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Abstract

Climate change and technological advances are driving the rise of electric vehicles
(EVs), with batteries at their core, influencing cost, range, charging time, and lifespan.
As sustainable EV battery development is vital for widespread adoption, investigating
innovation in this field allows us to assess the landscape of battery-related inventions.
This study uses a two-fold approach: (1) patent analysis and (2) bibliometric meth-
ods, exploring battery developments from 2000 to 2022. It contributes to the literature
by comparing two different approaches to innovation: to patent it and protect it or
to publish it and disseminate it. Using data from PATSTAT and Web of Science, the
study analyses around 20 000 international patent families and more than 20 000 pub-
lications. We find continuous growth in the innovation output, particularly from 2010
onwards and identify productive countries, notably Asian nations, as leading patent
and scientific research contributors. By comparing the G7 and BRICS outputs, we find
that the first group leads in patent applications, while the second recently leads in
scientific studies. An analysis of keywords uncovers an evolutionary shift in battery
chemistries, for example from lead acid to Li-ion. We also identify a shift towards
the integration of energy storage into larger systems and applications. We present a
systematic analysis of technology trends to guide market players, researchers, and pol-
icymakers in promoting EV adoption.

Keywords: Electric car batteries, patent, data science of science, innovation






Resumo

As alteragdes climaticas e os avangos tecnolégicos alimentam o crescimento dos veicu-
los eléctricos (VE), com as baterias no seu cerne, influenciando o custo, a autonomia,
o tempo de carregamento e a vida tatil. Uma vez que o desenvolvimento sustentavel
de baterias para VE é vital para a sua adogdo generalizada, a investigagdo da inova-
¢do neste dominio permite-nos avaliar o panorama das invengdes relacionadas com
as baterias. Este estudo utiliza uma abordagem dupla: (1) andlise de patentes e (2)
métodos bibliométricos, explorando o desenvolvimento de baterias entre 2000 e 2022.
Contribuimos para a literatura ao comparar duas abordagens diferentes a inovagao:
patented-la e protegé-la ou publica-la e divulga-la. Utilizando dados do PATSTAT e
do Web of Science, o estudo analisa cerca de 20 000 familias de patentes internacionais
e mais de 20 000 publica¢des. Constatamos um crescimento continuo da inovagéo, so-
bretudo a partir de 2010, e identificamos os paises mais produtivos, nomeadamente os
asidticos, como os principais contribuidores de patentes e investigacao cientifica. Com-
parando os resultados do G7 e dos BRICS, verificamos que o primeiro grupo lidera em
pedidos de patentes, enquanto o segundo lidera recentemente em estudos cientificos.
Uma anélise das palavras-chave revela uma mudanga evolutiva nos tipos de baterias,
por exemplo, de chumbo-dcido para ido-litio. Identificamos também uma mudanca
no sentido da integracdo do armazenamento de energia em sistemas e aplica¢des de
maior dimensdo. Apresentamos uma analise sistemédtica das tendéncias tecnolédgicas
para orientar os intervenientes no mercado, os investigadores, e os decisores politicos

na promogao da adogdo de VE.

Palavras-chave: Baterias de carros elétricos, patente, ciéncia de dados da ciéncia, ino-

vagao
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1 | Introduction

Climate change is a global challenge that threatens the stability and well-being of hu-
mans and all life forms on Earth, referring to long-term shifts in temperatures and
weather patterns (UN, 2023). The increase in greenhouse gas emissions is the leading
cause of this phenomenon, namely carbon dioxide, methane, and nitrous oxide, which
can result in, for example, a higher risk of species losses, heat-humidity risks to human
health, or food production impacts (IPCC, 2023).

In 2015, the Paris Agreement on global climate change solidified the unanimous
aspiration of nations worldwide to restrain global warming to levels significantly be-
low 2 degrees Celsius, to limit the temperature rise even further to 1.5 degrees Celsius
(UNCC, 2023a). This historic agreement also laid the foundation for nations to make
formal commitments to reduce emissions.

Furthermore, during the Climate Change Conference (COP26) in Glasgow, a con-
sensus was reached on key objectives aligned with this agreement, including reducing
the reliance on fossil fuels or promoting the sale of new vehicles with zero emissions
by 2040 (Smith et al., 2022). More recently, the Climate Change Conference (COP28),
in Dubai, closed with an agreement of the "beginning of the end” of the fossil fuel
era, recognising the need to triple the renewable energy capacity and to double the
efficiency improvements by 2030 (UNCC, 2023b).

One of the significant contributors to atmospheric pollution is the transportation
sector (according to Eurostat, 2023b, in the first quarter of 2023, the transportation and
storage sectors of all 27 countries of the European Union emitted 96 492.036 thousand
tonnes of greenhouse gases, which accounts for, approximately, 10% of all greenhouse
gases emissions), which heavily relies on fossil fuels, thus necessitating a transition
towards greener alternatives.

Electric Vehicles (EVs) have become increasingly popular in recent years to help
address these problems, due to environmental awareness, technological innovation, as
well as government incentives (Vilchez et al., 2019), as they emit zero emissions when
powered by electricity from renewable sources. In 2021, the number of electric passen-
ger cars ascended to 1 928 307 in the European Union, which represents an increase of
3 599%, since 2013 (Eurostat, 2023a).

EV technology is evolving rapidly, driven by advances in battery technology, power

electronics, electric motors, and materials science. This constant evolution creates a
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CHAPTER 1. INTRODUCTION

tertile ground for research opportunities.

However, as the EV industry gains momentum, it is essential to recognise that with
this paradigm shift comes challenges, opportunities, and obstacles. EVs face a com-
mon critique regarding the availability of charging infrastructure (Mutarraf et al., 2022)
and their range limitations, as the battery technology has yet to offer the same energy
density as gasoline (the energy stored per pound is much lower) (Wouk, 1971). There
are also concerns that the adoption of electric mobility could resultin an increased elec-
tricity demand, which could have limited benefits in terms of reducing CO, emissions
if the electricity generation relies heavily on non-renewable sources (US EPA, 2023).

The battery is the most important component of EVs and is crucial for their per-
formance, range, and overall viability (Totev & Gueorgiev, 2021). It is the device that
stores and delivers electrical energy to power the electric motor, thus affecting the cost,
weight, size, range, charging time, and lifespan of EVs.

Battery technology is advancing rapidly, tied to ongoing transformations in the au-
tomotive sector (IEA, 2023). The European Union adopted the Strategic Action Plan
for Batteries, which focuses mainly on battery development for EVs, but also on other
aspects such as battery second use and recycling (European Economic and Social Com-
mittee, 2019). The two biggest companies supplying batteries and battery metals in
passenger EVs, Contemporary Amperex Technology Co. and LG Energy Solution, ex-
perienced an explosive growth from 2016 to 2020, with growth rates of 3 400% and 1
193% in their market share, respectively (Ulrich, 2021).

Therefore, in light of this landscape, it is valuable to recognise the importance of
tracking and assessing the pace and trajectory of EV battery advancements. Hence,
we aim to answer a question to fill the research gaps found: How have advancements in
EV battery technology evolved? We aim to know where does innovation in this field take
place and how does it flow. This master thesis will answer the previous research ques-
tion by adopting both a quantitative science study and a patent analysis approach.
Through these approaches, we look to demonstrate the influence and impact of the
institutions, uncover the drivers of innovation. We want to fill the existing gap of re-
searches studying EV battery technologies separately (i.e. using either publications or
patents) by adopting a comparative approach.

For this study, two different datasets were built, one containing 22 105 scientific
articles on EV battery technologies and another containing 20 219 IPFs. The analysed
time frame is 2000 to 2022, and the raw data was extracted respectively from WoS and
PATSTAT Online (edition: Autumn 2023).

We found that the activity on both fields is trending upwards between 2000 and
2022, especially after 2010, when the intensity started to increase. The most productive
countries are the Asian, but European countries are more prolific if we account for the
size of the countries, namely using population measures. In the analysis of the content
of papers” and patents” abstracts, we can see the different trends of technologies, for
example, recently, lead acid batteries falling behind Lithium-ion batteries, or Battery

2



Management System technologies becoming more relevant. In the same analysis, we
can see new technologies arriving, such as battery swapping.

The remainder of this thesis is organised as follows. Chapter 2 contains the the-
oretical framework of this essay, including a literature review, with some basic con-
cepts regarding EV batteries, innovation, and how to measure it; Chapter 3 contains
the description of the used data and methods, while Chapter 4 contains the results and
discussion of the analysis made. Finally, some conclusions are presented in Chapter 5,

including limitations and future work and steps that can be done in this area.






2 | Theoretical Framework

2.1 Electric car batteries

2.1.1 Electric cars

An EV is a transportation device designed for propulsion, employing one or more elec-
tric or traction motors (Khan et al., 2021). The main subsystems of an EV are energy
storage (battery and charging), electric propulsion (electric motor and power electron-
ics), body, chassis and auxiliaries (Chan, 2002).

According to Enyedi (2018), there are four main types of EVs: Battery Electric
Vehicles (BEVs), Hybrid Electric Vehicles (HEVs), Plug-in Hybrid Electric Vehicles
(PHEVs), and Fuel Cell Electric Vehicles (FCEVs).

A BEV is a fully electric car that relies solely on electricity stored in a battery pack
to power an electric motor. This vehicle must be plugged into an electrical outlet or
charging station to recharge its batteries. The primary limitation of this vehicle lies
in its current battery technology since the batteries tend to be heavy and offer lim-
ited storage capacity, resulting in comparatively shorter driving ranges, as mentioned
previously.

A HEYV integrates both an electric motor and a traditional Internal Combustion
Engine (ICE) (Corbo et al., 2011). These vehicles are designed to generate electrical
energy through the combustion engine, which in turn charges the battery and powers
the electric motor. While this configuration enhances fuel efficiency beyond that of
standard vehicles, it introduces increased complexity, elevates costs, and potentially
reduces reliability due to the inclusion of an additional engine.

A PHEV integrates both an ICE and an electric motor alongside a battery pack.
It functions in all-electric mode for a restricted range before transitioning to the ICE,
which can result in diminished environmental benefits if drivers primarily use the ICE.

A FCEV generates electricity through a fuel cell, which powers an electric motor.
Most of these vehicles use hydrogen but can also use ethanol. This vehicle emits only
water vapour as a byproduct and offers long driving ranges, but the main limitation
is the availability of hydrogen refuelling infrastructure. The batteries from this type of
vehicle serve a different purpose compared to those in a BEV.

EVs use a regenerative braking system, a technology employed to recapture some

5



CHAPTER 2. THEORETICAL FRAMEWORK

of the kinetic energy, that would otherwise be lost during braking, and store it in the
battery for future use. When the regenerative braking torque alone is insufficient to
achieve the desired deceleration rate, conventional hydraulic braking torque is applied,
functioning similarly to traditional vehicles (Chau, 2014). Thus, the regenerative brak-
ing system is crucial in optimising the energy efficiency of EVs.

As previously noted, HEVs and PHEVs use two types of power trains, integrating
both an internal combustion engine and an electric motor. These can be set in different
configurations, namely series, parallel and series-parallel, offering distinct operational
modes and advantages (Yong et al., 2015). In a series setup, the ICE solely powers a gen-
erator, which generates electricity to power an electric motor. Therefore the ICE has no
direct connection to the transmission or wheels. Conversely, in a parallel configuration,
both the electric motor and the ICE are mechanically connected to the wheels, enabling
dynamic power distribution based on driving conditions and power demand. Lastly,
a series-parallel configuration combines elements of both, leveraging the strengths of
each, at the expense of increased complexity and cost.

In the case of PHEVSs, the operation can be divided into two main modes: Charge-
Depleting (CD) mode and Charge-Sustaining (CS) mode (Emadi, 2011). In CD mode,
the vehicle relies on its electric propulsion system, drawing power from the battery un-
til its charge level drops to a predefined threshold, a minimum State of Charge (SOC).
This happens in shorter trips, where the electric range is enough to cover the entire
journey. Subsequently, the vehicle transitions to CS mode, where the ICE takes over as
the primary power source and provides the necessary propulsion. On the other hand,
BEVs, exclusively propelled by electric motors, operate solely in CD mode, reflecting

their all-electric configuration.

2.1.2 Batteries

Each battery cell contains two key components: an anode and a cathode. Usually,
the anode is composed of a carbon-based material, however, recently, manufacturers
have been using silicon to increase the energy density (IEA, 2023). The cathode can
be made of multiple materials, namely sodium-ion, lithium iron phosphate, lithium
nickel manganese cobalt oxide, or nickel cobalt aluminium oxide. These two elements
serve as sources for chemical reactions and are separated by an electrolyte solution
and a porous barrier, which prevents direct contact between the anode and cathode,
thereby preventing a short circuit (Castelvecchi, 2021).

Additionally, a Battery Management System (BMS) is responsible for monitoring,
controlling, and optimising the performance of the vehicle’s battery pack, playing a
central role in ensuring the safe and efficient operation of the battery (Mutarraf et al.,
2022). The BMS calculates the SOC, which indicates how much energy is remaining in
the battery, to guarantee the long-term health of the battery.

One of the key functions of the BMS is temperature management, especially needed
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in Li-ion batteries, as they cannot be overcharged or used outside of their acceptable
operating temperature range. Offer et al. (2020) identify three types of thermal man-
agement systems, namely, air cooling, liquid cooling, and phase-change cooling, each
with advantages and disadvantages. Therefore, every cell in a module needs to be
monitored (namely for temperature), hence a Module Control Unit (MCU) is used to
control these modules. Multiple MCUs are connected in a battery pack, forming the
Battery Control Unit (BCU) (Castelvecchi, 2021).

Contrary to what happens in HEVs, the batteries of BEVs and PHEVs can be charged
from the grid. Battery chargers work by converting alternating current (AC) from the
electrical grid into direct current (DC) which is stored inside the vehicle’s battery pack
(Yong et al., 2015). This conversion is usually performed by a power electronic device
called a rectifier or a converter. Charging standards play a vital role, providing a com-
mon framework for charging infrastructure and ensuring interoperability among dif-
ferent EVs and chargers. Some of the most prominent charging international standards
are Society of Automotive Engineers (SAE), International Electromechanical Commis-
sion (IEC) and CHAdeMO EV standards (Foley et al., 2010).

The voltage of EV battery packs varies depending on several factors, including the
chemistry of the used batteries, the cells’ configuration inside the pack, and the design
of the vehicle itself, usually operating at voltages ranging from 120V to 450V (“EV Spec-
ifications”, 2024). However, the next generation of EVs, especially those with extended
driving ranges, use battery packs ranging from 600V to 800V, which require fewer cells
to achieve the same energy capacity, thus reducing weight and size. Therefore, new
chargers are appearing in the innovation landscape to accommodate the needs of the
new EVs.

EV batteries can use various materials in their construction, and the choice of ma-
terials depends on the battery technology, therefore examining the batteries'composi-
tion reveals a complex interaction between materials and technologies. According to
Tie and Tan (2013), Yong et al. (2015), and Un-Noor et al. (2017), there are five groups of
batteries: lead-acid batteries (lead-acid, advance lead acid, valve regulated lead acid,
metal foil lead acid), nickel batteries (nickel-zinc, nickel-iron, nickel-cadmium, nickel-
metal hydride), ZEBRA batteries (sodium-nickel chloride, sodium-sulfur), lithium bat-
teries (lithium-iron sulphide, lithium—-iron phosphate, lithium-ion polymer, lithium-
ion, lithium-titanate), and metal-air batteries (aluminium-air, zinc-air, zink-refuelable,

lithium-air).

