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Abstract

“Development of a property forecast tool for flexible
compositions of Li-ion batteries, including raw
material availability and price forming”
Dejana Krsmanovic

In today’s world full of rigorous government measures regarding the fuel economy
and a large EV and smart device market emerging from it, batteries represent a
pioneering technology used as storage for renewable energies such as wind and solar.
More precisely, the Li-ion family of batteries has experienced an exponential growth
in sales. Having high energy density, these batteries are also well suited for mobile
devices such as wearables, smartphones, tablets, cameras, notebooks and electric
vehicles.[1] However, the technology has not completely matured yet and there is still
a lot of space for improvements and new discoveries. This thesis considers the
composition of lithium-ion batteries together with the global distribution and
economical aspects of materials used. The components of Li-ion cells of different cell
formats (e.g. 18650, 21700) were investigated together with their physical and
chemical properties. Through this process, an interactive tool for calculating costs,
cell parameters and quantity of active materials was developed. The main purpose of
the tool was to enable a user to input data such as thicknesses of electrodes, together
with the capacity of the cell and output how much material is needed for such
electrodes and what energy density is achieved. These parameters, such as the mass
of active material, were linked to a cost calculator, determining the costs of a single
cell. The calculator is useful for further research purposes on Li-ion batteries, as the
input variables can be modified in according to the user’s preferences, whereas cost
determination is useful for sales planning and battery manufacturing.
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2. Scientific Summary 

 

The total cost of lithium-ion cells depends mostly on the material costs, which vary depending on 

availability. Therefore, the goal of this work is to create a smart tool that would take into account 

materials in commercial cells (mainly 18650 and 21700), cell parameters and the prices and 

availabilities within the raw material market. Results show that an increased interest in 

electromobility could lead to a very high demand of certain materials and, therefore, rapid growth 

and high fluctuations in their prices. Global reserves are limited and are partially located in 

politically unstable regions of the world (e.g. cobalt from Democratic Republic of Congo, see 

chapter 8.1.3). Thus, there is a possibility that a worldwide increase in demand could soon lead 

to a shortage and, therefore, to a cost explosion on the raw materials market. Although the 

technology of battery manufacturing has improved recently and the prices have fallen sharply, 

aforementioned reasons state they could become prohibitively expensive in the foreseeable 

future. Metals that are most common in lithium-ion batteries are nickel, copper and aluminum. 

Beside these materials, cobalt, lithium, manganese, and graphite were also investigated for the 

purpose of this thesis. 

Materials within the cell were investigated by disassembling 18650 and 21700-type cells and 

measuring different parameters, such as, electrolyte mass, electrode thickness. Measurements 

of physical properties were repeated twice on two different cell samples and the average values 

used. Other parameters, such as volume of battery components, have been calculated via 

formulas for volumes of cuboids and cylinders. Cell parameters that were considered to be result 

values are Capacity anode active material in mAh, Capacity cathode active material in mAh, 

Energy total cell in Wh, Energy anode active material in Wh, Energy cathode active material in 

Wh, Specific gravimetric energy density total cell in Wh/kg, Specific volumetric energy density 

total cell in Wh/l, Anode active material in g and Cathode active material in g. Examining these, in 

combination with cost calculations, a potential user could make theoretical improvements in their 

battery performance. For example, scientists who try to develop new battery materials of 

improved properties could approximate economic viability of their discoveries. The tool could 

also serve as a quick way for battery producers to show a price estimation to their customers. 

Additionally, it could be useful for purchase departments of companies producing electric 

vehicles/devices to notice sudden boosts in battery material prices. 

 

 

 



v 
 

3. Preface 

 

I, Dejana Krsmanovic, hereby declare that this thesis is authentic and yet unpublished. The work 

was completely carried out in the Applied Electrochemistry department at the Fraunhofer 

Institute for Chemical Technology in Pfinztal, Germany.  

 

 

Dejana Krsmanovic                                   Pfinztal, Germany                         _____________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



vi 
 

List of figures 

Figure 1 - Schematic representation of a Li-ion battery during charge/discharge [7] .................................. 4 

Figure 2 - Passive components/Housing ....................................................................................................... 9 

Figure 3 - Uncovered jelly roll ....................................................................................................................... 9 

Figure 4 - Washing the electrodes ............................................................................................................... 10 

Figure 5 - Removing the cathode coating with adhesive tape .................................................................... 11 

Figure 6 - Relation between electrode thickness and areal capacity – 18650 cells .................................... 27 

Figure 7 - Relation between electrode thickness and areal capacity – 21700 cells .................................... 28 

Figure 8 - Electrolyte and volume ratio - 18650 cells .................................................................................. 29 

Figure 9 - Cobalt applications [23]............................................................................................................... 31 

Figure 10 - Nickel applications [27] ............................................................................................................. 33 

Figure 11 - Nickel in batteries [28] .............................................................................................................. 33 

Figure 12 - Growing share of nickel containing Li-ion batteries [28] .......................................................... 34 

Figure 13 - Lithium applications [30] ........................................................................................................... 35 

Figure 14 - Li - ion 18650 price 2000 - 2018 ................................................................................................ 44 

Figure 15 - Price of Cobalt 2005-2019 [44].................................................................................................. 45 

 

 

 

 

 

 

 

 

 

 

 

 

 

file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15834622
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15834628
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15834631
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15834632


vii 
 

List of tables 

Table 1 - Negative electrode materials [2] .................................................................................................... 4 

Table 2 - Positive electrode materials [5] ...................................................................................................... 5 

Table 3 - Types of examined 21700 cells ....................................................................................................... 8 

Table 4 - Types of examined 18650 cells ....................................................................................................... 8 

Table 5 - Accuracy of the measuring instruments ....................................................................................... 12 

Table 6 - 21700 cell measurements data table ........................................................................................... 13 

Table 7 - 18650 cell measurements data table ........................................................................................... 13 

Table 8 - Average values of passive components of 21700 cells (e.g. average mass and thickness) ......... 14 

Table 9 -Average values of passive components of 18650 cells (e.g. average mass and thickness) .......... 14 

Table 10 - Input values for the “Scientist” scenario .................................................................................... 16 

Table 11 -  Cu collector mass ....................................................................................................................... 17 

Table 12 - Average passive components ..................................................................................................... 17 

Table 13 - Calculated volumes of passive components .............................................................................. 17 

Table 14 - Calculations with passive electrode components and porosity ................................................. 18 

Table 15 - Masses of active materials calculated via Formulas in the background .................................... 19 

Table 16 - Masses of active materials calculated via Electrode active material specific capacity .............. 19 

Table 17 - Output values for 18650 “Sony Konion US18650 VTC4” ............................................................ 20 

Table 18 - Changes in output values due to error propagation - 18650 ..................................................... 21 

Table 19 - Input values for the "Battery producer" scenario ...................................................................... 23 

Table 20 - Change in energy densities value ............................................................................................... 23 

Table 21 -  Input values for “Samsung INR21700-50E” ............................................................................... 24 

Table 22 - Output values for “Samsung INR21700-50E” ............................................................................. 24 

Table 23 - Changes in output values due to error propagation - 21700 ..................................................... 25 

Table 24 - Electrode areal capacities calculation ........................................................................................ 27 

Table 25 - Material costs for Sony VTC4 ...................................................................................................... 42 

Table 26 - Production process costs in battery manufacturing [42] ........................................................... 43 

Table 27 - Battery component costs ........................................................................................................... 43 

 

 

 

 

 

 

 
 

 

file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832669
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832670
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832671
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832674
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832675
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832681
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832686
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832687
file:///C:/Users/Dejana/Desktop/Thesis%20final%20stuff/Za%20ispravljanje%20Master%20thesis%20-%20Dejana%20%20Krsmanovic.docx%23_Toc15832690


viii 
 

List of abbreviations & symbols 

 

