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A B S T R A C T

Battery technologies are central to decarbonisation and the global energy transition, yet the distribution and 
roles of start-ups along the value chain remain poorly characterised. This paper maps entrepreneurial activity 
across the upstream, midstream, and downstream segments, with strategic implications for market design, 
policy, and the transformation of the battery market. This study adopts an integrated Global Value Chain and 
Entrepreneurial Ecosystem Theory lens and applies a stage-resolved mapping approach. Drawing on Crunchbase 
data and manual verification of more than 400 identified ventures, we analyse a final sample of 144 start-ups 
founded between 2014 and 2024 and assign them to value chain stages and regions. We contextualise value 
chain and technology foci using policy measures assembled from the International Energy Agency Policies and 
Measures Database. The mapping shows midstream concentration in advanced materials, specialised compo
nents, and cell manufacturing, while upstream entry is limited, especially in battery-grade refining, and end-of- 
life activity remains nascent and fragmented. Regional differences in start-up finance, policy frameworks, and 
manufacturing ecosystems shape where technology transfer, localisation and scale-up occur. The study provides 
practical insights for policymakers and industry leaders shaping net-zero energy strategies, highlighting how to 
navigate and accelerate the transformation of the battery market. It highlights the importance of streamlined 
procedures, transparent standards, and supplier qualification, as well as finance matched to stage-specific risks 
and complemented by regionally tailored measures that build upstream and circular capacity.

1. Introduction

Aligned with the objectives endorsed at the 28th United Nations 
Climate Change Conference to expand renewable energy, promote en
ergy efficiency, and transition away from unabated fossil fuels, battery 
technology is a central lever of the global energy transition [1]. As one of 
the fastest-growing components of the modern energy system, battery 
technology enables the deep decarbonisation of power and transport by 
coupling large-scale variable renewable energy with the rapid electri
fication of transport [2]. Unlocking this potential will likely hinge on 
sustained investment, coherent policy and regulatory frameworks, the 
rapid scaling of sustainable manufacturing and recycling across the 
battery value chain, and business model innovation that enables 
capital-intensive technologies to be commercialised and scaled by both 
new entrants and established actors [3–5]. Within Europe, battery 
technologies are regarded as indispensable to the decarbonisation of 
energy systems, reinforcing this global imperative [6]. A recent study 

estimated that the European Union will need 18 times more lithium by 
2030 and up to 60 times more by 2050 than in 2020 to meet expected 
battery demand [7]. These projections highlight the strategic impor
tance of batteries in achieving climate targets and the magnitude of the 
accompanying challenges, including securing raw material supplies, 
establishing circular manufacturing loops, and developing robust recy
cling infrastructure. Converging evidence from scientific and institu
tional analyses further suggests that the decarbonisation of Europe's 
power and transport sectors will remain unattainable without a rapid 
and sustained scaling up of battery technology [2,8]. Recognising this, 
governments and alliances have launched battery strategies and road
maps (for example, the European Battery Alliance) to secure supply 
chains, accelerate scale-up, and build industrial competitiveness in 
support of the energy transition.

The battery sector is experiencing strong momentum in innovation. 
Patent data indicate a sharp rise in filings for secondary batteries be
tween 2000 and 2019, predominantly from Asian assignees, signalling 
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vigorous knowledge growth [9]. Entrepreneurial activity is a major 
driver, as start-ups act as catalysts, introducing innovation and compe
tition into markets and contributing demonstrably to economic growth 
[10–12]. Yet, entry and scaling remain sensitive to policy and regulatory 
entry conditions and to market-access rules that determine business 
model viability [13,14]. Despite considerable structural and financial 
constraints, start-ups in the energy sector have demonstrated substantial 
innovation capacity. New ventures have become key actors in the 
low-carbon transition, contributing to the development and deployment 
of critical decarbonisation technologies with measurable environmental 
benefits [15]. Previous studies increasingly employ mapping approaches 
and cluster analyses to capture innovation dynamics and patterns of 
industrial value creation [10,16–18]. These methods systematically 
represent the battery value chain, from research and development 
(R&D) and raw materials to end-of-life. They are valuable for identifying 
technological clusters and innovation hotspots, offering structured in
sights into the emergence of capabilities, the geographic distribution of 
value, and where targeted interventions may be most effective in the 
globally integrated battery industry.

We systematically map battery start-ups across the value chain and 
show how archetypes align with stages, ranging from extraction and 
processing to cell manufacturing, applications, and end-of-life. We link 
observed patterns to policy design and assess implications for innovation 
pace and supply-chain resilience. The analysis identifies where entre
preneurial activity concentrates, where systemic vulnerabilities persist, 
and which targeted policy and finance instruments may improve venture 
survival and scaling in the battery innovation ecosystem. By high
lighting where entrepreneurial innovation aligns with, or misaligns 
with, policy priorities across the battery supply chain, this study offers 
guidance for strategic energy policy interventions.

2. Literature review

The rapid growth of the battery technology sector over the past 
decade has triggered a wave of new companies, making this area an 
increasingly important focus of the sustainable energy transition. 
However, existing research on battery start-ups remains fragmented, 
spanning different stages of the value chain and regional contexts. This 
section provides a structured overview of the literature and examines 
the current state of knowledge on battery start-ups, from upstream raw 
material sourcing to downstream deployment. It highlights the key 
findings and shortcomings of prior studies, laying the groundwork for 
our investigation of structural weaknesses and bottlenecks in this field.

2.1. Battery innovation trajectories across the value chain

Battery innovation is shaped by a dual dynamic of incremental 
refinement within dominant lithium-ion technologies and the parallel 
pursuit of disruptive chemistries. While improvements in materials, 
manufacturing processes, and battery management systems continue to 
drive performance gains and cost reductions [19–23], research and in
vestment activities increasingly target alternatives such as solid-state, 
lithium-sulfur, sodium-ion, and redox flow batteries, which promise 
more fundamental shifts in performance and sustainability. However, 
commercial challenges persist [24], reflecting the high technical risks 
and long development timelines associated with these emerging tech
nologies. Moreover, evolving sustainability imperatives, evidenced by 
patent trends referencing reuse and repair, are beginning to shape 
innovation priorities [9]. Public mission-oriented programs and inten
sifying competition for critical materials further reinforce this coexis
tence of incremental optimisation and radical exploration that 
characterises contemporary battery innovation pathways [25]. To 
situate our analysis of start-up activity, we briefly synthesise key process 
steps and structural features along the battery value chain (Fig. 1).

2.1.1. Raw material extraction and refining
Upstream supply is characterised by high capital intensity and 

geographic concentration. Critical minerals, like lithium, nickel, cobalt, 
manganese, and natural graphite, are extracted from hard-rock ore or 
brine via open-pit/underground mining, solution mining, or evapora
tion [26,27]. Initial outputs are physically processed concentrates before 
chemical upgrading [26]. Production is concentrated in a few countries: 
most lithium comes from Australia, Chile, China, and Argentina, and 
approximately 70% of cobalt originates in the Democratic Republic of 
the Congo [27–29]. Refining capacity is a critical bottleneck and simi
larly concentrated; China accounts for over 50% of global refining ca
pacity for lithium, cobalt, and graphite [28–30].

