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Abstract 

The conventional Li-ion battery technology has been dominating the battery market for over 

twenty years. Recent years have shown a constant increase in demand from different customer 

segments for Li-ion batteries. However, the Li-ion batteries pose a series of challenges, which 

has driven a pursuit for advanced battery technologies that are more efficient and can overcome 

the drawbacks of Li-ion batteries. The battery industry being highly dynamic, the development 

and inception of new technologies can happen at a faster rate in the coming years. Hence battery 

production industries need to be prepared for adapting to any changes induced by the 

technology change and the requirements from the market. Therefore, the project aims to provide 

an overview of the advancements happening in the field of battery technology and clearly 

define a roadmap for the commissioning organization for the coming decade regarding the 

introduction of new technologies into the market. Also, to provide a production perspective to 

implement the scaled production of the identified battery technology successfully. 

The research is performed in collaboration with Northvolt AB, a battery manufacturing 

company, established with a plan to develop the world’s greenest battery cell and build 

Europe’s largest battery production facility. The research is conducted in two stages. In the first 

part of the study, with a focus on the European market, a reliable market analysis is performed 

to identify the technologies with the potential to replace conventional Li-ion battery 

technology. The second half of the research is focused on developing a product overview for 

the battery technology that is identified with the potential to replace the conventional Li-ion 

battery technology in the coming decade and to develop a manufacturing model for the scaled 

production of the defined technology. 

From the literature study, it is concluded that the solid-state battery technology has the most 

significant potential to replace the conventional Li-ion battery technology from the market. The 

study indicated that the solid-state battery technology is expected to achieve 2% EV market 

penetration by 2030, which shall improve to 12% by 2035.  A product overview and a 

manufacturing model is then developed for the scaled production of all-solid-state batteries in 

existing production facilities for the conventional Li-ion batteries. Furthermore, the required 

production infrastructure and the change in business model required with the in-co-operation 

of new product in the production is briefly discussed. 
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Sammanfattning 

Den konventionella litiumjontekniken har dominerat batterimarknaden i över tjugo år. Under 

de senaste åren har efterfrågan av litiumjonbatterier ökat konstant från flera olika kundsegment. 

Litiumjonbatterierna innebär en rad utmaningar vilket har drivit ett behov av en mer avancerad 

och effektiv batteriteknik som kan övervinna de nackdelar litiumjonbatterier innebär. 

Batteriindustrin är mycket dynamisk, utveckling och start av ny teknik kan komma att ske i en 

snabbare takt under de kommande åren. Av den orsaken måste batteriindustrin vara beredd på 

att anpassa sig till de teknikförändring och marknadens krav innebär. Projektet syftar till att ge 

en överblick över de framsteg som sker inom batteriteknik och tydligt definiera en färdplan för 

det kommande decenniet av införandet av ny teknik på marknaden. Dessutom, för att ge ett 

produktionsperspektiv, hur genomförandet av den skalade produktionen av den identifierade 

batteritekniken kan ske framgångsrikt. 

Forskningen utförs i samarbete med Northvolt AB, batteritillverkare med en plan att utveckla 

världens grönaste battericell och bygga Europas största produktionsanläggning av batterier. 

Forskningen bedrivs i två steg. I den första delen av studien utförs en tillförlitlig 

marknadsanalys med fokus på den europeiska marknaden för att identifiera potentiella tekniker 

att ersätta konventionell litiumjonbatteriteknik med. Den andra delen av forskningen är inriktad 

på att utveckla en produktöversikt för batteriteknik med potential att ersätta den konventionella 

loitiumjonbatteriteknik under det kommande decenniet och att utveckla en tillverkningsmodell 

för den skalade produktionen av den nya batteritekniken. 

Från litteraturstudien dras slutsatsen att Solid State- batteritekniken har den mest betydande 

potentialen att ersätta den konventionella litiumjonbatteritekniken med. Studien visade att 

Solid-State batteriteknik förväntas utgöra 2% av marknaden för elfordon vid 2030, och 

förstärkas till 12% vid 2035. En produktöversikt och en tillverkningsmodell utvecklas sedan 

för den skalade produktionen av alla Solid State-batterier i befintliga produktionsanläggningar 

för konventionella litiumjonbatterier. Dessutom diskuteras kortfattat den 

produktionsinfrastruktur och den ändring i affärsmodell som krävs i samarbete med nya 

produkter inom produktionen. 
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1. Introduction 

This chapter introduces the background of the study, along with the problematization. 

Furthermore, the primary purpose of the project and the investigated research questions are 

defined. Lastly, the scope of the work with the limitations is discussed. 

1.1 Background 

The growing demand for the batteries from the automobile sector and renewable energy 

systems as a whole is speeding up the developments related to battery production. With new 

battery manufacturing technologies and assembly facilities, the  Li-ion battery manufacturing 

industry needs to look sharp and adaptable to the change in requirements from the market to 

maintain an edge over other potential competitors in the market.  

Since the battery market is expected to expand in the coming few years, innovative designs 

which ensure low-cost, fast-charging battery technology that can support long-range use is set 

to play a significant role in controlling the market for battery systems. Backed by the claim of 

being safe to use and having a higher energy density when compared to Li-ion batteries, the 

solid-state batteries can evolve as a potential game-changer among the available battery 

chemistries. 

This research is done in collaboration with Northvolt AB, a battery manufacturing company in 

the startup phase and building battery production facilities with 32 GWh capacity in Skellefteå, 

Sweden. Northvolt was established in 2017 with a view to develop the world’s greenest battery 

cell and to establish one of Europe’s largest battery factories. Northvolt focuses mainly on the 

production of Li-ion battery cells with various form factors. The main aim of the research work 

is to provide the company with a perspective on the dynamic changes happening in the battery 

market and on the technologies that are emerging as a potential replacement for the Li-ion 

battery technology, the technology in which the company is deeply invested at present. 

1.2 Problematization 

The Li-ion battery industry is on a boom with a consistent increase in demand from different 

customer segments. However, conventional Li-ion batteries pose a series of challenges when it 

comes to performance and safety. Hence, the market is on a constant exploration for advanced 

battery technologies with better performance and safety. Moreover, the advancements related 

to the field of Li-ion technology is expected to reach a stagnation point soon, and hence the 

technology is expected to slowly make way for new technologies like that of solid-state 

batteries, which assures improved safety and performance. Even though an economic scaled 

production of the next-generation battery technologies is yet to be realized, the battery 

production industry needs to be prepared for a possible shift in current Li-ion battery 

technology. Also, it is essential for any organization working in the battery manufacturing 

industry to have a clear perspective on the future roadmap towards the successful inception of 

the advanced battery technologies for scaled production. With the coming decade identified to 

witness a visible shift in technology, it is required to identify the general trend in conceiving 

different future battery technologies to be able to pinpoint the technology that shall be of 

increased demand during the coming decade. Furthermore, for easy integration of the next-
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generation battery technologies into existing facilities for scaled production and faster 

introduction into the market, these technologies must have a flexible manufacturing model. 

1.3 Purpose and Research Question 

The thesis project aims to develop an overview of the battery market and identify the key 

technologies that are widely being developed as a potential substitute for conventional Li-ion 

technology. With the coming decade to witness significant development in battery technology, 

several battery technologies have gained widespread acknowledgment for being safe and for 

providing improved performance. Hence, with a focus on the European market, the main aim 

of the research is to investigate the role of different advanced battery technologies in driving 

the transformation. Furthermore, to propose a manufacturing strategy that could be used to 

scale up the production of the identified battery technology that will be of increased demand in 

the coming decade, with a focus on the period 2025 to 2030. 

In the process, the following research questions are analyzed: 

RQ1: What are the different advanced battery technologies which are considered as a potential 

replacement for conventional Lithium-ion battery technology? 

Sub RQ1: Which advanced battery technology will be of increased demand in the 

coming decade with a focus on the period from 2025 to 2030? 

RQ2: Why the identified technology is considered as a potential replacement for conventional 

Lithium-ion batteries? 

RQ3: How can an existing Li-ion battery manufacturing infrastructure integrate the scaled 

production of the defined battery technology effectively? 

1.4 Scope and Delimitation 

Specific delimitation had to be defined to narrow down the scope of the project and to make 

the methodology reasonable to execute. The principal aim of the project will be to answer the 

research questions posed concerning the presented problematization and thereby to provide the 

commissioning organization a detailed overview on the discussed topic. However, considering 

the extensive scope of the topic being studied; precise boundaries needed to be defined to 

maintain the focus on answering the research question. Moreover, understanding and mapping 

out all the technologies being developed as a potential replacement for conventional Li-ion 

technologies and discussing a manufacturing strategy for the same, will not be a feasible 

approach to be followed in the limited time frame and hence the primary focus was given to 

the technologies that are widely acknowledged as the potential competition to the current Li-

ion technology.  

Besides, when evaluating the battery market, as the commissioning organization is focused on 

the European battery market, the market study is mainly pivoted around European battery 

market. However, the status of other battery markets is comprehensively discussed. 

Furthermore, evaluation of the key requirements from different customer segments was done 

only on the markets in which the commissioning organization is involved.  
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Furthermore, the research is performed with a focus on the coming decade to develop a 

technology roadmap for the commissioning organization. Having recognized the growing 

importance of solid-state batteries, which is identified as the alternative technology for Li-ion 

battery technology, further research on the technologies like Lithium-sulfur battery technology, 

which is expected to have a considerable market penetration along with the solid-state batteries 

in the coming decade is excluded in order to limit the focus of the research and to narrow down 

the scope of the project. Hence, the latter half of the research is confined to developing a 

manufacturing model and defining a production infrastructure for the scaled production of 

solid-state batteries, with the scope narrowed down to particular solid-state battery chemistry, 

the production process chain of which closely aligns with the existing process sequence for the 

scaled production of conventional Li-ion batteries.  
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2. Methodology 

This chapter discusses the methodology of study adopted to develop a comprehensive overview 

of the current and future battery market. Furthermore, the use of research data for identifying 

the battery technology that shall be of increased importance in the future; with a focus on the 

period, 2025 to 2030 is elaborated. 

2.1 Research design 

The research process was designed to fulfill the aim of the study, which was to investigate the 

future of the battery market in Europe based on emerging technologies and how to devise a 

manufacturing strategy for the scaled production of identified technology that shall be of 

increased demand in the coming decade. The research design keenly focuses on developing a 

structured theoretical framework towards achieving the research purpose. The research process 

was designed to provide the beneficiary with a detailed overview of the current battery market 

and future battery market. Also, to provide a perspective on the possibilities to successfully 

integrate the scaled production of identified battery technology in the existing production 

facilities for the large scale production of Li-ion batteries. 

The research design entirely relies on the theoretical framework for complementing the 

research process and the journey towards fulfilling the purpose of the study. Owing to the 

current immature state of the investigated case, the availability of a diverse and credible source 

of data was limited. Hence a combination of qualitative and empirical analysis was performed 

in order to collect data relevant to complement the observations made at different stages of the 

research. The limited research on promising technologies limited the data resources to credible 

online webpages and articles.  

2.2 Research process 

The research process consisted of different stages. The initial objective was to define the aim 

of the research and to define the research questions. The research questions were framed based 

on the objective, which was defined based on iterative and in-depth discussion with the 

commissioning company. With the project scope defined, an extensive research study was 

performed based on scientific publications and reliable websites for initially understanding the 

battery market and then identifying the battery technologies that are being developed as a 

potential successor to Li-ion battery technology. The research was pivoted around the European 

market, considering the interest of the commissioning company. The research questions were 

several times scrutinized and adapted to the findings from literature during the research, to 

better match the problematization. Since the research questions were explorative, it demanded 

the research process to be iterative.  

The second half of the research was focused on defining the identified battery technology, that 

is of increased demand in the coming decade. A manufacturing model which can be used for 

the scaled production of the identified battery technology in existing facilities for the 

conventional Li-ion batteries was further defined. The research process was structured to give 

the beneficiary a reliable and credible overview of the current battery market and to guide the 

beneficiary through the advanced battery technologies and to deliver a foundation for future 
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explorations on the identified technology. The research process is visualized in the figure 

below. 

 

Figure 1: Research framework 

2.3 Data gathering 

The data gathering was mostly dependent on reviewing the relevant literature and referring to 

articles published online regarding the growth and developments happening in the field of 

battery technology. Reviewing the scientific journals and relevant white papers provided 

significant insight into the current state of the Li-ion battery technology, the market trends and 

on the developments related advanced battery technologies that are considered as a potential 

replacement for conventional Lithium-ion batteries. During the literature review, it was realized 

that the number of scientific journals to support the investigation into future battery 

technologies and its market is limited, and hence most of the data about future battery 

technologies are referred from credible white papers from different sources. The literature 

review was performed in three parts. The initial phase was focused on developing a deep 

understanding of the current state of conventional Li-ion battery technology. Activities 

included reviewing technical reports of lithium-ion battery cells and focused on particular 

battery components such as; cathode, anode, electrolyte, and separator to gain a technical 

understanding of the battery cell technology. The gathered data is presented in chapter 3. In the 

second part of the research, the core focus was on understanding the battery market and the 

future technologies that are being developed with a potential to replace the conventional Li-ion 

battery technology and thereby developing a roadmap for the inception of future technologies. 
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The key activities for this part involved reviewing reports from conferences held on battery 

technology and the annual reports from different sources like EUROBAT, Bloomberg, and 

European Commission documents. The gathered insights are presented in chapter 3. 

Furthermore, in the last part of the research, the focus was on developing a manufacturing 

model for the scaled production of solid-state batteries, which was identified as the most 

promising technology to replace the Li-ion battery technology in the coming decade. Due to 

the limited availability of data from scientific journals or white papers on this technology for 

scaled production, the framework for scaled production was proposed based on the work done 

by J.Schnell et al. in “All-solid-state lithium-ion and lithium metal batteries – paving the way 

to large-scale production.” Moreover, additional scientific papers were referred to support the 

adopted manufacturing model for the scaled production of all-solid-state batteries.  The data 

gathered on this topic is presented in chapter 4 and 5. 
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3. Battery technology outlook 

This chapter presents a comprehensive overview of the current battery technology and the need 

which drives the innovations in the field of battery technology. Furthermore, different battery 

markets are analyzed in detail, and different battery technologies under development are 

elaborated. 