°C             Celsius 

µm Micrometer 

Al Aluminum 

BEVs Battery Electric Vehicles 

CID Current Interrupt Device 

cm Centimeter 

cm² Square centimeter 

cm³ Cubic centimeter 

CNT Carbon Nanotubes 

Cu Copper 

DEC Diethyl Carbonate 

DMC Dimethyl Carbonate 

DRC Democratic Republic of Congo 

e- Electron 

EC Ethylene Carbonate 

EV Electric Vehicles 

g Gram 

h Hour 

ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry 

Inc. Incorporated 

kg Kilogram 

l Liter 

LCO (LiCoO2) Lithium Cobalt Oxide 

LED Light-Emitting Diodes 

LFP (LiFePO4) Lithium Iron Phosphate 

Li Lithium 

https://www.dict.cc/englisch-deutsch/cubic.html
https://www.dict.cc/englisch-deutsch/centimeter.html


ix 
 

LiBF4 Lithium Tetrafluoroborate 

LiClO4 Lithium Perchlorate 

LiCoO2 Lithium Cobalt Oxide 

LiPF6 Lithium Hexafluorophosphate 

LMO (LiMn2O4) Lithium Manganese Oxide 

LTO (Li4Ti5O12) Lithium Titanate 

mAh Milliamp hour 

mm Millimeter 

Mn2+ Divalent manganese ion 

MT Metric Tons 

NCA (LiNiCoAlO2) Lithium Nickel Cobalt Aluminum Oxide 

NCA Nickel Cobalt Aluminum Oxide 

NMC (LiNiMnCoO2) Lithium Nickel Manganese Cobalt Oxide 

NMC Nickel Manganese Cobalt Oxide 

No. Number 

PHEVs Plug-in Hybrid Electric Vehicles 

ppm Parts per million 

PTC Pressure Temperature Control 

PVDF Polyvinylidene Fluoride 

R&D Research and Development 

S.A. Société Anonyme - Anonymous Society 

SBR Styrene-butadiene Rubber 

SEI Solid Electrolyte Interphase 

UAE United Arab Emirates 

US United States 

USD$ US-Dollar 

V Volt 

Wh Watt hour



1 
 

4. Introduction 

 

4.1 Background 

 

Today’s problem of extreme carbon dioxide emission requires a significant effort to decrease it 

by replacing conventional energy sources with renewable ones. Fossil fuels are not an infinite 

resource and thus replacement of gasoline vehicles is an important political target. However, 

moving over to electric vehicles will only be a viable solution if they are charged with electricity 

coming from renewables rather than fossil fuels. Therefore, the electricity needs to be produced 

in a sustainable manner. However, this kind of power generation depends greatly on weather and 

climate variations. Hence, supply inconsistencies need to be bridged. Thus, storing the electricity 

from the renewable sources, e.g. solar and wind, from the moment of production culmination to 

the point of the highest demand, becomes very important. For example, additional energy 

accumulated at photovoltaic systems during daylight hours can be saved and used at night, when 

it cannot be generated. This means that the current market shows a high interest in the 

development of long-lasting batteries with high power and energy density, and low self-

discharge. With time, Li-ion batteries have proved themselves to be superior to other batteries, 

considering aforementioned parameters. Therefore, they play an important role in the current 

energy storage market. The market for Li-ion batteries is spreading quickly and the list of 

requirements on the batteries is expanding as well. Future Li-ion battery generations will not only 

need to have high power, high capacity and long life, but also enhanced safety features and 

reduced costs for mass production. 

While there is significant potential for Li-ion batteries in a wide range of applications, questions 

of affordability and technology improvement arise. Lowering the price of plug-in hybrid electric 

vehicles (PHEVs) and battery electric vehicles (BEVs) might lead to faster commercialization, and 

developing new technologies for PHEVs/BEVs would potentially increase their capacity. Also, grid 

applications of large-scale storage using Li-ion battery technology is yet to be fully developed. 

That is, the technology still must be advanced to enable smoothening of rapid changes in 

renewables and do so for a decade long life. 
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4.2 Objective 

 

The scope of this thesis is to examine the architecture of Li-ion batteries with regard to the costs 

of components comprising them. To this end, different cell types are disassembled and their 

components are measured (e.g. 18650, 21700). Using the data acquired, a calculation tool is 

made. The purpose of the calculator is to integrate spatial cell parameters, such as thickness, 

length and width of electrodes, and calculate how much active material is needed for a particular 

cell geometry.  Additionally, using these values other parameters is can be calculated, such as 

energy density and cell capacity. Finally, these values are used to calculate the costs of making a 

battery with desired properties. The tool can be used for future studies, and can be interesting 

for scientists, engineers, battery constructors, consumer battery manufacturers, electric vehicle 

battery manufacturers, motor vehicle battery manufacturers, etc. Finally, to complement the 

tool, research on global material availability was performed. 
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4.3 Theory review 

 

Batteries are electrochemical energy storage devices and are classified into two types, primary 

and secondary cells. Primary cells represent electrochemical providers of current that convert 

chemical energy into electrical via irreversible redox reactions. This means once the energy has 

been extracted, the disposal must occur via a return system. On the other hand, secondary cells 

operate via reversible electrochemical processes, that is, they can be recharged. When the 

battery is being charged electrical energy is transformed into chemical and vice versa when it is 

being discharged. Depending on how the battery is maintained and how it is used, its lifetime can 

reach between 100 and 1000 cycles.[2] One of the most successful members of the secondary cell 

family is the Li-ion battery. Its success comes from its high energy density, handling of many 

charge/discharge cycles and lightness of material, which makes it widely used and suitable for 

mobile energy storing. Thus, the upcoming chapters are going to focus on this type of battery 

only.  

While Lithium batteries were first introduced in 1912, they were not commercially available and 

commonly used in households until the beginning of 1970s.[3] Since lithium is a very active 

alkaline metal, it was difficult to develop lithium batteries due to uncertainties regarding the 

safety of battery operation. It was not until the 1980s that non-metallic lithium batteries which 

utilized graphite as the negative electrode were developed to address the primary safety 

concerns at the time. These cells have significantly improved safety at the cost of reduced energy 

density.[4] The main safety risk today is thermal runaway, which is usually connected to high 

energy density values, in combination with flammable electrolytes. This can be caused by physical 

misuse, short circuits, exposure to high temperatures, etc. Failures can happen in all cell 

components and this needs to be taken into account during the design process of a battery.[5] 

A Li-ion battery (Figure 1) is comprised of two separate electrodes: a negative anode and a 

positive cathode. The electrode itself is composed of a current collector, an active material, binder 

and graphite. The positive and negative electrodes are isolated from each other within the battery 

with a separator and the space in between is filled out with electrolyte, which enables the 

transport of ions within a cell.[2] Normally, thin electrodes provide higher power and thick 

electrodes provide higher energy density.[6] Understanding this, and considering a user’s input 

preferences, the optimal electrode thickness, power or energy density can be calculated.  
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Figure 1 - Schematic representation of a Li-ion battery during charge/discharge [7] 

4.3.1 Negative electrode 

The most commonly used negative electrode materials for lithium ion batteries are listed in Table 

1. Of these, the most popular are usually made of carbonaceous materials, such as graphite. 

Reaction of lithium with carbon is quite complicated with the mechanisms and kinetics depending 

greatly on the choice of carbon and electrolyte. Forms of carbon used in the anode can be in the 

form of highly ordered (e.g. synthetic or natural graphite), partially ordered (e.g. soot, coke, 

pyrolysis) or disordered in structure. During intercalation, lithium ions insert between the layers 

of graphite causing them to spread apart. In doing so, different intercalated forms of graphite are 

created. The opposite process is called deintercalation. Due to the expansion of the carbon layers, 

the volume of the carbon will vary during the charging and discharging processes. [2] 

Table 1 - Negative electrode materials [2] 

 

 

Negative electrode materials: Average discharge referred to Graphite in V Density in g/cm3 

Graphite 0 2.1 

Lithium                  + 0.1 0.59 

Silicon                    - 0.2 0.91 

LTO (Li4Ti5O12) - 1.4 1.4 

SEI - solid electrolyte interphase 
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Lithium metal anodes can provide outstandingly high energy density, but their use is limited since 

the recharging process creates dendrites that grow through separators and cause short circuits. 