2.1.2. Midstream manufacturing and integration
Midstream, manufacturing transforms refined precursors into active 

materials, electrodes, and cells, culminating in module and pack inte
gration. These steps set the core performance, cost, and scale parameters 
for the sector. Cathode and anode active materials largely determine cell 
behaviour [31,32]. Dominant cathode families, like nickel manganese 
cobalt oxide, nickel cobalt aluminium oxide, and lithium iron phos
phate, are obtained by combining metal precursors with lithium under 
controlled chemical synthesis and thermal treatment to achieve 

Fig. 1. Value chain of battery production, focusing on material-related process steps from raw material extraction to recycling.
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phase-pure compositions [31,33,34]. Anode-grade graphite requires 
purification and shaping and is frequently surface-coated to improve 
stability [27,35–39]. East Asia dominates production, with China ac
counting for around 70% of global cathode production capacity and 
85% of anode production capacity, while South Korea and Japan 
maintain substantial manufacturing expertise. Other key components, 
such as separators and electrolytes, are typically supplied through 
dedicated, specialised chains, with distinct materials, processing routes, 
and quality-control requirements [40]. Cell manufacturing assembles 
prepared electrodes with separators into sealed cells, followed by for
mation cycles that establish a stable solid electrolyte interphase, which 
is essential for long-term performance [41–43]. Formation is time- and 
energy-intensive [44,45]. Global capacity remains concentrated in Asia, 
while Europe and North America are investing in domestic cell pro
duction to capture economic value and reduce their dependence on 
imports [46,47]. Cells account for a large share of total battery cost and 
are central to national supply-chain security. Module and pack assembly 
integrates cells into application-specific systems, providing structural 
supports, thermal management, sensors, and battery management sys
tems [48–50]. Emerging cell-to-pack designs remove the intermediate 
module stage to increase energy density and reduce weight [48,51,52]. 
Packs are tailored to end uses, including electric vehicles (EVs) and 
stationary storage, and are frequently assembled near final product 
manufacturing by original equipment manufacturers [53–56].

2.1.3. Second-life applications, recycling, and material recovery
Retired electric vehicle (EV) batteries that retain residual capacity 

can be redeployed for less demanding stationary uses, such as renewable 
energy storage or backup power. These second-life applications require 
testing, repackaging, and integration and can reduce life-cycle envi
ronmental impacts by an estimated 35-60%. Modelling studies indicate 
that surplus end-of-life capacity could meet significant grid storage 
needs while lowering demand for primary raw materials [57–60]. At the 
end of life, batteries undergo collection, safe discharging, disassembly, 
and mechanical treatment, followed by metallurgical processing. Pyro
metallurgical routes recover metals such as cobalt, nickel, and copper 
through high-temperature smelting, whereas hydrometallurgical routes 
leach “black mass” to extract lithium, nickel, cobalt, and manganese 
[61]. Recovered outputs, including lithium salts, cobalt or nickel com
pounds, and recycled graphite, are refined for re-entry into battery 
production. Closed-loop recycling, which returns purified cathode 
metals directly to EV supply chains, could reduce primary demand for 
cobalt by approximately 40% and for lithium and nickel by about 25% 
by 2050 under ambitious scenarios [59,61]. Second use cascades in 
stationary storage provide additional greenhouse gas savings of 8-17% 
[57,62].

2.2. Entrepreneurial ecosystem perspective on battery start-ups

In the entrepreneurship literature, a start-up is defined as an inde
pendent, newly founded venture that seeks to discover and exploit op
portunities for future goods and services [63]. Constrained by the 
liabilities of newness, these entrepreneurial firms are often organised in 
flexible, organic structures and adopt a strategic focus on rapid growth 
through innovation [11]. Rapid scaling typically requires external eq
uity financing. In the entrepreneurial equity financing literature, equity 
investors are described as trading capital for a portion of company 
ownership via staged investments over time [64]. Accordingly, a fund
ing round is conceptualised as a discrete venture capital financing event. 
Typically executed through share sales, these rounds form part of a 
broader series of staged investments or serial injections of capital [11]. 
Rounds are often led by new investors who can renegotiate terms and 
valuation across stages [11,64]. This conceptual focus on venture capital 
investments analytically delineates funding rounds from public support 
mechanisms or specific government funding programs.

Start-ups in the energy sector contribute to the low-carbon transition 

by accelerating the development and deployment of clean technologies 
[12,16,65,66]. Commercialising clean technologies accelerates adop
tion, reduces greenhouse-gas emissions, and improves carbon produc
tivity [15,67,68]. Start-ups also pioneer decentralised architectures, 
including micro- and smart grids, and integrate advanced digital tools 
such as artificial intelligence, the Internet of Things, and blockchain to 
enhance the energy system's flexibility and resilience [16,69–71]. The 
development and deployment of these innovations, however, are 
strongly conditioned by the broader regulatory context. Market design 
can shape innovation incentives, constraints, and entrepreneurial 
behaviour within the energy sector. Sector-specific characteristics, 
including high capital intensity, long-cycle path dependencies, and the 
regulation of energy as an essential good, further constrain the strategic 
scope of new entrants [72].

Given these sectoral dynamics, the distribution of battery start-ups 
appears highly uneven. Explaining such complex patterns requires a 
theoretical framework that integrates spatial, organisational, financial, 
and institutional determinants. Prior research underscores that multiple 
theoretical perspectives are suitable and complementary for analysing 
the full complexity of battery-related location processes [73]. To analyse 
and interpret uneven entrepreneurial activity in technology-intensive 
sectors, economic geography commonly draws on Entrepreneurial 
Ecosystem Theory (EET) [74,75] and Global Value Chain (GVC) 
frameworks [76–78]. In the entrepreneurship literature, EET explains 
how localised, place-based endowments, such as specialised talent, 
research infrastructure, and venture capital, are mobilised to spawn and 
finance capital-intensive deep-tech ventures [74,75]. Complementing 
this local focus, the GVC theory explains how locally embedded firms 
navigate cross-border production networks and asymmetrical power 
relationships. It treats value chains as complex patterns of inter-firm 
organisation through which activities, knowledge, and value are coor
dinated, governed, and distributed across actors and geographically 
dispersed places [77]. Building on this overarching integration, several 
distinct analytical lenses emerge to investigate the specific mechanisms 
driving the uneven distribution and scaling dynamics of battery 
start-ups.

From an EET perspective, the geography of battery start-ups is ex
pected to be uneven because entrepreneurship is territorially embedded: 
new ventures draw on localised endowments (specialised talent, 
research infrastructure, venture capital and investor networks; in
termediaries; and culturally legitimised risk-taking) that lower search 
costs and enable knowledge spillovers [74,75]. GVC complements this 
local mechanism by interpreting spatial patterns within a 
chain-structured distribution of value and power. GVC-based cor
e–periphery reasoning conceptualises value chains as spatially struc
tured, with core regions concentrating high-value-added, knowledge- 
and capability-intensive activities and greater decision-making power. 
In contrast, peripheral regions specialise in lower-value-added activities 
[79]. This perspective motivates examining geographical concentration 
patterns of entrepreneurial activity, which aligns with work on entre
preneurial ecosystems as territorially embedded and with evidence that 
venture capital availability is geographically uneven and shapes ven
tures’ equity-seeking behaviour [74,80].

