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With the growing global focus on sustainable
mobility, electric vehicles (EVs) have
become the forefront of transport
transformation, of which the battery industry
is critical as a core link in the EV supply
chain. The paper outlines the significant
spatial differences among member states of
the EU, in terms of production, supply chain,
market consumption, preferences, research
and development (R&D) and technological
innovation in the development of the EV
battery industry. Based on the research
purpose of exploring the core factors of
spatial differences, after using the global
Moran's I index to diagnose the existence of
spatial dependence, a spatial lag model was
constructed and found that the ratio of direct
employment in the automobile industry to
manufacturing, natural gas supply, outward
foreign direct investment stocks of China,
corporate R&D expenditures, and private
investment in the circular economy have a
significant impact on the export value of
battery products of EU member states. The
partial effect of foreign direct investment
(FDI) of China is weak, while the influence
of private investment in the circular economy
is suppressive. In order to promote the
development of the EV battery industry in
EU member states, this study argues that
governments of EU member states need to
promote venture capital investment to help
increase R&D capacity, to optimize energy
structure, and to reflect on the investment
cooperation with China from its effect and
influence path.
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Introduction

With the severe situation of global climate change and the urgent need for emission
reduction targets, the issue of carbon emissions in the transport sector has become
increasingly prominent. As a mode of transport that can reduce carbon emissions and
improve energy efficiency, electric vehicles (EVs), which can replace traditional
internal combustion engine vehicles (Schreiber et al. 2023), are gradually attracting
widespread attention and being actively promoted by governments, enterprises, and
consumers around the world. Electrification that uses electrically powered equivalents
to replace processes based on fossil fuels is expected to reshape the automobile
industry (Szalavetz 2022). EV batteries are regarded as the core component of EVs,
and their performance and cost not only directly affect the range, safety, and economy
of EVs, but also directly relate to the popularity speed and market potential of EVs.
Therefore, the healthy development of EV battery industry plays an important role
in promoting the popularity and expansion of EV market.

As one of the global important economies, the EU has been actively promoting
energy conservation, emission reduction and sustainable development goals, and has
played a contributory role in advocating the development of new energy,
environmental protection, scientific and technological innovation, and other fields.
In the EV and its battery industry, the EU not only has a strong interest for further
development, but also is trying to promote R&D capabilities on battery value chains.
However, the degree of development of the EV battery industry in the member state
is not consistent, and there are obvious differences in production capacity, technology
level, market demand, policy support and other aspects. This spatial difference has
not received sufficient attention and in-depth analysis.

This research aims to analyse the main reasons and internal mechanisms behind
the spatial differences of the electric vehicle battery industry in the EU member states,
and to put forward targeted policy recommendations and strategic directions through
an in-depth exploration of the spatial differences of the industry. The study will focus
on the following core issues: first, to describe and analyse the spatial distribution and
development situation of the EU EV battery industry; second, to explore the main
influencing factors behind the spatial differences of the industry, such as the policy
environment, market demand, scientific and technological innovation capacity, and
industry chain synergies; and third, to put forward strategies and measures to promote
the synergistic development of EV battery industry.

The rationale of the study of spatial differences in the EV battery industry among
EU member states is significant. EU member states have common interests and
synergistic potential in the development of the EV battery industry, and a deeper
understanding of the differences among them can help promote more effective
allocation of resources, strengthen the synergy effect of the industrial chain, improve
the overall global competitiveness of the EU, and provide new perspectives and paths

Regional Statistics, Vol. 15. No. 3. 2025: 554-578; DOI: 10.15196/RS150307



556 Ligiao Yang-Izabella Szakélné Kané-Andredsz Kosztopulosz

for the global response to the challenges of climate change and the realization of
sustainable development.

The article is organized as follows: it begins with a literature review, followed by a
characterization of EV battery industry in the EU member states, the research design,
and the empirical analysis and discussion. The article ends with a conclusion including
policy recommendations, research limitations and future directions.

Literature review

The EV battery industry is an interdisciplinary field of study involving disciplines such
as economics, engineering, and environmental science. Scholarly research on this
topic has increased with the rapid development of EVs. International Energy Agency
(2023a) reports that the sales of EVs continue to increase in the past year although
the disruption of supply chain, especially in major markets such as Europe, China,
and the United States, which is further fuelled by government policy support and
increased consumer demand for clean energy.

Based on the history of the traction battery industry, Placke et al. (2017) analyse
the advantages and disadvantages of traction batteries in various scenarios. As viewed
from the perspective of start-ups, Sick et al. (2018) examine the development of the
lithium-ion battery industry's value chain. They find that start-ups are limited in their
ability to transfer technology and that their market opportunities are concentrated at
the upper reaches of the battery value chain. The lack of adequate core technology,
the low profitability of corporations, and the difficulty of recycling batteries pose
challenges to the industry. Moreover, Sick et al. (2018) discuss the current situation
and future trends of the new energy vehicle battery industry in terms of key resources,
market development and traction battery cost and performance.