In such a case, the cell heats up to the melting temperature of lithium, which results in thermal 

runaway. Therefore, the anode is usually made with the combination of lithium and some other 

metal that is more stable and prevents dendrite formation. [7] 

Silicon could be a good solution for the anode, as it has high specific gravimetric capacity of 4,200 

mAh g-1 and specific volumetric capacity of 9.786 mAh cm-3, and it is available in large quantities 

in nature, while being ecofriendly. Cells which apply silicon as an anode active material have their 

average cell voltage reduced by 0.2 V compared to cells with a graphite anode. Silicon experiences 

high volume changes during the cycling process (> 300 %), which leads to an unstable solid 

electrolyte interphase layer and reduction of cell’s cycle life. Silicon is also not very conductive. 

[8] 

Aside from aforementioned materials, lithium titanate (LTO or Li4Ti5O12) stands out for its high 

power abilities and its flat charge and discharge plateau (ca. 1.55 V vs. Li/Li+). The flat plateau 

occurs due to the two-phase lithium intercalation and deintercalation process. The high power 

competence is due to the nature of the two phase reaction in LTO. The two phases are near-

identical which means there is a very low energy barrier to the phase transformation and also 

very little strain. Moreover, the variation in volume is minimal in the course of lithium 

intercalation and deintercalation, which makes the battery stable and long lasting. [9] 

4.3.2 Positive electrode 

Although primary lithium cells use a variety of active materials for the positive electrode, the 

choice in secondary lithium batteries is limited. The commercially available positive electrodes for 

lithium-ion batteries are listed in Table 2.  

Table 2 - Positive electrode materials [5] 

Positive electrode materials: Average discharge referred to Graphite in V Density in g/cm3 

LCO (LiCoO2) 3.6 2.86 

NMC (Li[NiMnCo]O2) 3.7 2.28 

NCA (LiNiCoAlO2) 3.6 1.5 

LMO (LiMn2O4) 3.7 2.66 

LFP (LiFePO4) 3.2 1.36 
 

LCO: Lithium Cobalt Oxide (LiCoO2), made of cobalt oxide, is a popular choice for cathodes, 

because of its high energy properties. It is often combined with graphite anodes. However, the 

problem of these batteries is their short life, inability to handle high temperatures and low specific 

power. Also, the high price of cobalt is not very favorable. Therefore, LCO is often supplemented 
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with other materials, such as nickel, manganese or aluminum to extend the battery life or improve 

power properties. [5] 

NMC: Lithium Nickel Manganese Cobalt Oxide (Li[NiMnCo]O2) is a mixture of nickel, manganese 

and cobalt that is a good cathode material option for both high energy and high power cells. When 

nickel and manganese are combined, they supplement each other in terms of their properties 

(see chapter 7.2.1.). There are more ratio possibilities in NMC materials. The usual one is the so 

called 1-1-1 formation (one-third nickel, one-third manganese and one-third cobalt), but the 

material also appears in NMC 811, NMC 433 and NMC 532 formations. Although cobalt is an 

expensive material, NMC paired with Li-ions is still economically justified and widely used due to 

its high performances (energy density, long life, etc.). [5] 

NCA: Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlO2) cathode has high energy and power 

properties, combined with long life. The downside of this material is instability, which is usually 

the case when cobalt is involved. To solve the stability or safety issues, aluminum is often added 

to this cathode mixture. [5] 

LMO: Lithium Manganese Oxide (LiMn2O4) is a spinel structure that allows a three dimensional 

diffusion of lithium ions through the structure and therefore lowers the ionic resistance, which is 

beneficial for the charging speed of the battery. Such a structure is also more stable in high 

temperatures and is safer. However, the downside is its short-life, both cycle number and 

durability-wise. LMO cathodes are often combined with NMC ones, in order to extend the battery 

life and enhance energy properties. [5] 

LFP: Lithium Iron Phosphate (LiFePO4) contains lithium phosphate and has great electrochemical 

properties backed up with low resistance. This means enhanced current handling and longer life 

for the LFP type of battery. Other than these benefits, LFP is also stable at high temperatures, 

which contributes to its safety. It also has a high self-discharge, but the balancing problem occurs 

when the battery gets old. [5] 

When the Li-ion battery is charged, following chemical reactions occur: [10] 

On the cathode:                 LiCoO2 → Li1-xCoO2 + xLi+ + xe- 

On the anode:                     Сn + xLi+ + xe- → CnLix 

Complete reaction:            LiCoO2 + Cn Li1-xCoO2 + LixCn 
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4.3.3 Current collectors  

The purpose of current collectors is to conduct electricity to and from the active material in the 

electrode. Current collectors also represent a link between the battery and the power supply 

source from the outside, during the recharging process. The cathode current collector is 

aluminum, as the material is stable at high voltages vs. lithium ions and is highly conductive. Also, 

aluminum is cheap and light. The anode material is coated on a current collector made out of 

copper. Similarly, copper is stable at low voltages vs. lithium ions. Due to reactive Li-ions and high 

voltages occurring during the recharging process, current collectors are often affected by 

corrosion. Corrosion can result in unequal power delivery, creating problems in the overall battery 

performance. This is most often prevented by adding non-corroding conductive materials to the 

active material coating (e.g. conductive polymers).[11] 

4.3.4 Separators 

The separator must fulfill two main roles, to keep the positive and negative electrode out of 

electrical contact and to enable the transport of lithium ions between them. Thus it must be 

electrically insulating and ionically conducting. Materials used as separators in Li-ion batteries are 

usually comprised of polyolefin-based polymer foils (e.g. polypropylene and polyethylene). 

However, since these foils are sensitive to high temperatures, they are mixed with ceramic 

fragments.[12] 

4.3.5 Electrolyte  

The electrolyte facilitates the transport of ions between the anode and cathode. Other than this, 

the electrolyte has to tolerate a high voltage range (from 0V to 4.5 V) and also a broad range of 

temperatures (from -40 °C to +80 °C).[2] Electrolytes can be liquid or solid based. Liquid 

electrolytes are mostly organic and are comprised of a conductive lithium based salt which is 

mixed with a non-aqueous solvent. Since anodes are very sensitive to water, the electrolyte must 

not contain more than 20 ppm of moisture. If the water content is higher than this, in addition to 

reacting with the anode, it can react with the salt, e.g. LiPF6, forming hydrofluoric acid which 

etches various cell components causing damage. [4] The most common salts are LiPF6, LiBF4 or 

LiClO4 in an organic solvent (e.g. ethylene carbonate - EC, diethyl carbonate - DEC, dimethyl 

carbonate - DMC). [13] The specific choice of solvent and salt also plays a large role in forming 

the solid electrolyte interphase (SEI) on the anode protecting it from further reaction with 

electrolyte compound. [2] Solid state electrolytes come in two types: organic polymer based and 

inorganic ceramic electrolyte. The most common inorganic electrolytes are Li7La3Zr2O12 (LLZO) 

and Li1.3Al0.3Ti1.7(PO4)3 (LATP). 
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5. Methodology  
 

5.1 Disassembly and measurement of commercial cells   

To support the calculating tool, a number of different commercial cells were disassembled (Tables 

3 and 4) and their physical properties measured and used for the calculator making. The 

disassembling process for both cell types is similar, as both of them belong to the cylindrical shape 

of cells and have similar architecture. After the measurement process, obtained data has been 

sorted out in tables (Tables 6 and 7). 