Beyond where battery start-ups emerge, the framework also ad
dresses how they scale. Financing dynamics are central for start-ups 
because rapid scaling typically requires external equity financing, and 
funding rounds are staged events that structure the temporal mobi
lisation of capital. Under EET, the unequal availability of venture capital 
and the density of investor networks in certain places shape how easily 
start-ups can secure staged funding, overcome liabilities of newness, and 
reach scale-relevant milestones [74,75,80]. GVC adds a second mecha
nism: where governance is quasi-hierarchical and incumbents control 
standards, procurement, and qualification regimes [77,81], start-ups 
face higher scaling hurdles, which should be visible in the sequencing 
and concentration of funding rounds and disclosed capital [12,82,83]. 
Pilot projects in the battery sector face persistent funding shortages 
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because high capital requirements and long development timelines are 
misaligned with the short investment horizons of conventional venture 
capital [71,84–87]. Particularly in emerging markets, less than 10% of 
early-stage clean-energy venture funding targets high-risk hardware or 
materials ventures. This imbalance further restricts the availability of 
critical early-stage capital for deep-tech innovation [12,88].

A stage-resolved perspective operationalises the GVC construct of 
participation for entrepreneurial actors by linking start-up activity to 
distinct value chain functions where value added and innovation op
portunities and bottlenecks systematically differ [73,89]. GVC's partic
ipation construct, explicitly encompassing value added and innovation, 
directs attention to which actors undertake which activities along the 
chain and, therefore, where innovation efforts concentrate or where 
bottlenecks persist [73]. For start-ups, participation is strategically 
consequential because chain stages differ in governance intensity, cap
ital requirements, learning opportunities, and appropriation prospects; 
these differences shape where entrepreneurial entry is feasible and 
where scaling is most constrained. Prior research identifies these 
start-ups as observable vehicles of commercialisation and diffusion, 
bridging laboratory innovations and market-ready solutions [90]. 
Although battery technology transfer via start-ups has been limited, 
with many firms emphasising incremental improvements of existing 
lithium-ion technologies rather than radical innovations, start-ups 
remain pivotal for commercialising transformative chemistries [23]. 
These include solid-state cells, silicon-rich or lithium-metal anodes, 
lithium-sulfur, sodium-ion, and magnesium systems, as well as 
circular-economy solutions such as recycling and second-life battery 
applications [91–97]. Entrepreneurial engagement is often concentrated 
downstream in the battery value chain, particularly in integrating cells 
into specialised battery systems for specific applications, which can 
shape commercialisation pathways and adoption patterns by linking cell 
performance to application-specific requirements [90]. Prior work 
highlights that start-ups frequently de-risk novel materials for estab
lished manufacturers through joint development agreements and 
niche-market entry strategies, generating essential commercial data 
before addressing broader markets, such as EVs or grid storage [91].

Policy context is theorised as institutional influence, a core GVC 
construct emphasising that value chain configuration and upgrading 
paths are shaped not only by firm strategies but also by the state and 
other institutions through regulation, market design, standards, and 
industrial policy [77,78,81]. In EET terms, policy is also part of the 
enabling environment that stabilises markets, reduces uncertainty, and 
legitimises new technologies and business models [72,75]. Traditional 
GVC analyses focus on relationship patterns, relative positioning, deci
sion power, and the distribution of value added [81]. Similar to the 
traditional automotive industry, value chains in the energy sector have 
historically been characterised by a hierarchical governance model, in 
which established incumbents concentrated extensive decision power 
and created high entry barriers for new actors [81,98]. In this context, 
an innovation-promoting market design can serve as an essential insti
tutional lever to break historically entrenched power asymmetries [99]. 
Policy instruments such as feed-in tariffs or quota systems address 
environmental market failures, reducing downside risk and increasing 
revenue predictability, serving as protected spaces that enable 
eco-innovations to scale to market maturity [100]. From a GVC 
perspective, such institutional frameworks enable incremental upgrad
ing: targeted regulatory interventions empower energy start-ups, anal
ogous to technology-driven new mobility actors, to penetrate 
value-intensive stages, disrupt established governance models, and, 
successively, gain decision-making power over new infrastructure, such 
as decentralised generation [79,81]. This process is accompanied by 
alliances with state actors, which confer complementary technological 
resources and legitimacy on young ventures, thereby catalysing the 
attraction of private venture capital [72]. Simultaneously, this depen
dence on institutional frameworks carries significant risks. Abrupt reg
ulatory shifts or unpredictable pricing mechanisms primarily affect 

expected revenues and cash flow timing for sustainable business models 
in the energy sector [100,101]. While resource-rich incumbents can 
buffer such volatilities, regulatory pressure frequently forces start-ups 
into collective action. Lacking individual lobbying resources, they 
must network to gain political legitimacy and dismantle market barriers 
[98]. Furthermore, regulatory uncertainties across permitting processes, 
grid connections, and variable tariff structures intensify investor risk 
perceptions, delaying project timelines and further complicating market 
entry [102–105]. Prior work, therefore, highlights the role of stable 
regulatory frameworks and complementary public-private arrange
ments in reducing perceived risk and enabling commercialisation [10,
15,67,106].

3. Methodology

This study operationalises consolidated, evidence-based, and 
rigorous classification schemes to conduct four complementary analyses 
that characterise entrepreneurial activity in the battery domain. 
Adopting a descriptive-analytical research design, we provide a theory- 
guided descriptive mapping of geographic, financial, and policy distri
butions, enabling a systematic comparison of ecosystem endowments 
and value chain governance dynamics across regions. Our methodo
logical design is explicitly grounded in the theoretical frameworks of 
GVC and EET to guide the construction and interpretation of these 
descriptive patterns. First (4.1), we map the global distribution of bat
tery start-ups by region and country, using publicly available data, to 
identify patterns of entry and specialisation. Second (4.2), we examine 
financing dynamics, including round counts and disclosed capital raised 
(2014-2024). Third (4.3), we review firms along the battery value chain 
and associated technology domains, allowing multiple assignments to 
capture hybrid and multi-role business models, and visualise cross-stage 
linkages. By mapping each start-up's activities to specific value chain 
stages, this step operationalises value chain positioning, while multiple 
stage assignments capture hybrid participation and potential upgrading 
trajectories. Fourth (4.4), we contextualise these empirical patterns by 
constructing a regional policy density indicator based on battery- 
relevant measures from the International Energy Agency (IEA) Policies 
and Measures Database. Policy density is used to provide an institutional 
context for interpretation by operationalising the regional breadth of 
battery-relevant measures (counts), consistent with the GVC notion of 
institutional influence and the entrepreneurial ecosystem view of policy 
as part of the enabling environment.