3.1 Battery technology and state of the art 

The ever-growing demand for energy, growing concerns regarding the depleting fossil fuel 

resources, global warming and the influence of greenhouse gas emission on the climate change 

has driven a pursuit for sustainable energy alternatives including the renewable energy 

resources and sustainable energy storage technologies[1]. As visualized in figure 1, with the 

world population expected to rise from 7.7 billion today to over 9 billion by 2040, the global 

energy demand is expected to expand by at least 30 % by 2040[2]. The more evident future has 

intensified the research and development in electrochemical energy devices (EES), which shall 

enable a sustainable future by reducing the dependency on conventional sources of energy and 

enabling a convenient penetration of renewable energy into the grid. 

 

Figure 2: Past, present and forecast of the world's energy need up to 2050. With the changing lifestyles of an increasing 

number of inhabitants, our energy rate demand will double from 14 TW (2010) to 28 TW (2050). TOE = ton of oil 

equivalent. Map: © Macmillan Mexico/Haide Ortiz Ortiz, Mario Enrique Ramí rez Ruiz[1] 

With the world energy consumption expected to double by 2050 [3], it is essential to have an 

EES system with ensured material abundance and desirable characteristics. EES in the form of 

batteries can be used not only as a power source for small devices, like portable electronic 

devices and power tools but also as a source of power for Electrical Vehicles (EV’s) and 

electrical grid application [4]. Batteries bring some environmental advantages by enabling the 

penetration of a more significant portion of renewable energy generated into the power sector. 

At present, we only can store 1% of the total energy consumed in the world, and of that, 98% 

is through pumped-storage hydroelectricity [1]. As the transformation is happening from a 

fossil fuel-based economy towards a more sustainable renewables-based economy, the battery 

technology is central to delivering significant advances in several segments of industries. Thus 
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the battery technology has set a niche for itself in the top priority list for many players, leading 

to a boom in the investments made [5]. 

There are several factors considered in the selection of batteries: longevity, safety, power 

density (W/kg), cost, energy density (Wh/kg), energy capacity (Ah) and voltage per cell. At 

present lead-acid, nickel-metal hydride (NiMH) and lithium-ion have been the choices for EV’s 

and Battery energy storage systems (BESS) [6]. Since its discovery in 1859, the lead-acid 

batteries are used for larger power applications where weight is of little concern. The lead-acid 

batteries have the following advantages: inexpensive, low self-discharge, low maintenance 

requirements, and are capable of high discharge rates [7]. The main limitations of lead-acid 

batteries include low energy density, limited life, and slow charge. NiMH batteries have been 

the choice for EV and HEV applications in the early 2000s because of the safety and price, over 

the many disadvantages it had like high self-discharge, low voltage per cell and memory effect. 

The Li-ion batteries are the most widely used power component of portable electronic devices 

such as Laptops, mobile phones, cameras. Li-ion batteries have a prominent role in shaping the 

world towards a more energy sustainable society. These batteries have applications where 

energy density and lightweight of the application are of the main reason. The features like high 

energy density, long cycle life, and low self-discharge rates have made the Li-ion batteries the 

battery of choice. The disadvantage includes a high cost and protection requirement to limit 

voltage and current [6]. The forecasted global demand for Li-ion batteries can be visualized in 

figure 2. 

 

Figure 3: Global Li-ion Battery Demand[8] 

Another reasonably young technology which is under development is the redox flow battery 

technology which can be employed in intensive energy applications which require many 

charging and discharging cycles. These batteries are assumed to be capable enough to respond 

to the load fluctuations efficiently. Apart from these advantages, redox flow batteries have some 

disadvantages as well. They have very low energy density and has a more complicated system 

than compared to conventional batteries [6].  
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3.1.1 Lithium-ion battery outlook 

The quest for improved energy densities drives several advancements in the field of battery 

technology. This quest had lead to the evolution of several battery chemistries and was the 

primary driver behind the transformation over the years to move from the aqueous (Pb-acid) 

batteries to non-aqueous electrolyte system (such as LIB’s), with more flexible operating 

voltages [4]. Lithium is considered to be the most promising of all the metals available for 

battery chemistry. Lithium being light and electropositive, it has got a higher potential for 

energy storage. However, it is technologically challenging to build safe Lithium battery cells 

because of the highly reactive nature of Lithium [9].  

The main components of the Li-ion battery cell are the cathode, anode, electrolyte, and 

separator. When Li-ion battery cells are charged, the ions migrate from cathode to anode 

through the electrolyte and the direction is reversed when discharged. Several Lithium metal 

oxides like lithium nickel cobalt aluminum oxide (NCA), lithium nickel manganese cobalt 

oxide (NMC), lithium cobalt oxide (LCO), lithium manganese oxide (LMO) and lithium iron 

phosphate (LFP) are employed to provide for lithium ions in the cathode. The type of donor 

used significantly influences the characteristics of the battery. The cathode is shaped by a 

solvent and a binder pasted on an aluminum foil. The manufacturing process of the anode is 

similar to the cathode. The anode material generally used is graphite, however non-graphite 

based anode materials are also used in some case. Here, the blend is passed on to a copper foil 

instead of aluminum foil used for the cathode. The electrolyte used is a mixture of salt and 

organic solvents. Usually, a gel electrolyte is used to prevent the electrolyte leakage, which is 

formed by adding a gel precursor (e.g., polyethylene oxide, polyacrylonitrile) to the electrolyte.  

A separator is used to avoid the short-circuiting between the anode and the cathode. The most 

common separator materials are polyethylene and polypropylene. Insulators are used at the 

edges of the electrode, which are prone to short-circuit, and in some cases, the cells are provided 

with additional structures to strengthen it mechanically[9]. The Li-ion batteries are available in 

different cell configurations as visualized in figure 3. 

 

Figure 4: Li-ion cell configuration: Cylindrical, Prismatic & Pouch cell [10] 

The key characteristics of a battery are its durability, power, safety, and specific energy. The 

anode and cathode material influence the specific energy of the Li-ion battery and to an extent 

by the cell design. The specific energy is the primary driver for the developments in the field 

of Li-ion battery technology, and the current commercial Li-ion batteries cover a wide range of 
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specific energy, roughly from 90 to 250 Wh/kg. Li-ion batteries have improved notably in terms 

of durability, and there is a widely held expectation that this trend will continue. However, 

irrespective of all the advancements in the battery chemistries and design, Li-ion batteries still 

poses a high challenge when it comes to safety mainly because of the presence of lithium, 

oxygen and a flammable electrolyte [9]. Safety has become an increasing public concern in the 

lights of recent events related to Li-ion batteries. The recent fires in Tesla Model S electric car 

and Boeing 787 Dreamliners highlights the critical importance of battery safety [4]. The Li-ion 

batteries have found application in sensitive segments like road transportation, aviation and 

millions of Li-ion batteries are carried daily on flights by the passengers, in portable electronics. 

The safety issues with Li-ion batteries are now under investigation, and the primary challenge 

is to make the batteries with improves specific energy and power, without compromising the 

safety. The main concern is regarding the thermal runaway: which is caused by the overheating 

of the battery cells, arising from overcharging or short-circuits, this causes the decomposition 

of metal oxides inside the battery cells, and then the free oxygen reacts with the lithium inside 

the cell resulting in an explosion of the battery. The safety can be addressed at different levels, 

one approach is by altering the battery chemistry, and another one is by making use of an 

integrated BMS. The BMS can effectively prevent overcharging and short-circuits by 

controlling the voltage and current, thereby ensuring a safe operating environment [9].  

3.2 Battery technology under the spotlight 

Since its discovery, humanity has depended on electricity, a phenomenon that geared the 

majority of the technological advancements which humanity achieved. With the increased need 

for mobility, the demand for portable energy storage devices also increased – initially for the 

wheeled applications, then for portable applications and nowadays for wearable applications 

[11]. From figure 4, it is clear that portable devices have become an integral part of the day to 

day life, and with this increase in demand for portable devices like personal computer, cellular 

phones, power tools, and personal data assistants, there is a sharp rise in demand for fast 

deployment of battery technologies, which are efficient and economical. 

 

Figure 5: Trend of the sales of cell phones & PC, tablets per year[12] 

Increasing concerns over environmental issues like global warming, climate changes and 

emission of greenhouse gases and production of electricity by burning fossil fuel and the recent 

surge in fuel price have increased the demand for EV’s and this increase in demand is well 

demonstrated in figure 5. The global number of car on the road is expected to reach 2 billion 
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by 2040 [13]. In the light of these events, the battery technology has the potential to become 

the most disruptive technology of the 21st century and can influence two of the largest and most 

influential industries of the world economy: petroleum and automobile [14]. 

 

Figure 6: Global EV sales projection until 2030[15] 

The main challenges that block the widespread adoption of electric vehicles are twofold. The 

initial challenge is because of the cost and energy density of the battery technology, which 

makes it challenging to be compared to the internal combustion engines. Moreover, the second 

challenge is to change the perception of customers regarding the limitations of electric vehicles, 

which need to be resolved by educating the customers [14]. With the era of EV’s on the rise 

and with batteries set to lead the way as a primary power source for mobility, extensive 

researches are now being employed in the field of battery technology, to develop batteries for 

the future. 

With the Paris agreement, most of the world has taken a firm step towards decarbonization to 

fight against climate change. The world has to shift from a fossil fuel-based economy to a 

renewables-based economy in-order to achieve the goal of low carbon emission. There are 

many sources of renewable energy like wind energy, solar energy, geothermal energy, and 

biomass, but these sources are intermittent and mostly dispersed. Figure 6 presents a graphical 

representation of a shift happening towards a renewable energy-based economy. In light of 

these requirements, EES has emerged as a game-changer by providing for a stable system for 

the storage of the harnessed energy from these renewable resources. Also, the EES facilitates 

the strategic penetration of the stored energy into the grid by “peak load-shifting”, whereby 

energy is stored when excess power is generated and releasing the same in the event increased 

demand. Moreover, the EES can ensure the reliability and stability of the grid [4]. 
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Figure 7: Global average net capacity addition by type[2] 

The existing battery technologies, such as Lithium-ion batteries, have seen a rapid improvement 

in characteristics, performance, and costs with improved economies of scale and extensive 

research and development. However, still, developments are going on to develop batteries with 

improved specific energy without compromising the safety and cost aspects. Much of the 

developments in this area are being led by ambitious start-ups, working in the Li-ion battery 

market, with researches going on in the development and commercialization of Li-ion batteries 

using silica anodes, solid-state electrolytes, and advanced cathodes. Also, alternative 

technologies like redox-flow batteries, Zinc-air batteries are under development[5]. 

With the demand raising from multiple segments, the battery technology is under the limelight. 

Battery technologies are an essential catalyst to unlock advances in the sectors such as e-

mobility, portable devices and BES for renewable energy and as represented in figure 7 the 

battery application in these sectors are expected to grow further in the coming years. Significant 

investments are pouring into the research and development of batteries with improved specific 

energy and durability. Also, huge investments are made across the globe to step up the 

production of batteries to meet the demand raising from different customer segments. The 

overall battery applications are expected to become a $90 billion-plus market by 2025, which 

is a 50% increase from the market during 2015 [5].  

 

Figure 8: Battery application growth forecast[5] 
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3.3 The battery market – an overview 

The battery technology has established a niche for itself as the most disruptive technology of 

the present century by becoming a key enabler of energy in multiple applications ranging from 

portable electronic devices to PEV’s. With the ability to store and deliver green energy in the 

form of electricity, the rechargeable battery technology is linked to top priorities of the world, 

which include the fight against climate change and decarbonization.  

The battery market is heavily dependent on the market of the products which make use of the 

batteries. All the changes and advancements related to battery technology are characterized by 

the change in product function or the method of product utilization. Also, the improvements in 

the field of battery technology enable new products to be introduced into the public. The nature 

of the battery market is different for different product segments. For portable electronics, the 

battery market has almost reached a stagnation state. However, when it comes to electric 

vehicles, with the continuous increase in demand for electric vehicles with better performance, 

the developments in the field of battery technology are fast-paced, and with that, the battery 

market has become more competitive and is growing with the trend. In general, it can be said 

that the decisive factors for changes of the battery technologies are not changes associated to 

the composition of the battery within a specific electrochemical system, but the market shift 

from one electrochemical system to another[16]. 

3.3.1 Global battery market outlook 

Achieving market dominance in a wide range of customer segments, from automotive to 

electronic devices, will require the companies together with larger and smaller partners to 

devise and defend successful battery technologies which are one step ahead of the existing 

technology and thereby closing the gap with the user expectation [5]. However, Li-ion battery 

technology dominates most of the battery market. The global market for Li-ion battery is 

estimated at $13.1 billion in 2017 and is expected to grow at a CAGR of 9.1%[17]. As 

visualized in figure 8, a drastic increase in demand for Li-ion batteries is expected in the coming 

decade, with the market for important customer segments set to grow even further [5].  

 

Figure 9: Forecasted demand for lithium-ion batteries from EVs, 2010-30 (GWh)[18] 

Last two years have seen over $13.7 billion, battery-related investments and acquisitions. This 

huge spending on battery technology is the direct outcome of the need of other companies to 
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come out of their area of specialization and invest in new technologies, which are of future 

scope. For example, The company “Total S.A,” a French multinational and integrated oil and 

gas company acquired battery manufacturer Saft, home appliance company Dyson bought 

“Sakti3”, a startup company which came into the market with disruptive battery technology. 

Also, Tesla has announced its plan for further investments in developing battery technology, 

identifying the fact that the key to Tesla’s future is the battery [5]. 

Considering the Asian battery market, currently, almost all Li-ion battery cells for EV’s are 

produced by East Asian (Chinese, Japanese, and Korean) manufacturers. In 2016 it was 

estimated that the Asian battery market has around 50 GWh of production capacity, which 

accounted to more than 50% of the global output[19]. The strive for continuous improvement 

in terms of performance from the East Asian countries make them stand out from the rest of 

the world. According to an estimation by Bloomberg New Energy Finance, 70% of the world's 

electric-vehicle batteries by 2021 will be produced in China[20]. Irrespective of being the 

pioneers in the early development of battery technology, the Japanese and South Korean battery 

manufacturers are finding real difficulty in keeping up the pace to catch up with the leap that 

the Chinese battery manufacturers have achieved [21]. Most of the Chinese battery 

manufacturers are either subsidiaries of OEM's or are collaborations. Hence, the battery 

manufacturers are closely tied to their customers in mutual dependency, whereby ensuring a 

guaranteed market for their products[22]. The share of the different stakeholders on the Chinese 

battery market can be visualized in figure 9 below. 