Table 3 - Types of examined 21700 cells 

Type of battery Nominal capacity in mAh Nominal voltage in V 

Samsung INR21700-30T 3000 3.6 - 3.7 

Samsung INR21700-40T 4000 3.6 - 3.7 

Samsung INR21700 - 50E 5000 3.6 - 3.7 

Lishen LS LR21700A 4000 3.6 - 3.7 

 
Table 4 - Types of examined 18650 cells 

Type of battery Nominal capacity in mAh Nominal voltage in V 

Sony Konion US18650 VTC4 2100 3.6 - 3.7 

Sony Konion US18650 VTC5 2600 3.6 - 3.7 

Sony Konion US18650 VTC5A 2500 3.6 - 3.7 

Sony Konion US18650 VTC6 3120 3.6 - 3.7 

Panasonic NCR18650B 3350 3.6 - 3.7 

Sanyo NCR18650GA 3450 3.6 - 3.7 

 

A precise methodology was applied when dismantling the cells to accurately analyze physical 

properties. The cells were first fully discharged for safety reasons. The packaging foil was removed 

and the steel can of the battery cut open using a circular saw. The positive pole including CID, PTC 

and gasket was removed manually by lab tweezers. The steel can was also removed manually. 

After that, various insulating discs were then removed by the following order: insulator disc 

positive pole (outside of the cell), insulator disc positive pole (inside of the cell), and finally 

insulator disc negative pole from the bottom part of the battery.  The initial components removed 

prior to accessing the battery jelly roll are shown in Figure 2. After dismantling was completed, 

lengths, widths, thicknesses, and diameters of all passive components were measured. 
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As electrolyte mass is very hard to measure, since it evaporates quickly, couple of measuring steps 

have been performed. Once the jelly roll was accessed it was weighed prior to significant 

electrolyte evaporation and then unfolded (Figure 3). 

 

Figure 3 - Uncovered jelly roll 

After unfolding the electrodes, their mass was measured quickly, before evaporation 

(approximately). The measurement of the jelly roll, and then of the unfolded electrodes, was done 

in order to obtain the more accurate data on how much electrolyte has evaporated. Then, the 

electrodes were left unfolded for 24 h after disassembling, in order for most of the electrolyte to 

evaporate, and weighed again. 

Figure 2 - Passive components/Housing 
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Washing the electrodes 

Electrolyte is very hard to be extracted and measured from the battery, because it is hidden in 

the porosity of the electrodes. In order to do so, the next task was to wash the electrodes with 

isopropanol in order to remove the remaining electrolyte, salt, and other solvents (Figure 4). 

Three bowls were filled and the electrodes were immersed three times in these different bowls. 

After soaking, they were unfolded again and left to dry in the exhaust hood. After approximately 

12 h, the electrodes dried and were weighed again. The weighing process from initially unfolded 

jelly roll to dry electrodes was implemented in order to find out the mass of electrolyte that the 

cell had inside. This value was later used to develop the calculator tool. Naturally, the electrolyte 

mass is not 100% accurate, as it starts evaporating from the moment the cell is cut with the saw.  

 

 

Figure 4 - Washing the electrodes 

The whole process was repeated on two different cells twice, for more accurate results. The 

arithmetic mean values were subsequently used for further calculations. 
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Measuring thickness of Al and Cu current collectors 

As both electrodes are coated on current collectors, it was necessary to scrape the coating in 

order to measure the thickness of the collectors and electrodes. A small piece was cut out from 

the larger electrode foil and used for measuring. The anode material coated on the Cu current 

collector had one section which was free of coating which was used to determine the thickness 

of the anode current collector. This was not the case for the cathode material coated on the Al 

current collector. Therefore, the coating needed to be removed without damaging the thin, fragile 

Al current collector. The best approach for removing the coating was found to be by using 

adhesive tape (Figure 5) 

 

Figure 5 - Removing the cathode coating with adhesive tape 

Thickness, length and width of electrodes were measured after drying, but before taking off the 

coating from the current collectors. Therefore, values of these dimensions for active material 

were obtained by subtracting current collector dimensions from the dimensions of complete 

electrode. 

Electrodes also have other passive components such as binders and carbon particles. These values 

were assumed based on standardized values for most commercial cells on the market. For the 

cathode, carbon black and polyvinylidene fluoride (PVDF) binder was selected and for the anode, 

carbon nanotubes (CNT) and styrene-butadiene rubber (SBR) binder was chosen. The mass 

fractions of electrode active material were set as input values to be defined by the calculation 

tool user. 

   



12 
 

6. Development of the calculation tool 
 

6.1 Calculations with the real cell samples – 18650 and 21700 types 

 

The calculator is based on 18650 and 21700 cell types. Both of these are cylinder shaped round 

batteries with a height longer than their diameter. 18650 type of cells (18 mm diameter, 65 mm 

height) are advantageous in terms of their already well-developed technology, commercialization 

and lower prices. In the past, they were seen as the best solution for demands of electric vehicles, 

cost-wise. However, now there is a need for cells of higher energy/power density, so 18650 cells 

are no longer considered suitable. Usual values for capacity of these cells varies between 2100 

and 3600 mAh. Their volume is limited and thus, their capacity cannot be greatly improved. [14] 

Enhancing battery performances can also be done by research and development (R&D) of new 

material options, but this is usually a very slow process and battery manufacturers often turn to 

solutions in design process, such as increasing the size of cells. Therefore, 18650 types are slowly 

being replaced with larger models such as 21700 cells. [14] 

21700-type cells (21 mm diameter, 70 mm height) are naturally heavier, but can reach much 

bigger capacity than 18650 cells, with a range between 3000 and 5000 mAh leading to an energy 

density that is 20% higher than 18650s. However, despite the higher energy, these cells also 

produce more heat and are therefore under more risk to get damaged. Further, in terms of size 

the current market has more application space for 18650 cells. [14] 

After the dismantling process (see chapter 5.1), depending on the geometry of the part, spatial 

dimensions of each part of the cell were measured in addition to their mass. Accuracy of used 

measuring instruments is given in Table 5. Masses have been measured with the lab scale 

(standard accuracy of 0.1 mg), thicknesses have been measured with micrometer screw gauge 

(standard accuracy of 0.01 mm), diameters have been measured with a caliper (standard accuracy 

of 0.01 mm) and lengths and widths have been measured with a folding ruler (standard accuracy 

of ±0.5 mm). Components were divided into two categories, passive components/housing and 

the jelly roll. All measured values have been sorted in data tables (Tables 6 and 7) and used as a 

base and comparison for the general calculator.  

