JP
co-inventions

Patent, metadata 705

3 Tracking of 10
top JP
inventors’
histories

Retrace
professional
careers of most
central
Japanese
inventors in
network
diagram

RQ3: Who are
key JP
inventors and
what are their
career
trajectories?

Patent data set,
academic
publications,
Internet
research

Inventors 10

4 Manual coding
of influential
patents

Generate
detailed
understanding
of the types of
knowledge
creation

RQ4: What
types of
knowledge are
transferred?

Patent subset
KR–JP
co-inventions
with⩾ 5
citations

Patent,
content

204

a data set comprising 152918 patent families9 filed
between 1915 and 2020. Extensive automated and
manual data cleaning was conducted to reduce data
impurities, particularly from inconsistent naming
and country code conventions (see section SI 1.1).

In the first analytical step, we identify all KR–JP
co-inventions in the imputed data set. Viewing a pat-
ent’s forward citations, i.e. the number of times a pat-
ent was cited by other patents within five years of
its publication, as a proxy for innovative significance
(Trajtenberg 1990, Hall et al 2005, Popp and Newell
2012), we regress them on a dummy indicator of KR–
JP co-inventions in a Poisson model with country-
year fixed effects using pseudo-maximum likelihood
estimation (Correia et al 2020). As control variables,
we include the number of backward citations, pat-
ent family size, respective number of applicants and
inventors, and dummies indicating whether a patent
was granted; whether it was granted in the US, EU
and Japan (so-called ‘triadic’ patents) and whether a
patent involved a cross-country collaboration among

9 A patent family bundles all patents from multiple jurisdictions
that protect the same invention. To avoid double counting, this
study uses simple patent families as the unit of analysis. Please refer
to SI section 1.1.2 for more information. For simplicity, patent and
patent family will be used interchangeably throughout the paper.

inventors in general. To avoid distortions through
organisation-specific characteristics, we also examine
additional fixed effects at the patent applicant level
(for more details, see section SI 1.2).

In the second step, we illuminate KR–JP co-
invention characteristics via social network analysis.
For this, we construct a co-invention KR–JP subset
by selecting patents that have Korean and Japanese
inventor and/or applicant country codes. table SI 8
provides a breakdown of the different types of co-
inventions. This query reduces the sample size from
152918–705 patent families and 710 distinct legal per-
sons (individuals and organisations). The resulting
data set is materialised as a social network diagram in
which nodes represent legal persons, and connecting
edges symbolise co-inventions (listing on one patent
either as co-inventors, co-applicants or inventor and
applicants) between them.

The third step shifts the unit of analysis from pat-
ent metadata to individual inventors to understand
their professional history. We obtain the 10 most
important Japanese inventors from the network cre-
ated during the previous step using eigenvector cent-
rality as a measure of importance (see section SI 1.4).
Once identified, we used the global LIB patent data-
base (Step 1) to track these 10 individuals’ patent
publications and organisational affiliation histories

4
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based on PATSTAT data, Google Scholar and addi-
tional desk research.

The fourth and final step focuses on the content
of the most influential KR–JP patents cited five or
more times within five years of their publication (see
section SI 1.5). This step reduces our sample size from
705 to 204 patents. Subsequently, the product archi-
tecture is coded manually using the patents’ titles and
abstracts. We follow the LIB architecture framework
that (Malhotra et al 2021) proposed and code the pat-
ents’ product share. Furthermore, we group patents
into core and periphery inventions (see SI section 1.5)
to enhance our understanding of each type of trans-
ferred knowledge further. To achieve this, we manu-
ally categorise each claim of all patents as either a
product or process invention, then determine their
respective proportions with equal weight assigned to
each claim.

3. Results and discussion

Step 1 provides insights into the relative import-
ance of patent co-inventions for the LIB co-inventor
network. Figure 2 presents the estimated regression
coefficients, as well as the 95% confidence inter-
vals (see table SI 4 for more details). The figure
provides the statistical association (x-axis) of the vari-
ous regressors (y-axis) on the forward citations for
model specifications with country-year fixed effects
(blue) and additional first applicant fixed effects
(red). We find that cross-country co-inventions are
associated significantly only with higher forward cita-
tions if we do not control for the first applicant’s time-
constant features via fixed effects. However, there is a
statistically significant (p< 0.01) difference between
general cross-country co-inventions and KR–JP co-
inventions, with the latter indicating over 25% higher
forward citations (see table SI 4). As the point estim-
ate for I(CrossCountry) is positive, this implies that
KR–JP co-inventions also exhibit significantly higher
forward citations vis-à-vis patent families without
any cross-country co-invention. Importantly, these
findings represent statistical correlations and not
necessarily causal effects. However, they strongly sug-
gest that patent co-inventions involving Korean and
Japanese inventors, indeed, are associated with more
influential patents than other patents filed in the same
country and year by the same organisation. However,
the findings on other international co-inventions are
less conclusive, indicating a potentially outstanding
role by KR–JP co-inventions.