 

Figure 10: Chinese battery market share according to company type, 2017[22] 

China is already the worlds largest market for electric vehicles, backed by the aggressive policy 

of the Chinese government to obtain market dominance. The Asian battery market, to an extent, 

is driven by the Chinese cell manufacturers, the primary target of the industry being EV battery 

market. CATL is the leading supplier of batteries to the automobile industry in China and is 

trying to expand and make their presence felt in Europe and the US. CATL is planning for a 

new Gigafactory in China, which will stand just behind Tesla incapacity. Combined output 

from the existing facilities along with this new facility will make CATL the worlds largest EV 

battery cell manufacturer, ahead of Tesla in the US, BYD in China and LG Chem in South 

Korea [20]. Figure 10 represents the current distribution of manufacturing capacity among 

different industrial players. 



 

24 
 

 

Figure 11: Battery cell manufacturers by capacity[20] 

Industrial experts are concerned over the dominance of Chinese battery manufacturers, which 

they believe will drive the automobile industry to depend on a single market for its resources. 

With aid from government CATL and BYD has evolved as the leading players in the battery 

market. They have an influence not only in the Asia Pacific market but also in the European 

and US market. The Japanese customers were early into the EV market with sophisticated 

battery technologies, but they could not make much out of their early advantage because of the 

fierce competition from the South Korean and Chinese rivals [21].  

With Toyota leading the way, the Asian producers have taken the lead in the development of 

the next-generation batteries. Toyota is leading the research on solid-state batteries and firmly 

believe that it is the future. However, Toyota accepts the fact that the solid-state batteries will 

not be commercialized until 2030. Toyota has planned for an investment of $13.2 billion by 

2030 for next-generation batteries including solid-state batteries. German automakers 

Volkswagen, some American companies are also promoting the development of solid-state 

batteries. Chinese companies, including CATL, have joined the development race [21].  

Considering the US battery market, the initial growth of the market in the US was heavily 

dwarfed by the influence of Asian markets and industries. However, the US retained a 

leadership position in the lead-acid battery industry but was forced to accept the dominance of 

Asian countries in the Li-ion battery industry. The US started to rebuild its industrial potential 

be early 2000; getting a substantial financial backing from government financial policies and 

benefitting from the formation ARPA-E (Advanced Research Project Agency-Energy), which 

became a central component of US policy. Now, the US is trying to bring in more battery-

related investments to its soil by providing negotiation advantage for the potential investments. 

For example, Tesla for its Gigafactory was given an option to choose between the offers from 

different states before Tesla selected Nevada for its project, with the state providing $1.3 billion 

in tax breaks, land for the facility, a well-connected road network and a preferential electricity 

price[23]. Now, Tesla mostly influences the battery market in the US. Tesla, along with 

Panasonic, can produce 20 GWh at its Nevada plant. Most of the cell manufacturers in the US 

are dwarfed by the massive production capacity of the Asia-Pacific market. Out of the eight 

different battery manufacturers in the US, only one is independent, and rest is a collaboration 

with the cell manufacturers from Asia [24].  
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3.3.2 European battery market outlook 

The evolution of the battery market in Europe is characterized by the commitment of the 

European Union to reach a set of sustainability targets. For 2050, the European Union has set 

a goal to reduce greenhouse gas emissions to a level of at least 80% below the 1990 levels [25]. 

For achieving this goal, the EU has identified battery as the key enabling technology, which 

shall support its cause by facilitating low emission mobility and efficient energy storage. The 

forecasts indicate that the demand for batteries in Europe will grow exponentially in the coming 

years. However, Europe is facing a more significant challenge in establishing a sustainable and 

competitive battery manufacturing industry because of the growing dominance of the Asian 

market. To catch up with this fierce competition, mainly from the Asian market, Europe has to 

device a better strategy by strengthening its battery value chain, starting by ensuring a 

continuous supply of raw materials for the manufacturing industry without relying much on the 

resources outside Europe[26]. 

In the race to capture the global battery market, most of the developments are happening in 

North America and Asia, with the support of public authorities, who are taking proactive 

measures to establish market dominance. Without a proactive and strategic policy adoption, the 

EU could soon see the domestic demand being controlled by non-European giants, and there is 

even risk to the EU being excluded from these new mass markets. Europe has had experience 

in the past where it lost the market for solar power industry based on using photovoltaic cells 

to the aggressive Asian approach. The solar power industry was well nurtured in Europe by the 

introduction of a pro-active European policy to sustain demand, employing various 

mechanisms and subsidies. The attractiveness of the European market played a crucial role in 

giving the solar power industry an initial boost. However, it is clear today that Asia dominated 

the production of solar panels and based on the statistics from 2016, of worlds ten producers of 

solar panels, nine were Asian. So with limited innovations and demarcation, the European 

producers of solar panels are now marginalized. In the light of this experience,  If Europe does 

not act in a concerted way to tackle this situation of Asian dominance in the battery market, 

two main issues are at stake: the opportunity to benefit from creating a favorable job market 

and wealth creation, but also preventing major technological dependence[23].  

The European Union battery alliance was formed as an initiative from the European 

Commission to strengthen Europe as the primary location of battery production. The EU battery 

alliance has the primary objective to frame a coherent legislative environment in Europe. 

However, the European commissions’ approach to strengthen and develop the battery market 

is confined to the Li-ion battery segment. Moreover, experts believe that the approach involves 

a risk of only looking at only one part of the battery market. Moreover, experts believe that it 

is necessary to improve the investment prospect of battery sector as a whole, for Europe to 

benefit from the social and economic advantages that are simultaneously gained through battery 

technology[27]. 

In the phase of rapid global technological development, the EU has identified two main 

challenges, when it comes to the development of the battery industry in Europe. One is to ensure 

a stable raw material sourcing and second is to develop and to deploy advanced technology to 

remain competitive to Asian and US battery industries. With the demand for batteries expected 
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to rise exponentially in the coming few years, the improved resource efficiency and the 

technological advancements are expected to reduce the demand for the raw materials. Four 

essential raw materials for battery production, namely Cobalt, Lithium, Graphite, and Nickel, 

the supply chain of these materials are vulnerable to disruption. Considering the criticality of 

these materials and based on the projected demand for these materials in the future, a sustained 

extraction and exploitation of these resources are required. Moreover, EU has identified the 

importance of recycling these materials to reduce its dependency on the third country from third 

countries such as Democratic Republic of Congo, Russia, Chile and Brazil, and to facilitate a 

structured transition into a circular economy[26].  

Considering the recent introduction of EV’s into the European automobile market and the fact 

that the average lifetime of EV components are around ten years, a considerable amount of 

EV’s have not reached a breakdown point. However, even in the absence of steady waste 

streams, the EU urges its recycling infrastructures targeting EV batteries to adapt itself for the 

expected inflow of EV batteries and recover specific materials from it[26]. Figure 11 highlights 

the use of critical raw materials as a component of the electric motor used in EVs and represents 

the potential flow of these critical elements with the recycling of these EV batteries. 

 

Figure 12: Use of selected raw materials (including CRMs) in the EVs sector (battery electric vehicles (BEVs), plug-in 

hybrid vehicles, (PHEVs)) and potential flow resulting from the recycling of EVs deployed in the EU21[26]. 

Even though the EU has the potential to source the materials for primary and secondary battery 

production (figure 12), to make use of this potential, the EU has to overcome many obstacles 

including the lack of availability of geological data pointing out deeper deposits and difficulty 

in accessing the existing sources of materials. Looking at the existing battery material supply 

chain, the most substantial share of raw materials are from outside the EU. China being the 

main supplier of natural graphite which is a critical element of the anode and Chile is the main 
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supplier of lithium and Finland being the only EU country, which has established a niche for 

itself in the global battery market by being the leading supplier of refined cobalt[26].  

 

Figure 13: Mine production and potential of battery raw materials, and battery plants in the EU11[26] 

EUROBAT, the Association of European Automotive and Industrial Battery Manufacturers, 

calls out for a common strategy for all battery technologies. It has proposed the development 

of a ‘2030 Battery Strategy for Europe’, which proposes for an equal backing of existing and 

future battery technologies. It has emphasized the need for EU to develop a framework which 

shall ensure the development of all possible segments of battery technology, without 

jeopardizing any technology, which shall ultimately contribute to the strengthening of Europe 

as a business location for the Independent battery industry[27]. 

Looking into the battery-related investments in Europe from foreign companies, Samsung SDI 

has completed a €300 million project in Hungary, where it set up its first plant in Europe, which 

is estimated to have a capacity to deliver at least 50,000 batteries per year for electric vehicles. 

The Korean manufacturer LG Chem has invested in a similar project in Poland, with a target 

to produce 100,000 batteries. Also, Tesla has indicated its interest in coming to the European 

market and is looking for a location in Europe to set up a Gigafactory, in parallel to the one in 

Nevada, US. For these companies, by ensuring a position in the rapidly developing European 

market for electric vehicles, can give these companies a head start with the ability to meet the 

demands rapidly and by overcoming the constraints related to logistics and strict European 

norms[23]. 

With more Asian and American battery manufacturers coming into Europe, and if these 
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companies control the significant share of the European battery market, then sustainability shall 

be more uncertain. With the current rate of production, soon the production is expected to cross 

the demand and can result in the consolidation of the battery market. Moreover, in such a 

scenario, the facilities of the companies outside the region of origin are believed to be the first 

to undergo restructuring. Hence, having the European management of production facilities shall 

ensure more sustainability. Also, the European automobile industry is quite established, and 

with the foreign battery industries growing incapacity in Europe, these automobile companies 

face a long-term problem of over-dependence on these battery manufacturers. Whom shall at 

later point of time with enough ground on the European market favor the automobile companies 

from their place, which is not favorable for the automobile manufacturers in Europe[23].  

For Europe to get a firm hold on the battery market, C. Mathieu in [23] suggests different 

approaches. First, is to accept the dominance of Asian industry in the cell manufacturing, which 

is only a portion of the value chain in battery production and hence to focus on the remaining 

part of the value chain including assembly, integration and the second life or recycling batteries. 

This approach is what the German car manufacturer Daimler-Benz has chosen, where they have 

made a €500 million investment for setting up a battery manufacturing plant. With the cells 

purchased from LG Chem, they produce batteries for their EV’s, as well as for household 

stationary storage. The second approach is to invest in the whole value chain, including cell 

manufacturing while focusing on differentiation, as the market is ready to make way for 

advanced chemistries and technologies that shall overcome the existing limitations and 

especially improve safety, which has become increasingly important, in the light of recent 

problems which affected Galaxy Note 7 smartphone from Samsung Electronics. Hence it would 

be ideal to employ more resources for the development of technologies like in the development 

of solid-state electrolytes and organic solvents. In the long run, according to [23], the primary 

challenge for Europe will be to position itself in technologies that are beyond Li-ion, such as 

the solid-state batteries and Li-air batteries, by supporting research activities in Europe and 

facilitating the partnership with different industrial players. Finally, [23] proposes that Europe 

can opt to compete fully with existing supply, by also encouraging investment in manufacturing 

capacity like that of the Northvolt in Sweden and TerraE in Germany. 

3.4  Key customer segments and their requirements 

3.4.1 Battery technology for electric mobility 

The global demand for EV’s are on a raise, and the battery technology is all set to power the 

transformation. With the need for decarbonizing the environment raising, a transition into EV’s 

from traditional combustion engine vehicles have become inevitable. However, experts believe 

that, for having a majority of the future market share, the cost of batteries powering these 

vehicles should be brought down [28]. Recent investments, particularly in the field of battery 

manufacturing, provides a certain hope towards cost reduction and thus creating a competitive 

market. 

Today, the Li-ion battery technology power most of the EV’s, and it has reached a level where 

it could enable the design of vehicles that begin to match the performance of ICE vehicles [28]. 

The need to overcome some of the fundamental drawbacks of the existing battery technologies 
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drive all the innovations in the field of battery technology. The preferred characteristics for an 

ideal EV battery can be measured in comparison with six different parameters [29].  

• Safety: Safety is considered as an essential criterion for EV batteries. Even a single 

battery fire could turn the public opinion against the EV’s, which can severely impact 

the development of the industry.  

• Life span: Which is measured in terms of the number of charge-discharge cycles and 

the overall battery age. Even though most of the existing batteries meet the charge-

discharge cycle requirements for EV’s, however, overall age remains a huge concern, 

as the ambient conditions hugely influence the aging. 

• Performance: The decisive characteristics include; peak power at low temperatures, 

state of charge measurement, and thermal management. The expectation is that the 

owner of the EV should be able to drive the vehicle at extremely high-temperature 

conditions or the sub-zero temperature conditions. However, the batteries can be 

optimized to work at either low or high-temperature conditions. Moreover, it is 

challenging to engineer them to work efficiently over a wide range of temperature, 

without any performance degradation. 

• Specific energy and Specific power: Specific energy is the measure of the amount of 

energy that the battery can store per kilogram of weight, and for battery cells today, the 

nominal energy density is between 140 to 170 watt-hour per kilogram, which is just 1% 

of the specific energy of gasoline. Unless otherwise there is a breakthrough invention 

which will deliver a battery with more specific energy, the existing batteries are 

expected to limit the driving range of EV’s. 

Specific power is the amount of power which the batteries can deliver per kilogram of 

its mass and is an essential criterion for hybrid vehicles but not a decisive parameter for 

the EV’s. 

• Charging time: Longer charging time poses another crucial technical challenge. The 

market is expecting an EV, which is as convenient as an ICE vehicle, which can travel 

for at least 500 km on a single charge and can be recharged in a matter of minutes. 

• Cost: The cost of batteries is expected to play a critical role in the determination of the 

commercial viability of electric vehicles. The cell cost contributes to 65% of the final 

cost of batteries, and hence, the manufacturing cost for cells have to be brought down 

through scale and experience effects as market volumes expand. According to [5], the 

cost has to be brought down to at least $100/KWh, from the current price range, which 

is estimated between $190-$250/KWh. 

3.4.2 Battery technology for energy storage 

With the global focus now shifting towards an economy based on renewable technologies, 

Stationary battery energy storage (BES) has evolved as a critical technology in enabling this 

transition. Primarily, it provides a means to store the energy from renewable resources, which 

are mostly intermittent and then facilitates a successful penetration of this harnessed energy 

into the grid.  Also, it helps in absorbing the peaks in consumption and ensures that the backup 

is provided without having to temporarily rely on fossil fuel power plants like diesel 

generators[5]. 
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The essential characteristics of the BES system can be measured in comparison with the 

following parameters[30], [31]. 