Table 5 - Accuracy of the measuring instruments 

Measuring instrument Accuracy 

Lab scale: mass ±0.1 mg 

Micrometer screw gauge: thickness ±0.01 mm 

Caliper: diameter ±0.01 mm 

Folding ruler: length, width ±0.5 mm 
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The average values of passive components were calculated based on the values in Tables 6 and 

7, and sorted in separate tables (Tables 8 and 9). Through the measuring process, it was concluded 

that passive components of commercial cells do not differ much from cell to cell, therefore their 

average values were calculated. These data have been used for calculating the volume occupied 

Passive components/Housing Approx. weight in g g to kg Approx. thickness in µm µm to mm Length in mm Width in mm Diameter in mm 

Body cell dimensions 65 18.2

Packaging foil: 0.36 0.00036 100 0.100 18.2

Steel can: 7.08 0.00708 400 0.400 18.2

Insulator disc positive pole (inside) 0.04 0.00004 250 0.250 17

Insulator disc positive pole (outside) 0.02 0.00002 100 0.100 17

Positive pole incl. CID, PTC and gasket 1.6 0.00160 500 0.500 18.1

Insulator disc negative pole 0.04 0.00004 250 0.250 17

Jelly roll

Negative electrode incl. Cu current collector 13.78 0.01378 114 0.114 897 59

Negative electrode - Anode 7.18 0.00718 100 0.100 897 59

Negative electrode active material 6.68 0.00668 93 0.093 834 55

Cu current collector 6.6 0.00660 14 0.014 897 59

Positive electrode incl. Al current collector 16.1 0.01610 112 0.112 815 58

Positive electrode - Cathode 14.54 0.01454 100 0.100 815 58

Positive electrode active material 12.8 0.01280 88 0.09 717 51

Al current collector 1.56 0.00156 12 0.012 815 58

Adhesive Tape 0.144 0.00014 60 0.060 53 54

Separator (2x) 0.69 0.00069 21 0.021 917 61

Winding mandrel (2x, wrapped Ni foil) 0.5 0.00050 59.5 2.8

Electrolyte (evaporated) 4.306 0.00431

Total cell weight 44.66 0.04466

Sony Konion US18650 VTC4

Table 6 - 18650 cell measurements data table 

Passive components/Housing Approx. weight in g g to kg Approx. thickness in mm Length in mm Width in mm Diameter in mm 

Body cell dimensions 70.8 21.3

Packaging foil: 0.42 0.00042 0.068 21.3

Steel can: 7.27 0.00727 0.3 21.3

Insulator disc positive pole (inside) 0.13 0.00013 0.511 19.9

Insulator disc positive pole (outside) 0.05 0.00005 0.250 19.7

Positive pole incl. CID, PTC and gasket 3.39 0.00339 3.998 21

Insulator disc negative pole 0.08 0.00008 0.299 19.1

BOC (bottom of the steel can) 1.02 0.00102

Jelly roll

Negative electrode incl. Cu current collector 22.15 0.02215 0.099 1020.5 64.6

Negative electrode - Anode 11.13 0.01113 0.080 1020.5 64.6

Negative electrode active material 10.35 0.01035 0.074 949.1 60.1

Cu current collector 10.89 0.01089 0.019 1020.5 64.6

Positive electrode incl. Al current collector 29.31 0.02931 143 940.2 63.1

Positive electrode - Cathode 26.58 0.02658 142.983 940.2 63.1

Positive electrode active material 23.39 0.02339 125.825 827.4 55.5

Al current collector 2.72 0.00272 0.017 940.2 63.1

Separator (2x) 0.92 0.00092 0.015 1087.5 64.5

Electrolyte (evaporated) 4.66 0.00466

Total cell weight 68.71 0.06871

Samsung INR21700-50E

Table 7 - 21700 cell measurements data table 
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by passive components in the cell, through formulas for volumes. These calculations were 

implemented in the background of the general calculator. 

Table 9 -Average values of passive components of 18650 cells (e.g. average mass and thickness) 

 

 

 

Approximate weight in g SONY VTC4 SONY VTC5 SONY VTC5A SONY VTC6 Panasonic B SANYO GA Average:

Packaging foil: 0.36 0.37 0.36 0.37 0.34 0.32 0.35

Steel can: 7.08 5.40 5.40 5.50 4.20 5.55 5.53

Insulator disc positive pole (inside) 0.04 0.05 0.04 0.05 0.09 0.09 0.06

Insulator disc positive pole (outside) 0.02 0.02 0.02 0.02 0.04 0.03 0.03

Positive pole incl. CID, PTC and gasket 1.60 1.60 1.70 1.66 1.60 1.66 1.72

Insulator disc negative pole 0.04 0.05 0.05 0.05 0.04 0.04 0.05

Adhesive Tape 0.14 0.17 0.24 0.17 0.17 0.02 0.14

Separator (2x) 0.69 0.70 0.64 0.71 0.55 1.17 0.72

Winding mandrel (2x, wrapped Ni foil) 0.50 0.51 0.48 0.38 0.41 0.42 0.43

Approximate thickness in µm SONY VTC4 SONY VTC5 SONY VTC5A SONY VTC6 Panasonic B SANYO GA Average:

Packaging foil: 100 70 70 75 70 65 73.3

Steel can: 400 220 300 250 110 250 246.3

Insulator disc positive pole (inside) 250 370 340 290 316 318 345.1

Insulator disc positive pole (outside) 100 110 120 86 315 225 183.9

Positive pole incl. CID, PTC and gasket 500 500 500 500 500 500 500

Insulator disc negative pole 250 340 310 280 200 220 279.3

Adhesive Tape 60 100 90 73 100 100 82.3

Separator (2x) 21 15 12 11 13 15 14.8

Table 8 - Average values of passive components of 21700 cells (e.g. average mass and thickness) 

Approximate weight in g Samsung 30T Samsung 40T Samsung 50E Lishen Average

Packaging foil: 0.42 0.44 0.42 0.5 0.44

Steel can: 7.28 6.17 7.27 6.82 6.89

Insulator disk positive pole (inside) 0.12 0.13 0.13 0.13 0.13

Insulator disk positive pole (outside) 0.05 0.05 0.05 0.08 0.06

Positive pole incl. CID, PTC and gasket 3.321 3.29 3.39 2.64 3.1

Insulator disk negative pole 0.15 0.15 0.08 0.09 0.12

BOC (bottom of the steel can) 1.04 0.79 1.02 0.84 0.92

Separator (2x) 1.14 1.18 0.92 1.10 1.08

Winding mandrel 0.42 0.42

Approximate thickness in mm Samsung 30T Samsung 40T Samsung 50E Lishen Average

Packaging foil: 0.07 0.08 0.07 0.08 0.08

Steel can: 0.3 0.25 0.3 0.24 0.27

Insulator disk positive pole (inside) 0.53 0.54 0.51 0.52 0.52

Insulator disk positive pole (outside) 0.25 0.26 0.25 0.30 0.26

Positive pole incl. CID, PTC and gasket 3.91 3.92 4 3.49 3.83

Insulator disk negative pole 0.51 0.51 0.3 0.3 0.41

Separator (2x) 0.02 0.02 0.02 0.02 0.02
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6.2 General calculations 

 

The calculator consists of three main groups of data, input values, output values and values and 

formulas in the background. The user can input data on Cell type, Cu current collector thickness 

in µm, Al current collector thickness in µm, Cathode active material type, Cathode thickness in 

µm, Anode active material type, Anode thickness in µm, Separator thickness in µm, Cell capacity 

in mAh, Cathode active material fraction in %, Cathode carbon fraction in %, Cathode binder 

fraction in %, Anode active material fraction in %, Anode carbon fraction in%, Anode binder 

fraction in %, Cathode active material specific capacity in mAh/g, Anode active material specific 

capacity  in mAh/g.  

The results the user receives from the calculator are Capacity anode active material in mAh, 

Capacity cathode active material in mAh, Energy total cell in Wh, Energy anode active material in 

Wh, Energy cathode active material in Wh, Specific gravimetric energy density total cell in Wh/kg, 

Specific volumetric energy density total cell in Wh/l, Anode active material in g and Cathode active 

material in g. 

The calculator links the input and output values, and consists of formulas incorporating the 

masses of current collectors, volumes of all battery components, values for electrolyte mass, 

potentials of each electrode material, formulas for masses and volumes of electrode passive 

components (carbons and binders). The type of output and input values change depending on 

commands given by the user. Therefore, multiple “cases” for the calculator are created, for 

multiple potential scenarios. 

When calculated values are observed, it is important to look back on the accuracy of measuring 

instruments used in the process. According to the Table 5, it can be concluded that mass 

dimensions vary by 0.1 mg on a lab scale, thicknesses vary by 0.01 mm on a micrometer screw 

gauge, diameters vary by 0.01 mm on a caliper and lengths and widths vary by ±0.5 mm on a 

folding ruler. 