Crunchbase served as the primary source for building the evidence 
base from publicly available information. As a global business infor
mation platform, it provides detailed insights relevant to start-up anal
ysis, including information on investors, funding volumes across 
financing rounds, and acquisition histories, as demonstrated in prior 
research [90,107]. The initial sample was hand-compiled by selecting 
companies categorised under the industry group “Battery” in Crunch
base and founded between 2014 and 2024, based on data retrieved in 
April 2025. To ensure analytical consistency and relevance, we applied 
clear inclusion criteria during data cleaning: companies must have 
received at least USD 0.1 million in total disclosed funding. Companies 
also had to report at least 10 employees. Core variables, including year 
of incorporation, geographic origin, funding stage and volume, investor 
type, technological focus, and value chain position, were systematically 
documented for each start-up. The initial dataset comprises more than 
400 battery start-ups worldwide. Each entry was validated through 
triangulation of publicly accessible sources, including company web
sites, public funding databases, and relevant press coverage. Based on 
this information, covering product features, technology applications, 
and supply chain roles, each start-up was categorised into one or more 
stages of the battery value chain. Classification was conducted manu
ally, following a consistent coding logic developed iteratively during 
data collection. Each start-up was reviewed individually, and coding 
decisions were based on explicit mentions of technological activities, 
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stated customer segments, and product-related keywords. The typology 
allows non-exclusive assignments across value chain stages to accom
modate hybrid or multi-role business models. Fuentes et al. (2023) 
demonstrate that start-ups frequently pursue hybrid business models. To 
ensure comparability across their four megatrend categories, the authors 
assigned each firm to a single dominant category at that level while still 
permitting multiple assignments for technological domains and inno
vation types. Building on and extending this procedure, the present 
study consistently retains multiple assignments across all analytical 
layers. This systematic allowance for overlap enables a comprehensive 
representation of, for example, vertically integrated manufacturers or 
platform-based actors, thereby providing a more nuanced view of the 
diversity of their innovation strategies and sectoral roles within the 
battery industry [16].

4. Discussion

4.1. Global distribution of battery start-ups

Fig. 2 illustrates the uneven global distribution of battery start-ups 
founded between 2014 and 2024. The United States hosts the largest 
cohort, followed by China and a north-western European arc encom
passing the United Kingdom, Germany, and the Nordic countries. Can
ada and India form smaller but distinct clusters, whereas Latin America, 
Africa, the Middle East, and Oceania record no start-ups meeting the 
minimum funding and employment criteria (Table 1). This descriptive 
clustering pattern is consistent with EET's territorial embeddedness logic 
and with GVC-based core-periphery reasoning about the spatial con
centration of high-value-added, capability-intensive activities.

4.2. Funding

The descriptive evidence presented in this study reveals four 

interconnected characteristics of the emerging battery start-up land
scape: (i) a post-2019 acceleration in global investment, (ii) persistent 
regional asymmetries in both volume and deal structure, (iii) a pro
nounced concentration of large-scale financing rounds in capital- 
intensive ventures, and (iv) heterogeneity in financing models that re
flects divergent institutional logics across North America, Europe, and 
Asia. These patterns highlight a maturing yet uneven deep-tech 
ecosystem, where access to scale-up finance remains a major bottle
neck. From a GVC governance perspective, the concentration of major 
rounds in capital-intensive ventures aligns with upgrading dynamics in 
segments with large-scale requirements. The global funding series in 

Fig. 2. Geographic distribution of battery start-ups (2014-2024; ≥ USD 0.1 M funding; ≥10 employees), shaded by headquarters count; n = 144; grey denotes zero 
eligible firms.

Table 1 
Tabular overview of the headquarters countries, regional classification, and 
company counts of sampled battery start-ups (n = 144).

Headquarter Country Region Number of Companies

United States North America 55
China Asia 26
Germany Europe 9
United Kingdom Europe 8
Canada North America 8
India Asia 8
South Korea Asia 6
The Netherlands Europe 5
France Europe 4
Belgium Europe 2
Hong Kong Asia 2
Spain Europe 2
Switzerland Europe 2
Norway Europe 2
Finland Europe 1
Luxembourg Europe 1
Cyprus Europe 1
Sweden Europe 1
Poland Europe 1
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Fig. 3 shows a sharp increase after 2019, with both dollar volumes and 
deal counts peaking in 2021-2022. This shift coincides with a record 
investment of USD 2.1 trillion in the broader energy-transition space in 
2024, of which battery-related ventures captured a growing share [108]. 
As cross-sectoral funding trends indicate, the modest retreat in 2024 
reflects a broader correction in global venture capital markets, rather 
than a battery-specific downturn. Prior research suggests that invest
ment in early-stage clean technologies has historically been sensitive to 
macroeconomic conditions and policy signals, rather than solely driven 
by sectoral fundamentals [109]. Similarly, analyses of past renewable 
deployment in the EU demonstrate that effective policy frameworks are 
the primary driver of technology diffusion, outweighing purely 
market-based incentives during early adoption phases [110]. Against 
this backdrop, regional trajectories diverge, reflecting distinct policy 
frameworks, market structures, and financing modalities. These regional 
differences are consistent with EET, as the density of venture capital and 
investor networks shapes start-ups’ ability to mobilise staged funding.

North America. North America holds the largest capital pool, and 
median round sizes remain moderate, reflecting a mature venture cap
ital market that funds sequential de-risking (Fig. 4a) [82]. This is 
consistent with a mature entrepreneurial finance ecosystem in which 
staged de-risking and scaling appear more feasible for battery ventures. 
The Energy Act of 2020 introduced an important policy change in the 
United States by launching federal demonstration programs for 
long-duration storage and extending tax incentives. This momentum 
was notably amplified by the Inflation Reduction Act (IRA) of 2022, 
which introduced dedicated production and investment tax credits, was 
followed by a surge in battery manufacturing activity [111,112]. 
Consulting evidence supports this reading; a recent assessment argues 
that the continent's layered seed-to-growth ecosystem enables stepwise 
value creation in storage hardware, thereby raising bankability for 
later-stage facilities [113].

Europe. Public and private financing of European battery start-ups 
gained considerable momentum between 2019 and 2023, with capital 
commitments expanding across early-stage ventures and large-scale in
dustrial projects (Fig. 4b) [95]. This acceleration coincided with a 
marked increase in RD&D (Research, Development and Demonstration) 
funding, as recorded by the Joint Research Centre, and with the launch 
of two “Important Projects of Common European Interest” (IPCEI Bat
teries 2019 and 2021), which channelled substantial state aid to com
panies along the battery value chain [114,115]. Private markets 
responded with notable momentum; the pronounced rise in investment 

volumes during this period suggests that policy signals, in combination 
with maturing industrial capabilities and improved financing condi
tions, were associated with cumulative effects for European battery 
ventures. Interpreted through a GVC lens, this configuration reflects 
governance-driven upgrading, supported by coordinated institutional 
efforts across Europe's battery value chain. This observation is consistent 
with broader trends in European renewable finance, where funding 
mechanisms have evolved from simple subsidisation towards diverse, 
multi-actor ecosystems characterised by shifting patterns of authority 
and contestation [116].

Asia. Fig. 4c shows a delayed but sharp increase in venture capital 
flows to Asian battery start-ups, peaking in 2022 before moderating in 
2024. As Krishna et al. (2023) caution, relying exclusively on venture 
capital data may systematically underestimate activity in emerging 
economies due to visibility gaps [88]. This trajectory, however, captures 
only a fraction of the region's actual momentum; large-scale de
ployments are predominantly financed through corporate balance 
sheets rather than venture capital [30,108]. This financing logic reflects 
broader structural characteristics of Asian innovation ecosystems, where 
industrial conglomerates play a central role in scaling hardware [117]. 
The recent decline in venture activity is widely attributed to structural 
headwinds, including overcapacity following rapid expansion, softening 
EV demand, rising raw material costs, and an ongoing market shakeout 
affecting weaker firms [118].