Lead-acid batteries are one of the oldest types of batteries used in EVs (Rajashekara,
2013). They rely on a chemical interplay between lead dioxide (serving as the positive
active material) and sponge lead (acting as the negative active material) to generate
energy, ultimately by transforming both materials into lead sulfate (Caumont et al.,
2000). Lead-acid batteries are relatively inexpensive compared to some other battery
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technologies and find widespread use in ICE vehicles, in systems dedicated to start-
ing, lighting, and ignition (May et al., 2018). Despite the technological advances inher-
ent drawbacks persist, mainly related to their height, as lead-acid batteries tend to be
heavier than alternative battery types. Moreover, these batteries exhibit a limited en-
ergy density compared to newer technologies like lithium-ion batteries (35-40 Wh/kg
against 150-180 Wh/kg) (May et al., 2018).

On the other hand, we have Nickel-Metal Hydride (Ni-MH) batteries, which are
becoming more popular as a replacement for Nickel-Cadmium (Ni-Cd) batteries, as
the last ones were outlawed by the European Commission in 2006 due to toxicity con-
cerns (Directive 2006/66/EC, 2006). These batteries are composed of a nickel hydrox-
ide compound, as the positive electrode, and a metal hydride alloy, as the negative
electrode. They dominated the hybrid market in 2012, being used in the most popular
hybrid vehicle model, the Toyota Prius, however, they also cannot compete with the
energy density of lithium-ion batteries (50-80 Wh/kg against 100-150 Wh/kg) (Ra-
jashekara, 2013). These batteries” high self-discharge rate, which means that they may
gradually lose charge when not in use, and their high heat production during charging
are two other major drawbacks (Kopera, 2004).

”Zero Emission Battery Research Activity” or ZEBRA batteries are made of sodium
nickel chloride and use beta alumina as a solid electrolyte. These batteries run ata high
temperature, usually between 270 and 350°C, for the beta alumina solid electrolyte to
function properly (Dustmann, 2004). These batteries outperform existing technologies
in a variety of ways, including long cycle life (because of their ability to sustain nu-
merous cycles of charge and discharge without experiencing appreciable performance
degradation) and inexpensive cost (due to their lack of dependency on hazardous el-
ements, such as cadmium). Nevertheless, they waste energy due to the elevated op-
erating temperature, despite having no loss during charge and discharge cycles (100%
coulombic efficiency). The running cycle affects this heat loss, thus if the battery is not
used at all, the heat loss may be as much as 10% daily (Sudworth, 2001).

Lithium-ion (Li-ion) batteries are one of the most prevalent battery technologies
used in EVs and a wide range of portable electronic devices due to their high energy
density, reliability, and relatively low self-discharge rates (Prajapati & Bhatnagar, 2023).
These batteries charge by moving lithium ions from the cathode to the anode when an
external voltage is applied, while discharging occurs as lithium ions move from the an-
ode to the cathode, releasing energy in the form of an electric current (Nzereogu et al.,
2022). Li-ion batteries are valued for being lighter and more compact than alternative
battery technologies, and for having a relatively low memory effect, meaning they do
not require full discharges before recharging (Z. Wang et al., 2023). However, they are
sensitive to temperature extremes, and their performance can degrade over time. Ad-
ditionally, lithium mining for EV battery production raises several concerns, namely,
environmental impact (water usage, land disruption, and chemical pollution), human

rights considerations involving land rights disputes or labour conditions, as well as

8



2.1. ELECTRIC CAR BATTERIES

recycling challenges due to complex industrial processes (Luong et al., 2022). On the
other hand, lithium-iron phosphate batteries use this material as the cathode and are
known for their stability and safety, yet compromising their energy density when com-
pared to some other Li-ion battery chemistries, meaning that they have lower capacity

and energy storage capability per unit of weight (Kumar & Revankar, 2017).

Moreover, the metal-air battery uses a metal as one electrode and oxygen from the
air as the cathode material resulting in high energy density, cost-effectiveness and, po-
tentially, lower toxicity (T. Liu et al., 2020). The zinc-air battery exhibits higher energy
density when compared to lithium batteries, despite grappling with challenges such
as limited life cycle and lower specific power (Kopera, 2004). The lithium-air battery
stands out as the most extensively researched technology among the metal-air batter-
ies, asitis the one with higher theoretical energy density, potentially surpassing that of
traditional Li-ion batteries (Girishkumar et al., 2010). While lithium-air batteries hold
substantial promise for EV applications, several challenges prevent their widespread
adoption. Some of these challenges are also common to other lithium technology bat-
teries (X. Liu et al., 2015), such as safety concerns linked to overheating and potential
thermal runaway induced by dendrites formed on the surface of lithium electrodes
during the charging process. Other obstacles relate to chemical instabilities, such as
the interaction between O, and the carbonate solvents or the formation of Li;O; ver-
sus the carbon electrode, leading to degradation and reduced performance (Armand
& Tarascon, 2008). Additionally, a lack of basic knowledge of reaction kinetics, par-
ticularly oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) (Lu
et al., 2013), poses a challenge. Despite these hurdles, lithium-air battery technology
is considered the future of electric mobility, exemplified by IBM’s Battery 500 Project,
which intends to develop a lithium-air battery technology that can enable a conven-
tional vehicle to drive 500 miles or more between charges (IBM, 2011).

Sodium-ion (Na-ion) batteries operate in similar principles to their Li-ion counter-
parts and have been developed approximately over the same time as them. These bat-
teries are growing in popularity due to sodium’s abundance and widespread presence
in the Earth’s crust, making them potentially less expensive and less environmentally
harmful compared to Li-ion batteries (Larcher & Tarascon, 2015). Sodium, like lithium,
is an alkali metal and they share key properties such as ionicity, electronegativity, and
electrochemical reactivity (F. Wang et al., 2018), which translates into similarities in
operating principles and electrode materials between the two battery types. Among
the advantages of Na-ion batteries is their reduced sensitivity to temperature varia-
tions and their high charge/discharge rate (Sundaram et al., 2023). However, further
research is needed to refine and develop these technologies before they can emerge as
a true contender to replace the prevalent Li-ion battery technology (Dixit et al., 2023).

All the components mentioned in this section are structured together and work
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jointly to form the battery system. Beyond batteries themselves, these systems encom-
pass crucial elements such as BMSs, thermal management systems, charging infras-
tructure, and control algorithms. Thus, in addition to examining only EV batteries
themselves, this study aims to investigate the broader landscape of battery systems.
This includes exploring the previously mentioned components, seeking to gain in-
sights into the research gaps, the opportunities, the innovations surrounding these
components, and uncovering their role in improving the performance, efficiency and

sustainability of EVs.

2.2 Innovation

Innovation refers to the process of conceiving, developing, and implementing new
ideas to create value or solve problems, introducing novel and improved solutions.
According to Kline and Rosenberg (1986), innovation is not a solitary event but rather
a series of interlinked activities and processes that contribute to the development and
diffusion of new technologies and products. Consequently, innovation is a dynamic
and cumulative process where one innovation often builds upon earlier innovations
(Caraca et al., 2009).

Innovation research can be categorised into different levels of analysis: micro, meso,
and macro (Fulvio Castellaci & Wibe, 2005). At the micro level, studies focus on the in-
novative processes within firms and their organisational structures. The meso level ex-
amines sectoral differences, highlighting the heterogeneity of innovation across indus-
tries and regions. At the macro level, research investigates the broader economic im-

pacts of innovation on national economies, including growth and employment trends.

Measuring and quantifying innovation is important as it can help to identify pat-
terns in the innovation process and map the research’s conceptual framework, which
can inform policies and strategies for economic growth (Naeini et al., 2022). Further-
more, innovation metrics can be used to compare different regions and assess the con-
tributions of different actors in terms of innovation performance, allowing for bench-

marking and identification of best practices (Park et al., 2022).

In addition to various other metrics in the realm of science and technology, such as
Research and Development (R&D) spending, personnel data, or innovation surveys,
patents stand out as a remarkably comprehensive and precise data source for tracking
inventive endeavours (OECD, 2009b).
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2.3 Publications as an indicator of innovation

2.3.1 Bibliometric methods

Different definitions of the term bibliometrics have been presented. The first author
using the term bibliometrics was Pritchard and Groos (1969), who stated that biblio-
metrics is “the application of mathematics and statistical methods to books and other
media of communication”. Broadus (1987) consider that bibliometrics is “the quan-
titative study of physical published units, or of bibliographic units, or of the surro-
gates for either”. According to Hood and Wilson (2001), bibliometrics is a quantita-
tive analysis technique used to study patterns and trends involving statistical analysis
of bibliographic data (information about research papers, journal articles, conference
proceedings, etc.).

McBurney and Novak (2002) identify two dimensions of bibliometrics: descriptive
and evaluative. Descriptive bibliometrics involves quantifying aspects like the vol-
ume of articles an organisation produces, offering an overview and tracking publish-
ing trends. Evaluative bibliometrics examines the impact and influence of scholarly
works, providing insights beyond publication counts. This includes citation analysis,
which highlights the influence of journals, organisations, and countries on academic
topics.

Authors or organisations can choose to patent rather than publish their research
findings (Martin, 2019), consequently it is useful to complement the bibliometric ap-
proach with the patent approach, to better understand the real-world uses, emerging

technologies, and commercialisation of EV batteries.

2.3.2 Literature on bibliometric analysis

Bibliometric analysis help in mapping the existing research landscape, identifying key
areas, trends, and gaps, enabling researchers to understand the evolution of the field
and its current state. Bibliometric methods are used to identify key contributors, anal-
yse collaboration networks, and understand the impact of the work on policymakers
and investors. These methods have been used to study general trends in EV innovation,
namely by Zhang et al. (2015) who examine the development status and the essential
characteristics of different energy management strategies for HEVs. These technolo-
gies play a crucial role in optimising fuel efficiency and overall performance of HEVs.
Then, Alvarez-Meaza et al. (2020) chose another type of EV to study, the FCEV. The
authors construct two distinct maps: the scientific map, derived from citation relation-
ships (offers insights into author productivity, co-authorship patterns, and influential
journals), and the technology map, derived from patent analysis (provides an overview
of key technologies, jurisdictions, and technological fields). The findings reveal Chi-
nese universities as the most productive in terms of scientific output, yet Japanese car
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manufacturers lead in technological advancements. Two studies examine the rentabil-
ity of EVs when compared to ICE vehicles. Another paper reviewed 42 articles on life
cycle cost analysis of EVs, revealed that the high cost of batteries prevents EVs from
being competitive with traditional ICE vehicles (Ayodele & Mustapa, 2020). They also
find that the different life cycle costs of different EVs are mainly due to different poli-
cies and incentives that the governments apply in different nations. Soares et al. (2023)
analyses the EV supply chain, focusing, for example, on the supply of critical materials
of EV batteries and their environmental impact. Finally, Ullah et al. (2023) present a
global bibliometric analysis of EV research. The findings reveal China, the US, and the
UK as leaders in EV research and applications, with China having the most productive
institutions and authors in the area. Key research themes include BMS, energy storage,
and charging infrastructure, all of them related to batteries which are one of the most
important components of EVs.

Then, other studies apply bibliometric methods to study the evolution of battery
technologies, not exclusive to EVs. The main focus of Cabeza et al. (2020) is to iden-
tify the research gaps and trends in battery thermal management systems, revealing a
significant research void in thermal management of batteries across different types of
batteries, emphasising that the existing focus predominantly revolves around Li-ion
technology. With a more technical approach, Su et al. (2023) use bibliometric data to
study the advances in a specific type of battery, the zinc-ion battery, which is being
explored for large-scale energy storage applications, particularly in grid storage sys-
tems. With the current popularity of Li-ion batteries and their wide use, X. Wang et
al. (2023) examine the research landscape concerning the thermal hazards associated
with Li-ion batteries using bibliometric analysis. The authors identify the weakness
of the Chinese research on Li-ion thermal hazards and its initial stage, as their publi-
cations are less cited than the ones from European and American countries. Finally,
L. Wang et al. (2024) present a comprehensive review of Electrochemical Energy Stor-
age (EES). The study reveals an increase in EES publications, with China and the US as
leading contributors but with developing economies such as India, Iran and Saudi Ara-
bia growing in importance. They categorise the development history into three stages:
initial, rapid, and boom. Research hotspots include fundamental theories (lead acid
batteries), storage performance enhancement (thanks to Li-ion batteries and market
expansion driving up demand for battery energy storage), and large-scale commer-
cialisation.

Regarding the study of battery technologies in EVs, there are two papers worth
mentioning. Battery state estimation is crucial for determining the available charge as
well as the overall health of a battery. Consequently, Swarnkar et al. (2022) provide a
bibliometric analysis of EV battery state estimation, showing that China is the leading
contributor to this field. Li-ion batteries are the predominant choice for EVs due to
their efficiency, high energy density, and declining costs. Chen et al. (2023) provide
a bibliometric analysis of Li-ion batteries in EVs, discussing the importance of these
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batteries in the transition towards clean energy and their role in the future of trans-

portation.

2.4 Patents as an indicator of innovation

2.4.1 Patents

A patent is a legal document that provides a monopoly on an invention’s use, pro-
duction, and sale, granting the inventor exclusive rights to that invention for a limited
period (WIPO, 2023b). In exchange for the exclusive rights, the inventor must provide
a detailed and publicly available description of the invention, ensuring that the state
of knowledge in the field can advance and that innovation in the area is encouraged.

To patent an invention, it should be ”directed to patentable subject matter, novel,
inventive, and capable of industrial application” (OECD, 2009b, p. 19). A patent is
issued either by a national patent office or through a regional authority. Currently,
a global or international patent granting system does not exist, nonetheless, inventors
can secure patent rights in multiple jurisdictions by filing separate applications in each
desired location.

Patent data can be used as a valuable indicator of innovation, offering quantifiable
insights into inventive activity within an industry (each patent represents a unique
technological advancement and a higher number of patents can suggest a higher level
of inventive activity) (Dang & Motohashi, 2015). Companies often invest significant
resources in R&D to create patented innovations, therefore, an increase in patent filings
by a company can indicate a commitment to innovation.

Patent data primarily emphasises the outputs of the innovation process, offering
details about inventors” and organisations” names, as well as comprehensive descrip-
tions of the patented innovations (Griliches, 1990). Moreover, patents can be cate-
gorised into distinct technological domains and the countries where these technolo-
gies are applied, making them an ideal choice for analysis when compared to tradi-
tional R&D expenditures. Therefore, patents shed light on who invests in R&D, where
innovation occurs, and which organisations lead in patent fillings. This information
is valuable for businesses, investors, and policymakers, providing a comprehensive
view of the competitive landscape, market trends (emerging contenders or industry
leaders), and potential areas for investment or strategic partnerships.

However, there are limitations to using patents as a definitive measure of inno-
vation. Not all patents are of equal value (OECD, 2009b), as some patents represent
groundbreaking innovations, while others may be incremental improvements or even
defensive patents filed to deter competitors. Furthermore, the distribution of patent
values is usually skewed (Harhoff et al., 2003), with the bulk of patents having rela-
tively low or limited value and a small fraction of patents accounting for a considerable
share of the overall value.
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The number of patents granted can vary significantly by country, industry, and
technology field, as some countries may grant more patents than others due to differ-
ences in patent policies and practices. For example, Japan is known for having a low
number of patents granted for a given invention (Dechezleprétre et al., 2011). Also, the
strength and effectiveness of a country’s intellectual property laws and enforcement
mechanisms can influence the propensity to patent, therefore countries with robust
patent protection systems are likely to see more patent filings since investors and busi-
nesses have confidence in the legal framework (Kortum & Lerner, 1999). Since patents
are only one way of safeguarding innovations, alongside strategies such as preserv-
ing industrial secrecy or deliberately crafting intricate specifications, many inventions
never result in patent filings (Cohen et al., 2000), as some inventors and companies may
choose to keep their innovations as trade secrets rather than disclosing them through
patents.