For easier understanding, the development is going to be explained through different case 

scenarios. 
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6.3 First case scenario: The scientist - Example on Sony Konion US18650 VTC4  

    

The first scenario is made on an example of a scientist that wants to check how much energy 

density would the cell with his given properties have. The scientist gives input for thicknesses of 

his electrodes and for Cu and Al current collector thicknesses. Moreover, he also makes variations 

to cell capacity, cathode/anode material specific capacity. Other values, like separator thickness 

and fractions of passive materials that are found in electrodes, such as carbons and binders, and 

other values are already existing in the input field. They are based on the experience, but can also 

be varied if desired (Table 10). 

Table 10 - Input values for the “Scientist” scenario 

 

Since measurements of the electrodes were made together with Al and Cu current collectors, the 

first task was to calculate the separate mass of Al and Cu collectors (Table 11). The program 

automatically calculates this using the general formula (1):  

𝑚 [𝑔] = 𝑡 [𝑐𝑚] × 𝐴 [𝑐𝑚2] × 𝐴𝑙(𝐶𝑢) 𝜌 [
𝑔

𝑐𝑚3
]        ( 1 ) 

m – mass 

t – thickness 

A – electrode area 

ρ – density 

 

 

Input values

Cell type Cathode active material fraction

e.g. 18650 88%

Cu current collector thickness in µm Cathode carbon fraction

14 6%

Al current collector thickness in µm Cathode binder fraction

12 4%

Cathode active material Anode active material fraction

e.g. NCM 93%

Cathode thickness in µm Anode carbon fraction

100 4%

Anode thickness in µm Anode binder fraction

100 3%

Anode active material Cathode active material specific capacity  in mAh/g

e.g. Graphite 165

Separator thickness in µm Anode active material specific capacity  in mAh/g

21 300
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Then, the obtained mass was subtracted from the starting mass to determine the electrode mass. 

By multiplying it with standardized percentages of active component mass in a typical anode and 

cathode, the mass and thickness of the active material were obtained. The percentages used are: 

 Cathode: 85 – 92% of active material (here used: 88%) 

 Anode: 90 – 95% of active material (here used: 93%)  

 

In order to calculate the volume occupied by active materials, the average values of passive 

components in corresponding cell types (Table 12) were utilized. The volumes are calculated 

based on whether each object was shaped as a cylinder or a cuboid (Table 13).  

   

 

Table 13 - Calculated volumes of passive components 

 

Volume of passive components in cm3

Total cell 17.255

Packaging foil 0.137

Steel can 0.459

Insulator disc positive pole (inside) 0.079

Insulator disc positive pole (outside) 0.042

Positive pole incl. CID, PTC and gasket 0.127

Insulator disc negative pole 0.064

Adhesive tape 0.183

Separator (2x) 2.400

Winding mandrel (2x, wrapped Ni foil) 0.583

Table 11 -  Cu collector mass 

Cu collector Mass in g Cu collectror thickness in cm Anode length in cm Anode width in cm Anode thickness in cm

e.g. SONY V4 6.45 0.0014 89.7 5.9 0.01

Table 12 - Average passive components 

Average values: Passive components 18650 Approximate mass in g g to kg Approximate thickness in µm µm to mm Length in mm Width in mm Diameter in mm 

Body cell dimensions 65.1 18.4

Packaging foil: 0.35 0.00035 73 0.073 18.4

Steel can: 5.53 0.00553 246 0.246 18.4

Insulator disc positive pole (inside) 0.06 0.00006 345 0.345 17.1

Insulator disc positive pole (outside) 0.03 0.00003 184 0.184 17

Positive pole incl. CID, PTC and gasket 1.72 0.00172 500 0.5 18

Insulator disc negative pole 0.05 0.00005 279 0.279 17

Adhesive Tape 0.14 0.00014 82 0.082 52.2 42.7

Separator (2x) 0.72 0.00072 21 0.021 943.7 60.6

Winding mandrel (2x, wrapped Ni foil) 0.43 0.00043 58.7 2.5

Electrolyte 4.3
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However, when the volumes of electrodes are calculated, some additional figures are important 

to take into account. As mentioned before, these figures are the passive components of 

electrodes: 

 Carbon Black                                                     1.95 g/cm3 [15] 

 Cathode binder (PVDF)                                   1.78 g/cm3 [16] 

 Anode carbon (CNT)                                          1.6 g/cm3 [17] 

 Anode binder (SBR)                                         0.98 g/cm3 [18] 

The method for integrating these figures into the calculation was to take either the user’s input 

on the fraction of their presence in electrodes or to use the suggested fraction values in common 

commercial cells (Table 10). Values of densities for these materials were found online.[15–18] 

Volumes, masses and thicknesses (Table 14) were calculated using following formulas (2, 3, 4): 

𝑉𝑝 𝑒𝑙 [𝑐𝑚3] = 𝑉 𝑒𝑙 [𝑐𝑚3] × 𝑝𝑐 𝑒𝑙 [%]            ( 2 ) 

𝑚[𝑔] = 𝜌 [
𝑔

𝑐𝑚3] × 𝑉𝑝 𝑒𝑙 [𝑐𝑚3]                          ( 3 ) 

𝑡 [𝑐𝑚] =
𝑚 [𝑔]

𝜌 [
𝑔

𝑐𝑚3]×𝐴[𝑐𝑚2]
                                        ( 4 ) 

Vp el – volume of the passive electrode component 

V el – volume of the electrode 

pc el % - passive electrode component fraction 

m – mass  

ρ – density  

t – thickness 

A – area of the electrode 
Table 14 - Calculations with passive electrode components and porosity 

 

 

 

Density in g/cm3 Volume in cm3 Mass in g Thickness in cm

Carbon Black 1.95 0.28 0.55 0.0006

Cathode binder (PVDF) 1.78 0.19 0.34 0.0004

Anode carbon (CNT) 1.60 0.21 0.34 0.0004

Anode binder (SBR) 0.98 0.16 0.16 0.0003

Sum 0.84 1.38

Sum cathode: 0.47

Sum anode: 0.37
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After the volumes of passive components were obtained, they were summed together and 

subtracted from the total volumes of electrodes. The obtained volume was then used to calculate 

the mass of the active material of electrodes (Table 15). Therefore, the following formula was 

used (5): 

𝑚 [𝑔] =  (𝑉𝑎𝑛 [𝑐𝑚3] −  𝑉𝑝 𝑒𝑙 [𝑐𝑚3]) × 𝑎𝑚 [%] × 𝜌 [𝑔/𝑐𝑚³]           ( 5 ) 

m – mass 

Van – volume of the anode 

Vp el – volume of the passive electrode component 

am % – active material fraction 

ρ – density of the active material  

 
Table 15 - Masses of active materials calculated via Formulas in the background 

 

To check if the mass of active material is correct, the formula (6) can be applied for comparison 

(Table 16). 

𝑚 𝑎𝑚 𝑐[𝑔]  =  
𝐶 [𝑚𝐴ℎ]

𝑐 𝑎𝑚 𝑐𝑎𝑡ℎ [𝑚𝐴ℎ/𝑔]
         ( 6 ) 

m am c – mass of the cathode active material 

C – total cell capacity 

c am cath – cathode active material specific capacity  
Table 16 - Masses of active materials calculated via Electrode active material specific capacity 

  

The next step was to choose the other output values shown to the user (Table 17). Chosen 

parameters are the capacity of the anode active material in mAh, capacity of the cathode active 

material in mAh, total energy content in Wh, specific gravimetric energy density total of the cell 

in Wh/kg, total specific volumetric energy density of the cell in Wh/l, anode active material mass 

in g and cathode active material mass in g. 