• Energy and Power density: It is the ratio of rated output power to the volume of the 

storage device. The criterion is a critical parameter in those applications where space is 

limited. 

• Efficiency: It is defined as the amount of energy that comes out of the system relative 

to the amount of energy put into the system. For a storage system with high utilization, 

to have an efficiency rating above 80% is essential, because of the loss of energy in 

each cycle. 

• Discharge Duration: It is defined as the amount of time for which the storage system 

can discharge at the rated output without recharging. The parameter can influence the 

technical viability of the storage system in a particular application. 

• Lifetime discharge: The BES system should be capable of running long charge-

discharge cycles, without much degradation. 

• Reliability: An ideal BES system should respond with maximum efficiency and in time 

for any state of charge. 

• Response time: Storage response time is defined as the time required to go from no 

discharge to discharge at its rated output power. It is a critical factor when it comes to 

the strategic penetration of stored energy into the grid. 

• Charge rate: It is the rate at which the storage system can be charged. The process has 

to be quick; if not, it will not have enough energy to provide during peak hours. 

• Self-discharge time: It is the amount of time for which the storage retains its charge. It 

is ideal to have a BES system which does not discharge when it is not in use. The 

parameter is critical for the storage system, which is used for energy storage for a 

prolonged time. 

• Cost: The capital investment and operational costs (maintenance, energy lost during 

cycling, aging) are the most important factors to consider for the entire life of the 

system. The battery price needs to fall at least by 50%, in order to ensure a switch from 

gas-fired units to the battery storage system. 

3.4.3 Battery technology for portable devices 

Batteries for portable devices are used mainly within laptops, cellular phones, tablets, e-readers, 

and other electronic gadgets. For all these devices, the volumetric energy density is a critical 

parameter. For all these devices, it is required to have the largest possible amount of energy in 

the most compact form. Since most of the applications have a low drain, the power density is 

not a critical factor[5]. Considering the other desirable characteristics; the batteries for portable 

devices should be safe, lightweight, compact, environment-friendly, less toxic, and with long-

run and lifetimes[32]. The cost factor is of secondary importance, as there is a general 

willingness to pay high for batteries with improved performance[5]. 

The figure below is a comprehensive representation of the performance requirements from 

different battery applications. 
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Figure 14: Relative performance requirements of major battery applications[5] 

3.5 Future batteries 

3.5.1 Advanced lithium-ion batteries 

Since the introduction of the first Lithium-ion battery by Sony Corporation in 1991, the battery 

chemistry has been evolving to overcome the shortcomings of various chemistries that were 

introduced. The first Li-ion battery chemistry to become commercial was LCO made from 

LiCoO2 cathode and graphite (C6) anode [9]. Properties of various cathode materials used in 

commercial lithium-ion batteries at present and the advantages, disadvantages, and applications 

in full cells are listed in table 1. 

With the strong market pull on the Li-ion battery manufacturers, urging to improve battery 

chemistries to increase the capacity and energy with lower cost, there is a need for improvement 

in existing technology. Most of the researches and developments are focused on new materials 

which show high energy and power density, longer cycle life, and at the same time, which can 

offer better safety[34]. 

The charging potential of existing Li-ion batteries is limited to 4.2V because of the electrolytes, 

which restrict the amount of charge the cathode can accept. According to[33], there is a 

potential to improve the electrolyte by using additives, which has not yet entered a 

commercialization stage and if implemented could improve the cycle life and calendar life of 

Li-ion batteries by a great extent. From the safety perspective, electrolytes have great potential 

for optimization [34]. Moreover, with reference to [34], hybrid polymer electrolytes can be an 

optimal solution; with the ability to exhibit high conductivity, low flammability, high stability 

and at the same time showing good compatibility with the electrodes used. 
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Cathode Material 

Specific 
Capacity 
(Ah/Kg) 

 
Advantages 

 
Disadvantages 

Lithium Cobalt Oxide 
(LiCoO2) (LCO) 

 
155 

+ In common use, good cycle 
life, good energy 

− Moderate charged 
state thermal 
stability 

 
Lithium Manganese 
Oxide (LiMn2O4)(LMO) 100 - 120 

+ Good thermal stability, very 
good power capability, 
inexpensive 

− Lower capacity 
compared to lithium 
cobalt oxide 

− Moderate cycle life 
Lithium Iron Phosphate 
(LiFePO4) (LFP) 160 

+ Excellent thermal stability and 
cycle life 

+ Good power capability 

− Lower energy and 
require special 
preparation 
conditions 

Lithium Nickel Cobalt 
Aluminium Oxide 
(LiNiCoAlO2) (NCA) 
 

 
180 

+ Very good energy 
+ Good power capability 
+ Good cycle life 

− Moderate charged 
state thermal 
stability 

− Sensitive to moisture 
even in a discharged 
state 

Lithium Nickel Cobalt 
Manganese Oxide 
(LiNiCoMnO2) (NMC) 
 

 
160 

+ A perfect combination of 
properties (energy, power, 
cycle life and thermal stability) 

− Patent Issues 

Table 1: Properties of various cathode materials used in commercial lithium-ion batteries at present and the advantages, 

disadvantages, and applications in full cells. LCO is LiCoO2, LMO is LiMn2O4, NCA is LiNi0.8Co0.15O2,NMC is 

LiNIxMnyCo1-x-yO2, and LFP is LiFePO4 [33]. 

Possibilities for the improvement of anode and cathode materials are also widely investigated. 

The possibility of using alloy anodes for Li-ion batteries, which shall improve the capacity 

density and specific density compared to carbonaceous anodes are being investigated. Also, 

studies for using a combination of graphite and modified silicon or tin in the negative electrode 

are being explored[33]. Also, Fraunhofer Institute for Silicate Research ISC, in [34] suggests 

improved anode and cathode materials (Electrochemically synthesized and characterized  Si/C-

composites for anode and olivine-structures such as LiCoPO4 or doped lithium-metal phosphate 

for the cathode), with high cycling stability and with improved electric or ionic conductivity.  

All these extensive researches provide new scope for improved Li-ion batteries for the future 

but require a robust framework for commercialization. Also, the market trend indicates the 

dominance of Li-ion battery technology for the coming decade, with the automobile sector 

heavily becoming dependent on the technology and at the same time with huge investments 

coming into the establishment of huge manufacturing facilities, the cost of Li-ion batteries is 

expected to fall further, making the entry of alternate technologies for commercialization more 

difficult [5]. 

3.5.2 Solid-State batteries 

All-solid-state batteries make use of solid electrolytes instead of aqueous electrolytes used in 

present Li-ion batteries. They are considered to be one of the most disruptable technology 

within Li-ion, as they exhibit higher potential for energy density and safety compared to present 

Li-ion batteries[5], [35]. K. Baes et al. in [5] lists some of the potential benefits from making 

use of solid-state electrolytes; 

https://www.targray.com/li-ion-battery/cathode-materials/nmc
https://www.targray.com/li-ion-battery/cathode-materials/nmc
https://www.targray.com/li-ion-battery/cathode-materials/nmc
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• Facilitates the use of pure Lithium anodes, which shall increase the energy density by 

at least 40%. 

• It enables the use of 5V cathodes as the electrolytes no longer breakdown at 4.5V. 

• It enables a new class of conversion cathodes such as Sulphur and oxygen, which further 

helps in boosting the energy density. 

• Improves battery safety, as they prevent the formation of dendrites which are 

responsible for causing internal battery short circuits.  

According to [5], these perceived benefits make all-solid-state batteries a favorable technology 

for the future, hence are of interest to battery manufacturers and users. The market trend 

towards solid-state batteries is supported by the huge investments made by industrial giants like 

Samsung, Toyota, and Hyundai in the research and development of the solid-state battery 

technology[36]. However, the technology has some disadvantages, including the high cost 

associated with the production of solid-state batteries and inability to perform under low-

temperature conditions.  

3.5.3 Sodium-Ion batteries 

Sodium-ion batteries are considered as the sustainable replacement for the Li-ion batteries[37]. 

Moreover, with the demand for Li-ion batteries increasing, the demand for Lithium is also 

increasing; this increase in demand is expected to skyrocket the price of lithium [38]. Since the 

key components used in SIBs are extracted from low-cost, abundant materials with secured 

supply chains, there is a huge interest in the development and commercialization of the 

technology[38], [39]. 

The battery components and the mechanism by which the energy is stored in SIBs are similar 

to Li-ion batteries, except for their ion carriers [38]. Efforts are being made to develop SIBs for 

the automotive industry, but due to the low energy density compared to Li-ion batteries, 

considerable improvements have to be introduced before the technology finds a market in the 

automotive industry. However, the SIBs are a potential candidate for the energy storage 

applications, which is considered as the most promising application of the technology[38], [40]. 

The table below enlists the merits and demerits of SIBs in comparison with Li-ion batteries. 

Merits Demerits 

+ High-performance electrode materials because 
of the abundance of sodium transition metal 
compounds relative to lithium compounds. 

+ Possible to lower the manufacturing cost, with 
the possibility to use Aluminium foil instead of 
Copper current collector for anodes. 

+ Existing Li-ion battery manufacturing facilities 
could be easily transformed for SIBs 
production. 

+ Less risk from Sodium supply 
+ Superior safety properties of the cathode even 

at a highly charged state 
 

− Lower operating voltage 
− The larger ionic radius of sodium compared to 

lithium, which affects the energy density and 
can cause capacity to fade 

− The high reactivity of Sodium metal seriously 
threatens the safety of Sodium cells. Chances of 
dendrite formation can lead to severe threat 
than that is existing with Li-ion batteries. 

 

Table 2: Merits and Demerits of SIBs over LIBs[38] 
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According to a report from European Association for storage of energy[41],  Sodium ion battery 

is defined as a potential successor to Li-ion battery technology and has identified it as an ideal 

candidate to support Europe's vision for low carbon emissions.  

3.5.4 Metal-Air batteries 

Metal-air batteries are considered as one of the most promising technology to replace Li-ion 

batteries, owing to their extremely high energy density, low cost, safety and considering the 

abundance of raw materials[42], [43]. In metal-air batteries, only the active material needs to 

be stored in the battery. A typical metal-air battery consists of a metal anode, a separator soaked 

in an electrolyte, and an air cathode for catalyzing oxygen reduction and evolution reactions 

[43]. The negative electrode is typically made of metals such as Lithium, Zinc, Aluminium, 

Iron, or Sodium [44]. The oxygen, which is the reactive component for the positive electrode, 

is absorbed from the air during discharge and is returned during charging. For this reason, the 

metal-air battery system is expected to have the highest value of specific charge and energy 

density than any other electrochemical energy storage system[45]. 

The metal-air batteries are considered to be one of the most promising technology for replacing 

Li-ion batteries in the automotive industry. The metal-air primary batteries are already available 

in the market, and the zinc-air batteries are the most mature type of metal-air battery, which are 

mostly used in small scale applications, such as for powering watches and hearing aids.  These 

batteries need to be developed further for a broad scale application, as they suffer from obvious 

drawbacks in safety, lifetime, and dendrite formation [42]. However, the metal-air battery 

technology is still considered to be in its infancy and needs to be further developed the concept 

of rechargeable metal-air batteries to make wide-scale commercialization possible [46].  

3.5.5 Metal-Sulfur batteries 

Metal-sulfur batteries are considered one of the most promising technology for next-generation 

batteries for electric vehicles[47]. Rechargeable metal-sulfur batteries are considered to be very 

promising in terms of energy density, cost, and availability of the elements. However, the 

technology needs further development to overcome the more obvious drawbacks, including 

short cycle life, low round trip efficiency, and low reliability[47]. 

In a typical metal-sulfur battery is formed of a sulfur-based positive electrode, a metallic 

negative electrode, and both separated with a porous polymeric separator soaked with an 

organic electrolyte[48]. Compared to other cathode materials, sulfur has multiple advantages; 

a) Sulfur is very cheap and exists as a solid, making it easy to handle during battery fabrication 

and hence reducing the overall cost of the battery b) the specific capacity of sulfur is very high 

specific capacity among all positive electrode material (1675 mAh g-1) c) Redox reaction of 

sulfur can be carried out without any catalyst, making it more cost-efficient and energy-

efficient. d) Has low cost and compatibility with organic, aqueous, or even solid-state 

electrolyte to match the various anodes[49]. 

Increasing demand for EV’s is considered as the strongest motivation for making metal-sulfur 

batteries the choice for the future. However, the metal-sulfur battery technology is assumed to 

be far away from the point of full-scale commercialization, even after some small scale 

companies have set their goal for developing the technology for different applications[48].  
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3.5.6 Redox flow batteries 

Redox flow batteries are electrochemical energy storage systems that convert chemical energy 

into electrical energy through reversible oxidation and reduction of working fluids[50]. In 

Redox flow batteries, the energy is stored in the electrolyte. The electrolyte has dissolved 

energy-storing material, and the most common and the most advanced electrolytes used in this 

technology make use of the metal vanadium dissolved in acid as vanadium pentoxide (V2 O5) 

[37]. 

With the capability to store energy in recirculating liquid electrolytes, the redox flow batteries 

have the advantage of decoupled energy density and power generation capability and hence it 

provides the possibility to control power and energy separately thereby forming a flexible 

design which can be customized for individual requirements and could be scaled up or down 

without compromising the power density[37]. Also, in terms of cost, flexibility, response, and 

safety concerns for large scale applications, redox flow batteries exhibit a significant advantage 

over other batteries and hence with technological advancements in the future, the technology 

is expected to be widely commercialized [50].  

The redox flow batteries have lower energy density and efficiency compared to Li-ion batteries 

intended for the same purpose. However, the redox flow batteries exhibit a higher cycle life 

compared to Li-ion batteries, under the same scenario. The redox flow batteries are considered 

as an ideal model from the recyclability perspective, which outweighs the negative impact of 

their production and low density. Their flexible design makes them much easier to recycle 

compared to Li-ion batteries. Recycling allows reducing the pressure on critical raw materials 

like vanadium used in the production, which is environmentally toxic if not handled properly.  

The limited availability and high cost of such critical materials are the biggest barriers to 

widespread adaptation of the technology[37].  

According to [51] research is ongoing to develop improved redox flow batteries to reach their 

full commercial potential through cost and size reduction with a better energy density, to make 

the technology competitive with Li-ion technology. Moreover, with the growing interest and 

with increasing research investment, the redox flow batteries are expected to have great 

potential for future large scale energy storage systems[52]. 