2.4.2 Literature on patent analysis

Many researchers are using patent data to investigate innovation trends and techno-
logical trajectories in the EV market. This trend is mostly influenced by the work of
Griliches (1990), which has been built upon over the past few decades. Mendonga et
al. (2021) review nearly 2 000 articles that cite Griliches” seminal paper, illustrating the
diverse applications and developments in patent-based research.

For instance, Pilkington et al. (2002) concentrate the analysis in EV technology at
a firm level. Their findings are limited to the patent office considered (USPTO) and
to the created dataset. Hoed (2005) analysed automotive patent data comprising the
three main types of Low-Emission Vehicles (LEVs). His objective was to study the
development of FCVs. Oltra and Jean (2009) focus their research on the various tech-
nological trajectories of the automotive industry, therefore their research is not focused
specifically either on batteries or on EVs. Wesseling et al. (2014) focus on the study of
the four identified waves of development. Their research has a downside, as they use
keywords to identify the desired technologies instead of taking advantage of the IPC
codes present in the patent documents. More recently, Feng and Magee (2020) divided
their study into the four domains of EVs, namely power electronics, charging and dis-
charging, battery, and electric motor. Although this article improves the findings pre-
viously uncovered, it does not concentrate exclusively on batteries and is also limited
to the US. They explored the improvement rate of each domain and performed a main
path analysis. Yuan and Li (2021) use different measures and indicators on a patent
dataset to compute the technological diffusion of BEV. They find that BEV innovation
is concentrated in five countries, namely Japan, China, the US, Korea, and Germany,
however, the technological diffusion is uneven, with proximity between China and the
US, and between China and Germany. Finally, Li and Yuan (2023) use BEV technol-
ogy as a case study to examine the complexity and overlap of patent thickets (dense
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webs of interrelated patents that cover various aspects of a particular technology or
innovation). Their presence can pose challenges for companies or researchers aiming
to develop new products as they may need to navigate and potentially license multiple
patents from different patent holders to avoid infringement.

Several studies have examined broader technological aspects of batteries beyond
just vehicles. Different studies focus on lithium-ion batteries, namely Stephan et al.
(2019) who examined how inter-sectoral knowledge spillovers in the value chain of
these batteries impact innovation, using regression analysis of global patent data, or
Malhotra et al. (2021) who investigated the relationship between use environment shifts
and knowledge trajectories, by analysing patents covering this technology and their re-
spective networks. Metzger et al. (2023) go further in the topic of batteries and explore
the role of secondary battery innovation in the transition to a circular economy. Their
work is related to the published report from the European Patent Office (EPO) and the
International Energy Agency (IEA), that use patent data to provide decision-makers
insights on the innovation trends of batteries and electricity storage technologies (IEA,
2020). Lastly, Silva et al. (2023) use patent applications to investigate technological ad-
vancements and to map the patterns of innovation in battery technology, specifically
focusing on the pace and direction of technical evolution.

Despite the diversity of studies, research specifically dedicated to the foundational
technology of EVs, i.e., batteries, remains notably sparse. Golembiewski et al. (2015)
divided their analysis into 4 pieces, each one corresponding to one step of the battery
value chain, namely, raw materials, cell components, battery system and, finally, vehi-
cle. Despite the findings, their time frame only covers 2000 to 2011, and the database
they used may not provide the global coverage that PATSTAT offers. Some research is
being done in China as well, with J. M. Liu et al. (2015) using patent data of Chinese
EV batteries to analyse the transition from growth to maturity of China in innovation
in this field. More recently, Yuan and Wu (2020) analysed the pure EV power battery
technology trends in the country, focusing only on the patent counts and differentiat-
ing between patentees.

2.4.3 International Patent Families

A patent family is a collection of related patents that have been granted for the same in-
vention in different countries or regions, sharing a common priority application (Kim
etal., 2021). By counting at the family level, it is possible to reduce duplication, because
a single invention may be patented in multiple countries, which prevents overestima-
tion of the number of unique new technologies (Duch-Brown & Costa-Campi, 2015).
Moreover, if the patent families counted are restricted to the ones containing ap-
plications filed in two or more countries, we get International Patent Family (IPF). On
the other hand, singletons refer to patents that do not share priority with any other
patent, meaning that they are patent families with only one patent (Dechezleprétre et
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al., 2017). We can control patent quality and value by assessing the IPFs, as patents
protected in numerous countries may be considered more valuable (Martinez, 2011).

Therefore, instead of analysing patents themselves, we will analyse IPFs.

2.4.4 International Patent Classification

The International Patent Classification (IPC), administered by the World Intellectual
Property Organisation (WIPO), is a standardised system for categorising and classify-
ing patents based on the technical content and subject matter of the inventions they
describe (WIPO, 2023a). This system is organised hierarchically into sections, classes,
subclasses, groups, and subgroups, allowing for a precise classification and a system-
atic breakdown of technological areas. Each IPC classification is represented by an

alphanumeric code as depicted in Table 2.1.

Table 2.1: Main characteristics of IPC codes (example). Adapted from OECD
(2009Db)

Hierarchy level IPC code Title
Section H Electricity
Class HO1 Electric Elements

Processes or means, e.g. Batteries,
Subclass HOIM for the direct conversion of chemi-

cal energy into electrical energy

Secondary  cells; Manufacture

Mai HO01M 10/00
aih srotp A thereof
* Accumulators with non-aqueous
Subgroup HO1M 10/05
electrolyte
HO1M 10/052 ** Li-accumulators
***  Rocking-chair batteries, i.e.
batteries with lithium insertion or
HOIM 10/0525

intercalation in both electrodes;

Lithium-ion batteries

The Cooperative Patent Classification (CPC) is a patent classification system jointly
developed between two major patent offices, the EPO and the United States Patent
and Trademark Office (USPTO). This collaboration aimed to create a unified and inter-
nationally recognised system for categorising patents, facilitating more efficient and
consistent patent information retrieval across different jurisdictions. The CPC is fully
compatible with the IPC, ensuring smooth interoperability between the two systems.
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This Chapter provides an in-depth exploration of the methodological approach and
research strategy adopted in this study. The followed methodology was the Cross-
Industry Standard Process for Data Mining (CRISP-DM) framework, which is a widely
recognised methodology for guiding the entire data analysis process. CRISP-DM pro-
vides a comprehensive approach to handling data projects, offering a clear structure
that encompasses business understanding, data understanding, data preparation, mod-
elling, evaluation, and deployment (Kelleher et al., 2015). By adhering to the princi-
ples and stages outlined in CRISP-DM, we aim to provide a transparent and structured
account of our data analysis, enabling both the replication of the work and a deeper
understanding of the methodologies employed.

3.1 Data collection

Given the dynamic and rapidly evolving nature of EV battery technology, it is essential
to choose a time frame that includes the recent period in which significant innovations
and advancements have occurred. Therefore, we opt for a comprehensive time frame,
starting in 2000, which coincides with the industry’s initial stages of development, as
discussed in Chapter 1, and ending in 2022. Furthermore, a vital transition occurred
around 2006 with the emergence of BEVs, marking the onset of a new phase in EV
technology evolution characterised by the significant participation of new entrants in
the automotive industry, which actively embarked on BEV production (Wesseling et
al., 2014).

3.1.1 Publications

Regarding the data collection for the bibliometric analysis, we decided to use WoS and
Scopus databases. Martin-Martin et al. (2018) find that Google Scholar outperforms
WoS and Scopus in capturing citations across various subject areas. While a substan-
tial portion of citations overlap between the three databases, Google Scholar identifies a
significant number of unique citations that are not covered by the other two databases.

However, since around half of these unique citations come from non-journal sources
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(theses, books, conference proceedings, unpublished materials), they exhibit lower sci-
entific impact compared to those found on both databases. Therefore, only WoS was
used to retrieve the needed observations, complemented by information from Scopus.

The query used to retrieve information from WoS is presented in the Appendix A.

The framework for data collection in WoS is presented and summarised in Figure 3.1.

- The query was searched in Titles, Abstracts and Author
Keywords;

- Year published: 2000-2022; [ 22753 observations. }

- Document type: Articles and Review Articles;

- Collection date: 20*" February 2024.

- 6 documents with duplicated DOIs (3 were removed);

- Removed 615 documents with missing Publication Year
or Publication Year outside the chosen time frame.

[ 22135 observations. }

Manual identification of 30 documents not related to the 22105 observations.
research area.

SR
1

- Scimago: to retrieve indicators on the importance and
prestige of journals;

- Scopus: through an API to retrieve authors’ identifica-
tion and missing DOIs;

World population from World Population Prospects 2022
(United Nations).

[ Other Sources ] [ Eligibility ] [ Screening ] [ Identification ]

Figure 3.1: Scheme to identify publications associated with EC batteries. Adapted from
Bortoletto et al. (2023).

3.1.2 Patents

Data on patent applications in EV battery technologies was retrieved from PATSTAT,
which is a comprehensive database of patent information, managed and provided by
the EPO, containing detailed information on patents granted by various patent offices
around the world (EPO, USPTO, and other national and regional patent offices).

The framework for data collection in PATSTAT, adapted from Braun et al. (2011),
was the following: first, it is necessary to identify the technological components of
batteries, involving an extensive review of standard literature and publications from
internationally recognised research institutions, associations, and manufacturers of EV
batteries; the subsequent step is to review the IPC and pinpoint the pertinent patent
classes relevant to EV batteries; to further refine the set of IPCs, the initial set can be
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cross-referenced with the components identified in the systematic analysis. This will
be an iterative process to refine the dataset and tailor it to the specifics of the technology
being studied. To validate the accuracy and completeness of this refined IPC set, the
EPO’s world patent search engine is used as an additional tool, including keyword
searches within patent names and abstracts. Figure 3.2 comprehends the collection

process.

Additional

EC battery

L information
Engineering

Expertise

Cross-
examination

IPC definitions
and EC battery
components

EC battery | Inquiry IPC

components

Validation in

Refined set
of IPC

Final set
of IPC

Set of IPC

definitions esp@Qcenet

Excluded

Excluded IPC

components

Figure 3.2: Scheme to identify IPC codes associated with EV batteries. Adapted from
Braun et al. (2011).

When working with patents, there are usually two ways of retrieving the data: ei-
ther take advantage of the standard classification that is present in the patent docu-
ments, namely IPC or CPC codes, or use a text search approach, using relevant key-
words, such as "battery” or ‘cell’. In this study, PATSTAT data was retrieved exclusively
using IPC codes.

While CPC codes offer a more detailed structure for data retrieval, their global
adoption remains inconsistent. Japan and China, two significant players in the bat-
tery field, have low CPC adoption rates (Japan: 26.7% and China: 31.7% USPTO &
EPO, 2018). Additionally, the complexity of CPC-based queries results in high compu-
tational costs beyond PATSTAT online capacities. Therefore, a balanced strategy was
adopted: initial data extraction using IPC codes from PATSTAT, followed by further
filtration using CPC codes.

3.2 Data description

Table 3.1 provides an overview of the publications dataset, while Table 3.2 provides an

overview of the patents dataset.
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Table 3.1: Summary of publications database.

Maetric Value
Time-span 2000 : 2022
Sources 1898
Documents 22 105
Annual Growth Rate % 22.71
Document Average Age 5.73
Average citations per doc 49.6

Average citations per year per doc  6.584
References 447 452

Table 3.2: Summary of patents database.

Metric Value
Time-span 2000 : 2022
Patent Applications 1523721
Patent Families 951 757
IPFs 180 026
IPFs Growth Rate % 383.4
Patent Grants 859 119
Countries Involved 73
Tagged Patents 266 443
Tagged IPFs 20219

3.3 Data preparation

3.3.1 Publications

Author-level scientometric indicators are essential instruments for evaluating the im-
pact of individual authors within the scientific community. These metrics provide in-
sights into the productivity and influence of researchers based on their publications
and citations (Hirsch, 2005). However, author ambiguity occurs when individuals
share identical or similar names, leading to confusion in accurately attributing pub-
lications to specific authors (Abdulhayoglu & Thijs, 2017). This issue is compounded
by heteronymous names, such as “Tom Mitchell” and “Tom M. Mitchell”, which may
be considered the same author by databases (Shin et al., 2014). Additionally, synonym
problems arise when authors are referenced under various names. For instance, the
German surname “"Miiller” may also appear as "Muller” or "Mueller” (Rehs, 2021).
Given that author ambiguity undermines the accuracy and reliability of citation

analysis and the identification of influential researchers, we implemented a solution
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leveraged by the Scopus API. By retrieving detailed information on author names and
affiliations, we conducted more robust analyses of authorship patterns, collaborations,
and research trends.

To ensure accuracy and consistency in our analysis, we took additional preprocess-
ing steps. We normalised keywords by standardising terms and merging synonyms
(and plurals). Authors’ affiliations were classified into academic and non-academic
categories, through keyword searches in the institutions’ names. We also standardised
country names, grouped countries into regions, and matched these with population
data.

3.3.2 Patents

Rigorous checks were performed to ensure data integrity and quality. Firstly, we checked
if the earliest publication dates of the applications fell within the desirable range (be-
tween 2000 and 2022). Second, we verified if the column representing the size of each
patent family was consistent with the actual number of observations for each patent
family.

As stated before, the primary emphasis of this analysis is on IPFs, given that patents
filed in multiple countries typically hold greater value for applicants seeking protec-
tion in various jurisdictions (Martinez, 2011). Therefore, we implemented a harmon-
isation process to guarantee consistent information regarding the earliest publication
dates across all observations belonging to the same patent family. Additionally, we
introduced a tagging system for patent families. Based on the definitions of IPF and
singletons presented before, we classified the observations in the dataset into one (or
none) of these categories. 18.91% of the patent families in the dataset are IPFs, and
these were the ones used for the analysis.

Furthermore, we developed another tagging system to identify the three main groups
of technologies in the study: charging technologies, BMS technologies, and EV bat-
teries technologies. First, we identified the relevant classifications for each technology
category. Then, we searched for these classifications in both the IPC and CPC columns.
Figure 3.3 provides a summary of the preprocessing steps and the final used classifi-
cations for tagging patents. A more detailed description of the classifications used can
be found in Appendix C.

The use of these categories was motivated by Feng and Magee (2020), as they use 4
categories to aggregate their dataset: power electronics, charging & discharging, bat-
tery, and electric motor. Since our focus is on batteries, we decided to use the cate-
gories of charging technologies, BMS technologies, and EV batteries technologies. By
isolating BMS technologies, we could more accurately assess innovations that enhance
battery performance and safety, a key area of interest.

It is worth noting that, regarding the classifications of EV batteries, patents contain-
ing the IPC code HOIM 8 (related to fuel cells and their manufacture) were included
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r 2
- Type: patent applications (included ungranted);
=
.8 - IPC codes: B60L 50/50, B60L 53..., B60L 58..., HO2J
S 3/32, H02J 7..., HOIM 4.. .;
= . L . > 6 081 288 observations.
5 - Earliest publication year of the family: 2000-2022;
ﬁ - Database: PATSTAT Autumn Edition 2023;
) | - Collection date: 5th April 2024. )
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Figure 3.3: Scheme to identify the steps taken during data preprocessing of patents
database.

only when they also contained the IPC code B60L 50/75. Fuel cells generate electricity
through electrochemical reactions between a fuel and an oxidant (usually hydrogen
and oxygen, respectively), converting chemical energy directly into electrical energy
(Kanuri & Motupally, 2013). However, integrating fuel cells with batteries can opti-
mise energy efficiency, performance, and range in EVs, leading to an overlap between
these technologies (Lindorfer et al., 2020). The IPC code B60L 50/50 relates to electric
propulsion systems for vehicles using power supplied by batteries or fuel cells, specif-
ically excluding those solely using fuel cells (B60L 50/70). By including patents with
both HOIM 8 and B60L 50/50 IPC codes, the dataset captures innovations integrating
fuel cells with batteries (hybrid systems), while excluding technologies focused exclu-

sively on fuel cells.
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3.4 Modelling

3.4.1 Counts

Regarding the analysis of publications, for country counts, we attribute the first au-
thor’s affiliated country to the publication of the country.