A number of scholars have also emphasized the importance of policy guidance in
developing the battery market for new energy vehicles. For example, Melin et al.
(2021) suggest that EU regulations intended to improve transparency and traceability
throughout the battery life cycle could lead to an increase in the capacity of batteries
to be produced sustainably. Based on an electricity trading market petrspective,
Martins—Miles (2021) assess the feasibility and profitability of deploying battery
technology in the UK electricity market, highlighting the policy role in terms of
institutional reform, battery costs, and volatility of electricity prices. The innovation
of traction batteries and recycling is also influenced by different policies (Joshi et al.
2021, Wang et al. 2021).

Battery technology has also made significant progress in recent years, with the
energy density of lithium-ion batteries increasing by nearly 70% over the past five
years (Deshwal et al. 2022), while emerging technologies such as solid-state batteries
and hydrogen fuel cells are also making breakthroughs (Schmuch et al. 2018). In
addition, the significant decline in the cost of batteries has been one of the key drivers
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of the market growth (Bajolle et al. 2022), with the average cost of battery packs
declining by 85% between 2009 and 2019 (Nykvist—Nilsson 2015). The geographical
distribution of the global battery industry is also changing, gradually shifting from
market dominance in Asia to Europe and North America, and governments have
developed several strategic plans to promote the growth of the local battery industry
(Lutsey—Nicholas 2019). Yet, despite the promising future of the global electric
vehicle battery industry, there are many challenges that need to be addressed, such as
the complexity of the raw material supply chain, the environmental impact of the
battery production process, and battery recycling and secondary utilization (Lai et al.
2022).

EV market is expanding rapidly in Europe, fuelling growth in battery demand.
According to International Energy Agency (2023b), the sales of EVs in the EU
reached 2.7 million in 2022, a 17.39% increase from 2021. Countries such as Germany
and France have already made achievements in battery production, R&D and have
built battery production facilities in cooperation with several major global battery
suppliers (Figenbaum 2017). The EU has introduced a series of policies and plans to
promote the development of the EV battery industry, and to focus on the life cycle
management and environmental impact of batteries, emphasizing the importance of
sustainability. For example, the European Commission promoted the creation of the
European Battery Alliance (EBA) by investing 1 billion EUR to enhance Europe's
competitiveness in the global battery market (EC 2019). However, there are also
researchers arguing that despite the positive progress in terms of market, technology,
and policy, the EU still faces challenges, such as access to raw materials and supply
chain management, recycling and reutilization of batteries, and competition with the
major global battery producing countries, such as China and South Korea (Balali—
Stegen 2021).

Current research on the development of the EV battery industry is becoming
increasingly diverse. On the one hand, the focus of research is primarily on a single
technical aspect, such as the improvement of battery performance and the application
of new materials, but rarely is there any comprehensive consideration of the upstream,
midstream, and downstream aspects of the development of the industry from the
perspective of the industry chain, as well as a comprehensive analysis of the dynamic
development of the EV battery industry. On the other hand, the existing studies,
however, tend to concentrate on a single country's case study and do not provide a
comparative analysis across regions. It is necessary to examine the development
differences between different countries from a regional perspective so that
development strategies can be better formulated to promote the development of the
new enetgy battery industry. The EU, as the wotld's largest regional economic bloc,
is also pursuing a strategic course in promoting the transition to electrification in the
automotive sector. Increasingly stringent policies within the bloc contribute both to
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the sustainability of their member countries' economic development and climate
change, while also serving as a valuable reference for other nations.

Spatial differences in the EV battery industry

Spatial differences in the EV battery industry among EU member states are reflected
in several facets, including production, consumption, R&D, government support and
market access, due to the differences in economic, technological, policy and social
factors across member countries.

Production capacity discrepancies

In terms of production scale, countries such as Hungary, Poland, and Sweden have
become major producers of EV batteries in 2022. For example, Hungary's production
of EV batteties reaches 38 GWh in 2022, accounting for 53.52% of the EU's total
production. Sweden and Poland follow with output of 16GWh and 15GWh
respectively. In contrast, other countries are lagging behind in battery production,
with smaller production scales. Driven by factors such as policy support, growing
market demand, large-scale investment and cooperation, EU's EV battery production
will grow from 71GWh in 2022 to 520GWh in 2025, with an average annual growth
rate of 93.3%. As shown in Figure 1, by then, Germany, Sweden, Italy, and Hungary
will be the largest battery manufacturers in the EU, with the battery supply in the four
countries accounting for 74.23% of the entire region. Central and Eastern European
countries, especially the V4 (Visegrad Group), consistently supply to 20.96% of the
production scale (European Court of Auditors 2023).
Figure 1
Planned battery production capacity per member state in 2025
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Supply chain discrepancies

The battery industry chain involves a series of links from raw material extraction,

processing, battery production, use and recycling. Raw materials such as lithium,

nickel, cobalt, manganese and graphite are not only the basis for battery energy
storage and output, determining key properties such as battery capacity,
charge/discharge rate, stability and lifetime, but their price and availability directly
affect the production cost of the battery (Helbig et al. 2018). With regard to the
supply of raw materials, there are differences within the EU, with some countries
having abundant raw materials, such as Finland and Sweden, which are rich in nickel
and cobalt (EC 2021), helping support local battery production. Others rely mainly
on the international market for supply and recycling. For example, Spain relies heavily
on the international market for lithium supply (US Geological Survey 2020).