3.6  Roadmap for future batteries 

According to the European commission SET plan, the top priority for the coming decade is on 

the development of Li-ion battery technology to develop high voltage (4.5 to 5V) systems or 

high capacity systems, or all solid configuration preferentially combined with high voltage and 

high specific capacity[53]. According to [54], as visualized in figure 14, the next-generation 

batteries will have to wait until 2030 to get a significant market share and projects that by 2030, 

all solid-state batteries will win $3 billion in transportation and $2 billion in electronics along 

with Lithium-sulfur batteries which are expected to get a small market share irrespective of its 

more modest growth.  
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Figure 15: Projected battery market share in transportation[54] 

Massive investments in the development and procurement of facilities that are involved in the 

development of the next generation of batteries have officially started a transition of the market 

towards future batteries[5], [54]. The investment made by the automotive supplier Bosch on 

Seeo, a California based developer of polymer solid-state batteries and the procurement of 

Sakti3, a developer of solid-state batteries, with additional investment to scale up the mass 

production by Dyson are considered as some of the landmark acquisitions [54].  

C. Laslau, et al. in [54] forecasts Lithium-sulfur and solid-state batteries to reach 4% and 2% 

market penetration by 2030 in the EV market and probably rising to 8% and 12% by 2035, with 

the solid-state batteries picking up the pace with the implementation of simpler manufacturing 

models, lower costs and advanced features. 

 

Figure 16: Development roadmap cell technology 2015-2030[55] 

As visualized in figure 15; in the present market for Li-ion battery cells, optimized Li-ion cells 

of generation 1and 2a represent the core technology employed for EVs and energy storage[26]. 

Moreover, considering the lead time from R&D to the commercialization of advanced 
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technologies, the present Li-ion technology is expected to prevail during the coming decade. 

There is a strong drive from the market for generation 2b and 3a batteries, which exhibit 

increased energy density due to the improved uppercut voltage[55]. 

The transition onto generation 4 and 5 is pretty much unclear as the technology needs to be 

more evident and has to overcome the more obvious limitations. Also, a proper 

commercialization strategy has to be developed. Considering these challenges, from today's 

perspective, the development and efforts for commercialization of next-generation batteries 

would be most likely pivoted around solid-state batteries in which solid electrolytes replace the 

liquid electrolyte and the separators [55]. 

From a European market perspective, having identified the role of Li-ion batteries in the coming 

decade and considering the capability of the Asian countries, especially China,  in 

manufacturing Li-ion battery chemistries up to generation 2a, it would be ideal to focus on the 

development and commercialization of Li-ion batteries of generation 2b and beyond [56]. 

Moreover, rapid deployment of new cell generation requires a simultaneous and concurrent 

production technique as it is apparent that a leap in-cell technology would affect the production 

of cells at a different level and hence for faster absorption of change into the production 

environment the manufacturing models need to be developed more flexible [55]. 
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4. Defining the next-generation battery 

The chapter critically evaluates the battery technology that will be of increased demand in the 

future; with a focus on the period 2025 to 2030. Furthermore, technology is elaborated from a 

product perspective and a manufacturing perspective. 

4.1 Next-generation battery technology under focus 

A drastic increase in demand for batteries is expected in the coming decade with the rise in 

demand for various applications like EVs, Stationary decentralized energy storage devices, and 

portable electronic devices. With the increase in demand for batteries, the need for superior 

characteristics is also on the rise. From the market analysis, it is clear that the present Li-ion 

battery technology will continue to prevail in the coming decade with further advancements in 

the battery chemistry. Most of the researches related to next-generation Li-ion batteries are 

pivoted around the development of advanced anode, cathode and electrolyte materials. 

The motivation driving all the developments in the field of battery technology is the 

requirements from its key customer segments; with the strongest pull arising from the EV 

segment. The acceptance of EV on the market strongly depends on the characteristics and the 

capability of the battery used. Recent fires on Tesla Model S electric car and Boeing 787 

Dreamliners has developed concerns over the safety aspects of EV’s, for the end-users. 

Moreover, in order to gain a market advantage, it is required to develop batteries that could 

provide EVs with characteristics that can make them comparable and compatible with 

combustion vehicles.  

With a strong drive from the market for advanced batteries that can ensure safety and provide 

enhanced energy density, the focus is now on the development and successful 

commercialization of technologies beyond Li-ion technology. The Li-S and All solid-state 

batteries remain the most promising candidates for replacing the Li-ion batteries and forming 

the next-generation batteries. However, as discussed in section 1.6, the market penetration of 

these technologies would take time, and the current Li-ion technology is expected to dominate 

the market for the coming decade. Irrespective of the concerns over the commercialization of 

next-generation batteries, [54] projects 4 % and 2 % market penetration for Li-S and solid-state 

batteries by 2030 in the automobile sector. The credibility of the forecast is well demonstrated 

by a large number of well-funded start-ups, investment activities, research works, and patent 

applications. Examples include: 

• A joint venture from Toyota and Panasonic was announced in January 2019. The 

venture shall capitalize on the advancements made by Toyota on solid-state battery 

technology and utilize the capacity and capability of Panasonic as a  battery 

manufacturer for the commercialization of the solid-state battery technology[54], [57]. 

• Toyota has invested $13.9 billion in its battery business and plans to commercialize 

solid-state batteries by early 2020, and the company holds 233 patents or applications 

concerning the solid-state technology[58]. 
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• The US-based EV maker Fisker Inc has applied for a patent for the development of 

flexible, high energy-density solid-state batteries, and the battery is expected to deliver 

500 miles driving range on a single charge[59]. 

• In 2015, The engineering company Dyson acquired a US-based start-up Sakti3, which 

specializes in the development of solid-state batteries[5], [54], [59]. 

• The Automotive supplier Bosch bought Seeo, a developer of Polymer solid-state 

batteries, intending to cut energy storage cost by 75%[5], [54]. 

• Renault-Nissan-Mitsubishi alliance has announced its investment in Ionic Materials, a 

US-based start-up company developing solid-state cobalt-free battery materials, to 

bring the technology into the market by 2030[59]. 

• The German automaker BMW has partnered with Solid Power, a spin-off from the 

University of Colorado, Boulder, to develop solid-state batteries for long-range EV 

applications, with a vision to produce its first solid-state battery-based EV model by 

2026[59]. 

• The Volkswagen has invested $100 million in QuantumScape, a US-based leading 

technology company for the development of solid-state batteries. The venture aims to 

enable the industrial level production of solid-state batteries[60]. 

• The BASF has invested $50 million in Sion Power, which is into the development of 

Li-S battery technology[54]. 

• There is a considerable rise in the number of patent applications by large corporates; 

the number of patent filings per technology is represented in the figure below. 

 

Figure 17: Patent filing per technology[5] 

With a focus on the European market, the European cell manufacturers must be a forerunner in 

the research and development of technologies like solid-state batteries and Li-S batteries in 

order to avoid overdependency on the Asian markets when these technologies enter a 

commercialization phase. The requirement is further highlighted by the European 

Commissions’ SET Plan, which defines the key actions on batteries. The action plan was 

developed with an aim for Europe to become competitive in the global battery sector. The SET-



 

40 
 

Plan projects the development of higher voltage Li-ion batteries and solid-state batteries as the 

top priority for Europe and sets a timeline for its realization. According to the action plan, 

Europe should be able to reach TRL7(Technology readiness level), which include system/sub-

system development for solid-state batteries by 2028 and should be able TRL9, which include 

system test, launch & operation by 2030[53].  

On analyzing the future roadmap, it has become more evident that the development and 

commercialization of solid-state batteries would be the main focus in the second half of the 

period from 2020 to 2030.  However, Li-S battery technology is also expected to grow during 

this period, but the commercialization of the technology is expected to take more time, with 

more efforts required to make the technology more reliable and efficient[47]. 

4.2 Solid-State battery outlook 

The need for technologies that can ensure a sustainable long-term energy generation, conversion, 

and storage drives the quest for new battery technologies [61]. The future roadmap analysis has 

made it more evident that the solid-state battery technology would be under the spotlight in the 

coming decade with extensive research and development of the technology, focusing on 

enabling the technology for commercialization. 

All solid-state batteries (ASSBs), the key difference comes in the electrolyte used. The ASSBs 

employs a solid electrolyte instead of liquid electrolyte [35]. The growing interest in the ASSBs 

from different market segments has to be understood in the context of the challenges faced by 

the existing technologies, especially Li-ion battery technology[62].  As compared to Li-ion 

batteries, the ASSBs are considered to be safer, have longer cycle life, have a higher power and 

energy density, have less requirement on packaging and state of the art charge monitoring 

system, as well as wider operating temperature[35], [63]. As picturized in figure 17, the less 

packaging constraints enhance the capability of the cell design by allowing in-series stacking 

and bipolar structure, thereby improving the packaging efficiency of the battery[64]. 

 

Figure 18: Outline of the battery packages of (a) liquid type lithium-ion battery and (b) all-solid-state Li-ion battery[64] 

For ASSBs the key component is the solid electrolyte, and the coherent choice of the electrolyte 

is determined by a series of requirements including high ionic conductivity, good mechanical 

properties and compatibility with electrode materials[63]. The solid electrolytes are generally 

defined as electronically insulating solid materials with high mobility and selective transport 

of charged ionic species within their structure[65]. The solid electrolytes are primarily 

classified into two categories (as shown in the figure below): polymeric and inorganic[64], [65]. 
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Figure 19: General classification of the solid electrolyte 

The Inorganic solid electrolytes possess high elastic moduli, good thermal and chemical 

stability, wide electrochemical window, high ionic conductivity, and low electronic 

conductivity, which makes it more suitable for rigid battery design. On the other hand, with the 

solid polymer electrolyte, it is possible to have various geometries, high flexibility and requires 

low cost and simplified production processing, even though its ionic conductivity is lower than 

that of inorganic solid electrolytes. Besides, an effective electrode-electrolyte interface can be 

formed with solid polymer electrolyte, which improves the electrochemical performance of the 

system and battery life[66]. 

The main difference between a traditional Li-ion battery and an ASSB is that the solid 

electrolytes replace the organic liquid electrolyte and separators in Li-ion batteries. However, 

the working principle of Li-ion batteries and ASSBs are the same. During charging the Li-ions 

deintercalated from the cathode are transported through the solid electrolyte and solid 

electrolyte-electrode interface to the anode, while the electrons move from cathode to anode 

through the external circuit. While discharging the Li-ions deintercalated from the anode are 

transferred to the cathode via the solid electrolyte, and the electrons migrate through the 

external circuit and drive the connected device to work[67]. The figure given below is a 

schematic representation of the ion transfer taking place in a lithium-based solid-state battery 

and some of the possible materials for the anode, cathode and the electrolyte. 

 

Figure 20: Schematic representation of ion movement in lithium-based solid-state battery[62] 

Among the different solid electrolytes, the inorganic solid electrolytes have gained more 

attention compared to polymer solid electrolytes due to their better electrochemical stability, 

non-flammability, robustness preventing Li-ion dendrite growth, single ion conduction 
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mechanism and higher compatibility with higher potential cathode materials to increase energy 

density[65], [67]. Furthermore, among the inorganic solid electrolytes, the sulfide-based 

inorganic solid electrolytes have several advantages of high ionic conductivities and ease to 

form framework structures, etc., however, on the contrary, these electrolytes are hygroscopic 

and have less chemical stability. Moreover, considering the oxide-based inorganic solid 

electrolytes, the key advantages are its stability in air and its stability with respect to lithium 

metal and high voltage cathodes, while the drawbacks include the low processability, low 

conductivity, and manufacturability[63]. 

Besides, the garnet type electrolytes, especially the lithium stuffed garnets, are particularly 

attractive in recent years due to their relatively high conductivity, relatively good stability, and 

wide electrochemical window[63]. The garnet-type oxide-based solid electrolyte (LLZO – 

Lithium lanthanum zirconate) has overall Li-ion conductivity of 10-4 S/cm at room temperature 

and exhibit higher chemical stability in ambient condition as well as in contact with lithium 

metal. Moreover, it is of interest because of application in ASSBs and Li-air batteries[64], [68].  

ASSBs enable the use of lithium metal as anode material, which is considered as the primary 

driver for the commercialization of ASSBs. The use of lithium metal as anode material can 

increase the total energy density by approximately 20%[69]. Moreover, the use of electronic 

devices and the demand for EVs are on the rise, and with that, the demand for new lightweight 

batteries with better cycle life, energy density, power density, and improved safety is also 

increasing, which has created a strong drive towards the successful commercialization of 

ASSBs[62], [70].  

When it comes to the commercialization of ASSB technology, there exist certain difficulties, 

which need to be overcome. The insufficient conductivity of the electrolyte under room 

temperature, the poor interface compatibility between the electrode and the electrolyte, the lack 

of understanding of the interfacial process after charging/discharging and the development of 

various cost-effective fabrication processes and structural design are some of the challenges 

required to be overcome before the successful commercialization of the technology[63], [64]. 

4.3 Structure of solid-state batteries 

4.3.1 Anode 

The anode is the place where the lithiation process takes place during the charging process and 

is subjected to large quantities of stress, which decreases longevity. In comparison to traditional 

Li-ion batteries which make use of carbon-based anode materials, ASSBs facilitate the use of 

Li metal anodes which helps in increasing the total energy density and long term stable 

utilization of batteries[71]. However, the very high sensitivity of the lithium metal to elevated 

temperatures makes the high-temperature applications very difficult. Moreover, several safety 

issues need to be addressed when using Lithium metal anodes, owing to the possibility of self-

heating of Lithium anodes because of the increase in the surface area of the lithium anodes due 

to lithiation process[62]. 

Lithium titanate (LTO) has also been used as anode material. LTO exhibits relatively high 

stability towards the lithiation/de-lithiation process compared to Li metal anodes and can easily 
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integrate Li-ions within its octahedral structure during the lithiation process. However, they 

possess low specific energy compared to other anode materials[62]. 

Another anode material which is quite widely used is Graphite due to the ease of manufacturing. 

Graphite, with its layered structure, can incorporate lithium ions during lithiation/de-lithiation 

process and can successfully withstand a large number of charging and discharging cycles. 

Furthermore, metallic alloy-based anode materials have also been studies. Mostly Tin, Lead, 

Antimony, Aluminium, and Zinc, along with their alloys, were considered for this purpose. The 

key advantage of using metallic alloy-based anodic system is its capability to incorporate 

multiple lithium atoms in the host crystal lattice. However, the use is limited due to the large 

volumetric changes during the lithiation process and due to shorter longevity[62]. 