To illustrate how entrepreneurial dynamism influences the battery 
industry, we organise battery-oriented start-ups in the compiled sample 
into technologically discrete stages, spanning raw material refining 
through recycling [29,90,119]. This design directly links entrepre
neurial activity to specific value chain stages, allowing identification of 
concentrated innovation domains and underserved bottlenecks. From a 
GVC perspective, these stage patterns help clarify how value-added and 
innovation activities are distributed across battery value chain func
tions, and where gaps in participation persist [73]. Recent evidence 
shows that targeted corporate and public investment accelerates start-up 
scaling precisely where bottlenecks are most acute, underscoring the 
value of a stage-specific approach [83].

4.3. Stage-resolved mapping of battery start-ups

Moreover, supply-chain vulnerability studies highlight how techno
logical choices at individual stages propagate systemic risks, a concern 
echoed in policy frameworks such as the IEA Global Supply Chains of EV 

Fig. 3. Annual global venture capital investment volume (left axis) and number of annual funding rounds (right axis) in battery start-ups, 2014-2024. Data 
Source: Crunchbase.
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Batteries report, which calls for coordinated interventions along the 
chain [29]. Accordingly, we use stage-resolved patterns to diagnose 
where start-ups already ease critical constraints and where gaps persist. 
We delimit our mapping to core production and end-of-life recycling, 
explicitly excluding downstream product manufacturers and 
cross-cutting enablers such as battery analytics, software, and Internet of 
Things platforms. Two considerations guide this scope. First, system 
integrators prioritise innovation at the architectural or vehicle level 
rather than the battery cell itself; their strategic advantage stems from 
ecosystem orchestration and market positioning rather than electro
chemical breakthroughs [88]. Second, digital enablers serve multiple 
industrial domains and rarely map cleanly onto a single battery stage, 
blurring analytical boundaries. Recent reviews highlight the taxonomic 
difficulty of classifying industrial digital-platform ventures within the 
physical value chain [120]. Conversely, hardware-intensive start-ups in 
manufacturing and recycling face distinctive scale-up, capital, and pol
icy challenges that warrant separate scrutiny [83,121]. Isolating these 
deep-tech segments enables more precise identification of innovation 

bottlenecks, investment needs, and policy leverage points pivotal to 
accelerating the battery-driven energy transition.

Among the 144 start-ups identified in the final sample, entrepre
neurial activity is distributed across all major regions, but exhibits 
marked asymmetries along the battery value chain (Fig. 5). Entrepre
neurial activity in the battery sector is strongly concentrated in 
midstream stages, cell manufacturing, advanced materials, and speci
alised components, where knowledge intensity is high, but capital 
thresholds remain manageable [122].

4.3.1. North America
Consistent with stage-specific participation patterns, our location 

analysis indicates that early-stage firms are targeting battery-grade 
critical-mineral extraction and processing clusters in North America. 
Canada's recent displacement of China at the top of BloombergNEF's 
Global Lithium-Ion Battery Supply Chain Ranking 2024, driven by 
coherent federal-provincial policies, abundant resource endowments, 
and stringent environmental, social and governance standards, illus
trates how regulatory frameworks and resource quality can outweigh 
sheer manufacturing scale when raw-material-focused battery start-ups 
decide where to establish their inaugural plants [123]. Building on this 
upstream strength, the region specialises in materials, component, and 
battery cell innovation. North American start-ups often focus on 
next-generation chemistries, notably silicon- and lithium-metal-based 
anodes and solid-state electrolyte systems, as part of strategic efforts 
to onshore the EV battery supply chain and reduce geopolitical de
pendencies [124]. These technology-driven developments are com
plemented by targeted infrastructure rebuilding efforts in key supply 
chain segments such as separator and electrolyte production. In the 
United States, specifically, generous IRA manufacturing credits and 
dedicated Department of Energy seed funds aim to de-risk scale-up and 
shorten the time-to-market, creating a supportive environment for rapid 
commercialisation [125,126].

A detailed analysis of North American battery start-ups reveals a 
pronounced commitment to exploratory innovation, as evidenced by 
their engagement with various battery chemistries and architectural 
approaches. While incremental improvements to lithium-ion technolo
gies, including high-nickel cathodes, lithium iron phosphate derivatives, 
and silicon-enhanced anodes, remain prevalent, ventures in the region 
place a pronounced emphasis on next-generation chemistries such as 
lithium-sulfur, solid-state configurations, and novel electrolytes, 
including polymer-ceramic composites and nanoparticle-based fluid 
[127,128]. These innovations are strategically targeted at overcoming 
the critical limitations of incumbent technologies, particularly in terms 
of energy density, safety, and compatibility with existing manufacturing 
infrastructure. Moreover, North American start-ups predominantly 
focus on upstream materials innovation and platform differentiation, 
with less vertical integration than their European counterparts, indi
cating a strategic preference for specialised material and electrolyte 
engineering [122].

4.3.2. Europe
Many European new entrants specialise in recycling, advanced ma

terials, and other circular economy services in direct response to 
Regulation (EU) 2023/1542, which mandates recycled content thresh
olds and end-of-life traceability, aligning with European Union priorities 
on circularity and supply security [129,130]. By contrast, component 
production and raw material refining are represented only marginally or 
not at all. This skewed distribution reflects structural headwinds in the 
European entrepreneurial ecosystem that suppress start-up formation in 
stages with higher capital intensity and more complex regulatory re
quirements. High energy and laboratory costs, fragmented permitting 
regimes, and continued dependence on imported critical inputs raise 
fixed costs and elongate certification timelines, conditions that 
innovation-ecosystem literature flags as barriers associated with insti
tutional thickness [131]. These barriers are most pronounced in 

Fig. 4. Annual venture capital investment volume (left axis) and number of 
annual funding rounds (right axis) in battery start-ups across regions, 
2014–2024: (a) North America, (b) Europe, (c) Asia. Data source: Crunchbase.
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upstream refining and component manufacturing, where reliance on 
external supply chains and limited domestic capabilities deters new 
entrants. The scarcity of process engineers and component-specific in
tellectual property further constrains activity in these stages. At the 
same time, the lock-in effects of established Asian suppliers reduce 
OEMs’ willingness to test components from European start-ups [113].

Against this structural backdrop, industrial consolidation around 
lithium-ion standards and parallel experimentation with advanced 
chemistries, materials, and circular business models shape the techno
logical landscape of European battery start-ups. While most start-ups 
leverage established lithium-ion technologies [113], an increasing 
number emerge as innovation drivers, aligning closely with Europe's 
strategic ambitions for energy independence, sustainability, and tech
nological leadership in the battery sector. Several start-ups differentiate 
themselves in lithium-ion technology using advanced materials and 
innovative cell designs. These include silicon- and niobium-based an
odes, three-dimensional electrode architectures, and aligned electrode 
materials, all aimed at substantially enhancing energy density and 
charging speed [113,132,133]. Material innovation also encompasses 
advanced precursor synthesis, optimised raw material processing, and 
novel electrolyte formulations, directly contributing to enhanced bat
tery performance and supporting the localisation and decarbonisation of 
Europe's battery value chain [134].