Figure 3 illustrates the evolution of LIB patents
over time in Korea, Japan, and China. To account
for varying national patenting practices and in line
with existing patent work (Nagaoka and Naotoshi
2014, Cheng and Drahos 2018, Tahmooresnejad and
Beaudry 2019), we focus on triadic patents, which are
high-quality patents protected in Europe, the US, and

Japan. The data reveals that Japan initially had and
has maintained the highest count of triadic granted
patents, with Korea rapidly quickly catching up. In
contrast, despite having the largest number of overall
patent applications (figure SI 4(A)), China has fewer
applied triadic (figure SI 4(C)) and granted triadic
patents (figure 3). Additionally, we find that Korea
leads in the success ratio of granted to applied triadic
patents at 57%, followed by Japan at 42% and China
at 26%.

The dashed line in figure 3 represents the share of
patents that are KR–JP co-invented as a proportion of
all Korean patents. While international co-invention
shares for LIB patenting is generally at around 5%,
low country-specific co-invention shares for Japan
and Korea of around 2%–3% are established by the
European Patent Office (EPO) (2020). In light of this,
it is all the more striking that we observe KR–JP co-
invention shares over 20% for the late 1990s and early
2000s (figure 3). In other words, during this period,
more than 20% of Korean high-quality patents were
co-inventedwith Japanese engineers or organisations.
A comparison of figures SI 4(A) and (D) reveals that
the share of KR–JP co-inventions for high-quality
patents was about twice as high as for all patents,
emphasizing the significant role of knowledge trans-
fer for high-quality patents.

In Step 2, we turn to the types of co-inventions
and their dynamics. Figure 4(A) presents a two-mode
social network in which the nodes represent legal per-
sons as either inventors (natural person: circle shape)
or applicants (organisation: star shape). Edges con-
nect two nodes if (1) two inventors, (2) two applicants
or (3) one inventor and one applicant filed at least one
patent collaboratively. The network’s visual layout,
i.e. the nodes’ positions, is optimised computation-
ally following a force-directed algorithm to bring con-
nected nodes closer together than unconnected ones
(see SI section 1.3), i.e. the resulting clusters form
due to co-inventor proximity. Several of these clusters
comprise only a handful of nodes and are displayed
in the network diagram’s outer belt. Concomitantly,
they tend to be connected loosely (in some cases com-
pletely isolated) to other parts of the network.

More strikingly, however, are the two promin-
ent clusters emerging in the centre of the network.
As figure 4(A) indicates, both clusters are pivot-
ing around two large Korean companies, namely
Samsung and LG. These two companies account for
over 70% of the co-invention patents, confirming not
only their uncontested position in the Korean indus-
trial landscape, but also suggesting an active role in
co-invention and knowledge transfer. Furthermore,
the types of co-inventions seem to differ between
the two clusters: while the ‘Samsung cluster’ fea-
tures many individual Japanese (red) nodes, only
a few Japanese inventors can be found in the ‘LG
cluster’. The co-invention data indicate that Samsung

5
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Figure 2. Estimated marginal effects on forward citations for specifications with different fixed effects (FEs) While categorical
variables are denoted by ‘I(…)’, for continuous variables, the plot displays the estimated impact of a+1 standard deviation to
improve comparability. For the full regression table, see SI section 2).

Figure 3. Japanese (red),Korean (blue) and Chinese (yellow) patent activity, as well as the share of KR–JP co-inventions (dashed)
over time. The data presented uses triadic patent counts, i.e. patents granted in the US, Europe and Japan, and are based on a
three-year rolling average, with a minimum rolling window size of two years.

maintained a dense, but diversified, network of mul-
tiple Japanese entities (mostly inventors), while LG
co-invented largely with a single Japanese company
(Toray). The two emerging clusters illustratively sug-
gest two types of observed co-inventions. Notably,
expert interviews (see SI section 1.6) reference vary-
ing levels of in-house knowledge to different company
roots for LG (chemical) and Samsung (electronics).
Consequently, this diversity in foundational expertise
is suggested to influence the respective co-invention
needs and strategies.