4.3.2 Cathode 

Cathode supplies the battery with necessary ions during the charging process and vice-versa 

during the discharging process, and hence the cathode material must have good ionic 

conductivity due to the continuous transfer of ions across it during the charging and discharging 

process[62]. The performance of the cathode material critically depends on the electrode 

microstructure, morphology, as well as the inherent electrochemical properties of the cathode 

materials[72]. Different cathode active materials that can be used for ASSB fabrication are 

listed in the table below along with their merits and demerits. 

Cathode Material Merits Demerits 

Lithium Cobalt Oxide 

(LiCoO2) (LCO) 
+ High specific energy of about 

150 mAhg-1 
+ Layered structure supports 

the lithiation/de-lithiation 

process 

− Relatively costly to manufacture 

due to the use of cobalt 

− CoO2 layer formed after de-

lithiation process results in less 

capacity of lithium intercalation. 
Lithium Manganese Oxide 

(LiMn2O4) 
(LMO) 

+ Limited resistance to the flow 

of ions during lithiation/de-

lithiation process 

− Lower capacity compared to 

lithium cobalt oxide 

Lithium Iron Phosphate 

(LiFePO4) (LPO) 
+ Less hazardous 

+ Less expensive to produce 

than other lithium-based 

oxide materials 

+ Less resistance to ion transfer 

because of its olive structure 

− High self-discharge rate which 

reduces the longevity of the 

material 

− Additives are required for 

increased conductivity of the 

material 

Lithium Nickel Cobalt 
Manganese Oxide 
(LiNiCoMnO2) (NMC-811) 

+ Lower weight 

+ Have specific capacity about 

200 mAh/g 

+ Make use of less amount of 

cobalt 

− Production requires improved 

synthetic processes and 

additional post-processing steps 

− Increase in manufacturing cost 

− Sensitive towards moisture and 

air 

Lithium nickel cobalt 
aluminum 
oxide(LiNi0.8Co0.15Al0.05O2) 
(NCA) 

+ Widely used commercially  

+  High usable discharge 

capacity  

+ Long storage calendar life 

− Capacity fade at elevated 

temperature 

Vanadium based oxides + Supports the lithiation/de-

lithiation process due to the 

layered structure 

− Low output voltage 

− Lack of longevity 

Table 3: Different cathode materials used in the fabrication of solid-state batteries, with their merits and demerits in the 

applicantion[62], [72], [73], [74] 

https://www.targray.com/li-ion-battery/cathode-materials/nmc
https://www.targray.com/li-ion-battery/cathode-materials/nmc
https://www.targray.com/li-ion-battery/cathode-materials/nmc
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The performance of the solid-state batteries is limited due to the generally lower specific 

capacity of cathode materials; hence for meeting the current and future demands from the 

market, improved cathode materials are required[62]. 

4.3.3 Electrolyte 

The performance of a solid-state battery depends on the diffusion of ions within the electrolyte;     

hence the solid electrolytes are required to have high ionic conductivity above 10-4Scm-1 at 

room temperature, very low electronic conductivity with a high ionic transference number and 

a wide electrochemical stability window[67]. Moreover, a sufficient number of ions are 

required in the electrolyte to enable smooth conduction, which requires the solid electrolytes to 

have sufficient vacancies in their crystal lattice to facilitate the ion movement[62]. Furthermore, 

to use a solid electrolyte in a lithium-based battery, the electrolyte is expected to exhibit some 

additional specific characteristics; like stability with respect to electrodes, stability against heat 

treatment and moisture, suitable mechanical properties, the ready availability of constituent 

chemicals, reasonable cost and easy fabrication[75]. Different type of solid-state electrolytes 

that can be used for the production of ASSBs, along with their merits and demerits are listed in 

table 4. 

Electrolyte Material Merits Demerits 

NASICON-type of LAGP  

(Li1+xAlxGe2-x(PO4)3  
+ High ionic conductivity 

+ Good chemical and 

electrochemical stability 

− One of the LAGP precursors, 

GeO2 is expensive and hence 

increases the cost of LAGP 

based ASSBs 
Garnet-type of Al-stabilized 

lithium lanthanum zirconate 

(LLZO)( Li7La3Zr2O12) 

+ High ionic conductivity 

+ Is stable with lithium 

+ environmental benignity 

+ ease of preparation and 

densification of LLZO 

+ availability of the starting 

materials 

+ Low cost 

+ The total and bulk 

conductivities are of the same 

order of magnitude 

− Unstable when in contact 

with moisture or CO2 

Perovskite-type of 

LSTZ/LSTH 
+ Exhibits a bulk conductivity 

as high as 1×10−3 Scm−1 
+ Promising technology 

− Preparation conditions are 

very harsh 

− Ionic conductivity is not high 

enough 

LISCON-type (lithium 

superionic conductor) 

+ Good chemical and 

electrochemical stability 

− Low ionic conductivity 

LiPON-type (lithium 

phosphorus oxynitride) 

+ Suitable for thin film ASSBs − Not suitable for bulk ASSBs 

because of low ionic 

conductivity at room 

temperature 

Li3N-type + Have reasonable ionic 

conductivities 

− Decomposition voltages are 

too low for high energy 

density ASSBs 

Sulfide-type + highest ionic conductivities in 

the magnitude of 10−2 Scm−1 

at room temperature 

− Not suitable in the ambient 

atmosphere due to reaction 

with moisture  
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+ Suitable for bulk batteries 

used in a controlled 

environment 

Argyrodite-type   + High ionic conductivity 

 

− Not stable in ambient 

atmosphere 

− Suitable encapsulations are 

required for the cell to avoid 

safety issues 

Anti-perovskite-type + High ionic conductivity 
+ Can be used for bulk and thin 

ASSBs 
 

− Very hygroscopic, hence 
operation in an inert 
atmosphere is required 

Table 4: Different type of solid-state electrolytes that can be used for the production of ASSBs along with the merits and 

demerits[67] 

4.3.4 Cell configuration 

In order to ensure a long cycle life for ASSBs, it is required to ensure a stable interface between 

the electrodes and the solid electrolyte, and this requires a homogeneous distribution of the 

solid electrolyte particles in the electrode for optimal engagement of both the substances[61]. 

At the anode-electrolyte interface, the stability of the electrolyte when in contact with lithium 

metal is a great challenge, hence the electrolyte used need to exhibit sufficient electrochemical 

stability to lithium metal. When it comes to the cathode-electrolyte side, interface impedance 

and electrochemical stability play an important role, and hence, the electrolyte is expected to 

exhibit sufficient stability against cathode potentials[76]. 

Also, a high contact area is needed to be ensured between the electrolyte and the active material 

to guarantee an acceptable lifetime; hence the sintering process is desired to ensure sufficient 

contact, especially when using oxide-based solid electrolytes due to the very hard nature of the 

particles[62], [76]. Moreover, in order to attain the desired energy density, the cells should have 

an excellent stack design, and the number of inactive material in the cell need to be limited[76]. 

The configuration of solid-state batteries can be visualized in the figure below. 

 

Figure 21: Configurations of solid-state batteries and fabrication processes for performance improvement. a, In a bipolar 

configuration, the electrode materials are coated on the two sides of the current collector, reducing the weight and volume of 

the battery package. b, A typical solid-state battery consists of a cathode, an anode, and a solid electrolyte. c. A zoomed-in 

image of the contact between the electrolyte (yellow spheres) and the electrode (red spheres), which is limited in a typical 

solid-state battery. The black spheres represent carbon black, and the black arrows indicate the Li+migration pathway. d, By 

putting a mixedconducting network coating (green) on the surface of electrode materials, the electrolyte–electrode contact is 

enhanced[77] 
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4.4 The process sequence for the commercial production of solid-state 

batteries 

The introduction of ASSBs into the market will need the up-scaling of production processes 

from laboratory research level to industrial mass production. The main challenge for the 

commercialization of ASSBs is to manufacture high-quality cells at costs comparable to 

conventional Li-ion batteries. Hence the production processes need to become more robust and 

have to have an efficient quality monitoring system to reduce the scrap rates[76]. The following 

section will discuss the product requirements and a methodological approach for the scaled 

production of pouch type sulfide-based ASSBs. The process sequence is devised based on the 

work by J. Schnell et al. [76], which discusses different production chain scenarios based on 

expert elicitation.   

4.4.1 Product properties and requirements 

In the large scale production of solid-state batteries, it is required to define the properties and 

requirements of the product to define the manufacturing process chain clearly, and this includes 

defining the mechanical and chemical properties of the component materials to defining the 

shape and tolerance of the components. A detailed calculation of the required layer thickness 

and the composition of the anode, solid electrolyte and the cathode composite for the fabrication 

of cells with specific energy more than 300 Wh kg−1 was present by T. Placke et al. [61]. 

The cathode layer thickness (µm) 100 

The anode layer thickness (µm) 30 

Solid electrolyte separation layer thickness (µm) 20 

Solid electrolyte conent in electrode (vol %) 30 

Table 5: Parameters of a model cell [61] 

The process chain for the production of ASSBs are discussed under the next section, and the 

processes are clustered by cathode composite, solid electrolyte, anode, and stack fabrication. 

The table below lists the cathode, the solid electrolyte, and the anode material based on which 

the fabrication process is defined.  

Component Material Reason 

Cathode Lithium nickel cobalt aluminum oxide 

(LiNi0.8Co0.15Al0.05O2)(NCA) 
+ Widely used commercially 

+ High usable discharge capacity  

+ Long storage calendar life 

Solid electrolyte Lithium Phosphorus Sulfide 

((Li7S-P2S5), LPS) 
+ Highest ionic conductivities in the 

magnitude of 10−2 Scm−1 at room 

temperature  
+ Suitable for bulk batteries used in a 

controlled environment 

Anode Lithium + High energy density 

Table 6: Materials considered for defining the fabrication of sulfide-based ASSBs 

The process chain elaborates the fabrication of sulfide-based ASSBs, due to the similarity of 

the process chain with the conventional process chain for the fabrication of Li-ion batteries. 

The fabrication of oxide-based ASSBs requires a sharp deviation from the traditional process 

chain because of the need for a high-temperature sintering process[76]. The arrangement of 

different components in the cell is visualized in the figure below.  
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Figure 22: Schematic of a solid-state Lithium-ion battery [61], [76], [78] 

4.4.2 The process sequence for the industrial production of solid-state batteries 

A. Cathode composite fabrication 

The sequence of steps involved in the cathode fabrication are as follows 

 

Figure 23: Process sequence for cathode fabrication 

Slurry Mixing 

In this process, the active cathode material is combined with solid-electrolyte, conducting 

agents, binders to form the cathode composite. With reference to the work done by S.Ito et 

al.[79], a possible composition of the cathode composite for a sulfide-based ASSB is presented 

in the table below. 

Constituent material wt (%) 

Cathode active material 59% 

Electrolyte(LPS) 34% 

Conductive agent (conductive carbon 

based on a carbon nanotube) 

5% 

Binder(a nitrile butadiene rubber 

based hydrocarbon polymer binder) 

2% 

Table 7: Cathode composite slurry composition[61], [79] 

The ingredients are mixed thoroughly using a high energy mixer and are dispersed with an 

apolar solvent (dehydrated xylene) that is compatible with the ingredients. It is required to 

perform the mixing operation in an inert atmosphere, owing to the hydrophilic nature of 

ingredients in the composite. The key manufacturing resources required for this process are the 

high energy mixer, scraper, and inert gas[76].   
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Wet coating 

The wet coating process is similar to the conventional coating process involved in the 

production of a Li-ion cell and can be utilized for the coating of cathode composite slurry onto 

the substrate (e.g., Aluminium). Here, the slurry is coated on to one side of the substrate using 

either the tape casting process or by screen printing process. The process is performed in an 

inert atmosphere, considering the hydrophilic nature of the material. The tape casting method 

can be used when the cathode composites are required as green sheets. Here, the slurry is cast 

onto a polymer tape and is followed by the drying process for removing the solvents, before 

removing the polymer tape from the green sheet. The screen printing process is preferred when 

the slurry is required to be on a much rigid substrate[76].  

The ideal thickness of the substrate foil and the thickness to which the cathode composite has 

to be coated is defined in table 5 under section 2.3.1. A drying process follows the coating 

process to evaporate the solvents. The final product thus obtained is the aluminum foil coated 

with the dried cathode material [76]. 

Calendering process 

The calendaring process is employed to ensure compaction of the cathode composite. The 

process is required to reduce the porosity, to ensure ionic contact between the cathode and 

electrolyte particles, and to enhance the adhesion between the cathode composite and the 

current collector. During the calendaring process, the foil with cathode composite on it is fed 

through a pair of rotating rolls which densify the membrane and improve the adhesion of the 

coated material onto the substrate[76]. For an improved level of compaction, heating the 

calendaring rolls to a certain point can be advantageous. According to D.Kim et al.[80], cold 

pressing the composite at 700Mpa can bring down the porosity level to 6-8%, and if hot-pressed 

at 150 deg C and under 460MPa, negligible porosity could be achieved. 

B. Solid electrolyte fabrication 

The processes involved in the fabrication of solid electrolyte separator layer is critical, as any 

defect in the layer can lead to the internal short circuit inside the battery, and hence rigorous 

requirements regarding the surrounding environment, cleanliness, equipment’s and quality 

control have to be maintained for each processing steps[76].   

The fabrication of solid electrolyte involves the following steps. 

 

Figure 24: Process sequence for solid electrolyte fabrication 

Slurry mixing 

In this process, the solid electrolyte is dispersed with a solvent to attain the target viscosity and 

is mixed with other ingredients in a high energy mixer to form the electrolyte slurry. The slurry 

preparation for ((Li7S-P2S5), LPS) electrolyte was described by S.Ito et al. [79], and K. 

Hayamizu and Y. Aihara has described the preparation of ((Li7S-P2S5), LPS) electrolyte [81].  
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In the process of slurry preparation, the solid electrolyte with 2% by weight a hydrocarbon 

binder is dispersed in an apolar solvent like toluene or xylene. The mixture is mixed in a high 

energy mixer to attain the high shear rates required to tear the agglomerates of the particles, 

and the entire process of preparation is performed in an inert atmosphere due to hydrophilic 

nature of constituent materials[79]. 