Building on these upstream advances, European start-ups are also 
active in the midstream stages of the value chain, where manufacturing 
processes and component integration are central to scaling performance 
improvements. Efforts to scale low-carbon gigafactories enhance envi
ronmental performance through optimised processes and energy- 
efficient operations. Concurrently, advanced electrode architectures 
and innovative coating techniques, including thin-film deposition and 
spatial atomic layer deposition, are under active development to 
significantly improve battery performance metrics, such as energy 
density and power rate [135,136]. Digitalisation further complements 
these technological advancements, with IoT-enabled battery moni
toring, inline analytics, and automation, facilitating optimised 
manufacturing and improved end-of-life battery management [136]. 
However, the successful deployment of such ICT-driven innovations 
depends on substantial investment in human capital, which remains a 
critical determinant of digital competitiveness in the energy sector 
[137]. These production and digitalisation efforts are complemented 
downstream by circularity strategies that maximise material recovery 

and reuse. European battery start-ups employ a broad range of methods 
for recycling and circular-economy practices. Established hydrometal
lurgical recycling processes coexist with innovations such as robotic 
disassembly and diagnostic-driven reuse strategies. Furthermore, inte
grating second-life EV batteries into stationary energy storage applica
tions is gaining traction as a complementary circular-economy strategy. 
Increasingly, start-ups are pursuing integrated circular business models 
that close material loops between use phases and material recovery, 
thereby amplifying their sustainability impact [138].

At the more experimental end of the innovation spectrum, trans
formative chemistries and architectures are emerging that could rede
fine performance baselines for the entire value chain. A trajectory is 
emerging among start-ups exploring solid-state batteries with ceramic or 
polymer electrolytes and lithium-metal anodes. Although still at pre- 
commercial stages, these technologies hold substantial promise for 
enhancing safety and energy density, positioning them as prospective 
transformative advances in battery development [133,135]. Their 
industrialisation would enhance battery performance and reduce de
pendency on critical raw materials, thereby fostering greater strategic 
resilience [135]. In parallel, a distinct segment of European battery 
start-up ventures is exploring alternatives to lithium-ion chemistries, 
such as sodium-ion, lithium-sulfur, and iron- or saltwater-based flow 
batteries [23,139–141].

4.3.3. Asia
Our value chain mapping shows that Asian start-up activity is 

concentrated in material, component, and battery cell production, with 
comparatively fewer ventures in recycling and none in raw material 
refining. This distribution reflects the region's manufacturing-intensive 
industrial clusters, particularly in separator and electrolyte produc
tion, supported by dense supplier networks and shared equipment bases 
[142,143]. Incumbent firms in East Asia already manufacture around 
90-95% of the global separator and electrolyte output [122], and a tight 
web of raw-material processors, speciality-chemical suppliers, and gig
afactories creates strong agglomeration economies at these midstream 
stages. The resulting cost advantages, rapid customer-qualification cy
cles, and shared talent pools lower entry barriers for new ventures in 
manufacturing-adjacent stages, reinforcing the path-dependent growth 
predicted by regional innovation and cluster theories. By contrast, the 
absence of start-up activity in raw material refining aligns with 
entrenched incumbent dominance and vertically integrated supply 

Fig. 5. Regional distribution of battery start-ups across the value chain stages (n = 39 for Europe, n = 63 for North America, n = 42 for Asia, founded between 2014 
and 2024; ≥1 funding round; total funding ≥100,000 USD; ≥10 employees). Multiple assignments across various stages of the value chain are possible.
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chains. Global separator manufacturing remains heavily concentrated in 
China, Korea, and Japan, ensuring that knowledge spillovers and spe
cialised equipment vendors remain anchored in these hubs [144,145].

Set against this cluster-driven structure, upstream activity centres on 
materials and precursors that feed the region's dominant cell-production 
base. Battery start-ups in Asia predominantly commercialize advanced 
lithium-ion chemistries, notably high-nickel nickel–manganese–cobalt 
and lithium iron phosphate. New Asian firms exhibit greater chemical 
diversity and market readiness, particularly in scalable, fast-charging 
lithium-ion variants that incorporate manganese-rich cathodes or 
silicon-enhanced anodes. An expanding subset is also rapidly advancing 
sodium-ion technologies, employing hard-carbon or polyanionic iron 
cathodes to offer cost-effective alternatives for stationary storage [146]. 
By building on upstream materials advances, midstream manufacturing 
emphasises process efficiency and quality control. Asian innovations 
incorporate green manufacturing methods, including water-based 
binders and solvent-free electrode processes, which effectively reduce 
carbon intensity and enable a closed-loop material cycle [97]. These 
production choices extend downstream into circularity models closely 
coupled to manufacturing operations. Recycling and circular-economy 
practices in Asia frequently involve integrated operations that 
combine recycling equipment manufacturers and battery cell producers 
within a single corporate structure, contrasting with Europe's 
regulatory-driven models and the US's decentralised, technology-centric 
approaches [147].

4.4. Policy landscape

The IEA Policies and Measures Database is a comprehensive re
pository of energy-related public policy measures, spanning climate 
change mitigation, energy efficiency, renewable energy, and other clean 
energy technologies. It consolidates information on past, existing, and 
planned government policies worldwide, encompassing various instru
ment types, including regulations, standards, government spending 
programs, and trade-related measures. The database has been actively 
compiled since 1999 through IEA's collaboration with national govern
ments and organisations, with updates and reviews conducted regularly 
(at least annually by member governments) to ensure currency [148]. 
Following the IEA framework, we categorise policies into three main 
types: regulation, information, and incentives. Regulation imposes 
binding requirements such as performance standards and product bans. 
Information raises awareness through labels, audits, and disclosures, 
while incentives shift the economics through grants, rebates, tax credits, 
and concessional finance [148–150]. Notably, the IEA database in
tegrates several sub-datasets, including the joint IEA/International 
Renewable Energy Agency Policies and Measures database, an Energy 

Efficiency policy database, a climate-focused measures database, and a 
database on building energy codes [151,152]. To translate this policy 
inventory into a tractable regional indicator, we aggregate the extracted 
battery-relevant measures and summarise them at the regional level. 
Policy density refers to the count of policy measures and serves as a 
descriptive proxy for the breadth of governmental policy activity 
[153–155]. It allows a transparent, comparable mapping of how 
extensively regions have legislated and implemented battery-relevant 
measures, and how this breadth co-evolves with regional start-up 
formation.

Fig. 6 suggests that Europe has the highest policy density in the 
battery sector (>280 measures). This suggests that Europe operates in an 
exceptionally high-density policy environment, characterised by an 
expansive institutional framework, whereas Asia and North America 
display a markedly more concentrated policy density.