Table 1
Number of firms headquartered in battery supply chain per member state
Country mizzals Battery packs mlt(t::r‘i,:ls manu?:cliuring Application | Recycling
Austria 0 5 2 4 5 2
Belgium 3 5 7 7 6 8
Bulgaria 1 2 1 1 1 2
Croatia 0 1 0 0 2 0
Cyprus 0 1 0 0 1 0
Czechia 2 4 1 4 4 1
Denmark 1 0 1 0 2 0
Estonia 1 0 0 0 0 0
Finland 10 9 3 6 8 6
France 8 18 12 15 11 7
Germany 12 38 32 37 45 26
Greece 0 0 0 0 1 0
Hungary 3 5 2 2 4 5
Ireland 2 2 2 1 1 2
Ttaly 1 8 5 9 11 3
Latvia 0 0 0 0 0 0
Lithuania 0 1 0 0 1 1
Luxembourg 0 0 2 0 0 0
Malta 0 0 0 0 0 0
Netherlands 0 0 1 0 0 0
Poland 1 1 3 0 5 3
Portugal 2 0 1 0 3 1
Romania 0 1 0 1 1 1
Slovakia 0 3 0 0 4 2
Slovenia 0 1 1 0 0 1
Spain 2 10 7 9 18 8
Sweden 3 5 7 5 11 7

Source: own construction based on European Battery Alliance 250 network.
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In terms of supply chain integration, 11 out of 27 EU member states have
established a complete domestic supply chain for battery production, as shown in
Table 2. With reference to geographical distribution, they are Nordic countries of
Finland and Sweden, Western European countries of Belgium, France, Germany,
Ireland, Italy, and Spain, along with Hungary, Czechia and Bulgaria in Central and
Eastern Europe (CEE). The largest number of companies are engaged in the EV
battery industry and are headquartered in Germany and France. The others specialize
only in specific parts of the supply chain, such as battery packs in Slovakia, active
material supply, application, and recycling operations in Poland.

Market consumption and preference differences

Differences in the development of the EV battery industry are also reflected in the
number of EVs sold. Statistics published by the European Environment Agency
(EEA [2022]) show that the EV market in the EU has been steadily increasing the
number of new EV registrations per year since 2010, from 600 units in 2010 to 1.7
million newly registered EVs in 2021, accounting for 18% of the total new
registrations, as shown in Figure 2.

Figure 2
Total new registrations of EVs in EU27
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Source: EEA (2022).

However, the differences of the newly registered EVs among EU member states
are significant. The Nordic countries are leading the way in EV consumption. In 2021,
Sweden, Denmark and Finland have a larger market share of EVs than any other EU
member state, with shares of 46%, 34.5% and 31.8% respectively. Comparatively,
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several CEE countries have a smaller market share of EVs. For example, in the same
year, Cyprus, Slovakia, and Czechia sold relatively few EVs, with shares of 0.8%,
2.1%, and 3.2%, respectively (EEA 2022).

In terms of the number of newly registered EVs in 2021, Germany, France and
Italy have the largest sales markets, with 0.67 million, 0.31 million and 0.13 million
units respectively (see Figure 3). In terms of EV types, consumers in the Nordic
countries prefer plug-in EVs, while other countries have a good mix of plug-in EVs
and battery EVs.

Figure 3
Number and percentage of newly registered EVs by country in 2021
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In addition, the differences in consumption between luxury and economy vehicles
coexist in the EV market. Several EU countries, notably Germany, France, and Italy,
have become major markets for luxury EVs. German automakers, such as BMW,
Audi, and Mercedes-Benz, have introduced several luxury EVs that are sold globally
(European Automobile Manufacturers Association 2020). Tesla has also captured a
significant share in many European markets, with premium models such as its Model
S and Model X being popular (BloombergNEF 2023). Meanwhile, some Southern
and Eastern European countries prefer budget electric vehicles. For example, the
Renault ZOE is performing well in countries such as Spain and Portugal, where these
models offer consumers a relatively reasonably priced EV option (Renault Group
2023). Brands such as Skoda in the Czech Republic and Slovakia and Dacia in
Romania have also introduced affordable EVs (Skoda Auto 2020).