For the patent analysis, we followed the same methodology as in IEA (2020) and
Metzger et al. (2023), where the considered dates were the earliest publication dates for
each IPF. And when an IPF had more than one inventor, a fraction of the counts were
assigned to each inventor and to each inventor’s country to compute the geographic
distributions.

The retrieved data from PATSTAT contains several columns to identify the patent
applicants, some of them partially harmonised. Attribute han_name contains for many
applicants the names as harmonised by the OECD HAN (Harmonised Applicant Name)
project. However, since the harmonisation is not complete we can find in the dataset
records "HARUN, YETKIN” and "YETKIN, HARUN" with different IDs, but in reality
corresponding to the same applicant. Entries like this will, not only affect the counts
but also prevent us from analysing the field at affiliation level since it is not possible to
correctly match all the applicants’ names to the correct companies with these problems
in the data.

3.4.2 Network analysis

The degree of a node measures the number of connections a country has in the network,
therefore countries with a higher degree centrality are more interconnected within the
network (Freeman, 1978).

The betweenness of a node quantifies the extent to which a country serves as an in-
termediary between other countries in the network, meaning that higher betweenness
means that the country plays a central role in connecting different parts of the network
(Freeman, 1978).

The closeness measure assesses how quickly a country can interact with other coun-
tries in the network, so countries with higher closeness can reach the other countries

in the network more efficiently (Sabidussi, 1966).

3.4.3 Concentration measures

The Herfindahl-Hirschman Index (HHI) is a market concentration and can be used to
assess the level of competition within an industry (Yang et al., 2010). Higher values
indicate a higher level of market concentration and lower competition, as the index
ranges from 1 (least concentrated) to 10 000 (most concentrated).

N

<y (%) 2 e
—Z(Y) =) s (3.1)
i=1

i=1
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where S is the number of citations (X;) received by each paper divided by the total
number of citations (X) received by papers published within a certain period, and N

is the number of cited papers.

3.4.4 Title and abstract mining

N-grams are sequences of n-items (or terms) in a text. These items can be characters,
words, or other linguistic units (Schonlau et al., 2017). Examples of n-grams used in
this study include unigrams, bigrams, and trigrams. We analysed these expressions
after filtering the stopwords, which are common words that are filtered out before
preprocessing text data as they do not carry meaningful information, and they can
introduce noise in the analysis.

We computed n-grams counts of the annual occurrences, as well as n-grams intensi-
ties, which are the counts divided by the number of abstracts’ or titles” of the respective
year. The presented results in section 4.6 are sorted in descending order of increase of
the difference between the last and the first year of the analysed time frame. Other
representations were computed: (1) the same sort but in ascending order to see the
expressions that have decreased, (2) sort the results in descending order according to
the sum of year-to-year difference too see the expressions that have experienced the
biggest changes.

3.4.5 Time series analysis

Vector Autoregressive (VAR) models generalise single-variable autoregressive models,
as they capture linear interdependencies among multiple time series variables. A VAR
model describes the evolution of a set of k endogenous variables over time (Liitkepohl,
2005). Each variable is modelled as a linear function of its own past values and the past
values of all other variables in the system.

The VAR model of order p can be represented as:

ye=v+Aryr1+--+Apyp1tu, £t =0,%1,£2, - (3.2)

where y; = (y1t,- -+, Ykt) is a (K x 1) random vector, the A; are fixed (K X K) coefficient
matrices, v = (11, -+, vk) is a fixed (K X 1) vector of intercept terms allowing for the
possibility of a non-zero mean E(y;). u¢ = (11, -+ ,u kt) is a K-dimensional white noise,
thatis E(u;) = 0, E(usu;) = Ly, and E(usuf) = 0 fors # t

Choosing the correct lag length p is critical for the proper specification of a VAR
model. Different criteria (Akaike, 1974; Hannan & Quinn, 1979; Schwarz, 1978) are
typically used to determine the optimal lag length, namely the Final Prediction Error
criterion, Akaike Information Criterion, Hannan-Quinn criterion, and Schwarz crite-
rion. The lag length that minimises these criteria is generally selected as the optimal
lag length.
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K

LrRm+ 11" yee s, m) (3.3)

FPEO) = | 7 Km =1

where m denotes the order of the VAR process fitted to the data, T is the sample size,
and K is the dimension of the time series.

AIC(m) = In |£,,(m)| + 2mK> (3.4)

HQ(m) = In|E, (m)| + 21“T1“Tmf<2 (3.5)
~ InT ,

SC(m) = In|Z, (m)| + TmK (3.6)

Our objective with these estimations was to test Granger causality, which is a test
used to determine whether one time series can predict another (Granger, 1969). Granger
stated that causality could be measured by the ability of prior values of a time series
to predict the future values of a different time series. The intuition is that if knowing
the past values of time series X helps us to make better predictions about the future
values of time series Y, then X is said to Granger-cause Y.

The test compares the performance of two models: (1) a model using only past
values of Y to predict future Y; (2) a model using past values of both Y and X to predict
future Y.

So, a statistical test is used to assess the significance of the improvement by adding
the information of time series X. The null hypothesis (Hp) is that X does not Granger-
cause Y, while the alternative hypothesis (H;) is that X does Granger-cause Y. If the
null hypothesis is rejected, it indicates that past values of X help predict Y, suggesting
Granger causality.

One important limitation of this method is that it assumes linear relationships be-
tween the variables, and so, if the true relationship is nonlinear, the test might not
detect it (Granger, 1969). Also, other limitations are related to questions regarding the

nature of causality or temporal ordering vs. causality, as discussed in Maziarz (2015).
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4 | Results and Discussion

The findings of the analysis are presented in this chapter, to identify the patterns of
innovation associated with EV batteries, their historical evolution, notable authors,

inventors, and institutions, and academic and technological trends in this field.

4.1 Research per year

To answer the question "How has the scientific and technical research on EV batter-
ies evolved since 2000?”, a total of 22 105 publications published between 2000 and
2022 and 20 219 IPFs with the earliest publication year between 2000 and 2022 were
analysed.

Until 2010, the number of publications had been stable, with around 100 publica-
tions per year, as shown in Figure 4.1a. After 2010, there was a steady increase with no
sign of slowing down.

The overall trend in the number of IPFs suggests a significant and steady increase in
the analysed period. It started with 39 IPFs in 2000 and reached the peak in 2020 with 2
638 applied IPFs. Again, between 2000 and 2010, there was a gradual increase in patent
activity, and from 2011 onwards there was a marked acceleration in the number of
applied patents. The highest increase is registered from 2010 to 2011 when the number
of applied IPFs increased by approximately 70%. On average the increase from year to

year was 24%.

The adoption of EVs was relatively low before this period, with limited market
and infrastructure support. In the following years, there was a significant increase
in EV sales and market share, reaching over 10 million sales worldwide by 2022 (IEA,
2023). This surge in demand for EVs not only reflects changing consumer attitudes but
also triggers investment in R&D to meet growing market demands and technological

advancements.

Before 2010, there were few government incentives, policies, and regulations pro-
moting the adoption of EVs. In the United States, subsidies for PHEVs and BEVs began
in 2010, offering 2 500$ to 7 500$ depending on the battery capacity; Japan introduced
the “Green Vehicle Purchasing Promotion Measures” in 2009, providing subsidies up
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Figure 4.1: Number of research items analysed from 2000 to 2022.

to 100 000 Yen and tax reduction incentives; China launched the Electric Vehicle Sub-
sidy Scheme in 2009, with updates in 2013, offering subsidies for both public and pri-
vate EV purchases (Hao et al., 2014). This growing market demand for EVs, aligned
with a growing global awareness of the importance of reducing greenhouse gas emis-
sions and transitioning to cleaner transportation alternatives, likely spurred greater
research interest and investment in EV battery technologies.

Moreover, there has been a notable increase in the number of journals publishing
EV batteries-related research, surging from 22 journals in 2000 to 795 in 2022. Simi-
larly, the scope of knowledge production in this field has expanded globally, with the
involvement of 15 countries in 2000 and growing to encompass 103 countries by 2022.
This proliferation reflects the collaborative efforts among researchers across borders,
driven by diverse motivations such as strengthening economic or political ties, access-
ing specialised equipment or facilities that may be available in only a few locations
worldwide, or fulfilling mandatory exercises outlined in bilateral agreements between

institutions, government agencies, or science administrations (Glanzel, 2001).

A VAR model of order 3 was estimated, using the two time series, one with the
number of IPFs applied in the analysed time frame, and the other with the number
of published scientific papers in the same time frame. The model passed the Jarque-
Bera test (for normality) and the Breusch-Godfrey test (for autocorrelation) with high
p-values. Two Granger causality tests were performed, and the conclusions are inter-
esting. The coefficients of the estimated lagged variables for the number of IPFs are
jointly significant, and therefore, with a p-value of 0.08373, we reject the null hypoth-
esis, meaning that we have statistical evidence for saying that the number of applied
IPFs Granger-cause the number of published papers. The same does not happen for

the inverse case.
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4.2 Major contributors

To answer the question “Who are the main authors/ inventors, journals, and countries
that contribute to the EV battery field?” the data on authors/ inventors and publishers

was analysed.

4.2.1 Countries
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Figure 4.2: Research items analysed per country from 2000 to 2022. Absolute values
(left) and normalised per 1M inhabitants (right).

Figure 4.2a presents the volume of research publications on EV batteries, with 103
countries involved. The countries were extracted from the authorship information of
both the first author and the co-authors. The most productive authors were the Asian,
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with 11 637 papers published between 2000 and 2022, accounting for more than half of
the published documents. We can see in the plot on the left that China emerges as the
country with the highest number of published documents, with a total of 7 709 papers,
followed by the US. These two countries account for nearly 44% of all publications.

These numbers should be complemented with the number of articles normalised
by population for each country, which provides a more equitable comparison by ac-
counting for the size of the country. Interestingly, when normalised by the population,
we can see on the plot on the right of Figure 4.2a that Europe emerges as the continent
with the highest number of articles per capita. Despite its prolific output, China’s large
population size means that its research output per capita does not rank as high when
compared to smaller nations. In fact, on a per capita basis, China fails to even make
it into the top 30 countries contributing to EV battery literature. These findings align
with recent data showing that China has surpassed the US as the top-ranked country
for contributions to research articles published in high-quality natural science journals
(Baker, 2023).

Figure 4.2b presents the distribution and intensity of IPFs related to EV batteries
per country. We can see Asian countries again leading in the total number of IPFs,
with Japan having almost the same number of applied IPFs as the two next countries
in the ranking (6 378 of Japan against 3 432 of Germany and 3 066 of the United States).
When adjusting for population size, smaller countries like Liechtenstein, Switzerland,
and Sweden show significantly high rates, suggesting highly concentrated innovative
activities. Countries like China and India have significant absolute numbers, but they
show lower figures on a per capita basis. As in the bibliometric analysis, although
there is substantial innovation activity, their per capita engagement is diluted by the
large populations.

Depicted in Figure 4.3a, we can see the US initially dominating the landscape with
a higher share of first-author papers compared to China, accounting for approximately
31% of the total share in 2000 against the modest 4% share of the Asian country. As the
years progressed, a shift occurred, with China steadily increasing its share after 2010,
and surpassing the US after 2014. This trend confirms the repositioning in the global
distribution of publications, with China emerging as the main contributor to this field.

The top 5 countries with the highest shares in terms of patents, shown in Figure
4.3b, indicate a clear dominance of Japan. At the beginning of the analysed time frame,
Japan accounted for nearly 70% of all IPFs applied in the database. According to IEA
(2008), Japan’s budget for energy R&D was over USD 3.6 billion in 2006, a slight decline
compared to the previous years. The share of funds allocated for power and storage
technologies was increasing in the early 2000s, and this ambitious R&D policy might
help explain the premature lead.

Over the years, Japan’s share in the patent side has experienced a decline, falling to
under 30% in 2022. This may be justified by the rise of other nations, namely Germany,
China, South Korea, or the US, which started to catch up technologically, reducing
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Figure 4.3: Share for top 5 countries with more research output from 2000 to 2022.

Japan’s initial advantage. Germany continues to invest in energy storage applications
for EVs, as the transport sector accounts for 29% of final energy consumption in Ger-

many (Federal Ministry for Economic Affairs and Energy, 2018).

The overall trend in patents towards a more evenly distributed share among the
most influential countries suggests an increase in global diversification in EV battery

innovation.

The impact of scientists” work on the research paradigm can be measured through
the citation count of their peer-reviewed articles. This proposition is built on the notion
that high-quality work might receive more responses (citations) compared to lower-
quality counterparts (Bornmann & Daniel, 2008). Looking at the citation patterns for
each country in Figure 4.4, the US has the highest number of citations, closely trailed
by China.

However, when normalising these citation metrics by the number of published ar-
ticles, Israel emerges as the front-runner with 242 citations per paper. The US occu-
pies the third place with an average of 88.2 citations per publication, and, in contrast,
China ranks 22", recording 45.6 citations per article. This discrepancy suggests that
China values publishing volume over quality, as F.-c. Liu et al. (2011) identify this phe-
nomenon where Chinese mayors and governors are assessed on the rate of GDP in-

crease “rather than on the quality” of their innovative contributions.

The Herfindahl-Hirschman Index can be calculated for countries to measure the
concentration of research output among the different actors. Both Figures 4.5a and
4.5b present a decreasing trend in the HHI over the analysed time frame. This trend
suggests a more evenly distributed research output across the involved countries and
the scholarly community, which translates into a less concentrated landscape over time
and a more competitive environment, as a larger number of countries is contributing

to the research.

Despite the more significant decreasing trend in the IPF analysis, the values for the
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HHI remain significantly higher, indicating persistent concentration in patent applica-

tions with higher value.
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Figure 4.5: HHI for countries participating in EV batteries related articles from 2000 to

2022.

As mentioned before, Asian countries are the most productive ones: the Asian av-
erage yearly IPF output is 1.85 times higher than Europe’s and 3.34 times higher than
Americas’. Normalising the patent counts by population counts provides a more ac-
curate comparison of patent activity between countries and continents because we are
accounting for differences in population size and eliminating biases related to coun-
try size (OECD, 2009b). Figures 4.6 highlight the regional disparities in innovation,
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with Asia leading in total number of patents and Europe leading in per capita innova-
tion. The average year-over-year increase for Asia and the Americas is similar, 22.26%
and 22.61% respectively, while the average year-over-year increase for Europe is sig-
nificantly higher, 39.92%.
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Figure 4.6: Number of IPFs applied from 2000 to 2022, separated by continent.

4.2.1.1 BRICS vs. G7

A detailed analysis can be made to compare the activity of BRICS countries and of G7
countries. The major emerging economies with rapidly growing innovation capabili-
ties are BRICS countries: Brazil, Russia, India, China, and South Africa. On the other
hand, we have the Group of Seven (G7) which consists of seven of the world’s largest
advanced economies: Canada, France, Germany, Italy, Japan, the United Kingdom,
and the United States.