The juxtaposition of these findings with regional start-up counts re
veals a notable mismatch. Although North America hosts the largest 
known cohort of battery start-ups, it had, at the time of our data 
collection, enacted fewer than 50 battery-related policy measures [148]. 
This divergence suggests that substantial entrepreneurial formation can 
occur within a lower-density policy environment, potentially supported 
by pre-existing ecosystem strengths such as deep venture capital pools 
[2]. Against this backdrop, the Inflation Reduction Act (IRA) represents 
a structural shift toward a more policy-driven regime. The 2022 IRA 
converges demand-pull and supply-push mechanisms, such as EV tax 
credits tied to domestic-content thresholds (§ 30D) and grant programs 
for manufacturing (§ 40207), moving the North American system to
ward a higher degree of policy intervention [126]. As shown in Fig. 5, 
Europe accounts for 39 start-ups. When viewed alongside the region's 
high policy density, this may reflect a non-linear and regionally asym
metric relationship between the breadth of administrative activity and 
actual firm creation. This mismatch is particularly pronounced in the 
upstream segment. Despite the presence of dense initiatives such as the 
Critical Raw Materials Act, Europe exhibits virtually no start-up activity 
in raw material refining [156]. Conversely, in the recycling segment, 
Europe shows a higher relative concentration of start-ups than other 
stages of its value chain. This may reflect a partial alignment in which 
specific mandates, such as Regulation (EU) 2023/1542, appear to pro
vide clearer market signals within an otherwise fragmented, 
high-density environment [157]. Finally, Fig. 6 shows that Asia's policy 
density is substantially lower than Europe's. In parallel, Fig. 5 indicates 
that Asian start-ups are concentrated in midstream segments, while 
upstream activity remains limited. This distribution is consistent with a 
policy environment shaped by long-running demand-side support and 
state-backed champions, which may have reinforced incumbents, 
potentially constraining the strategic space for new entrants [158]. The 

Fig. 6. Absolute frequencies of battery-relevant policy measures across world regions, categorised by instrument type at the national level. Data source: IEA Policies 
and Measures Database.
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observed discrepancy between Europe's high policy density and the 
comparatively low number of start-ups suggests that many policies alone 
do not necessarily translate into successful support for entrepreneurial 
entry. Instead, policy measures may differ substantially in their quality, 
coordination, and practical implementation. Accordingly, entrepre
neurial outcomes are likely to depend on key policy mix characteristics, 
such as coherence, credibility, and consistency, as well as on the 
content-related intensity of individual instruments [153,154,159].

5. Summary of findings and implications

Our research synthesises evidence to identify where entrepreneurial 
activity concentrates along the battery value chain, to locate gaps 
despite recent investment momentum, and to relate these patterns to 
regional industrial contexts, financing conditions, and prevailing policy 
environments. Using a stage-resolved mapping that permits non- 
exclusive assignments for hybrid business models, the analysis pro
vides a granular view of where start-ups contribute to technological 
progress and supply-chain performance and where bottlenecks continue 
to constrain system outcomes.

The landscape that emerges is dominated by midstream concentra
tion, with entrepreneurial activity clustering in knowledge-intensive 
domains that, while capital-intensive, remain comparatively compat
ible with venture finance when paired with industrial partnerships and 
access to incumbent-linked production networks [89,112]. By contrast, 
entry is markedly thinner in battery-grade mineral refining, indicating a 
persistent white space in one of the most system-critical nodes of the 
value chain. This white space is consistent with a compounding set of 
barriers that disproportionately disadvantage new entrants in refining: 
high fixed costs, lengthy and uncertain permitting and qualification 
processes, and customer-side lock-in reinforced by long-term contract
ing and off-take arrangements around incumbent producers [89]. At the 
same time, the funding conditions required to bridge the transition from 
proof of concept to qualified industrial production are often misaligned 
with venture capital time horizons and risk profiles, creating a scale-up 
gap for hardware- and materials-intensive ventures [160]. As a result, 
entrepreneurial experimentation and investment cluster where finance 
is most readily available rather than where additional capacity would be 
most system-critical for supply-chain resilience and circularity [161]. 
Financing dynamics reinforce this distribution: investment accelerated 
markedly after 2019. It peaked in 2021-2022 before moderating, yet the 
aggregate trajectory masks a bifurcated market in which a small subset 
secures large rounds while many hardware-intensive firms remain 
undercapitalised. This bifurcation widens the scale-up gap and slows 
customer qualification, compresses survival odds, and deters entry 
precisely at the capital-intensive stages where new capacity would have 
the most significant system value [84,89,161].

Geographical patterns mirror industrial capabilities, research assets, 
and the co-location of finance. North American start-ups pair upstream 
materials activity with exploration of next-generation chemistries and 
benefit from de-risking instruments that shorten time-to-market in 
critical nodes. Europe shows comparative strength in recycling and 
circular-economy services, and pursues incremental manufacturing im
provements, yet remains weak in refining and selected components. 
Asian ecosystems anchor dense materials, components, and cell pro
duction clusters, supported by incumbent scale, specialised supplier 
networks, and rapid customer-qualification cycles.

We operationalise regional policy environments using an IEA-based 
measure of policy density, aggregating battery-relevant measures by 
region and instrument type to enable a transparent comparison with 
observed start-up formation and stage-specific entry patterns. The 
mapping of regional policy landscapes highlights a critical practical 
insight: while policy density serves as an informative proxy for 
governmental commitment, its breadth is not a sufficient condition for 
industrial outcomes [154,155,159]. In high-density settings, policy 
portfolios can be extensive yet still fail to shift entry into the most 

system-critical upstream nodes if the binding constraints are not 
addressed. Regulatory breadth alone does not appear sufficient to sup
port entrepreneurial formation where permitting is fragmented, quali
fication and certification pathways are costly or opaque, and demand 
signals remain insufficiently credible for multi-year, capital-intensive 
assets. The regional juxtaposition makes this mechanism visible. Europe 
exhibits the highest policy density, yet start-up formation remains 
comparatively modest, with the mismatch most pronounced upstream. 
Despite prominent initiatives such as the Critical Raw Materials Act, 
entrepreneurial entry into battery-grade mineral refining remains 
limited, suggesting that a large number of measures alone cannot resolve 
the transaction costs and uncertainties that govern upstream investment 
decisions. In contrast, the North American ecosystem has historically 
supported higher start-up counts within a lower-density regulatory 
framework. Policy-outcome mismatches may arise where permitting, 
standards and certification frictions impose transaction costs that can 
outweigh price-based incentives, especially for capital-intensive assets 
with long qualification cycles.

Our findings suggest that high policy density, while indicative of 
political commitment, is not a sufficient driver for entrepreneurial entry 
in capital-intensive nodes. Specifically, the European context demon
strates that a proliferation of individual measures cannot compensate for 
high transaction costs and uncertain qualification pathways. Building on 
the stage-resolved mapping, this implication is most visible in upstream 
battery-grade refining and precursor production, where start-up entry 
remains markedly thinner despite dense regulatory and incentive port
folios. Policymakers should shift from broad-based support for 
midstream niches to targeted interventions at upstream bottlenecks. 
Furthermore, rather than merely increasing the number of incentives, 
focus should be placed on the credibility of long-term demand signals, 
such as guaranteed off-take frameworks for domestically refined 
battery-grade materials, to de-risk the entry of non-incumbent players. 
While the global reliance on “demand-pull” measures is politically 
tractable and effective at accelerating technology diffusion [162,163], 
such instruments inherently benefit incumbents with existing infra
structure. They often fail to address the informational and institutional 
needs of early-stage ventures [164]. A more integrated and diversified 
policy mix could unlock entrepreneurial activity across the battery value 
chain.