R&D and technological innovation differences

Germany is a world leader in EV battery technology, and the German government
has invested a large amount of money to support battery R&D, such as the National
Electromobility Development Plan, which plans to invest 3 billion euros in research on
high energy density batteries and charging technology (German Federal Ministry of
Economic Affairs and Energy 2009). The country's industrial giants such as
Volkswagen, Daimler, BMW, and several other automotive groups are also actively
involved in the innovation of battery technology, and work closely with academia to
promote the rapid transformation of technology. While the French battery industry
is also characterized by close collaboration between the government, big companies,
and academia, such as the collaborative project between Renault and the French
National Research Centre (CNRS) to improve battery reliability and lifetime
(Lebrouhi et al. 2022), the industrial focus of the country is on reducing the cost and
improving the efficiency of EV batteries. In Italy, the research on EV battery
technology is relatively decentralized, including multiple directions such as improving
energy density, reducing cost, and improving safety. Companies such as Fiat Chrysler
are also actively exploring new battery technologies to meet the needs of different
markets (Stellantis 2020).

Countries such as the Netherlands, Sweden and Norway focus on environmental
protection and sustainability in battery technology development. The Dutch
government has supported a number of battery R&D projects centered on the circular
economy (Kalmykova et al. 2018). The Scandinavian countries, on the other hand,
are jointly working on battery technology through the Nordic Electric Vehicle
Initiative, focusing on sustainable access to raw materials and battery recycling
(Nordic Energy Research 2018). The CEE countries, on the other hand, are lagging
behind in R&D in the EV battery industry and are relying mainly on attracting foreign
direct investment (FDI) and strengthening co-operation with and following Western
European countries. However, the governments of these countries have the intention
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to develop the battery industry and are actively seeking opportunities to co-operate
with large enterprises in order to enhance their R&D capabilities. For example, the
Hungarian government (2022) regards it as a national strategy.

Research design

Research method and model construction

As a political and economic alliance, although the EU is committed to narrowing
regional development gaps, there is still a huge heterogeneity in territorial capital
across Buropean space (Toth 2023), and the differences in EV distribution between
countries remain distinct (Shao—Misi¢ 2023). Electrification is reshaping the value
chain of the automotive industry. The development of the battery industry, which is
the core component of EV vehicles, will help alleviate the economic development
gap among member countries. However, the problem of uneven distribution of
production factors in the battery industry still exists. The development of the EV
battery industry is not only limited by socioeconomic factors, but may also be affected
by spatial interaction. Geographical location has an important impact on the
development and competitiveness of the industry. The development of the battery
industry, such as supply chain, raw material procurement, production facilities, etc.,
may be affected by interactions between countries that are geographically close, which
involves spatial dependence. Besides, government policies and support measures for
industrial development vary in geographical distribution, and policies in different
countries or regions may have different impacts on the development of the battery
industry. Due to the ordinary least squares (OLS) regression models cannot handle
spatial dependence well, this article chooses to build a spatial econometric model to
explore the factors influencing the development differences of the EV battery
industry among EU member states.

Spatial econometrics argues that spatial correlation is ubiquitous. The first law of
geography states that ‘Everything is related to everything else, but near things are
more related than distant things’ (Tobler 1970). The prime task of conducting spatial
econometric analysis is to establish a spatial weight matrix to measure the spatial
correlation of economic variables. Common weight matrices are divided into based
on contiguity, geographical distance matrix and economic distance. Considering the
development of modern transportation industry and the differences in economic
growth among countries, this paper selects the rook contiguity weight matrix to

maintain its exogeneity. The weight matrix is as follows:
W = { 1, when country i and country j are adjacent, 0
YU 7|0, when country i and country j are not adjacent.

In addition, in order to avoid mathematical problems such as matrix irreversibility
and eigenvalue instability that affect the estimation and interpretation of the model,
the paper row-standardized the spatial weight matrix to smooth the spatial spillover
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effects of different individuals to the average value of all research objects. The matrix
W in the following part is the row-standardized one, where:

_ Wi
W= XjWij @

For countries with neighbours, the sum of the elements in each row after row
standardization is 1. For those without neighbours, both the elements and the sum are 0.
Hence, the spatial econometric model constructed in this article is:
Y = pWY + X + WX + (7 3)
0=0W0O+ [,e~N [0, 1] 4
where, Y represents the dependent variable; X represents all independent variables;
W represents the nXn—dimensional spatial contiguity weight matrix; 3 represents the
correlation coefficient of X; p and 0 represent the spatial correlation coefficient; A
represents the spatial error coefficient; u and e represent random errors, and & follows
a normal distribution, while I is an nXn—dimensional unit matrix. When p#0, 6=0
and A=0, it is consistent with the spatial autoregressive model (SAR), which is also
knows as spatial lag model (SLM); when 0=0, 6=0 and A#0, it is consistent with the
spatial error model (SEM); when p7#0, 670 and A=0, it conforms to the spatial Durbin
model (SDM). Subsequently, the model form is specifically selected based on the test
and significance results.