Both G7 and BRICS countries face global challenges such as climate change and
sustainable development, and comparing innovation activities can reveal how coun-
tries are addressing these challenges through research and technology, and how they
can potentially collaborate on global solutions.

The two groups show an increasing trend in the number of publications. Initially,
G7 countries are more productive than BRICS, however around 2016 the development
of BRICS countries was more accelerated, with this group catching up and surpassing
the other. These findings contrast with the ones found in (de Paulo et al., 2017), where
the authors identify a clear dominance of the developed countries.

Contrary to what we see in the bibliometric analysis, G7 countries are leading the
technical innovation in EV battery technologies. One fact worth noting is that the inno-
vation in BRICS countries is clearly driven by Chinese patents, as we can see in Figure
4.7b.

We also performed time series analysis techniques to compare BRICS countries
against G7 countries. We estimated two VAR models, one for the IPFs time series,
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Figure 4.7: Research output from 2000 to 2022, separated by country group.

containing one time series for the number of IPF per year by BRICS countries and an-
other time series for the number of IPF per year by G7 countries, and another for the
publications time series (again, two time series, one for publications by BRICS another
for publications by G7).

Based on the calculated values for the criteria mentioned in Subsection 3.4.5, both
VAR models had order 4. Multivariate Jarque-Bera tests were performed, with the
objective of assessing if the data follows a normal distribution, by examining skewness
and kurtosis. For both models, the null hypothesis of the data following a normal
distribution was not rejected at the usual levels of significance. Multivariate Breusch-
Godfrey tests were performed as well, with the objective of detecting the presence of
serial autocorrelation in the residuals of the two VAR models. Again, in both models,
we did not rejected the null hypothesis of not having serial correlation in the residuals.

Finally, we tested for Granger causality in both models. On the analysis of the
publications, we fail to reject the null hypothesis for both tests, with p-values of 0.8
and 0.2. Therefore we do not have statistical evidence for saying that nor publications
of G7 countries Granger-cause publications of BRICS countries, nor vice-versa. On the
patent analysis, the coefficients of the estimated lagged variables for the number of IPFs
by BRICS countries are jointly significant, and therefore, with a p-value of 0.08218, we
reject the null hypothesis for the Granger causality test, meaning that we have statistical
evidence for saying that the number of IPFs by BRICS Granger-cause the number of
IPFs by G7 countries. The same does not happen for the inverse case.

4.2.2 Journals - publications

Analysis of the top scientific journals, as depicted in Figure 4.8, reveals the twenty
major scientific journals by publications count. Notably, all these journals fall within
quartile Q1 or Q2 rankings, and their main focus areas are related to Chemistry, Energy,
and Engineering. Energies emerges as the most prolific journal in absolute publication
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number, however, one of the lowest citations per paper metrics among this group of
journals. Of particular interest is the Renewable & Sustainable Energy Reviews, distin-
guished by its significant impact, evidenced by an impressive average of 142 citations

per paper, reflecting its contribution to knowledge dissemination in this field.
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Figure 4.8: Most productive journals (Top 20) by number of articles (left) and their
average number of citations per paper (right) from 2000 to 2022.

4.2.3 Authors - publications

In absolute terms, authors from China dominate the list, with 13 out of the top 20
contributors from this country, as it can be noted in Figure 4.9. Notably, Ouyang M.
takes the lead as the most productive author, with 147 published articles, accounting
for 0.6% of all selected publications.

However, when considering impact, measured by the number of citations on the
left plot of Figure 4.9, authors from the US take the lead, with 9 authors among the top
20. Interestingly, the distribution of countries among both the most productive and
impactful authors is heavily concentrated around these two countries. While citations
serve as an indicator of acknowledgement and recognition from peers, they do not
necessarily capture the broader influence. This discrepancy can be attributed to the
time it takes for citations to accumulate and to the true impact of a paper to become
evident (W.-C. Lin & Chang, 2022). As noted before in Figure 4.3a, China started the

race for research in this area after the US.

4.2.4 Affiliations - publications

As with the country analysis, the institution corresponds to the affiliation provided in
the author’s information. Among the 22 135 publications on EV batteries with author
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Figure 4.9: Most productive authors and their dominant affiliation, in the number of
publications (left) and citations (right), from 2000 to 2022.

addresses, a total of 7 776 institutions have contributed to the field. These affiliations
can be further categorised into academic and non-academic institutions.

Figure 4.10 illustrates the contribution of the top 20 most productive academic insti-
tutions from 2000 to 2022. Particularly, the majority of these top institutions are based
in China, with only two universities from the US, and one each from Canada, Den-
mark, Germany, and Bangladesh. However, when considering the impact of academic
institutions, a different trend emerges. The top positions are less occupied by Chinese
universities, and these are substituted by key players, such as influential universities
(MIT and Stanford) from the US, along with the Korea Advanced Institute of Science
and Technology.

The contribution of the top 20 most productive non-academic institutions between
2000 and 2022 can be found in Figure 4.11, revealing a diverse set of institutional actors.
The analysis identifies prominent players such as car manufacturers including General
Motors, Ford, Jaguar, BMW, and Mercedes, alongside electric utility corporations like
the State Grid Corporation of China or Hydro Quebec from Canada. Research centres
such as Flanders Make, Deutsches Zentrum fur Luft und Raumfahrt DLR emerge as
significant contributors, showcasing a substantial volume of published articles. Addi-
tionally, energy and building technology companies like Bosch and Samsung are con-
tributing substantially to the research domain. Government entities like the Ministry
of Education of the People’s Republic of China also play an active role in shaping the
research agenda.

Turning to the evaluation of publication impact in the right plot of Figure 4.11, ad-
ditional influential actors come to light. These include several energy and technology

36



4.2. MAJOR

CONTRIBUTORS

Tsinghua University

Beijing Institute of Technology

Chongging University

Argonne National Laboratory

Shanghai Jiao Tong University

North China Electric Power University-
University of Michigan, Ann Arbor

Harbin Institute of Technology
Xi'an Jiaotong University
University of Waterloo
Beijing Jiaotong University
Huazhong University of Science and Technology
Aalborg University
Tongji University-
South China University of Technology
Rheinisch Westfalische Technische Hochschule Aachen
Southeast University
Tianjin University
Beihang University
Jilin University

University of Science and Technology of China

Tsinghua University-
Beijing Institute of Technology
Argonne National Laboratory
Cockrell School of Engineering
Stanford Engineering
Lawrence Berkeley National Laboratory
Hanyang University
University of California, Los Angeles
Universite de Picardie Jules Verne
University of Michigan, Ann Arbor
MIT School of Engineering
Bar Ilan University
SLAC National Accelerator Laboratory-
Rheinisch Westfalische Technische Hochschule Aachen
Stanford University
Chongging University-
Korea Advanced Institute of Science and Technology
Electric Power Research Institute, Inc:

College de France.

o

a
8
3
a
&
3

University of St E
0 10k 20k 30k 40k

Figure 4.10: Most productive academic affiliations by number of articles (left) and total
citations (right) (Top 20) from 2000 to 2022.
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Figure 4.11: Most productive non-academic affiliations by number of articles (left) and
total citations (right) (Top 20) from 2000 to 2022.

companies, such as Hitachi High Technologies, IBM, and EC Power, as well as bat-
tery companies, like Compact Power Inc. and Key Power Technology Corporation Ltd.
Chemical companies, like BASF SE, a German company, also demonstrate significant
influence. Furthermore, research centres like Stanford Synchrotron Radiation Light-

source emerge as key players, with 2 237 citations in their articles.
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CHAPTER 4. RESULTS AND DISCUSSION

4.3 Most cited research

To answer the question "Which studies and patents are considered to be key in the
scientific and technical literature on EV batteries?” the most cited publications and

IPFs were analysed, and the results are presented in Tables 4.1 and 4.2, respectively.
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On the publications side, the geography is dominated by the G7 countries, also
combined with Israel, China, South Korea, Switzerland, and Austria. Most of the pro-
ductions are connected to academic institutions, and we can find three partnerships be-
tween academic and non-academic institutions. Only one paper is fully non-academic,
published by IBM Research Almaden. Nearly half of these publications (9) are a result
of a collaboration between institutions from different countries and all publications are
co-authorships, which sustains the premise that research collaboration is essential for
tackling complicated topics and developing more advanced technologies (“Collabora-
tions across the globe”, 2022).

It is important to compute the average number of citations per year for each paper,
by dividing the total number of citations by the number of years since publication. This
metric enables a fair comparison of the impact of the different contributions, indepen-
dently of the publication age (Brooks, 2000). While examining the most cited works,
accounting for either the total or yearly amount of citations has minimal effect on the
overall ranking. D. Lin et al. (2017) stands out as the second most prominent paper,
despite being the most recent on the ranking. In their study, the authors discuss the
limitations of Li-ion batteries and the need for alternative chemistries to meet the in-
creasing demands. They review the potential of metallic lithium as an anode material
for next-generation lithium batteries, particularly in Li-S and Li-air systems.

In the patent side, there are IPFs related to a variety of applications (robotic sys-
tems, and vehicle-specific innovations) that demonstrate the diverse applicability of
EV battery technologies beyond conventional EVs.

The most cited patents are not recent, which aligns with a larger time frame for
possible citations. Also, we can see that some patents have a negative average time
between citation and publication. As mentioned before, the considered patents in the
dataset are part of IPFs, so the citing patent might refer to a related document in a
different jurisdiction that was published later sharing the same priority date. Delays in
the publication of patents due to administrative or legal reasons can also cause negative

citation lags.

4.4 Main thematic areas

We analysed the datasets to understand the main thematic axes that involve EV bat-
teries, therefore to answer the question “Which themes come up most frequently in
research about EV batteries?”.

Table 4.3 presents a comprehensive analysis of the main thematic categories within
the publications dataset. The aggregation of WoS disciplinary categories into broader
fields follows the methodology outlined in Mendonga et al. (2022).
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Table 4.3: Thematic categories from 2000 to 2022.

Average Average Total Average
\Y
Category Group Articles Percentage L. 8 Citations per L. Growth
Citations Citations
Year YoY

Electronics And

SClromies And 13782 62.35% 51.94 11.33 715 835 27.8%
Telecom Engineering
Energy 7 818 35.37% 55.05 12.92 430 385 28.37%
Mater%als And 5396 24.41% 85.69 15.7 462 407 18.83%
Chemistry
Information
Technology And 3274 14.81% 33.03 7.78 108 139 42.22%
Processing
Transportation 2450 11.08% 33.75 7.79 82 683 34.41%
Environment 1568 7.09% 54.61 11.89 85 630 41.87%
Busi And

HsIness An 549 2.48% 483 9.8 26517 48.25%
Economics
Hlealth And 61 0.28% 20,54 3.89 1253 50.4%
Biosciences
Public Policy And
International 43 0.19% 26.74 6.47 1150 28.03%
Governance
Education 28 0.13% 2.93 0.95 82 117.86%
Social Sciences And 12 0.05% 8.67 2.69 104 36.11%

Humanities

Several significant observations can be made based on these results. The cate-
gories “Electronics And Telecom Engineering” and “Energy” prominently stand out
as the main thematic areas, and combined they constitute a significant proportion of
the publications (97.72%). Moreover, categories such as “"Materials And Chemistry”,
“Environment”, and “Business And Economics” exhibit high average citation counts,
indicating that research in these fields tends to attract more attention and recognition
within the academic community. However, it is important to note that comparing fields
solely based on citation counts is not completely accurate since the “citation potential”
varies across fields (Moed et al., 1985).

Furthermore, this analysis reveals a diverse range of thematic categories, that go
further into the traditional engineering and energy domains, including for example
“Public Policy And International Governance” and “Information Technology And Pro-
cessing”. This diversity reflects the interdisciplinary nature of the research area and its
intersection with various sectors. One unexpected result worth noting is the relatively
modest representation of the “Transportation” category group, only covering 11% of
our dataset. This observation may be due to the fact that batteries are versatile and
have applications beyond EVs. Therefore, findings from diverse areas may also hold
relevance for electromobility, contributing to their inclusion in our dataset.

In Figure 4.12 we present the number of articles published for each category group
between 2010 and 2022. Before 2010, roughly all category groups had a static trend,
with minimal fluctuations in publication counts. By plotting these results after 2010
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(when the number of publications started to increase significantly, as mentioned be-
fore), we can have a clearer understanding of the most recent trends and developments.

Electronics And Telecom
Business And Economics Education Engineering Energy
100+
104 2500

1500+
80

60- 1500+ 1000+

404 1000
500-]
204 500

Information Technology
Environment Health And Biosciences And Processing Materials And Chemistry

104 600+

Public Policy And Social Sciences And
International Governance Humanities Transportation

2010 2015 2020 2010 2015 2020 2010 2015 2020

Figure 4.12: Evolution of disciplinary areas per year (absolute number of publications)
from 2010 to 2022.

The main foundational areas of EV battery research are “Electronics And Tele-
com Engineering”, "Energy”, and “"Materials And Chemistry”, which are continuing
to dominate in terms of the number of publications, sustaining the interest and in-
vestments. Category groups like “Public Policy And International Governance” and
“Business And Economics” have become more noticeable in recent years, possibly due
to the recognition of the broader societal and economic implications of these types of

technologies.

As mentioned in Section 3.3.2, the patent data was divided into 3 main groups:
charging technologies, BMS technologies, and EV batteries technologies. Therefore,
this data can be analysed by focusing on these three different groups.

Figure 4.13 presents the evolution of the three groups in terms of absolute numbers.
Overall, there has been an increase in patent activity across all three categories in the
analysed time frame. The most significant growth is observed in the charging and
discharging category.

Initially, the number of IPFs in the BMS category grew from 20.83 in 2000 to 191.33
in 2010, and then the patent count grew dramatically, reaching 1 387.17 in 2020. In

battery technologies themselves, the numbers increased from 16.33 in 2000 to 231.33 in
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Figure 4.13: Global patenting activity for the three identified groups of technologies
in EV batteries, from 2000 to 2022.

2010 showing a consistent innovation, essential for improving battery capacity and per-
formance. However, the battery IPFs peaked at 543.17 in 2013, followed by a fluctua-
tion but generally downward trend, with a notable drop to 395 IPFs in 2022. Finally, the
charging and discharging category displays a very low count initially, with 1.83 IPFs in
2000. The minimal activity continues, showing a gradual increase, reaching 12.33 IPFs
in 2010. But, particularly from 2016 onwards, the output count grew rapidly, peaking
at 949 IPFs in 2022. This trend indicates a growing emphasis on improving charging
efficiency and reducing charging times, critical for EV adoption (Tomaszewska et al.,
2019).

4.5 Research networks - publications

Co-authorship in science can be used as a measure of collaboration between the differ-
ent agents involved in research (OECD, 2009a). OECD emphasises the progressive em-
brace of open science practices, characterised by collaboration among researchers glob-
ally and across diverse institutional affiliations. In our dataset, the number of single-
author publications is 658, which represents a small percentage of all EV batteries-
related publications (around 2.98%). The average number of co-authors in the pub-
lications over the analysed time frame is 3.95, but we identify a growing trend (this
value went from 3.52 in 2000 to 4.71 in 2022). Finally, the average number of coun-
tries involved in the publications has also been increasing, from 1.07 in 2002 to 1.42 in
2022. These statistics support the shift towards openness and more interdisciplinary

scientific endeavours.

4.5.1 Countries

To further investigate the collaborative efforts between researchers, it is possible to vi-
sualise and analyse the connections between authors’ countries. Figure 4.14 presents
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Figure 4.14: Country collaboration from 2010 to 2022. Only 50 countries are displayed.
The size of the marker represents the number of publications.

our research network, containing nodes representing the countries and edges repre-
senting collaborative relationships between them. 50 countries are displayed in the
network to clarify the network, otherwise, the nodes and the edges would become too

complex, making it difficult to uncover the network relationships.