Financing conditions further reinforce this logic. Our findings show 
that investment accelerated after 2019 and peaked in 2021-2022, yet the 
aggregate trajectory masks a bifurcated market in which a small subset 
secures large rounds while many hardware- and materials-intensive 
ventures remain undercapitalised. This implies that price-based in
centives alone are unlikely to close the demonstration-to-qualification 
scale-up gap that deters entry precisely in the stages with the highest 
system value for resilience and circularity. Stage-matched, risk-tolerant 
finance can therefore complement regulatory reforms by bridging the 
period between proof of concept and qualified industrial production.

For entrepreneurs, the stage-resolved typology functions as a prac
tical map of value chain positioning and commercialisation pathways. 
The observed midstream concentration indicates intensifying competi
tion in manufacturing-adjacent domains, implying that ventures in these 
stages must differentiate through step-change performance, cost ad
vantages, or privileged access to industrial partnerships and customer 
qualification channels. In contrast, the persistent gaps in battery-grade 
refining and precursor production suggest opportunity areas, but only 
for teams that can operationalise credible pathways to industrial 
adoption.

6. Limitations and future research directions

Our research provides a structured analysis of battery start-ups, 
highlighting where entrepreneurial engagement concentrates along 
the value chain and where structural gaps persist. First, the database 
relies on publicly available company information and press coverage, 
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complemented by Crunchbase entries, rather than a mandate-driven 
registry, so it may undercount early-stage or otherwise less visible 
ventures that have not yet attracted funding or media attention. As 
Krishna et al. (2023) caution, relying exclusively on venture-capital data 
can systematically underestimate entrepreneurial activity in emerging 
economies because many transactions and entities remain outside 
standardised deal databases, thereby leaving some battery start-ups 
uncaptured in our sample [88]. Future research could broaden the in
clusion criteria, triangulate more systematically with public funding 
databases and corporate disclosures, or leverage proprietary data sour
ces to better identify such hidden ventures across different regions and 
value-chain stages. Second, assigning start-ups to specific value-chain 
stages necessarily involved judgment calls, particularly for firms with 
hybrid or multi-role business models that span several functions. We 
mitigated this challenge through systematic source triangulation, 
co-author review of coding decisions, and a typology that permits 
multiple-stage assignments to reflect vertically integrated or 
platform-based strategies. However, some degree of misclassification 
remains possible, and categories are not always mutually exclusive. 
Future work could refine this approach by integrating richer 
project-level data, customer portfolios, or patent information to improve 
stage attribution and more precisely distinguish between core and 
ancillary activities within individual firms. Third, our study captures the 
policy environment using a policy density metric that counts 
battery-relevant instruments from the IEA Policies and Measures Data
base, enabling transparent, cross-regional comparison and operational
ising the breadth of institutional engagement across different nodes of 
the battery value chain [148,153–155]. This quantitative indicator 
captures policy positioning in terms of institutional thickness and the 
regional scope of formal measures, consistent with GVC perspectives 
that emphasise institutional influence and governance environments. 
However, it does not assess the qualitative characteristics of those in
struments. Future extensions could therefore develop complementary 
policy output indicators that add intensity dimensions, and link these to 
observable implementation pathways, enforcement outcomes, and 
stakeholder impacts, thereby connecting the policy positioning captured 
by density to concrete effects on start-up formation, scaling, and 
upgrading along the battery value chain [154,155,159].

Finally, the cross-sectional design adopted here is well suited to 
providing a structured snapshot of the global battery start-up landscape 
and to comparing value-chain positioning across regions at a given point 
in time, but, by construction, it does not trace firm trajectories, such as 
survival probabilities, scaling paths, or migration between value-chain 
stages. Building a longitudinal panel with regular updates would 
therefore offer a natural next step, enabling future research to track 
entry and exit, time-to-scale, upgrading moves between stages, and re
sponses to exogenous shocks such as commodity-price swings, major 
regulatory reforms, or significant industrial-policy announcements, and 
thus move from purely descriptive mapping toward event-study designs 
and more causal inference.

7. Conclusion

Batteries have become a strategic infrastructure in the net-zero 
transition. Adopting an integrated GVC and EET analytical lens, our 
stage-resolved mapping provides a granular account of where entre
preneurial activity concentrates along the battery value chain and how 
chain governance and place-based ecosystem endowments intersect 
with financing dynamics and regional policy architectures. Entrepre
neurial activity clusters in midstream domains, particularly advanced 
materials, components, and cell manufacturing, where knowledge in
tensity can be combined with industrial partnerships and venture 
finance. Entry remains limited in battery-grade refining and precursor 
production due to fixed costs, extended qualification cycles, and 
incumbent lock-in, which deter entry despite their high strategic rele
vance. Aggregate investment has expanded, yet a persistent scale-up gap 

continues to undercapitalise hardware-intensive ventures as they tran
sition from prototype to qualified industrial production. Regional pro
files diverge: North America combines upstream materials activity with 
exploration of next-generation chemistries and relies on de-risking in
struments; Europe shows relative strength in recycling and circular 
services but remains weak in refining and selected components; and Asia 
anchors dense materials-to-cell clusters supported by incumbent scale 
and rapid qualification cycles.

These configurations suggest structural vulnerabilities in the 
emerging battery industrial system. Thin domestic refining and pre
cursor capabilities may heighten exposure to geopolitical and com
modity shocks. At the same time, mismatches between venture capital 
horizons and multi-year asset cycles may slow learning-by-doing and 
customer qualification. Entrepreneurial activity in parts of the end-of- 
life segment appears comparatively limited, and uneven standards, 
testing facilities, and certification pathways may further elevate entry 
barriers and reinforce regional dependencies.

Theoretically, this study contributes to the GVC literature by 
showing how governance intensity, participation patterns across stages, 
and incumbent-controlled qualification regimes are associated with 
uneven entrepreneurial entry and constraints on upgrading within the 
battery value chain. It advances EET by clarifying how territorially 
embedded ecosystem endowments, particularly finance availability, 
industrial partnerships, and policy positioning, shape scaling prospects 
for capital-intensive deep-tech ventures. By integrating EET with GVC, 
the paper links place-based resource mobilisation with chain-structured 
power and coordination, offering a structured explanation for why 
entrepreneurial activity clusters in some regions and stages while 
persistent white spaces remain in others. Strategically, the findings 
suggest that policy and financing approaches may be most effective 
when aligned with stage-specific bottlenecks. Policy portfolios need to 
rebalance toward system-critical stages that remain difficult to finance 
privately by pairing supply-push tools with credible demand-pull mea
sures and streamlined permitting and certification pathways. In parallel, 
industry consortia can expand shared qualification infrastructure, pro
mote interoperability, and develop pre-competitive data spaces. Better 
alignment of policy, industry, and finance around these levers can 
strengthen upstream resilience, accelerate midstream innovation, and 
support the closure of downstream material loops, thereby supporting 
more secure and sustainable battery supply chains.
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