First, we observe an inventor-level co-invention
characterised by high pertinence and asymmetric dir-
ectionality (figure 4(B)). Early on (until 2010), KR–JP

research teams patented inventions for Korean firms,
while in later years (starting in 2010), fully Japanese
teams worked for Korean companies. The early pre-
valence of mixed KR–JP inventor teams ties in well
with Korean companies’ goals to train ‘own’ engin-
eers as fast as possible through social interactions
with Japanese engineers (Howells 1996, Dima and
Vasilache 2015). Korean firms Samsung (1992) and
LG (2010) set up LIB research centres in Japan (LG
Japan Lab 2023, Samsung SRJ 2023). The academic
research output from the Samsung R&D Institute
Japan, shown in SI section 2.2, mirrors the pattern
seen in the dark blue area of figure 4(B). This pat-
tern may point towards increased Samsung research

6
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Figure 4. (A) Two-mode network diagram of Korean and Japanese co-inventions (1995–2020). Nodes represent legal persons as
either inventors (natural person: circle shape) or applicants (organisation: star shape). Edges connect two nodes if the nodes filed
at least one patent collaboratively. The diagram’s layout is optimised using a force-directed Fruchterman-Reingold algorithm (see
section SI 1.3). (B) Types of co-inventions over time. Time-aggregated data can be found in table SI 8. ‘Appln’ refers to
applicant(s) and ‘inv’ to inventor(s). The data presented are based on a three-year rolling average with a minimum rolling
window size of two years.

activities in Japan starting around 2010, although lim-
itations in patent data prevent the confirmation of a
direct causal link.

Second, we observe an organisational-level co-
invention involving Korean and Japanese organisa-
tions jointly filing and owning patents. Contrary
to inventor-level co-inventions, which emphasise
the knowledge of individuals, organisational co-
inventions extend to broader forms of knowledge,
e.g. overarching technical understanding or research
project structures (Argote et al 2003). In the case
of Cluster 2 in figure 4(A), Korean company LG
and Japanese company Toray jointly filed patents,
yet only Korean engineers were the inventors. This
implies that Toray’s contribution was not in indi-
vidual human, but potentially organisational, know-
ledge. Additional company-specific observations can
be found in SI section 3.1.

Figure 4(A) contains all combinations of KR–JP
co-inventions, e.g. the network contains patents for

inventions by Japanese engineers that Korean com-
panies filed, but also vice versa and every combination
in between (see legend of figure 4(B) or table SI 8). For
the remainder of the analysis, it is crucial to under-
stand knowledge flows’ directionality (figure 4(B)).
An analysis, proxied by the types of co-inventions,
revealed that the overwhelming majority of patents
were filed by Korean companies with at least one
Japanese inventor (75%). Furthermore, 38% of all co-
inventionswere filed byKorean companies and inven-
ted by only Japanese engineers. However, the reverse
scenario, i.e. Japanese applicant and only Korean
inventors, occurred in only 1.3% of the patents.

When examining types of co-inventions over
time, figure 4(B) visualises that Japanese-filed and
Korea-(co)invented patents were emerging only
much later (2007) than Korea-filed and Japanese-
(co)invented patents (1995). In the early years
(1995–2005), almost all patents were filed by Korean
applicants with Japanese and, in most cases, Korean

7
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Figure 5. Academic and professional careers of the 10 most central Japanese inventors. Academic affiliations predominantly
pertain to research activities, although in a few ambiguous instances, they also refer to educational backgrounds.

inventors. This trend flips starkly after 2010, when
most Korea-filed patents were for inventions by
only Japanese engineers. Thus, particularly during
the early period, Korean engineers repeatedly were
inventing and interacting with Japanese engineers,
suggesting a dominant direction of knowledge flow:
from Japan to Korea.

In Step 3, we aim to understand from where
‘imported’ knowledge was acquired. To this end, the
10 most central Japanese inventors in the network
are identified and highlighted in figure 4(A) (see
SI section 1.4 and table SI 9 for more informa-
tion on node centrality and rankings). Figure 5 illus-
trates these 10 top inventors’ academic and profes-
sional careers. The figure indicates that all 10 key
inventors were trained in Japan, either at a Japanese
university (light red) or a Japanese company (dark
red), before (co-)inventing for Korean companies
(blue).Moreover,most of the Japanese inventors were
highly experienced, through academic and/or pro-
fessional means. Interestingly, Korean companies like
Samsung and LG did not necessarily require Japanese
engineers to relocate to Korea: patent metadata
and the top inventors’ social media profiles suggest
that at least five of the 10 top Japanese inventors
worked at Korean-owned research facilities based in
Japan (hatched blue). The results also suggest a cer-
tain mobility level within the global battery ecosys-
tem, where two inventors worked for American and
Chinese companies and two inventors returned to
Japanese institutions.