Variable selection and data sources

For the dependent variable, this study wuses battery products export value (bpev), which are
categorized as the HS8506 and HS8507 product groups based on the Eurostat's
Comext data, as a proxy variable to measure the development of the EV battery
industry. Such the substitution is not the best indicator and might cause some
estimation bias, while is an alternative in the absence of data on the EV battery
production in many EU member states and it is reasonable in some cases. First of all,
the export value of battery products can partially reflect the scale of a country's battery
industry, for which larger industries usually produce more products for export, which
reflects a certain level of industrial development. Secondly, high battery product
exports may indicate that a country's battery industry is competitive in the
international market, which may be related to the industry's innovation capabilities,
product quality, and market share. Elteté (2023) also argues that the Hungarian
government uses battery product export values as an indicator as a strategic reason
when attracting foreign investment to build new battery factories in the country and
enhance the competitiveness of the country's battery industry, pointing out that
Hungary's battery supply will meet 35% of the European market demand.

There are five independent variables in the model as the following:

The first predictor variable is share of direct automotive employment in manufacturing industry
(sodae). Direct employment in the automotive industry has a significant impact both
on the development of a country's EV and EV battery industry. As the EV market
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grows, battery demand is rising rapidly, which is driving the expansion of the EV
battery industry. The growth of the battery industry requires a large number of
workers, including battery manufacturing, materials R&D, production line operations
and other fields. The increase in employment in the automotive industry can provide
a stable labour force for the battery industry and promote its development. Wen et
al. (2021) analyse the impact of Covid-19 on China's electric vehicle market and also
point out that the automobile industry is labour-intensive and relies heavily on labour.
Restrictive measures during the epidemic have led to a reduction in labour supply,
causing a sharp decline in China's battery cat production. In addition, destroyed by
the electrification revolution, the employment originally engaged in internal
combustion engine manufacturing can also supply labour force for the EV battery
industry.

The second is total natural gas supply (ngs). Natural gas supply may also have an
important impact on the development of a country's EV battery industry. Natural gas
is commonly used for power generation and industrial production, and EV battery
manufacturing requires large amounts of electricity. In addition, natural gas is
considered a cleaner energy source, and its use reduces greenhouse gas emissions
compared with traditional fuel oil IEA 2019). This is in line with the sustainability
goals of the EV battery industry. Sufficient natural gas supply can ensure stable power
supply and help support the production of the EV battery industry. also argue that
battery production is an energy-intensive process. They estimate that an average of
41.5 kWh of energy cell capacity is required to produce 1 kWh of EV battery output,
with natural gas and electricity each accounting for about half of the demand.
However, electricity is used as a derivative to generate other energy products, and its
original form is credited to the transformation output (Eurostat 2023). To avoid
double counting, only the total natural gas supply is taken into consideration.

The third is ontward FDI stocks of China in EU member country (odicn). There are
different views on the outward FDI of China in the EU, especially in the Central and
Eastern Europe (CEE) region. On the one hand, some scholars believe that Chinese
investment has a positive impact on the economic development and infrastructure
construction of CEE regions. It is a transformative actor in host countries during the
early stages of economic transformation (Szakilné Kané et al. 2019), which can
promote employment, improve living standards, and increase economic growth
(Antaléezy et al. 2022, Szunomar—Biedermann 2014). On the other hand, other
researchers are worried that China's FDI may lead to problems such as over-
exploitation of resources, environmental problems, debt traps, employment
competition, and technology transfer (Weng et al. 2021). In addition, still others also
express concerns about that China may turn CEE member states against EU unity by
offering economic benefits (Matura 2019). While it is difficult to come up with a
unanimous voice on the effect of FDI, it is undeniable that China has become the
world's largest EV market and continues to lead in battery manufacturing technology
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nowadays. It is projected that the more contact the host country has with the Chinese
outward FDI stock, the more chance it will get to absorb greenfield investment,
technology, and management experience in EV battery industry to stimulate the
development of domestic EV battery industry.

The fourth is business enterprise expenditure on R&D (berd). EV battery technology is a
rapidly developing and technology-intensive field (Wang—Mah 2022), and a
company's innovation capabilities and R&D activities determine its position in global
competition (Papanastassiou et al. 2020). Corporate R&D expenditures can reflect
the innovation potential and prospects of a country or region’s battery industry.
A high level of R&D expenditure usually means that companies invest more resources
in technological innovation and product improvement. It helps technological
innovation, product quality improvement, cost reduction and market share
expansion, thereby promoting the competitiveness and innovation capabilities of the
EV battery industry. Catenacci et al. (2013) indicate that an additional 1 million USD
in public R&D expenditure would result in a reduction in battery costs of $0.49 to
$0.59 per kWh.

The fifth is private investment related to circular economy sectors (pice). The battery industry
is closely related to the circular economy, especially in terms of battery life cycle
management, resource recovery and reuse (Gléser—Chahoud et al. 2021). Private
investment in the circular economy can promote R&D of sustainable materials and
resource management, and promote the development of waste battery recycling and
reuse technology, thereby reducing resource waste and environmental impact.
Research from European Commission (2020) shows that investment in circular
economy can improve the sustainability of battery materials, reduce production costs,
and increase the life cycle of products, which is crucial for the long-term development
of the electric vehicle battery industry. However, private investment in the circular
economy may also have a crowding-out effect, leading to a reduction in R&D
expenditures for the battery industry, and overly stringent standards may also delay
the development of the industry.