Wet coating 

In this step, a homogeneous separator layer is formed by coating the prepared slurry on the 

already prepared cathode composite. Tape casting process where the slurry is applied on the 

substrate using a slot die or doctor blade, or the screen printing process where the slurry is 

printed directly on the substrate using a mesh can be employed for getting a uniform coating of 

the electrolyte material on the substrate. The optimal layer thickness for the solid electrolyte 

coating is defined in table 5. Before the coating process, it has to be ensured that the solvent in 

the electrolyte does not react with the substrate material or the binder material used in the 

substrate. Directly after the coating process, the solvents are evaporated in a drying system. 

The key resources needed for the process include the coating machine and the inert 

atmosphere[76].  

Furthermore, D.Milan et al. [82] have described an alternative approach to have two solid 

electrolyte separator layers to form the total separator layer thickness. Here, the main advantage 

would be to avoid dendrite formation. As the second layer is placed over the first layer of the 

electrolyte, there is a very little chance for the pinholes in each layer to intersect and form a 

channel. As a result, the chances of the short circuit are limited. 

Drying/Solvent evaporation 

The process involves passing the cathode composite/substrate with the wet electrolyte slurry 

coated on it, through a dryer in an inert atmosphere. In this process, initial compaction is applied 

across the layer, and the solvent is evaporated. The evaporated solvent is recovered using a 

solvent recovery system [76]. 

Calendering 

In this process, the layer is compacted by feeding the layer through a pair of rotating rolls to 

densify the layer and improve its adhesion towards the substrate material. Better performance 

can be achieved by making use of heated rolls. The layer compaction step is highly dependant 

on the nature of the solid electrolyte, and the substrate used [76].   

For sulfide-based electrolytes, cold pressing at a pressure above 360 MPa can obtain a dense 

layer. Furthermore, hot pressing at 200 deg C can result in a much better level of compaction 

and better conductivity[83]. The key advantage of the calendaring process is the adaptability 

of the current Li-ion fabrication, and the concerns lie with difficulty in achieving zero percent 

level of porosity and the tension induced in the material[76]. 

Slitting and cutting process 

As described for the cathode composite, the slitting and cutting operations are required to attain 

desired geometries. Here, the cutting process is performed in an inert atmosphere on the solid 
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electrolyte-electrode bulk, formed by coating the solid electrolyte on the cathode composite. 

Furthermore, special requirements have to be met in order to prevent the chances of cross-

contamination between the electrode and electrolyte layer during the cutting process. If cross-

contamination occurs, it can lead to serious quality challenges due to increased chances for 

short-circuit [76]. 

C. Anode fabrication  

The anode fabrication involves the following process chain.    

 

Figure 25: Process sequence for anode fabrication 

Extrusion  

When lithium metal foil is considered for use as the anode material, the critical challenge is to 

obtain the lithium foil to the correct thickness and quality according to the requirement. In the 

anode fabrication process, the lithium ingot is laminated onto a copper carrier foil which acts 

as the carrier. The ideal thickness of the carrier foil and the thickness to which the anode layer 

has to be fabricated is defined in table 5 under section 2.3.1. Purchasing the anode material in 

the desired thickness from an external supplier can be an ideal option. However, the cost of the 

material will increase as the thickness decreases. Moreover, it is ideal to do the pretreatment 

and extrusion of the material onsite to avoid any form of contamination and to facilitate 

immediate subsequent processing[76].  

Calendering 

In this step, the lithium foil is compacted using a calendaring machine in multiple compaction 

steps in order to achieve a thin and homogeneous foil. Furthermore, special measures have to 

be taken in order to prevent damages that shall occur on the lithium foil during the calendaring 

process, due to the high adhesiveness of lithium metal [76].   

Lamination  

The process involves laminating the lithium foil with a protective polymer layer using a 

calendaring machine in an inert atmosphere[76]. The lamination process helps in suppressing 

the unwanted reactions with the solid electrolyte and helps in stabilizing the interface against 

degradation by electron transfer across it and thereby help in achieving a long cycle life with 

the cell[84].  

Slitting and cutting  

The lithium foil with the protective layer is cut into the required geometry using the laser cutting 

machine in an inert atmosphere [76]. 

D. Cell stacking 

Cell stacking process involves the following steps. 
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Figure 26: Process sequence for cell stacking 

Single sheet stacking  

The single sheet stacking is considered as the most convenient stacking method for ASSBs, 

considering the high bending stiffness of the electrode and solid electrolyte layers. Moreover, 

single sheet stacking is used in the manufacturing of conventional lithium-ion pouch cell. 

However, the process needs to be modified to overcome several drawbacks concerning the 

processing speed, accuracy, and yield rate[76].  

The quality of the cell and electrical properties of the battery significantly depend on the cell 

stacking process[85]. Furthermore, during the process, safety concerns are more relevant due 

to the chances of shortcircuiting, as the cells are already charged in the case where lithium is 

used as the anode material. The main manufacturing resources used for this process include the 

stacking machine, handling equipment, and an inert atmosphere for the process[76].  

Stack pressing  

The process step is required to ensure sufficient contact between the different layers. In the 

process, the ASSB cell stack is heat pressed in a pressing machine in an inert atmosphere. The 

heating process helps in removing the binder residuals to and hence improve the cell 

performance[76].  

Tab welding  

The tab welding process is used to establish contact by welding the current collector tabs using 

welding equipment in an inert atmosphere. In the case of bipolar stacking, only the outer 

electrodes are needed to be contacted[76].   

Packaging 

The packaging process requires special attention because of the volume changes that happen in 

ASSBs during charging and discharging. The contacted ASSB is vacuum sealed in suitable 

packaging, using sealing equipment in an inert atmosphere[76].   

Aging/Quality check 

 The final step involves the proper aging of ASSBs and relevant quality checks on the cell to 

classify the final battery cell performance. 
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5. Evaluation of the manufacturing model for scaled 

production of All-Solid-State Batteries 

The chapter presents the critical evaluation of the proposed manufacturing model for the scaled 

production of all-solid-state batteries in order to analyze the flexibility of the model. 

Furthermore, it discusses the production infrastructure required for the realization of the 

scaled production of such batteries. 

5.1 Comparison of manufacturing model for ASSBs and Li-ion batteries 

 

Figure 27: Comparison of manufacturing model for the scaled production of sulfide-based ASSBs and Li-ion batteries 

The process chain for the fabrication of ASSB differs based on the nature of electrolytes used. 

According to work by J. Schnell et al. [76], it could be inferred that the process chain for the 

fabrication of sulfide-based ASSB can be aligned to the process chain for the fabrication of 

conventional Li-ion batteries. The ductility of the particles in sulfide-based ASSB enables the 

manufacturing of ASSB similar to the manufacturing of conventional Li-ion batteries.  

However, due to the need for a high-temperature sintering process, the manufacturing process 

chain for oxide-based ASSBs differ sharply from the conventional process chain[76].  
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Among the different process routes available for the fabrication of solid electrolyte separator 

and cathode composite, the wet chemical processing, being an established technology shall 

ensure a higher throughput. Furthermore, the process is close to the conventional coating 

process for Li-ion battery production. Hence, defining the process parameters and further 

adaptation of the technology for the production of ASSBs shall become more convenient.  

Moreover, the foil processing method adopted for anode fabrication is an established 

technology while special measures need to be taken to improve the process for limiting the 

defect rate and require an effective method for handling the foil. Meanwhile, the stacking 

process is similar to the stacking process employed for the fabrication of conventional Li-ion 

pouch cells. The stacking process for pouch type ASSBs can be easily adapted with the current 

technologies for tab welding and packaging [76].  

However, the rapid commercialization of the production process for ASSBs faces a multitude 

of challenges. Mainly due to the low interface stability across the layers and limited 

conductivity, which remain to be solved through extensive research and material level 

advancements. Furthermore, to facilitate sustainable market penetration, it is required to reduce 

the overall production cost involved, which in turn demands materials that are cheap and easily 

available. Besides, the processes like high-temperature sintering process involved in the 

fabrication of oxide-based ASSBs and the need for the inert environment for the processing of 

sulfide-based ASSBs are key parameters that increase the overall production cost. Hence 

material level advancements that overcome these challenges need to be realized for full-scale 

commercialization of ASSBs. Nonetheless, due to the elimination of electrolyte filling process, 

and due to the possibility to avoid the formation step in the fabrication of ASSBs, there is a 

certain level of saving in the overall production cost. 

5.2 Process level comparison for evaluating the flexibility of ASSB fabrication 

Having defined and compared the process model for the scaled production of ASSBs (sulfide-

based) with the process chain for the fabrication of conventional Li-ion batteries, a process 

level analysis is required to evaluate the possibility of integrating the new technology into an 

existing system for the scaled production of conventional Li-ion batteries.  

The process chain involved in the fabrication of cathode composite for ASSBs is visualized in 

figure 21. The cathode composite slurry composition involved in the fabrication of ASSBs and 

conventional Li-ion batteries is different owing to the presence of solid electrolyte in the 

cathode composite slurry prepared for the fabrication of ASSBs. Hence, the use of the same 

slurry composite for the fabrication of ASSBs and conventional Li-ion batteries is 

impracticable. Besides, moving down the process line, due to the difference in the composition 

of cathode composite slurry it is highly unlikely to make use of the same resources like coating 

machine and calendaring machine for the fabrication of both ASSBs and conventional Li-ion 

batteries, as it shall result in cross contamination. However, introducing a modular machine 

which can handle both the processes separately based on requirements can be devised as a 

solution to introduce flexibility in the manufacturing process chain. For example, using separate 

channels for sourcing the cathode composite slurry to the coating machine and using different 

doctor blads for the coating purpose shall facilitate the use of same coating machine for the 
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preparation of the cathode for both ASSBs and conventional Li-ion batteries. However, the 

practicability of the possible innovation is to be validated due to the constraints imposed due 

to the chances of cross-contamination. 

Similarly, considering the fabrication of the solid electrolyte layer for ASSBs; the process chain 

involved is similar to the process chain for the fabrication of the cathode composite layer for 

ASSBs. Hence, it is possible to mirror the technology for the production of the solid electrolyte 

layer. However, the process chain is absent in the fabrication of conventional Li-ion batteries 

as the fabrication involves filling liquid electrolyte during the cell assembly process. So, 

integrating the process chain into an existing facility would require the installation of an 

additional production line for solid electrolyte fabrication.  

The anode fabrication process, however, differs sharply from the anode fabrication process 

involved in the fabrication of conventional Li-ion batteries. The anode fabrication process for 

conventional Li-ion batteries follows the wet coating method which uses an anode slurry 

prepared with active anode material, whereas the ASSBs facilitate the use of lithium metal as 

anode material, for which the fabrication process involves extrusion, calendaring, and 

lamination. Hence, utilization of the same resources for both process chain is highly unlikely, 

though some processes in common utilize the same technology.  

Besides, the cell stacking process chain for ASSBs is relatively short than conventional Li-ion 

batteries. The stacking process for ASSBs involves assembling the cathode, solid electrolyte, 

and the anode layer and pressing the same to facilitate contact and then tab welding is done to 

establish contacts across the carrier medium. The ASSBs once stacked are already charged. 

However, the process chain for assembling the conventional Li-ion battery involves additional 

steps due to the filling of liquid electrolyte and further requires degassing operation to remove 

the vapors formed from the electrolyte filling process. Also, the Li-ion cells need to go through 

the formation process, where they are continuously charged and discharged to activate the cell. 

Per se, even though the stacking method followed for the fabrication of ASSBs facilitate the 

adaptation of advanced technologies like tab welding and packaging, the process chain has a 

considerable difference from that for conventional Li-ion batteries. Furthermore, the use of the 

same station for tab welding and packaging is unlikely due to chances of contamination and the 

complexity involved in the assembly process of conventional Li-ion batteries. 

From a general overview of the process level comparison of the manufacturing model for 

ASSBs and conventional Li-ion batteries, it can be inferred that the flexibility of the process 

chain for the fabrication of ASSBs is limited. Moreover, critical requirements are required on 

the machine, cleanliness, and environment for the fabrication of ASSBs, as any form of defect 

can lead to a short circuit. Hence it would be difficult to run both the process chains for the 

fabrication of ASSBs and conventional Li-ion batteries parallel in the same facility.  

5.3 Production Infrastructure 

5.3.1 Material requirements 

Accurate quantification of the materials involved in the fabrication of ASSBs would require an 

in-depth understanding of the different form-factors in which the cells are manufactured, and 

also it is necessary to understand the most efficient composition of the various constituent 
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materials that shall deliver the optimum power capacity for a specific cell design. However, a 

comprehensive overview of the amount of different material involved in the fabrication of 

cathode composite slurry and solid electrolyte slurry is discussed under section 2.3.2.  

In order to develop a general understanding of the material consumption, a case scenario can 

be assumed where a pouch-type cell of size abc (length  width  thickness) is considered. 

In this case, an assumption can be made that the cathode and solid electrolyte layer fabrication 

process consume 300g and 60g (assumption based on the thickness ratio visualized in figure 

20) of cathode composite slurry and solid electrolyte slurry respectively. For the preparation of 

300g of cathode composite slurry, it will require 177g of active cathode material, 102g of 

LPS(solid electrolyte), 15g of conductive carbon nanotube and 6g of binder material dispersed 

in an apolar solvent like xylene and mixed thoroughly in a high energy mixer. Similarly, for 

the preparation of 60g of solid electrolyte slurry, it will require 1.2g of binder material mixed 

with the solid electrolyte material and dispersed in an apolar solvent. However, it has to be 

considered that the solvent used for preparing the solid electrolyte slurry should not dissolve 

the binder material involved in the cathode composite slurry. Moreover, the amount of apolar 

solvent (xylene or toluene) required for the slurry preparation depends on the target viscosity 

that is required for the cathode composite slurry and solid electrolyte slurry. 

In the anode fabrication process, ASSBs facilitate the use of lithium metal anode. Hence, from 

a logical perspective, the total amount of lithium involved in the development of an ASSB cell 

with a specific form factor and power capacity would be considerably higher than the total 

amount of lithium involved in the fabrication of conventional Li-ion batteries with same 

characteristics. In ASSBs the lithium metal is consumed in anode, cathode, and solid electrolyte 

layer fabrication, whereas in conventional Li-ion batteries the anode material could be replaced 

with graphite. Besides, the fabrication of anode for ASSBs would require an additional polymer 

layer to be laminated on the surface of the anode where it comes in contact with the solid 

electrolyte layer. The polymer layer prevents the overreaction across the contact surface 

between the anode and solid electrolyte. 