At the beginning of the early 2000s, Korean com-
panies held a negligible market share, but only five
years later (2005), they already possessed almost 20%

(figure 1). During this period, Samsung already had
hired four out of the 10 top Japanese inventors from
figure 5. In particular, these engineers brought a
wealth of experience, with three of them having each
accumulated over 15 years of professional experience
in Japan. Furthermore, Japanese engineers’ typical
employment duration at Korean companies notably
was relatively short, typically shorter than 10 years.

While the previous results largely target types of
co-inventions (Steps 2 and 3), the remainder of the
results is dedicated to types of transferred knowledge
(Step 4) through co-invention. As LIB are complex
in terms of product and process design, success-
fully catching up requires capabilities in both fields.
Figure 6 presents the development of the product
vs. process contributions from influential KR–JP co-
inventions with five or more forward citations. Most
of the highly cited patents were product or hybrid
inventions, i.e. patents that include product and pro-
cess claims (cf figure SI 6). This suggests that Korean
companies used co-inventions with Japanese engin-
eers mostly to create intellectual property related to
the product design of LIB, as triangulated through
expert interviews (see SI section 1.6).

More intriguingly, we also find that process and
hybrid shares are highest during the first half of the
observation period (1996–2006), occasionally sur-
passing mere product patents. This contrasts with
the technology life-cycle literature, which predicts
a phase of product innovation preceding process
innovation for complex, mass-produced products
(Utterback and Abernathy 1975, Murmann and
Frenken 2006, Malhotra et al 2021). One potential
reason for the high early proportion of process and
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Figure 6. Product vs. process share of KR–JP patents with⩾ 5 forward citations. The numbers on top of the bars indicate
post-rolling sample size. The data presented are based on a three-year rolling average with a minimum rolling window size of two
years. The initial and final years of the observation period were aggregated to ensure a minimum of five observations after
application of the rolling average. Raw data can be found in figure SI 7.

hybrid patents is the data sampling of this study (co-
inventions as a subset of global LIB patents). The ana-
lysed patents were filed mainly by Korean companies
seeking to catch up in an existing market, poten-
tially missing the phase of product-focussed innov-
ation during early market formation (1990s)10.

Besides understanding the share of product
vs. process patents, understanding co-inventions’
dynamics in terms of product architecture also is
essential. Three key observations emerge from our
results (figure 7). First, it becomes evident that almost
all co-inventions entail core inventions (green).
However, peripheral inventions (purple) played a
minor role in the very early years (1996–2000) and
during the late 2000s before declining further in signi-
ficance once again. Second, the focus of co-inventions
evolved across core components over time. Initially,
anodes were prominent, later shifting to electrolytes,
then to separators around 2010, and finally back to
electrodes, mirroring global trends (Malhotra et al
2021). Cell subsystem inventions consistently held
moderate levels, ranking second in total patents. This
high pertinence may point towards the ongoing chal-
lenge of integrating multiple core components and
addressing product complexity. Third, upon combin-
ing product share (figure 6) and product architecture
(figure 7) information as presented in figure SI 8, we
note that no pure process inventions were found for
peripheral patents.

10 Furthermore, our insights into the share of process inven-
tions notably may not be as accurate as those on product inven-
tions. Various strategies, e.g. maintaining secrecy, are employed
to safeguard inventions. Historically, process inventions have been
patented less frequently than product inventions (Arundel and
Kabla 1998, Brouwer and Kleinknecht 1999). Therefore, the actual
extent of process inventions remains opaque; thus, its ramifications
should not be overinterpreted.

4. Implications for catching up

This research examines the surprisingly fast catch-
up of the Korean LIB industry from Japan, focus-
sing on knowledge transfer through international
co-invention. Our findings suggest that KR–JP co-
inventions are significantly more influential than
other cross-country co-inventions, as well as patents
without cross-country collaboration. Furthermore,
we observe two types of co-inventions and show
that predominantly, by means of inventor-level co-
inventions, experienced Japanese engineers played a
marked role in patenting activities of Korean com-
panies, particularly in the early 2000s. Moreover, we
also find that while most key patents targeted product
inventions, the process and hybrid shares—contrary
to theoretical expectations—are highest during the
first half of the observation period.