Calculated with Formulas in the background

Anode active material in g 6,7

Cathode active material in g 13,1

Measured in the real cell sample

Anode active material in g 6,7

Cathode active material in g 12,8
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Table 17 - Output values for 18650 “Sony Konion US18650 VTC4” 

   

The above parameters are calculated by the following formulas (7, 8, 9, 10): 

𝑐 𝑎𝑚 𝑒𝑙 [𝑚𝐴ℎ] =
𝑚 𝑎𝑚 𝑒𝑙 [𝑔]

𝑐 𝑎𝑚 𝑒𝑙 [𝑚𝐴ℎ/𝑔]
           ( 7 ) 

𝐸 [𝑊ℎ] = 𝐶 [𝑚𝐴ℎ] × 𝑃 [𝑉]/1000      ( 8 ) 

𝑒 𝑔𝑟 [𝑊ℎ/𝑘𝑔] =
𝐶 [𝑚𝐴ℎ]×𝑃 [𝑉]

𝑚 [𝑔]
               ( 9 ) 

𝑒 𝑣𝑜𝑙 [𝑊ℎ/𝑙] =
𝐶 [𝑚𝐴ℎ] ×𝑃 [𝑉]

𝑉[𝑐𝑚³]
               ( 10 ) 

c am el – capacity electrode active material  

m am el – mass of the electrode active material 

c am el – electrode active material specific capacity 

E – energy density total cell 

C – total cell capacity 

P – cell potential 

e gr – specific gravimetric energy density 

e vol – specific volumetric energy density 

m – total cell mass 

V – total cell volume 

 

The same formulas (7, 8, 9, 10) were used for both electrodes. As mentioned before, volumes are 

calculated by the tool, simply by selecting the cell type and materials. The potential of NMC is 

standardized to 3.7 V (Table 2). 

Output values shown to the user

Capacity anode active material in mAh 2016,9

Capacity cathode active material in mAh 2162

Energy total cell in Wh 7,5

Specific gravimetric energy density total cell in Wh/kg 213,6

Specific volumetric energy density total cell in Wh/l 491,1

Calculated with Electrode active material specific capacity [mAh/g]

Anode active material in g 7

Cathode active material in g 13,1

Calculated with Formulas in the background

Anode active material in g 6,7

Cathode active material in g 13,1

Measured in the real cell sample

Anode active material in g 6,7

Cathode active material in g 12,8
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Quantified result:  

Taking the conventional 18650-type battery and using approximately 100 µm thick NMC cathode 

and approximately 100 µm thick graphite anode, and standard values for material specific 

capacity (cathode active material specific capacity of 165 mAh/g [19] and anode active material 

specific capacity of 300 mAh/g [19], requires 13 .1 g of NMC and 9.6 g of graphite. The calculated 

result matches the masses measured in the real cell: 12.8 g of NMC and 6.7 g of graphite (see 

Table 7). Given that the error in anode calculations is reasonably high, the following can be 

assumed: The value used for density of the anode material is 2.1 g/cm3 (see Table 1). However, 

values of all densities applied into the calculator come from various online sources. Here it is 

possible that the source suggested a value for the graphite powder, where the porosity in 

electrodes is not taken into account. Therefore, it is possible to use the top-down approach from 

the real cell measurements and calculate the more realistic value of graphite density used in 

commercial 18650 cells. Since length, weight and thickness of anode, mass of graphite and mass 

of anode passive components (carbon black and binders) are known, it is possible to calculate the 

real density of graphite used. In this case, it is 1.36 g/cm3. Using the new value, a new mass of 

anode active material is obtained: 6.2 g, which is closer to the mass measured in the real cell 

(Table 7). 

In the end, the scientist would obtain the energy density of the total cell of 6.9 Wh. Specific 

gravimetric energy density total cell would be 196.8 Wh/kg and the specific volumetric energy 

density total cell would be 478.7 Wh/l.  

Propagation of error: 

Since the calculator is partially based on data from the measuring processes, the accuracy of 

measurement instruments should be taken into account. Therefore, a propagation of error effect 

was considered. In order to perform the propagation of error, minimum and maximum values of 

all measured components were defined by adding/subtracting the accuracy values from Table 5. 

Addition/subtraction has been performed on lengths and widths of electrodes and on average 

values of passive components (see Table 9), which has then reflected on the final output values 

shown to the user. The following paragraph and Table 18 described changes that occurred during 

the process.  

 

 

 

 

Output values shown to the user: MINIMUM VALUE

Capacity anode active material in mAh 1866,5

Capacity cathode active material in mAh 2161

Energy total cell in Wh 6,9

Specific gravimetric energy density total cell in Wh/kg 196,8

Specific volumetric energy density total cell in Wh/l 517,0

Output values shown to the user: MAXIMUM VALUE

Capacity anode active material in mAh 1868,6

Capacity cathode active material in mAh 2163

Energy total cell in Wh 6,9

Specific gravimetric energy density total cell in Wh/kg 196,9

Specific volumetric energy density total cell in Wh/l 445,2

Table 18 - Changes in output values due to error propagation - 18650 
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The change was most visible and could be described on the example of specific volumetric energy 

density, since this parameter directly depended on the volume, with reference to variations in 

spatial dimensions. The value obtained without the error propagation was 478.7 Wh/l. The result 

obtained when the minimum value for the instrument accuracy was used was 517 Wh/l. The 

result obtained when the maximum value for the instrument accuracy was used was 445.2 Wh/l. 

The difference between the minimum value and the original value was 29.3 Wh/l and the difference 

between the maximum and the original value was 33.5 Wh/l. Calculating the average of two differences, 

it was concluded that the specific volumetric energy density became 478.7 ± 31.4 Wh/l. Same 

principle of error propagation could have been used for the other output values as well, but they did not 

vary as significantly as the specific volumetric energy density. 
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6.4 Second scenario: Battery producer - Example on Sony Konion US18650 VTC4 

In industry, it is often the case that target of getting better battery performances, for example 

higher energy density, is conditioned with costs. Therefore, the battery producers sometimes try 

to decrease certain materials in the cell. For example, in this case, the battery producer, as the 

potential calculator user, tried to decrease the thickness of the Cu current collector to 6 µm. He 

used similar input data from the first scenario, so he could track the possible changes. The new 

scenario for the battery producer was transferred to the calculator and remaining values were 

already filled in with data from experience (Table 19). 

Table 19 - Input values for the "Battery producer" scenario 

 

In the end, such a change of the Cu current collector thickness resulted in an increased energy 

density and specific energy densities. The results changed from 6.9 Wh to 7.5 Wh for energy 

density, from 196.8 Wh/kg to 213.6 Wh/kg for specific gravimetric energy density, and from 478.7 

Wh/l to 491.1 Wh/l for specific volumetric energy density (Table 20).  
Table 20 - Change in energy densities value 

 

Therefore, it can be observed that, if thickness or mass of any of the passive components is 

decreased, the energy density rises. However, the cost-effectiveness question rises, since the 

production process for thinner current collectors is more expensive, as different or new 

production technologies might be required. Therefore, it can be concluded that lowering 

thickness of a current collector is a trade-off between material and production cost. 

Input values

Cell type Cathode active material fraction

e.g. 18650 88%

Cu current collector thickness in µm Cathode carbon fraction

6 6%

Al current collector thickness in µm Cathode binder fraction

12 4%

Cathode active material Anode active material fraction

e.g. NCM 93%

Cathode thickness in µm Anode carbon fraction

100 4%

Anode thickness in µm Anode binder fraction

108 3%

Anode active material Cathode active material specific capacity  in mAh/g

e.g. Graphite 165

Separator thickness in µm Anode active material specific capacity  in mAh/g

21 300

Energy total cell in Wh 7,5

Specific gravimetric energy density total cell in Wh/kg 213,6

Specific volumetric energy density total cell in Wh/l 491,1
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6.5 Third case scenario: Example on Samsung INR21700-50E 

The second case scenario was used to double check the accuracy of the calculator. The same 

formulas have been used in the background and same principles have been applied, but this time 

on the 21700 type of cell. Shown here are input (Table 21) and output (Table 22) values given for 

this example.  