As for the data sources for the variables, sodae is from the European Automobile
Manufacturers’ Association (ACEA), odicn is from the Ministry of Commerce of the
People's Republic of China MOFCOM), and the other data ate from the Eurostat
and OECD. Due to the availability of data, this paper is based on 23 countries in the
EU: Austria, Belgium, Croatia, Czechia, Denmark, Estonia, Finland, France,
Germany, Greece, Hungary, Ireland, Italy, Latvia, Luxembourg, Netherlands, Poland,
Portugal, Romania, Slovakia, Slovenia, Spain, and Sweden, of which the cross-
sectional data is for 2021.

In order to reduce the heteroscedasticity of the data, this article first took the
logarithm of bpev, ngs, odicn, berd and pice before building the model. The
descriptive statistical characteristics of each variable are shown in Table 2, which
suggests that in 2021, there are significant differences in the export industries of the
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battery industry in the EU member states, with the maximum logarithmic value being
22.706, the average logarithmic value being 19.66, and the minimum logarithmic value
being only 16.16. The rest of selected variables also show obvious discrepancies
geographically.

Table 2
Descriptive statistics of research variables
Variable Unit Mean Star}dgrd Minimum | Maximum
deviation
Lnbpev EUR 19.66 1.85 16.16 22.76
sodae % 6.42 5.05 0.00 16.00
Lnngs thousand tons of oil equivalent 8.65 1.50 5.98 11.27
Lnodicn million USD 6.12 2.46 1.48 10.26
Lnberd million EUR 7.98 1.73 4.33 11.23
Lnpice million EUR 7.44 1.58 4.68 10.36

Empirical analysis and discussion

Diagnostics for spatial dependence diagnosis

The global Moran's I index was used to conduct spatial dependence test on the export
value of battery products of the 23 EU member states in 2021. The index can
effectively detect the regression residuals between entire spatial adjacent areas and
determine whether EU member states are positively corrected, negatively correlated,
or uncorrelated. The value range of the global Moran'l index is [-1, 1]. A positive
value indicates a positive spatial correlation, a negative value indicates a negative
spatial correlation, and 0 indicates no correlation. The larger the absolute value, the
stronger the spatial correlation. The index is defined as:

iy By Wij (=) (x—%)

RED ) z:;'1=1 Wij

Moran's I = (5)
where, n is the total number of regions; S? is the sample variance; W; ; 1s the spatial
weight matrix; x is the value of the variable, and ¥ is the sample mean of the variable.

The spatial correlation of the logarithmic value of EU member states’ battery
industry export amounts calculated based on the row-standardized contiguity matrix
is shown in Figure 4. In 2021, its Moran's I value is 0.2802, passing the significance
test of about 5%, indicating that EU member states have significant spatial positive
correlation characteristics in the export of battery products, which are specifically
manifested in two characteristics: one is that countries with high levels are adjacent
to each other, and the other is that a certain country is low but neighbouring countries
are high. A noteworthy phenomenon is that Hungary's own battery product export
value is large, while its neighbouring countries are relatively smaller.
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Figure 4
Global Moran’s I value of Lnbpev and its permutations
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Note: Ireland and Greece as isolates in weight are removed when generating Moran’s 1.

Quantile map of Lnbpev

Figure 5
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The quantile map (shown in Figure 5) also reveals that the 23 EU member states
in the study have spatially differentiated attributes in battery product export indicator.
However, a point worthy of attention is that both Figure 4 and Figure 5 show that
Hungary’s domestic battery product export value is large, while the exports of
neighbouring countries are small.
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Selection of spatial econometric models

Since member states have significant spatial correlation in their export levels of battery
products, it is appropriate to establish a spatial econometric model to measure its
factors. However, the specific model form still requires further diagnosis. Following
Anselin (2005), two Lagrange multiplier (LM) tests and their robust counterparts can
be employed to test for the presence of two possible forms of spatial autocorrelation:
LM lag for spatial lagged autocorrelation and LM error for spatial error autocorrelation.
If LM lag is significant but LM error is not significant, the spatial lagged autoregression
model should be used; if LM error is significant but LM lag is not significant, the spatial
error model should be chosen; if both LM lag and LM error are not statistically
significant, the significance of robust LM lag and robust LM etror is further compared;
if both LM lag and LM error are significant, then their robust counterparts should be
further compared to selected the more significant one (Hu et al. 2014, Nugraha et al.
2021). According to Table 3, since the LM lag value is significant at the 5% significance
level, while the LM error value is not significant, indicating that the spatial lagged
autoregression model (SLM) will be more effective in this topic, and the related spatial
econometric model is set as the following equation (6):
Lnbpev = pWLlLnbpev + B, + f1s0dae + B,Lnngs + Bz;Lnodicn +