This network analysis reveals valuable insights into the structure and dynamics
of the network and the metrics collectively provide a comprehensive understanding
of the network’s organisation. The network’s density, representing the ratio of actual
connections to potential connections, stands at 0.19, while the network’s diameter, rep-
resenting the longest shortest path between any two countries, is 4. Additionally, the
average number of steps on the shortest path between any two potential country pairs
is 5.12.

Regarding clusters, three distinct groups are formed: (1) the first cluster (blue) in-
cludes the major research powerhouses, such as China, the US, India, Germany, and
the UK, alongside other countries from different regions, like South Korea, Canada; (2)
the second cluster (yellow) with a lower level of collaboration compared to the first one;
and (3) the third cluster (purple) with relatively lower contributions and collaboration
levels.

Examining specific collaboration links, from Table 4.4, it is worth noting the part-
nership between the US and China, which stands out as the strongest, with 953 jointly
developed publications. Furthermore, China emerges as a significant partner for sev-
eral countries including the UK, Australia, Canada, Singapore, and Japan. Among the
top 30 partnerships, China leads with collaborations involving 15 countries, followed
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closely by the US with 11 country collaborations.
Table 4.4: Country collaborations (Top 30 co-authorships) from 2000 to 2022.

Country Country Articles Together
China Us 953
China UK 427
China Australia 278
China Canada 199
us Canada 171
us South Korea 162
China Singapore 147
us UK 120
China Japan 117
us Germany 95
China Germany 88
us India 83
India Saudi Arabia 81
Australia Us 78
China South Korea 73
China Denmark 73
Us Iran 71
China Saudi Arabia 70
Saudi Arabia Egypt 69
us Saudi Arabia 68
China Sweden 67
China Pakistan 62
China India 61
Germany UK 57
us Ttaly 55
UK India 54
us Japan 54
China France 52
China Ireland 50
Canada France 49
UK Saudi Arabia 49

Table 4.5 shows measures of each country’s importance and status inside the net-
work. China is the country with the highest degree, meaning that is the country with
more links to the other ones. The USis the country that serves more as an intermediary
in this network, while the country that has the most indirect connections to the others
is Poland. Unexpectedly, Poland serves as an important intermediary in the network
and is well-connected maintaining close ties with its partners.

It is worth noting that while China leads in the number of publications, as pre-
viously observed, its centrality in the research network is not as high. This suggests
that China’s extensive research output has not translated into equally extensive inter-
national collaboration. Apart from the US and China, it is not clear the emergence of

absolute leaders in this area.

Table 4.5: Country network statistics.

Country Degree Country Betweenness Country Closeness
China 0.713 us 0.096 Poland 0.2614
Us 0.6696 Poland 0.0925 Colombia 0.2452
India 0.6174 China 0.0912 Estonia 0.2416
UK 0.6087 India 0.0855 China 0.2411
Germany 0.5565 Canada 0.0576 Greece 0.2357
Canada 0.5391 Malaysia 0.0461 Us 0.2328
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Table 4.5: (continuation)

Country Degree Country Betweenness Country Closeness
Saudi Arabia 0.4957 South Korea 0.0461 Malaysia 0.2323
France 0.487 Nigeria 0.0373 Germany 0.2305
Australia 0.4696 Colombia 0.0372 Bulgaria 0.2305
Spain 0.4609 Japan 0.0369 Nigeria 0.2305
Ttaly 0.4435 South Africa 0.0353 Mexico 0.23
Denmark 0.4348 Spain 0.0329 Finland 0.2268
Iran 0.4261 Germany 0.0312 India 0.225
South Korea 0.4087 UK 0.0297 Thailand 0.2237
Japan 0.4087 Estonia 0.0261 UK 0.2229
Pakistan 0.4087 France 0.0239 Norway 0.2229
Malaysia 0.4 Finland 0.0202 Tunisia 0.2229
Poland 0.4 Norway 0.0201 Algeria 0.2229
Egypt 0.3826 Serbia 0.0194 Hungary 0.2229
Turkey 0.3652 Australia 0.0182 Spain 0.222

4.5.2 Affiliations

Figure 4.15 contains the affiliation collaboration network, for the institutions with de-
gree higher than 50. One characteristic that stands out in this network is the fact that
the majority of its components are universities or other academic institutions. When
calculating the centrality measures (displayed in Table 4.6), only 4 non-academic insti-
tutions appear in the Top 30.
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Ecole De Technologie Superieure

Figure 4.15: Affiliation collaboration from 2010 to 2022. Only affiliations with degree
higher than 50 are displayed. The size of the nodes is given by the degree of each
country.

From a perspective of the influence of the publications in this field, Wuhan Uni-
versity, from China, has the largest centrality degree, indicating its close cooperation
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with most affiliations in the cooperation network, followed by Aalborg University in

Denmark, and Peking University also in China.

Table 4.6: Affiliation network statistics.

Affiliation Degree Affiliation Betweenness Affiliation Close-
ness
Wuhan University 0.2115 Wuhan University 0.1369 Wuhan University 0.0013
Aalborg University 0.1923 Aalborg University 0.0797 Aalborg University 0.0013
. L . S University Of  Chinese
Peking University 0.1795 Peking University 0.0775 Academy Of Sciences 0.0012
Sichuan University 01731 Prince Sattam Bin Abdu- ) Hong Kong University OF ),
laziz University Science And Technology
Prince Sattam Bin Hong Kong University Of . . .
.1667 .061 P .0012
Abdulaziz University 0.166 Science And Technology 0.06 eking University 0.00
M husetts Institute Of M husetts Institute Of
Imperial College London ~ 0.1538 AsSaciiusels Instiute 0.0608 Assaciusets Instiute 0.0012
Technology Technology
H K i ity Of
ong Kong University O 0.1538 Shanghai University 0.06 Duy Tan University 0.0012
Science And Technology
University Of ?hmese 0.1474 Duy Tan University 0.0539 The University Of Manch- 0.0012
Academy Of Sciences ester
Shanghai University 0.1474 Imperial College London 0.0518 Sichuan University 0.0012
henzhen Institute Of
Shenzhen Institute O 0.141 Taif University 0.0494 King Abdulaziz University ~ 0.0012
Advanced Technology
Lawrence Berkeley University Of  Chinese .
National Laboratory 0.1346 Academy Of Sciences 0.0451 Imperial College London 0.0012
University Of California, 01346 City University Of Hong 0.0444 Stanford Engineering 0.0012
Berkeley Kong
University Of Wollongong 0.1346 Unsw Sydney 0.0441 Shanghai University 0.0012
National Institute For Mate-
King Abdulaziz University ~ 0.1346 ratonalnstitute For Vatem 0,043 Zhejiang University 0.0011
rials Science
University Of California, Pri Sattam Bin Abdu-
University Of Oxford 0.1346 niversity A& 0 0411 riee sattam Bi ABGU 6 0011
Berkeley laziz University
Brookh: tional it iversity Of H
rookhaven Nationa 0.1346 Universiti Malaya 0.0396 City University Of Hong ;9
Laboratory Kong
Taif University 0.1346 University Of Oxford 0.0393 Shenzhen Institute O Ad- 0
vanced Technology
it iversity Of H hanghai Mariti iver-
City University Of Hong 0.1282 SA anghai Maritime Univer 0.0357 University Of Wollongong 0.0011
Kong sity
Pacific Northwest National
Unsw Sydney 0.1282 Sichuan University 0.0354 aciiic Northwest Tational o 0011
Laboratory
Stanford Engineering 0.1282 National University Of Sin- 0.0351 Brunel University London 0.0011

gapore

4.6 Content analysis

To leverage the classical analysis of bibliometric methods and patent information, we

conducted an analysis of the keywords present in articles” abstracts and patents’ titles

and abstracts. It is possible to plot the evolution of the different keywords since 2000,

to uncover the trends or shifts in research focus within the area.
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Table 4.7 illustrates the trajectory of the main unigrams present in the keywords
of the collected publications. The keyword “battery” consistently maintains a high
ranking throughout the years, indicating a strong emphasis on studying individual
battery components. This emphasis is further highlighted by the high ranking of "cell”
in the first year analysed. However, around the early 2010s and beyond, we observe a
gradual increase in the ranking of the “system” keyword, accompanied by a relative
decline in the ranking of ”battery”. This shift is likely reflecting the recognition of the

importance of integrating energy storage into larger systems and applications.

2000 2001] 2002] 2003] 2004] 2005] 2006 2007] 2008] 2009] 2010] 2011] 2012] 2013] 2014 2015] 2016] 2017] 2018] 2019] 2020] 2021 2022

|

20| 18| 46| 69 | 100 | 119 | 185 0
12 12 26| 50| 51[ 103 | 125 | 206 2
23| 27 ] 39| 8 | 78| 85| 148 8 )
7] 16| 16| 34| 37| 42| 4 8
9] 10| 14] 31| 33| 38
12| 15] 23] 39| 36| 4] 79
9] 12 11 ] 21| 22| 35 9 8
4 4| 14 9 17| 18 0
17 ] 24| 39| 82| 101 | 133 | 158 4 6
6 3| 11 5] 21 23] 26 69
5 7| 1 8] 20| 21| 37 6
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Table 4.7: Top 30 unigram occurrence in publication abstracts. The colour gradients rep-
resent intra-row relationships.

Moreover, the prevalence of the use of the “design” keyword indicates ongoing
efforts among researchers to explore new design concepts, configurations, geometries,
and materials to improve batteries” performance, efficiency, safety, and versatility.

In recent years, the ”“optimisation” keyword has been the most used in publica-
tions, underscoring one of the biggest concerns related to EVs, which is their efficiency,
effectiveness, and overall performance of their energy storage systems. Researchers
continually seek to optimise various aspects, including battery chemistry, materials,
configuration, operating conditions, and control strategies, to enhance batteries” cost-
effectiveness. The same conclusion can be made regarding the “performance” key-
word, which has been consistently in the Top 5 of the most used unigrams.

Lastly, the consistent presence of the keyword “model” suggests the use of mod-
elling tools for optimising the design and control of energy storage systems. These
modelling techniques play a crucial role in simulating and analysing the dynamic elec-
trochemical, thermal, mechanical, and electrical processes occurring within batteries,
which is important to surpass the challenges posed by the increasing demand for en-

ergy.
We can extend our analysis to include trigrams, which are keywords consisting of
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three or more words. The results are presented in Table 4.8. “Lithium-ion battery”
emerges as one of the most frequently used keywords in papers, reflecting their role

as the predominant technology in EVs (Saw et al., 2016).

2000] 2001 | 2002] 2003| 2004 2005] 2006 | 2007] 2008] 2009] 2010] 2011| 2012] 2013| 2014| 2015] 2016] 2017] 2018| 2019] 2020 2021] 2022
artificial neural 1 1 0 1 0 0 2 1 0 1 0 0 2 0 1 1 1 1 6
network
battery electric vehicle 0 0 0 0 0 0 0 0 0 B 1 1 7 6 8] 13| 15| 19 8
battery management 0 0 1 0 3 0 2 1 0 1 0 6 1) 11| 17| 12 JEN 40 8 46
system
double Tayer capacitor O] O I o] O 0o 1 0 0] o o] 1 T 1 1
electric vehicle battery 1 2 0 2 0 0 0 0 0 1 0 1 1 0 0 3 6 9 9
electrochemical 0 0 2 0 0 0 0 0 0 1 0 4 1 B 1 6 6 5] 8 8
impedance
spectroscopy
energy management 0 0 1 0 0 0 0 0 1 2 1 1 5 1 7 6 6 18| 14| 18
strategy
energy management 0 0 0 1 1 0 0 0 0 0 1 0 1 5] 7| 14| 14| 14 4 0 9
system
energy storage system 0 0 0 0 0 0 0 0 0 1 1 1 4 4 5| 10| 14 27
extended kalman filter 0 0 0 0 4 0 2 2 1 0 1 0 4 5 7 8
fuel cell vehicle 0 0 0 0 0 0 0 B 1 3 0 3 1 1 2 0 2 4
greenhouse gas 0 0 0 0 0 0 0 0 0 0 1 1 2 ) B] 8 7 9 6
emissions
hybrid electric vehicle g 4 8 9 6 7] 12] 13] 16| 19| 14| 12 24| 24 33 6
hybrid energy storage 0 0 0 0 0 0 0 0 0 1 1 2 1 1 5) 0 0
system
inductive power 0 0 0 0 1 1 0 0 0 1 0 0 2 3 3 9
transfer
lead acid battery 3 4 1 7 5 7 7 9 4 ] 6 8 8 7 6
life cycle analysis 0 1 1 1 0 0 0 0 0 1 1 0 1 1
life cycle assessment 0 0 1 1 0 1 0 1 0 0 2 0 2 5 3 9] 10| 20| 18
Tithium ion battery g 4 4 6 4 3 B 7 7] 17] 24| 43| 46| 72| 114 | 143 166 | 240 [ 283 | 278
Tithium ion cell 0 0 1 2 1 2 0 1 0 1 2 0 2 0 5 2 6 5 7 6
lithium iron 0 0 0 0 0 0 0 0 2 0 1 B 1 2 B 6 2
phosphate
model predictive 0 0 0 0 0 0 1 0 0 1 1 2 1 0 4 4 8| 14] 15
control
nickel metal hydride 0 0 0 0 1 1 0 0 1 1 1 1 0 1 1
open circuit voltage 0 0 0 0 0 0 0 0 0 0 1 2 3 2 6 9 6
pem fuel cell 2 0 0 0 1 2 0 0 0 1 1 2 1 0 2 2 2 2 2 2
phase change material 0 0 0 0 1 0 0 0 1 0 0 2 0 1] 10 5[] 17] 14 0
plug in hybrid electric 0 0 0 0 0 0 0 0 3 3| 14 6 0 0 8 8
vehicle
positive electrode 0 0 0 0 0 0 1 0 0 2 1 5} 2 3 B 4 B 0 5} 9
material
vehicle to grid 0 0 0 0 0 0 0 0 0 0 3 8] 15[ 19] 24 30| 33] 35 6 0
x ray diffraction 0 0 0 0 0 1 0 1 1 1 2 2 4 4 8 2 8 9

Table 4.8: Top 30 trigram occurrence in publication abstracts. The colour gradients rep-
resent intra-row relationships.

A contrasting trend is observed with the keyword “lead acid battery”, which has
experienced a decline in rank in recent years, from being 1% in the rank in 2000, 2001
and 2005, to 105!" in 2020. This decline aligns with the fact that lead acid batteries
were historically significant, but are being gradually replaced with more advanced
and efficient alternatives, such as the previously mentioned Li-ion batteries. Similarly,
the Ni-MH batteries, which dominated the market in the early 2010s, with Toyota Prius
(Rajashekara, 2013), are experiencing a downward trend after this period. The shift in
research likely reflects the higher efficiency and energy density offered by the Li-ion
batteries.

The keywords “battery management system” and “energy management system”
witness relatively high ranks with minor fluctuations over time. This emphasises the
importance of research and innovation in this area, aiming to optimise performance,
longevity, and safety of EV systems.

Similarly, on the patent side, we did the same analysis. As mentioned before,
patents contain information that can be grouped into three categories: technical de-
scription of the invention, development and ownership of the invention, and history

of the application (OECD, 2009b). Abstracts and titles are unstructured items in patent
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documents, meaning they are free texts, containing different information (Tseng et al.,
2007). Table 4.9 presents the absolute number of occurrences of bigrams in patent ab-
stracts for each year, while Table 4.10 contains the scaled counts of occurrences of bi-
grams in patent abstracts for each year, per 1 000 abstracts. The keywords are displayed
in descending order of total increase.