Moreover, the cathode and anode layer fabrication for ASSBs usually involve the use of 

substrate foil, which acts as the carrier medium for the active material. Copper is usually used 

as the carrier medium for anode layer fabrication, whereas aluminum foil is used for the 

fabrication of the cathode composite layer. In order to quantify the amount of copper and 

aluminum involved in the fabrication of a cell, a proper understanding of the geometry of 

different layers are required. 

Furthermore, when it comes to the stacking process, the process consumes additional materials, 

including the packaging material in which the assembled layers of cathode, solid electrolyte 

and anode are inserted. As discussed in the above section, the cells would be already charged 

after the assembly, and hence the subsequent process of formation as in conventional Li-ion 

batteries can be avoided.  

5.3.2 Material handling and storage requirements 

With the different constituent material involved in the fabrication of ASSBs defined, the storage 

and handling of these materials pose a serious challenge. LPS, which is used as the solid 
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electrolyte material in the fabrication of sulfide-based ASSBs, is classified under dangerous 

goods and requires rigorous requirements to be followed while handling and storing the 

material. LPS is a highly flammable solid material with high affinity for water, hence if in any 

case, it comes in contact with moisture releases hydrogen sulfide which is a flammable gas with 

the capacity to catch fire spontaneously. Hence, it is required to handle and store the material 

in an inert atmosphere. Besides, the use of solid LPS at any point is associated with the chance 

for the formation of dust particles. Hence, special care is required to prevent the formation of 

aerosols and dust, and the room where the dust is formed should have sufficient exhaust 

ventilation. When it comes to the storage of the material, the material is required to be stored 

in a dry and well-ventilated space[86].  

Similarly, the formation of aerosols and dust must be prevented while handling NCA, which is 

used as the active cathode material in the fabrication of sulfide-based ASSB as discussed under 

section 2.3.1. Proper exhaust ventilation is needed in the rooms where the dust is formed. 

Furthermore, when it comes to the storage of the material, it should be stored in dry closed and 

well-ventilated space[87]. 

Likewise, the formation of dust needs to be prevented while handling aluminum foil and 

required to be stored in a well-ventilated space. Also, when handling copper foil, any possibility 

of dust formation should be avoided and need to be stored in a cool and dry environment[88], 

[89]. 

When it comes to the handling and storage of lithium metal which is used as the anode material 

for the fabrication of sulfide-based ASSBs, as discussed under the section 2.3.1, special 

measures are to be taken owing to the high reactivity of lithium metal. The material is 

hydrophilic and releases flammable gas when it comes in contact with water, and hence it is 

classified under the dangerous goods. The metal needs to be stored in an argon atmosphere and 

similar to previous materials, the formation of dust should be avoided[90].  

The handling and storage of binder material, conductive agent, and the solvent medium also 

require specific requirements. Considering carbon nanotubes as the conductive material used 

in the fabrication of ASSBs; the material needs to be stored in a dry and well-ventilated space. 

Furthermore, chances for the formation of dust and aerosols need to be prevented[91].  

However, handling and storage of solvent material like xylene impose critical requirements as 

they are classified under dangerous goods. Xylene needs to be kept away from possible sources 

of heat, spark, and flame. Also, additional measures are to be taken to prevent any chances of 

static discharge formation. Besides, Xylene needs to be stored in a cool and well-ventilated 

space[92].  

For handling binder material like acrylonitrile-butadiene rubber, it is required to store the 

material in a dry place away from sunlight and minimize the chance of ignition, spark, or 

flame[93].  

5.3.3 Operating environment requirements 

The manufacturing of ASSBs imposes critical restrictions on the operating environment. The 

use of LPS as the solid electrolyte material, require all the processes utilizing the material to be 
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carried out in an inert atmosphere. LPS being highly hydrophilic tend to absorb moisture and 

form hydrogen sulfide, which is toxic and highly inflammable and could catch fire 

instantaneously. Furthermore, the adhesiveness and reactivity of the material shall impose 

special requirements on the equipment, surrounding temperature, and safety precuations[76]. 

Hence, all the processes involved in the process chain for the development of cathode 

composite layer, the solid electrolyte layer and the cell stacking process for the manufacturing 

of ASSBs require to be carried out in an inert system. Strict regulations govern the installation 

of an inert system; the Swedish Institute of standards (SiS) has defined the guideline for 

installing inert systems for prevention of explosion in SIS-CEN/TR 15281:2006. 

For the anode fabrication process, the lithium metal should be processed in a clean and dry 

environment or an inert system. Hence, it is possible to carry out the process in a dry room 

environment. ISO6 standard dry rooms could be installed inside the facility for the production 

of lithium metal anode. Also, it is possible to perform the production process in the same inert 

system installed for the production of the cathode, solid electrolyte, and cell stacking process. 

5.3.4 Resource requirements 

The key manufacturing resources required for the production of sulfide-based ASSBs are 

defined in the table below. 

Process Manufacturing resources 

Cathode layer fabrication 

Slurry mixing High energy mixer, scraper, inert gas 

Wet coating Coating machine, doctor blade, dryer, solvent recovery system, inert gas 

Calendering Calendering machine, heat source, inert gas 

Solid electrolyte separator 

Slurry mixing High energy mixer, scraper, inert gas 

Wet coating Coating machine, doctor blade, dryer, solvent recovery system, inert gas 

Drying/Solvent evaporation Dryer, solvent recovery system, inert gas 

Calendering Calendering machine, heat source, inert gas 

Slitting and cutting Slitting/Laser cutting tool, inert gas, exhaust system 

Anode layer fabrication 

Extrusion Extruder, pre-treatment, dry/inert atmosphere 

Calendering Calendering machine, dry/inert atmosphere 

Lamination Calendering machine, dry/inert atmosphere 

Slitting and cutting Slitting/Laser cutting tool, inert gas, exhaust system 

Cell stacking 

Single sheet stacking Stacking machine, material handling equipment, inert gas 

Stack pressing Pressing machine, heat source, inert gas 

Tab welding Welding equipment, inert gas environment 

Packaging Packaging equipment, protective gas 

Aging/Quality check Quality checking equipment 

Table 8: Critical resources involved in the fabrication of sulfide-based ASSBs 

5.4 Change in the business model 

With the introduction of a new product segment, it is required to make necessary changes in 

the existing business model for the new product. The introduction of the solid-state battery 

technology induces a paradigm shift in terms of the technology. Even though experts believe 
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that the inception of the technology into the battery market would take another decade, it is 

highly likely that the large scale introduction of the technology can take place much before that. 

With companies like Toyota and start-up companies like QuantumScape, Solid power backed 

by automotive giants like Volkswagen and BMW, has invested deeply into the development of 

the technology and commercializing the same. However, the large scale investments from the 

automakers highlight the change in focus from the Li-ion technology into advanced 

technologies that shall ensure improved safety and performance. Also, the market expects the 

Li-ion technology to reach maturity soon so that further developments within the technology 

reach a stagnation state, and yet there are many concerns in hand to be resolved. 

The introduction of new technology like that of solid-state batteries shall redefine the value 

proposition. It would be possible for the business to sell the collective benefits that the customer 

shall receive from the new product. Compared to the Li-ion battery technology, the solid-state 

batteries offer better safety and permits the use of innovative, high-voltage, high-capacity 

materials and thereby enabling denser and lighter batteries with improved shelf life. These 

batteries could offer high power to weight ratio, making it an ideal candidate for EV’s. As 

discussed in the previous section, the large scale production of ASSBs poses serious challenges. 

However, foreseeing a potential market, it is required to invest in the technology with the 

available resources and establish a rigorous research and development activity.  

It is also required to identify new revenue opportunities. The new technology will be in demand 

from a much wider group of customer segments. Even though the small form-factors of solid-

state batteries exist in the market, like those used in small electronic gadgets, the market is 

looking forward into a large scale inflow of solid-state batteries satisfying the demand. Hence, 

identifying new potential customer segments will open up new revenue opportunities.  

The Asian market lead the innovations related to the future battery technologies, hence it is 

required for the European market to ready the business to deliver some level of value to the 

customers at the inception stage of the new technology itself. Being part of the competition 

shall drive the customers towards investing in the European market, and from that point, the 

technology could be further developed and perfected for delivering the optimum service to the 

customers.  
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6. Discussion and Conclusion 

In this chapter, the research questions are answered. Based on the research questions and purpose 

posed in the introduction, the chapter highlights the key findings from the extensive research 

conducted on the topic. Lastly, the contribution of the research is discussed together with suggestions 

for further research. 

Answering the research questions 

RQ1: What are the different advanced battery technologies which are considered as a potential 

replacement for conventional Lithium-ion battery technology? 

The first half of the thesis has aimed at answering the first research question, where the main 

focus was on identifying the alternate battery technologies that are being developed as a 

potential replacement to the conventional Li-ion battery technology. The research has identified 

the core reason driving the transformation as the series of challenges posed by the Li-ion battery 

technology when it comes to safety and performance. Hence, the focus on other technologies 

which offer improved safety and performance has improved. The key technologies which are 

being widely explored and developed for the future include the next-generation lithium-ion 

batteries, redox flow batteries, sodium-ion batteries, metal-sulfur batteries, metal-air batteries, 

and solid-state batteries.  

SUB RQ1: Which advanced battery technology will be of increased demand in the coming 

decade with a focus on the period from 2025 to 2030? 

With a detailed analysis of the technology roadmaps for future battery technologies, it became 

more evident that the solid-state battery technology and lithium-sulfur batteries are the two 

important battery technologies that will have significant market penetration in the coming 

decade. Of the two technologies, solid-state battery technology is expected to gain more market 

going forward. The study indicated that the solid-state battery technology is expected to achieve 

2% EV market penetration by 2030, which shall improve to 12% by 2035.  The technology 

roadmap is defined based on the developments happening in the European battery market, about 

the advanced battery technologies. 

RQ2: Why the identified technology is considered as a potential replacement for conventional 

Lithium-ion batteries? 

From the research, it has become evident that the solid-state battery technology is one of the 

most promising technology for replacing conventional Li-ion battery technology. As discussed 

in chapter 3 and 4, the series of performance and safety challenges posed by conventional Li-

ion batteries ignited the quest for battery technologies that shall ensure more safety and provide 

better performance. The solid-state batteries, compared to Li-ion batteries, offer better safety 

due to the absence of liquid electrolyte. Furthermore, the solid-state batteries offer longer cycle 

life, higher power density, energy density, and more packaging efficiency compared to the Li-

ion batteries. 

Hence the solid-state battery technologies are widely being studied, and huge investments are 

pouring into the efforts for commercializing the product. The number of patent applications 
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filed in this technology and the recent investments from different OEM’s in startups focused 

on developing solid-state technology is clear evidence of a predictable transition towards future 

battery technology. 

RQ3: How can an existing Li-ion battery manufacturing infrastructure integrate the scaled 

production of the defined battery technology effectively? 

The process sequence for the industrial scaled production of ASSB’s is highly dependant on 

the chemistry involved in the anode, cathode, and the solid-electrolyte used for the fabrication 

of ASSB’s. From the market analysis, it was more obvious that the solid-state battery 

technology is set to play a crucial role the transformation of the battery technology with its 

potential to replace the Li-ion battery technology for commercial applications. Hence, chapter 

4 is written with a focus on defining the product structure and a manufacturing process chain 

that can be realized by using existing resources and facilities maintained for the scaled 

production of Li-ion batteries. 

The manufacturing process chain defined in chapter 4 is based on sulfide-based solid-

electrolyte. The process chain for the scaled production of sulfide-based ASSB’s complies with 

the process chain for the fabrication of conventional Li-ion batteries. However, the utilization 

of the same resources for the fabrication of ASSB’s and Li-ion batteries are highly unlikely due 

to the difference in operating conditions required for ASSB manufacturing and Li-ion battery 

manufacturing. Hence, the flexibility involved is limited. Even though, there is a limitation in 

executing the production of both the Li-ion batteries and ASSB’s under one roof; it is possible 

to make use of the production technology with additional alterations and additions to satisfy 

the requirements for manufacturing ASSB’s. Besides, as discussed under chapter 4, large scale 

economic commercialization of the solid-state battery technology would require to overcome 

several hurdles raised by the battery chemistry and material availability. 

Limitations 

The field of advanced battery technology is vast and highly dynamic. The limited time frame 

made it difficult to delve into all the related topics and create a study about them. Hence, a 

detailed exploration of specific topics, which are as relevant as solid-state battery technology, 

were omitted.  

Having identified the potential of ASSBs to replace Li-ion battery technology, the second part 

of the thesis work is focused on defining a battery manufacturing model for the scaled 

production of ASSBs. However, due to the limited availability of time, the study was focused 

on certain areas of ASSB technology that is relatable to existion Li-ion technology for defining 

a smooth scaling up of ASSB production using existion production facilities for Li-ion battery 

production. Besides, the ASSB chemistries are continuously being developed to overcome the 

drawbacks and improving the existing chemistries. Hence the ASSB composition defined for 

scaled production does not represent the optimal composition.  

Due to the limited availability of detailed scientific research papers, certain conclusions were 

derived from the available white papers. Besides, the manufacturing model for the scaled 

production of solid-state batteries is defined based on a single scientific journal, which resulted 
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in a lack of diversity in perspective presented.  Furthermore, the limited knowledge regarding 

the material chemistries required certain conclusions to be made based on personal 

understanding.  

Future work 

The paradigm of battery technology is evolving continuously with the addition of new 

technologies and advancements in existing chemistries. Hence, it is highly relevant for any 

organization working close to the battery technology to be aware of the changes happening in 

the market and regularly update their roadmap for the successful in-co-operation of latest 

technologies in their business model. With the fast-paced development of the production 

technologies, the inception of new technologies into the market can happen much faster than it 

was projected to happen. Hence, it is required to perform market studies regularly and update 

the roadmap for future battery technologies.  

As mentioned in the limitations, the study on solid-state batteries was more focused around 

chemistries, which facilitates easy scaling up of the technology for mass production using 

existinf production facilities for Li-ion batteries. However, the defined technology is not 

optimal based on the chemistries involved, and the production process chain followed. The 

future shall witness the development of a more flexible process chain which is capable of 

overcoming the limitation of the existing process chain. Hence, the possibility to extend the 

study on the possible chemistries and process improvements open a broad scope for future 

studies.  

Furthermore, the introduction of any new technology by any organization deeply invested in a 

particular technology will require a critical adaptation of its existing business model. Hence the 

scope for studies on changing the business model for the manufacturing organization, with the 

introduction of new technology is wide open. 
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