BaLnberd + BsLnpice + [/ 6)
Table 3
Lagrange multiplier (LM) test
LM test statistics Value PROB
LM lag 4.7351 0.0296
LM error 1.1045 0.2933

Analysis of regression results and discussion

By comparing the regression results of the OLS model and SLM (see Table 4), it is
found that all the five relevant explanatory variables have a significant impact on the
export values of battery products of EU member states. From the perspective of the
direction of influence, only the amount of private investment in the circular economy
has a negative correlation with the amount of exports of battery products. Besides,
that the estimation results of SLM, which is the most suitable model, show the ratio
of direct employment in the automobile industry to the manufacturing industry, total
supply of natural gas, outward FDI of China in member countries, the amount of
R&D expenditures of business enterprises, private investment in the circular
economic sector, and the spatial lagged autocorrelation effect influence the
development of battery industry among EU member states.
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Table 4
Comparison of model regression results

(1) OLS (2) SLM

Variables . standard . standard
coefficients p-values | coefficients p-values

etror etror

W_Lnbpev - - 0.0741 0.0298 0.0128
constant 11.4610 1.1689 0.0000 10.2668 1.0084 0.0000
sodae 0.0982 0.0413 0.0295 0.0583 0.0350 0.0957
Lnngs 0.7588 0.2301 0.0043 0.8763 0.1830 0.0000
Lnodicn 0.2060 0.1129 0.0857 0.1737 0.0870 0.0460
Lnberd 0.7306 0.2501 0.0095 0.8803 0.1975 0.0000
Lnpice —0.8176 0.3205 0.0207 —1.0788 0.2648 0.0001

From the estimated regression coefficients, it appears that the coefficient of the
spatial lag term is 0.0741, indicating that there is a positive spatial interdependence in
the export value of battery products of the 23 EU member states. When other
independent variables remain unchanged, when the export of battery products in a
region increases by 1%, the export value of battery products in neighbouring regions
will increase by 7.41% on average.

When all other factors being unchanged, every 1% increase in the ratio of direct
employment in the automotive industry to manufacturing, the expected value of a
country’s battery product exports will increase by 3.5%. The reason for the strong
effect may be that electrification is considered an important revolution that
determines the future development of the traditional automobile industry (Szalavetz
2022). Driven by policy constraints and the transformation of traditional
manufacturers, the automobile industry’s direct employment in the manufacturing
industry also indirectly reflects the labor supply situation in the EV and EV battery
industry. The partial effects of the total supply of natural gas and the R&D
expenditure of business enterprises are roughly the same. When each increase by 1%,
the export value of a country’s battery products will increase by an average of 0.8763%
and 0.8803%, respectively.

When all else equal, every 1% increase in China’s FDI in EU member states will
push the member states’ battery product export value to increase by an average of
0.1737% in the same direction. Although China is building battery factories in
member countries, such as Hungary, it has indeed boosted local employment and
increased the supply of battery products in the country, the positive effect is
statistically weak is probably because that China’s FDI in the EU focus more on rental
and business services, mining, wholesale, and retail etc. (Szunomir—Biedermann
2014), rather than the battery industry. This will reduce the direct impact on the
battery industry. In addition, when Chinese companies invest in the EU, they may not
conduct sufficient technology transfer or cooperate with local companies, thereby
failing to play a greater role in the battery industry.
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However, private sector investment in the circular economy has a dampening
effect on the export values of battery products. For every 1% increase in the former,
the latter will decrease by 1.0788%, cezeris paribus. This may be due to firstly, emphasis
on the circular economy may bring about increased costs for raw material recycling
and disposal, thus affecting the competitiveness of the battery products export.
Secondly, when the circular economy is mainly orientated towards the domestic
market, the battery industry may focus more on meeting domestic demand than on
exports. Stringent regulations and standards introduced by the governments and trade
associations may also raise the production and export thresholds of the battery
industry, which might delay the current export value of battery product. Thirdly,
private investment strategies may favor areas where quick returns are expected, while
the battery industry’s long lead times for R&D and market penetration may not meet
such expectations, leading to underfunding and reduced export production.

Regression diagnostics

The diagnostic results of the model show that under OLS estimation, the condition
number is 37.1424, which is less than 100, indicating that the model doesn’t have
serious multicollinearity problems (Suhail et al. 2023). In addition, the residuals
perform well in terms of normality and heteroscedasticity. The p-value of the Jarque—
Bera test is 0.1381, indicating that the residuals conform to the normal distribution;
while the p-values of the Breusch—Pagan test and the Koenker—Bassett test are 0.8922
and 0.9663, respectively, both indicating that the model has no significant
heteroscedasticity problems (see Table 5).