LIBs were used predominantly for consumer elec-
tronics in the early 2000s, but have emerged as a cru-
cial technology for a low-carbon future, garnering
substantial attention from policymakers worldwide.
In this study, we investigate a catch-up process viewed
as unlikely within innovation research and demon-
strate that, despite its low likelihood, rapid catch-
up in complex technologies is possible. As innov-
ation theory (Lema and Lema 2012) has sugges-
ted, unconventional knowledge transfer mechanisms,
e.g. overseas R&D and inventor collaborations, argu-
ably played a significant role.

Of course, the long-standing knowledge exchange
between Korea and Japan should be acknowledged
(Kim 1999, Hu 2012, Park et al 2012). Additionally,
the distinctive structure of Korea’s industrial setup,
which prominently features public-private partner-
ships and major industrial conglomerates known
as ‘Chaebols’, plays a crucial role in its economic
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Figure 7. Product architecture of KR–JP patents with⩾ 5 forward citations. Purple (green) colouring indicates peripheral (core)
inventions. The numbers on top of the bars indicate the post-rolling sample size. The data presented are based on a three-year
rolling average, with a minimum rolling window size of two years. The observation period’s initial and final years were aggregated
to ensure a minimum of five observations after application of the rolling average. Raw data can be found in figure SI 7.

landscape (Lee and Lim 2001, Kim 2010, Lim 2012).
Beyond these specific factors, broader research under-
scores the importance of local capacity building (Lee
2009) and the utilisation of existing local know-
ledge and experience for effective industry localisa-
tion (Cohen and Levinthal 1990, Lema and Lema
2013, Binz and Truffer 2017, Scheifele et al 2022).
Therefore, for companies pursuing advancement in
battery technology or other complex technologies, it
may be advisable to strategically align their existing
knowledge base with the skills required for devel-
oping technology-specific capabilities. This approach
is exemplified in figure 4(A), which, as suggested
by an expert interview (see SI section 1.6), shows
LG leveraging its strong background in chemistry
to focus on knowledge transfer regarding separators,
whereas Samsung, with roots in electronics, engaged
in international co-inventions to enhance its expert-
ise across various core components of LIBs. A more
recent example is German BASF joint-venturing with
Japanese Toda Kogyo for cathode material produc-
tion and R&D in Japan to transfer knowledge for site
construction and operation in Germany (BASF 2020,
2021).

Contrary to traditional industrial policy and clas-
sical business strategy, which focus on industry loc-
alisation and strictly local capacity building, Korean
companies successfully have established knowledge
hub research centres in Japan. This example high-
lights how next to industry localisation through
nationally tied subsidies, policy may also want to
consider supporting overseas collaboration during
periods of technological catch-up. Attracting experi-
enced inventors and encouraging collaborations can

be one way to accelerate globalisation of complex
technologies.

From a research perspective, investigating incent-
ive structures that drive experienced engineers to
engage in knowledge transfers of this nature appears
to be rewarding. A suitable research design for
examining these incentives might entail conducting
expert interviews with both engineers involved in
such knowledge transfers and hiring managers. By
gathering insights from these stakeholders, research-
ers could enhance the current understanding of the
influence that corporate and public policies, along
with their interplay, have had in promoting these
forms of collaboration. This becomes increasingly
important given that Korea is a prime example of
successful catching-up through industrial policy that
relies heavily on strong public-private relations (Lee
and Lim 2001, Lim 2012). Consequently, this inform-
ation could help inform future policy work and shape
the direction of research in this field.

Applying this research design to other cases,
including comparative analyses and varying scopes
on technologies and countries, could enhance our
understanding of historic knowledge flows and accel-
erate global knowledge and technology transfer. To
this end, the methodology developed in this study,
supported by comprehensive documentation in the
supplementary information and open-source code,
could serve as a foundation for future analyses.
To facilitate large-scale, meaningful regression ana-
lysis, enhanced data sets and corresponding methods
should be made accessible, either centrally by organ-
isations like the EPO or by individual research groups
(Rassenfosse and Seliger, 2021). Automated language
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classifications, such as GPT API, can assist with data
cleaning and patent coding, including abstracts or
claims, thereby catalysing the potential to generate
large-scale insights through the content of patents
beyond metadata.
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