2000] 2001 2002] 2003] 2004 2005] 2006] 2007] 2008] 2009] 2010] 2011 2012] 2013] 2014] 2015] 2016] 2017] 2018] 2019] 2020] 2021] 2022
electric vehicle 5] 11 6] 11 4 5[ 14] T3] 36| 50 [ 118 | 216 | 334 [ 421 | 283 [ 294 | 230 [ 411 | 383 [ 7 939
battery pack 1| 19 6| 14 24| 19| 35| 61| 91| 86| 84| 217 | 246 | 376 | 352 | 295 | 335 | 409 68 0
power supply 1| 19 7| 19] 22| 18| 57| 64| 103 | 91| 177 | 243 235 | 220 | 281 (N
battery cell 1 11 1 4 10 19 9 20 27 | 71] 120 | 288 96 | 414 | 4 4 44
battery module 7 6 8 6 8| 10| 28| 47| 30| 59| 114 [ 220 | =0F 8
control unit 7 5 3 6 1] 15 6] 31| 53| 41| 54[ 109 | 118 | 179 | 148 | 158 | 117 | 176 09
vehicle charge 1 2 0 0 4 0 1 4 4] 21| 34[ 56 [ 121 [ 120 91| 51 [ 59| 84 136 4 9
charge station 0 0 0 0 0 1 0 0 8] 1TM[ 17] 51| 56 91| 71| 63| 60 [ 80[ 119 9
control device 1 1 6] 16 4 1 6 24 32[ 24| 37[ 72 124 138 95 134 6
vehicle battery B 7 2 0 B 4] 10| 16| 18| 43| 47| 102 | 101 | 120 120 | 110 | 120 | 0
energy storage 0 3 3| 24 7] 23| 20| 46| 104 | 43| 105 124 4 8 S 178 8 86 0 8
battery swapping 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1] 16| 30| 21| 43| 131
storage device 4 2 3| 20| 13 16 12 49108 | 63 0 8 99 0 140 66
electric power 7] 10 11 5[] 14| 12 26| 50| 84| 72| 90 S| 207 153 [ 166 | 140 | 147 60 8 04
motor vehicle 1 5] 1 5 7 4 9] 16 8] 15[ 37 73] 99[ 97109 74| 90 8 88 | 26
plurality battery 4] 12 1 7 4 7 6 19] 13] 23| 40 [ 104 | 107 | 108 [ 106 | 10T 9
management system 0 0 3 2 0 1 5| 27| 30| 14] 29[ 47| 63| 59| 62] 8| 9 [ 91] 100
power storage 4 2 0 4 1 0 0| 45| 68| 67| 10 103 8 6 101 9
electric motor 3] 13] 12 6 9 7| 13] 23] 10| 29| 32| 31| 52| 59 71| 66| 70| 70 | 0
traction battery 0 0 0 1 0 0 1 0 0 3 5| 32| 16| 30| 56 90 8
power battery 0 3 16 7 8 2 3 3 12 23 7] 31 31 46 57| 42| 52
charge battery 17| 22| 17| 4] 10| 6| 6| 19| 17| 35| 57| 78 [Een| 104 | 96| 86
voltage battery 1] 24 6] 15 9 5[ 22] 39 17| 45[ 51| 69 [ 146 [ 146 | 142 | 109 | 110
state charge 3[ 31 24] 18] 14 8] 20] 31 27| 38[ 55 61 86 6 49 68
charge system 6 2 6 0 2 3 7 3] 11[ 10 31| 46 61| 63| 38[ 41| 54 [ 50 6
battery system 3 3] 1 3 0 4 9 9 1] 19| 48| 81| 87| 80 8 9 4 4 8
charge device 2 0 4 1 1 0 0 1] 16 15| 19| 53 69 40| 39| 51| 86 8 9
battery charge 13| 27 8 B 9 5] 14| 18] 19 25| 75| 89 0 14 o] 74 0
fuel cell 0 3| 27 8| 30| 25] 28| 14 9| 42] 27| 17| 53] 39| 50| 35| 63|
electrical energy 0 0 6] 5 6 5 2 17| 11| 14| 4 [ 27| 87| 82| 74 59| 79| 89 0

Table 4.9: Top 30 bigram occurrence in patent abstracts. The colour gradients represent
intra-row relationships.

2000] 2001] 2002] 2003] 2004 2005] 2006] 2007] 2008] 2009] 2010] 2011 2012] 2013] 2014] 2015] 2016] 2017] 2018] 2019] 2020] 2021] 2022
Dbattery cell 26 [186 | 17 [ 51 | 161 [ ZE] 73 | 108 [ 117 6 39 9 9 8 9 66
charge station 0 0 0 0 0| 15 0 0| 35| 38| 39 86 9
energy storage 0| 51| 51 113 163 | 148 | 2 168 | - 66 6 153 | 135 | 141
vehicle charge 26 | 34 0 0[] 65 0 8| 22 G0 54 61 86 90
battery swapping 0 0 0 0 0 0 0 0 0 0 0 0 0 1] 13 19| 10| 16| 51
control device 26 | 17 65| 15[ 49 85 66 8 6 0 0
electric vehicle 186 | 102 | 139 | 65| 76 | 114 ) 0 98 4 0
management system 0 0] 51| 25 0] 15[ 41 56 9 94 6 9 98
traction battery 0 0 0] 13 0 0 8 12| 43| 17 ] 28 6 9
power battery 0] 51 89 30| 24 16| 42| 33| 43| 55| 45| 54| 8| 9% | 8| 62| 8 | 89
motor vehicle 26| 51| 17| 63 61| 78 99 04 9 06 94 0 10 08
fuel cell 0] 51 101 62| 23| 56| 37| 48| 37| 66| 81| 8| 76| 69| 62| 67
electrical energy 0 0 6 6 16 37 6 8 8 66
vehicle battery 34 0] 48] 61 ] = 86 8 08 6 8 00
vehicle control 0 13 0 0 8 5] 22| 21| 21| 24| 25 23
storage system 0 0 0 0 0 16 0 4 30
thermal management 0 0 0 0 0 0 0 0] 22| 17 9| 16 6 8] 22| 10 19| 13] 22
energy store 0| 17 0 8 0 0 [ ¢ 17 7] 14 4 6 6 8
supply power 0 G 17 48 |IEN 27| 30| 34| 32| 3| 35 6 ] 26| 33 48 46
supply device 0 0 0 [ 25 |t 0 4 23 | 25 NG 4
battery housing 0] 17 0 0[] 16 0] 16 0] 17 16| 12| 15
unit configured 0 0 0 0 0 0 0 5 0 0 2] 20 ] 19
battery vehicle 0 0 R 8 17| 27 4 4 R 48 9 46 49 4
threshold value 0 8 0 K 0] 27| 30 3 23| 29 [ 33| 32| 32| 34| 22| 22 22
electric machine 0| 17 0 0 22 [ 31 9| 24 PF 19 0] 29| 15| 24 [ 48
device battery 0 0 0 O] 15| 16| 38| 30| 24| 35 33 °© 35| 30 32| 32| 37
battery management 26 [} 10 13 0 0| 33 04 38| 55| 58| 59| 60| 56 9 54
charge port 0 0 0 0 0 0 0 0] 121 11 4 3] 18 13
heat exchange 0 0 0 0 0 0 0] 30| 17 2| 16 5] 29| 10| 12 4] 15| 13 ] 32| 31 40
temperature control 0] 0] 17 [ o O 1] 17 14] 21 [ 1] 24] 12 7 | 9

Table 4.10: Top 30 bigram occurrence intensities (occurrences per 1000 abstracts) in
patent abstracts. The colour gradients represent intra-row relationships.

o

We can see generic terms like “electric vehicle”, "battery cell”, or “energy storage”
showing a significant rise in occurrences over the years, suggesting an increasing num-
ber of innovations related to generic core components of EVs and their energy systems.
Some terms such as “fuel cell”, show fluctuating occurrences (although growing in
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absolute number), which indicates changing interest or advancements in alternative
energy storage technologies. This behaviour is acceptable since we only focus on EV
batteries, even though we do not completely exclude the interaction between batteries
and fuel cells.

Different areas of interest are emerging as well, such as ”battery swapping” that
have appeared more frequently in recent years, with 51 and 132 normalised occur-
rences respectively in 2021 and 2022. Battery swapping is a method for recharging
EVs by exchanging a depleted battery pack with a fully charged one at specialised
stations, rather than plugging the vehicle into a charging point (Luo et al., 2024). The
advantages include a rapid changeover, significantly reducing the time associated with
conventional charging methods, and higher flexibility and efficiency since swapping
stations can ensure that batteries are charged under optimal conditions, potentially
extending battery life (Nayak & Misra, 2024).

The data also suggest shifts in market and technological focus, as evidenced by the
rising and falling frequencies of different keywords. For example, notable bigrams in
the sub-field of charging and EVs are “charge station” and “vehicle charge”, aligning
with the fact that, according to various studies charging problems is one of the main
barriers to consumers’ EV adoption (Pamidimukkala et al., 2024).
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5 | Conclusions

The objective of this study is to present a systematic analysis of the development of EV
batteries. Using bibliometric methods and patent analysis, we constructed a dataset of
the key innovations. The data was retrieved from WoS and PATSTAT, complemented
with information from Scopus, SJR, and the United Nations.

First, the preliminary conclusion drawn from the data is that, particularly since
2010, there has been a significant increase in scientific and technical output on this
topic, with no signs of slowing down. This phenomenon, which involves more coun-
tries, authors/ inventors, journals and published papers and applied patents, high-
lights the critical role that EVs play in sustainability, as well as that batteries play in
the development and uptake of this technology.

Second, the findings yield significant insights into the key contributors shaping the
output related to the subject. China emerges as the front-runner in terms of publication
volume, followed by the US and India. However, the research output is dominated by
the first two countries, which account for nearly 44% of all publications. The impact
of each country was also measured using citation counts and we conclude that China,
in 22" place with 45.6 citations per publication, has room to enhance its impact and
overall contribution to the field. G7 and BRICS countries show different behaviours in
publishing scientific output and patenting inventions. BRICS currently dominate the
scientific landscape, driven mainly by China, and as for IPFs, the G7 output largely
outnumbers the BRICS contributions.

Third, the scientific research is dominated by academic institutions. We can see
that the most productive (in terms of article output) non-academic affiliation, General
Motors, is ranked in 55" place. Although non-academic institutions such as car man-
ufacturers, electric utility corporations, or energy and building technology companies
publish less, they underscore the dynamic nature of this field, where research trans-
lates into innovation.

Fourth, the main areas of study for EV batteries are “Electronics and Telecom En-
gineering” and "Energy”, reflecting the interdisciplinary nature of this area. The main
keywords found in the abstracts of publications are ”system”, “optimisation”, "perfor-
mance”, “lithium-ion battery”, and “vehicle to grid”, encapsulating the main issues
and the current trend in the area. Additionally, keyword analysis uncovers both the
evolutionary shift in battery chemistries, with lead-acid batteries dominating in the
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early 2000s and gradually transitioning to lithium-ion batteries and the emergence of
new technologies, namely battery swapping.

Finally, it is critical to discuss the limitations of this research. While comprehen-
sive in scope, it remains non-exhaustive. In the quantitative science analysis, only one
database (WoS) was considered for document retrieval, and only articles or review arti-
cles from academic journals were included. Books, conference papers, theses, and dis-
sertations were not included, meaning that there may be relevant findings from sources
that were unexplored. The propensity to publish and citation dynamics also vary along
disciplinary lines (Leydesdorff et al., 2014). Even by complementing this analysis with
patent data, these are just two methods of disclosing an innovation, alongside strate-
gies such as preserving industrial secrecy or deliberately crafting intricate specifica-
tions. Therefore, many inventions never result in patent filings or publications (Cohen
et al., 2000).

The study heavily relies on the availability and quality of the data. In the case of the
bibliometric analysis, limitations may arise due to incomplete coverage of relevant liter-
ature (Romanelli et al., 2021). Identifying relevant sources of publications and selecting
appropriate search terms is crucial. This process requires deep technical knowledge
and involves structuring the context of interest into building blocks and combining se-
lected terms to form an effective search string. In the case of the patent analysis, the
main limitation is related to the discrepancies in how names are recorded across the
dataset. There are variations in spelling and the harmonisation process was not com-
plete, therefore the lack of standardisation complicates the counts and the analysis of
institutional contributions to innovation.

Another limitation of the analysis relates to keyword analysis, which may lack con-
text. Keywords alone cannot provide a comprehensive understanding of the content of
a study or of an invention. Lastly, the citation analysis also brings challenges. Authors
may excessively cite their own work or their closed peers” work to artificially inflate
the citation count (D’Ippoliti, 2020), and citations might not completely capture qual-
ity aspects of the work (Aksnes et al., 2019; Velayos-Ortega & Lépez-Carrefio, 2023).
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A | Web of Science Query

("electric car$" OR "electromobility" OR "electric vehicle$" OR

"electric automobilex" OR "automotive") AND ("battery management system"
OR "management system" OR "battery system" OR "BMS" OR "SOH estimat*" OR
"SOC estimat*" OR "SOC" OR "SOH" OR "energy storage devices" OR "chargx" OR
"discharg*x" OR (("batterx" OR "cell") AND ("lead acid" OR

"valve regulated lead acid" OR "VRLA" OR "SLA" OR "sealed lead acid" OR
"absorbent glass mat" OR "AGM" OR "lithium air" OR "1li air" OR

"lithium oxygen" OR "1i 02" OR "1i ion" OR "lithium ion" OR "LIB$" OR

"Li Po" OR "Li poly*" OR "lithium poly*" OR "lithium cobalt" OR "LCO" OR
"lithium manganese" OR "LMO" OR "lithium nickel manganese cobalt*" OR "NMC"
OR "LNMC" OR "NCM" OR "lithium iron phosphate" OR "lithium phosphate" OR
"Li Fe PO" OR "LiFePOx" OR "LFP" OR "lithium nickel cobalt aluminium" OR
"NCA" OR "lithium titanate" OR "LTO" OR "lithium silicon" OR "1i S" OR
"1i sulphur" OR "li sulfur" OR "lithium sulphur" OR "lithium sulfur" OR
"lithium secondary" OR "magnesium ion" OR "Mg ion" OR "nickel cadmium"

OR "Ni cd" OR "nickel iron" OR "Ni Fe" OR "nickel zinc" OR "Ni Zn" OR
"nickel metal hydride" OR "NiMH" OR "rechargeable alkalix" OR

"alkali* rechargeable" OR "alkali* secondary" OR "secondary alkalix" OR
"sodium sulfur" OR "Na S" OR "sodium ion" OR "Na ion" OR "solid state" OR
"SSB$" OR "aluminium ion" OR "calcium ion" OR "ca ion" OR

"organic radical" OR "redox flow" OR "rfb" OR "vanadium redox" OR "vrb"

OR "zinc bromine" OR "uranium redox")))
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B | PATSTAT Queries

These queries were used to retrieve the data from PATSTAT ONLINE, Autumn Edi-
tion 2023. They were adapted from GitHub/battery patents/01 PATSTAT /PATSTAT
Online query.txt and from GitHub /battery patents/03 Extra data/PATSTAT citations
(to and from HO1IM% + Charging)/the two queries.rtf.

The data should be downloaded separately for each desired year and attribute
appln_nr_epodoc was not used in the queries, since it was deprecated. When writ-
ing the IPC codes, we must be careful with the formatting. The slash sign should be
on position 9, therefore it might be necessary to include some spaces between positions
5-7.