Table 5
Regression diagnostics
(1) Otdinary least squares (OLS) estimation
Multicollinearity condition number I 37.1424
Test on normality of errors
df value PROB
Jarque—Bera test 2 3.9590 0.1381
Diagnostics for heteroskedasticity
df value PROB
Breusch—Pagan test 5 1.6735 0.8922
Koenker—Bassett test 5 0.9529 0.9663
(2) Spatial lag model (SLM) — maximum likelihood estimation
Diagnostics for heteroskedasticity
df value PROB
Breusch—Pagan test 5 5.2719 0.3836
Diagnostics for spatial dependence for weight matrix: rook (row-standardized)
df value PROB
Likelihood-ratio test 1 5.4404 0.0197
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For SLM, the error term also does not have significant heteroscedasticity (the p-
value of the Breusch—Pagan test is 0.3836), and there is significant spatial
autocorrelation (the p-value of the likelihood-ratio test is 0.0197). This shows that
spatial effects play an important role. SLM provides a deeper understanding and more
reliable results than the OLS model in exploring the spatial differences in EV battery
industry development among EU member states.

Conclusion

With the global growth of the EV market, battery, which is at the centre part, has
become the focus of attention and investment in EU. Against this backdrop, the
pattern of development and spatial differences between EU member states in the EV
battery industry have attracted widespread attention. This study portrays in detail the
differences in the development of EU member states in the EV battery industry along
four dimensions: production, supply chain, market consumption and preference,
R&D and technological innovation.

In terms of research design, this article first uses Moran's I index to diagnose the
spatial dependence of the battery product export values and detects the existence of
spatial correlation. Secondly, the suitability of constructing a spatial lag model was
determined through four Lagrange multiplier tests. Finally, the regression coefficients
of the models are compared and interpreted. The results show that the spatial lag
term, the ratio of direct employment in the automobile industry to the manufacturing
industry, total natural gas supply, China's FDI in EU member states, and corporate
R&D expenditures have a significant positive correlation with the export value of
battery products. However, the partial effect of China's investment volume is weak.
In contrast, private investment related to the circular economy has a significant
negative effect on the export of battery products.

Based on the regression results, this article argues that in order to promote the
development of the EV battery industry in EU member states, it is necessary to:

The first is to promote venture capital investment, especially corporate venture
capital, and to strengthen skills training of labor force. There is a significant positive
correlation between employment in automobile industry, corporate R&D
expenditure, and battery product exports. This shows that experienced labor and
technological innovation is the key to promoting the development of the battery
industry. The government can provide tax incentives, subsidies or low-interest loans
to encourage companies to increase venture capital investment, especially advanced
battery technology and materials research. Corporate venture capital is helpful to
promote technological innovation and market promotion as it provides funds for the
EV battery industry to support R&D, which disperses technology and market risks
(Kostopulosz 2023). The government also needs to guide the education market to
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strengthen skills training for workers and increase the supply of talents in the battery
industry.

The second is to optimize the energy structure and ensure stable energy supply.
The supply of natural gas has a significant impact on the export volume of battery
products. In order to ensure the continued growth of the battery industry, it is
necessary to optimize the energy structure and ensure its stable supply. Governments
need to formulate clear energy policies and plans to invest in energy infrastructure to
improve energy efficiency while promoting the development of renewable energy,
energy reserves and energy storage technologies. Strengthening international
cooperation to share energy resources and technologies also provides more energy
choices and supply channels for the stable supply of domestic energy.

The third is to reflect on China—EU investment cooperation. Although the
amount of China's FDI in the EU continues to increase, and a number of greenfield
investments have been implemented in the battery industry, the impact on the export
value of battery products of EU member states is relatively weak. In order to ensure
mutual benefit and win-win results for both parties in this electrification revolution,
it is necessary to establish fair and compliant market access standards, promote
technology sharing and cooperation, pay attention to environmental protection and
sustainable development, while examine the impact of greenfield investment on the
host country and further measure its impact path.

However, in this study, there are some limitations that may affect the results and
inferences of the study. The paper uses the export value of battery products as a proxy
variable for the development of the EV battery industry to solve the problem of data
availability. However, this proxy variable may have certain estimation bias because it
does not directly reflect the total production volume or internal market demand of
the battery industry. Future research can strive to obtain more accurate battery
industry production data to further improve the accuracy of the research. Besides, the
research focuses on analyzing the cross-sectional relationships between various
influencing factors but does not consider the dynamic relationships and time series
changes between these factors. It would be better to introduce the time dimension
and conduct panel data analysis to more fully understand how these influencing
factors evolve over time and the dynamic interactions between them in the further
research, especially in the context of the rapid evolution of the EV battery industry,
to understand how they influence and adjust each other. Moreover, the future
research direction can also be expanded to analyse the synergy and interrelationships
between the battery industry and other related industries. And lastly, to provide more
useful information for policy formulation, the impact of the EV battery industry on
a country's social and economic development can be further studied as well, for which
the development of the industry is closely linked to employment, economic growth,
environmental protection.
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