B.1 First Query

The first query collects all family IDs of patent families that fulfil the following two con-
ditions: (1) the family contains applications with at least one of the IPC codes of inter-
est; (2) the family’s smallest (i.e. earliest) value of the attributes earliest_publn_date
/ earliest_publn_year is inside the defined time frame. The query will retrieve the
patent families in their entirety.

SELECT

a.docdb_family_id,

a.appln_id, a.granted,

a.earliest_filing_date, a.earliest_filing_year,
a.earliest_publn_date, a.earliest_publn_year,
string_agg(cast(c.ipc_class_symbol as NVARCHAR(MAX)), ',') as ipc_class_symbols,
pa.applt_seq_nr, pa.invt_seq_nr,

a.appln_auth, p.person_ctry_code,

p.psn_name, p.han_name,

t.appln_title, t.appln_title_lg,
ab.appln_abstract, ab.appln_abstract_lg,

-— the rest of the fields from TLS201_APPLN
a.appln_nr,

a.appln_kind,
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APPENDIX B. PATSTAT QUERIES

a.appln_filing date,
a.appln_filing_year,
a.appln_nr_original,
a.ipr_type,
a.receiving_office,
a.internat_appln_id,
a.int_phase,
a.reg_phase,
a.nat_phase,
a.earliest_filing_id,
a.earliest_pat_publn_id,
a.inpadoc_family_id,
a.docdb_family_size,
a.nb_citing_docdb_fam,
a.nb_applicants,
a.nb_inventors,

-— the rest of the fields from TLS206_PERSON
p.person_id,
p.person_name,
p-person_name_orig_lg,
p.person_address,
p.nuts,

p.nuts_level,
p.doc_std_name_id,
p.doc_std_name,
p.psn_id,

p.psn_level,
p.psn_sector,
p.-han_id,
p-han_harmonized,

—— the rest of the fields from TLS209_APPLN_IPC in aggregated form

string_agg(cast(c.ipc_class_level as NVARCHAR(MAX)), ',') as ipc_class_levels,
string_agg(cast(c.ipc_version as NVARCHAR(MAX)), ',') as ipc_versions,
string_agg(cast(c.ipc_value as NVARCHAR(MAX)), ',') as ipc_values,
string_agg(cast(c.ipc_position as NVARCHAR(MAX)), ',') as ipc_positions,
string_agg(cast(c.ipc_gener_auth as NVARCHAR(MAX)), ',') as ipc_gener_auths
FROM

(((((t1s201_appln a
LEFT OUTER JOIN t1s207_pers_appln pa ON a.appln_id = pa.appln_id)
LEFT OUTER JOIN t1s206_person p ON pa.person_id = p.person_id)
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B.1. FIRST QUERY

LEFT OUTER JOIN t1s202_appln_title t ON a.appln_id = t.appln_id)
LEFT OUTER JOIN t1s203_appln_abstr ab ON a.appln_id = ab.appln_id)
LEFT OUTER JOIN t1s209_appln_ipc c ON a.appln_id = c.appln_id)

-— Time restriction

WHERE a.docdb_family_id IN
(

SELECT t2.docdb_family_id
FROM

(

SELECT a2.docdb_family_id,
MIN(a2.earliest_publn_year) as earliest_publn_year_family
FROM t1s201_appln a2

GROUP BY a2.docdb_family_id
) AS t2

—-- Marker —-

-- This is where the year/timeframe is defined

WHERE t2.earliest_publn_year_family = 2022
)

-— IPC class restriction

AND a.docdb_family_id IN

(

SELECT DISTINCT docdb_family_id

FROM (t1s201_appln a3 LEFT OUTER JOIN t1s209_appln_ipc c3 ON
a3.appln_id = c3.appln_id)

WHERE

(

-- Processes or means, e.g. batteries, for the direct conversion of
chemical energy into electrical energy

c3.ipc_class_symbol LIKE 'HO1MY'

-- Circuit arrangements for AC mains or AC distribution networks using
batteries with converting means

OR c3.ipc_class_symbol = 'HO2J  3/32'

-- Circuit arrangements for charging or depolarising batteries or for
supplying loads from batteries

OR c3.ipc_class_symbol LIKE 'HO2J  7%'

—-- Methods of charging batteries, specially adapted for electric vehicles;

Charging stations or on-board charging equipment therefor; Exchange of
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energy storage elements in electric vehicles

OR c3.ipc_class_symbol LIKE 'B60L 53%'

-- ALL CLASSES FOR B60L 50/50

-- Electric propulsion with power supplied within the vehicle. Using
propulsion power supplied by batteries or fuel cells
OR c3.ipc_class_symbol LIKE 'B60L 50/5%'

OR c3.ipc_class_symbol LIKE 'B60L 50/6%'

OR c3.ipc_class_symbol = 'B60L 50/75'

B60L 11/18 transferred to B60L 50/50

OR c3.ipc_class_symbol = 'B60L 11/18'

ALL CLASSES FOR B60L 58/00 except B60L 58/30

(For monitoring or controlling fuel cells).

—-— Methods or circuit arrangements for monitoring or controlling batteries
or fuel cells, specially adapted for electric vehicles. For monitoring or
controlling batteries

OR c3.ipc_class_symbol LIKE 'B60L 58/1%'

OR c3.ipc_class_symbol LIKE 'B60L 58/2%'

-- Methods or circuit arrangements for monitoring or controlling batteries
or fuel cells, specially adapted for electric vehicles. For controlling

a combination of batteries and fuel cells

OR c3.ipc_class_symbol = 'B60L 58/40'

)

)

GROUP BY a.docdb_family_id, a.appln_id, a.granted, a.earliest_filing_ date,
a.earliest_filing_year, a.earliest_publn_date, a.earliest_publn_year,
pa.applt_seq_nr, pa.invt_seq_nr, a.appln_auth, p.person_ctry_code,
p.psn_name, p.han_name, t.appln_title, t.appln_title_lg, ab.appln_abstract,
ab.appln_abstract_lg,
-— the rest of the fields from TLS201_APPLN

appln_nr,

.appln_kind,

.appln_£filing date,

.appln_filing_ year,

.appln_nr_original,

a.
a

a

a

a
a.ipr_type,
a.receiving_office,
a.internat_appln_id,
a.int_phase,
a.reg_phase,

a

.nat_phase,
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B.2. SECOND QUERY

a.earliest_filing_id,
a.earliest_pat_publn_id,
a.inpadoc_family_id,
a.docdb_family_size,
a.nb_citing_docdb_fam,
a.nb_applicants,
a.nb_inventors,

-— the rest of the fields from TLS206_PERSON
p.person_id,
p.person_name,
p.person_name_orig_lg,
p.person_address,

p.nuts,

p.nuts_level,
p.doc_std_name_id,
p.doc_std_name,

p.psn_id,

p.psn_level,
p-psn_sector,

p-han_id,
p-han_harmonized

ORDER BY a.docdb_family_id, pa.invt_seq_nr, pa.applt_seq_nr,
a.earliest_publn_date ASC

B.2 Second Query

The second query collects the “cited by” information regarding the patents retrieved
before, with the first query. Each entry in table t1s228_docdb_fam_citn contains a
citation between two patent families, where one member in one family cites at least
one member of another family. It is important to consider that if multiple publications
within one family cite one or multiple publications/applications of another family, it
is considered as a single citation between these two families.

SELECT

tl.docdb_family_id,

string_agg(cast(tl.cited_by_docdb_family_id AS NVARCHAR(MAX)), ',') AS
cited_by_docdb_family_ids

FROM

(
SELECT DISTINCT
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a.docdb_family_id,
cit.docdb_family_id AS cited_by_docdb_family_id

FROM

(

(

t1s201_appln a

JOIN t1s209_appln_ipc ¢ ON a.appln_id = c.appln_id

)

JOIN t1s228_docdb_fam_citn cit ON a.docdb_family_id = cit.cited_docdb_family_id
)

WHERE

(

-- Processes or means, e.g. batteries, for the direct conversion of
chemical energy into electrical energy

c3.ipc_class_symbol LIKE 'HO1MY%'

-- Circuit arrangements for AC mains or AC distribution networks using
batteries with converting means

OR c3.ipc_class_symbol = 'HO2J  3/32'

-- Circuit arrangements for charging or depolarising batteries or for
supplying loads from batteries

OR c3.ipc_class_symbol LIKE 'H02J  7%'

—-- Methods of charging batteries, specially adapted for electric vehicles;
Charging stations or on-board charging equipment therefor; Exchange of
energy storage elements in electric vehicles

OR c3.ipc_class_symbol LIKE 'B60L 53%'

-- ALL CLASSES FOR B60L 50/50

-- Electric propulsion with power supplied within the vehicle. Using
propulsion power supplied by batteries or fuel cells

OR c3.ipc_class_symbol LIKE 'B60L 50/5%'

OR c3.ipc_class_symbol LIKE 'B60L 50/6%'

OR c3.ipc_class_symbol = 'B60L 50/75'

-- B60L 11/18 transferred to B60L 50/50

OR c3.ipc_class_symbol = 'B60L 11/18'

-- ALL CLASSES FOR B60L 58/00 except B60L 58/30

(For monitoring or controlling fuel cells).

—-- Methods or circuit arrangements for monitoring or controlling batteries
or fuel cells, specially adapted for electric vehicles. For monitoring or
controlling batteries

OR c3.ipc_class_symbol LIKE 'B60L 58/1%'
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B.3. THIRD QUERY

OR c3.ipc_class_symbol LIKE 'B60L 58/2%'

—-- Methods or circuit arrangements for monitoring or controlling batteries
or fuel cells, specially adapted for electric vehicles. For controlling

a combination of batteries and fuel cells

OR c3.ipc_class_symbol = 'B60L 58/40'

)

) AS t1

GROUP BY t1.docdb_family_id

ORDER BY tl.docdb_family_id ASC

B.3 Third Query

Finally, the third query collects the “cited” information regarding the patents retrieved
before, with the first query.

SELECT

tl.docdb_family_id,

string_agg(cast(tl.cited_docdb_family_id AS NVARCHAR(MAX)), ',') AS
cited_docdb_family_ids

FROM

(

SELECT DISTINCT
a.docdb_family_id,
cit.cited_docdb_family_id

FROM

(

(

t1s201_appln a

JOIN t1s209_appln_ipc ¢ ON a.appln_id = c.appln_id

)

JOIN t1s228_docdb_fam_citn cit ON a.docdb_family_id = cit.docdb_family_id
)

WHERE
(
-- Processes or means, e.g. batteries, for the direct conversion of

chemical energy into electrical energy
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c3.ipc_class_symbol LIKE 'HO1M%'

—-- Circuit arrangements for AC mains or AC distribution networks using
batteries with converting means

OR c3.ipc_class_symbol = 'HO2J  3/32'

-- Circuit arrangements for charging or depolarising batteries or for
supplying loads from batteries

OR c3.ipc_class_symbol LIKE 'HO2J  7%'

—-— Methods of charging batteries, specially adapted for electric vehicles;
Charging stations or on-board charging equipment therefor; Exchange of
energy storage elements in electric vehicles

OR c3.ipc_class_symbol LIKE 'B60L 53%'

-- ALL CLASSES FOR B60L 50/50

-- Electric propulsion with power supplied within the vehicle. Using
propulsion power supplied by batteries or fuel cells

OR c3.ipc_class_symbol LIKE 'B60L 50/5%'

OR c3.ipc_class_symbol LIKE 'B60L 50/6%'

OR c3.ipc_class_symbol = 'B60L 50/75'

-- B60L 11/18 transferred to B60L 50/50

OR c3.ipc_class_symbol = 'B60L 11/18'

ALL CLASSES FOR B60L 58/00 except B60L 58/30

(For monitoring or controlling fuel cells).

-- Methods or circuit arrangements for monitoring or controlling batteries
or fuel cells, specially adapted for electric vehicles. For monitoring or
controlling batteries

OR c3.ipc_class_symbol LIKE 'B60L 58/1%'

OR c3.ipc_class_symbol LIKE 'B60L 58/2%'

—-- Methods or circuit arrangements for monitoring or controlling batteries
or fuel cells, specially adapted for electric vehicles. For controlling

a combination of batteries and fuel cells

OR c3.ipc_class_symbol = 'B60L 58/40'

)

) AS t1

GROUP BY tl1.docdb_family_id

ORDER BY tl.docdb_family_id ASC
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C | Included IPC codes

Table C.1: The IPC codes applied for data collection.

IPC code

Title

B60L 50/50

Subclass B60L contains applications related to the
driving force of electrically-propelled vehicles. The
group B60L 50/00 includes electric propulsion with
power supplied within the vehicle. Subgroup B60L
50/50 relates specifically to using propulsion power
supplied by batteries or fuel cells. EXCLUDING B60L
50/70 (using power supplied by fuel cells)

B60L 53/00

Subclass B60L contains applications related to the
driving force of electrically-propelled vehicles. The
group B60L 53/00 includes methods of charging bat-
teries, specially adapted for electric vehicles; Charg-
ing stations or on-board charging equipment therefor;
Exchange of energy storage elements in electric ve-
hicles. EXCLUDING charging stations characterised
by energy-storage or power-generation means: B60L
53/54 (Fuel cells), B60L 53/55 (Capacitors), and B60L
53/56 (Mechanical storage means, e.g. fly wheels)

B60L 58/00

Subclass B60L contains applications related to the
driving force of electrically-propelled vehicles. The
group B60L 58/00 includes methods or circuit ar-
rangements for monitoring or controlling batteries or
fuel cells, specially adapted for electric vehicles. EX-
CLUDING B60L 58/30 (for monitoring or controlling
fuel cells)
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APPENDIX C. INCLUDED IPC CODES

Table C.1: (continuation)

IPC code

Title

HO02J 3/32

Subclass HO2] contains circuit arrangements or sys-
tems for supplying or distributing electric power; sys-
tems for storing electric energy. The group H02J 3/00
includes circuit arrangements for AC mains or AC dis-
tribution networks. Subgroup H02J 3/28 refers to ar-
rangements for balancing the load in a network by
storage of energy, and drilling down one more level,
subgroup HO02J] 3/32 includes only uses of batteries

with converting means

H02J 7/00

Subclass HO2] contains circuit arrangements or sys-
tems for supplying or distributing electric power; sys-
tems for storing electric energy. The group H02J 7/00
includes circuit arrangements for charging or depo-

larising batteries or for supplying loads from batteries

HOIM 4/00

Subclass HOIM contains processes or means, e.g. bat-
teries, for the direct conversion of chemical energy
into electrical energy. The group HOIM 4/00 includes
electrodes

HO1M 10/00

Subclass HOIM contains processes or means, e.g. bat-
teries, for the direct conversion of chemical energy
into electrical energy. The group HOIM 10/00 includes

secondary cells; manufacture thereof

HO1IM 10/44

Subclass HO1M contains processes or means, e.g. bat-
teries, for the direct conversion of chemical energy
into electrical energy. The group HOIM 10/00 in-
cludes secondary cells; manufacture thereof. Sub-
group HOIM 10/42 refers to methods or arrangements
for servicing or maintenance of secondary cells or
secondary half-cells, while subgroup HOIM 10/44 in-
cludes only methods for charging or discharging
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Table C.1: (continuation)

IPC code

Title

HO1M 50/00

Subclass HOIM contains processes or means, e.g. bat-
teries, for the direct conversion of chemical energy
into electrical energy. The group HOIM 50/00 in-
cludes constructional details or processes of manu-
facture of the non-active parts of electrochemical cells
other than fuel cells, e.g. hybrid cells
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