Table 21 -  Input values for “Samsung INR21700-50E” 

 

Table 22 - Output values for “Samsung INR21700-50E” 

  

 

Input values

Cell type Cathode active material fraction

e.g. 21700 88%

Cu current collector thickness in µm Cathode carbon fraction

19 6%

Al current collector thickness in µm Cathode binder fraction

17 4%

Cathode active material Anode active material fraction

e.g. NCM 93%

Cathode thickness in µm Anode carbon fraction

142 4%

Anode thickness in µm Anode binder fraction

80 3%

Anode active material Cathode active material specific capacity  in mAh/g

e.g. Graphite 200

Separator thickness in µm Anode active material specific capacity  in mAh/g

15 350

Output values shown to the user

Capacity anode active material in mAh 3990,0

Capacity cathode active material in mAh 4670,5

Energy total cell in Wh 17,3

Specific gravimetric energy density total cell in Wh/kg 262,7

Specific volumetric energy density total cell in Wh/l 687,1

Calculated with Electrode active material specific capacity [mAh/g]

Anode active material in g 13,3

Cathode active material in g 23

Calculated with Formulas in the background

Anode active material in g 11,4

Cathode active material in g 23,4

Measured in the real cell sample

Anode active material in g 10,4

Cathode active material in g 23,4
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Quantified result: 

For a conventional 21700 type battery, using approximately 126 µm thick NMC cathode and 

approximately 72 µm thick graphite anode and standard values for cathode active material 

specific capacity of 200 mAh/g [19] and anode active material specific capacity of 350 mAh/g [19], 

requires approximately 23.4 g of NMC and 9.6 g of graphite. The calculated result matches the 

masses measured in the real cell: 23.4 g of NMC and 10.4 g of graphite (see Table 6). 

In the end, the energy density of the total cell of would be 17.3 Wh. Specific gravimetric energy 

density total cell would be 262.7 Wh/kg and the specific volumetric energy density total cell would 

be 687.1 Wh/l.  

Propagation of error: 

Since the calculator is partially based on data coming from the measuring processes, the accuracy 

of measurement instruments should be taken into account. Therefore, a propagation of error 

effect was considered. In order to perform the propagation of error, minimum and maximum 

values of all measured components were defined by adding/subtracting the accuracy values from 

Table 5. Addition/subtraction has been performed on lengths and widths of electrodes and on 

average values of passive components (see Table 9), which has then influenced the final output 

values shown to the user. Following paragraph and Table 23 describe changes that occurred 

during the process. 

 

 

 

 

The change was most visible and could be described on the example of capacity of the anode 

active material in mAh. The value obtained without the error propagation was 3990 mAh. The 

result obtained when the minimum value for the instrument accuracy was used was 3957.2 mAh. 

The result obtained when the maximum value for the instrument accuracy was used was 4022.9 

mAh. The difference between the minimum value and the original value was 32.8 mAh and the difference 

between the maximum and the original value was 32.9 mAh. Calculating the average of two differences, 

it was concluded that the capacity of anode active material became 3990 ± 32.85 mAh. Same 

principle of error propagation could have been used for the other output values as well, but they did not 

vary as significantly as capacity of the anode active material. 

Output values shown to the user: MINIMUM VALUE

Capacity anode active material in mAh 3957,2

Capacity cathode active material in mAh 4631,0

Energy total cell in Wh 17,1

Specific gravimetric energy density total cell in Wh/kg 261,7

Specific volumetric energy density total cell in Wh/l 686,8

Output values shown to the user: MAXIMUM VALUE

Capacity anode active material in mAh 4022,9

Capacity cathode active material in mAh 4710,0

Energy total cell in Wh 17,4

Specific gravimetric energy density total cell in Wh/kg 263,8

Specific volumetric energy density total cell in Wh/l 687,4

Table 23 - Changes in output values due to error propagation - 21700 
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In the end, concluding all calculation processes, it can be suggested that the calculator could be 

modified in different ways depending on user’s preferences. Additional new input parameters 

could be: 

 Total specific gravimetric energy density of the cell in Wh/kg and total specific volumetric 

energy density of the cell in Wh/l added by user 

 Total specific gravimetric energy density of the cell in Wh/kg and total specific volumetric 

energy density of the cell in Wh/l calculated automatically 

 Lengths of electrodes added by user 

 

6.6 Additional calculating possibilities 

In this part, different correlations between cell parameters (e.g. electrode thickness and/or 

electrolyte mass with areal capacity) are discussed. These additional calculating possibilities are 

introduced because the user is often missing certain input data, in order to get desired output 

values. Therefore, the following diagrams show how ratios of parameters measured in real 

commercial cells can contribute to finding unknown values. Also, parameters used in following 

diagrams are reliable, as they are obtained through applied, rather than theoretic values. 

In order to improve the energy density of a cell, while reducing its price can be done via obtaining 

higher electrode areal capacity values, or thicker electrodes. A possible challenge that arises with 

increasing the thickness of an electrode is a boost in current density, which is directly linked to a 

cell load profile. Commercial cells should be able to carry out various load profiles, as their usage 

is usually diverse.[20] 

For the 18650 type, the areal capacity of every investigated cell has been obtained first (Table 

24). After that, the relation between thickness of electrodes and the areal capacity has been 

plotted (Figure 6) and following formulas (12, 13) emerged: 

y = 22.06x + 51.91 – cathode        ( 11 ) 

y = 38.31x + 34.93 – anode           ( 12 ) 
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Formulas 12 and 13 show that by using the coefficients from these equations we can calculate 

how thick the electrodes should be, in order to obtain the desired areal capacity. 

 

Figure 6 - Relation between electrode thickness and areal capacity – 18650 cells 

 

Similar formulas (14, 15) were also calculated for the 21700 cell example (Figure 7): 

 y = 35.21x - 4.50 – cathode       ( 13 ) 

y = 13.71x + 31.47 – anode       ( 14 ) 

 

18650 Sony VTC4 Sony VTC5 Sony VTC5A Sony VTC6 Panasonic B Sanyo GA

Capacity in mAh 2100 2600 2500 3120 3350 3450

Anode thickness in µm 100 128 116 129 205 182

Cathode thickness in µm 100 123 95 103 158 152

Anode area in cm2 529.23 528.05 578.20 536.90 529.23 401.20

Cathode area in cm2 472.70 475.60 520.26 481.40 472.70 353.80

Anode areal capacity in mAh/cm2 1.98 2.46 2.16 2.91 3.16 4.30

Cathode areal capacity in mAh/cm2 2.22 2.73 2.40 3.24 3.54 4.88

Table 24 - Electrode areal capacities calculation 
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Figure 7 - Relation between electrode thickness and areal capacity – 21700 cells 

 

Next, the relation between electrode volume and electrolyte mass of 18650 cells has been 

addressed. As electrolyte is a very costly medium that enables the battery function, it would be 

beneficial to decrease the quantity of it, from an economic aspect. However, this needs to be 

controlled, because if there is too less electrolyte, the conductivity is lowered and internal 

resistance rises. Also, if the electrolyte gets used by other reactions in the cell and the cell is not 

left with enough of electrolyte, the loss of capacity may occur. On the other hand, if the size of 

electrodes is being adjusted in order to get more power, this can cause certain side effects (e.g. 

if the surface area of the negative electrode is too small, that would result in its potential being 

lower than required, initiating dendrite formation which is affecting battery safety). Therefore, it 

can be concluded that the ration between electrode size (thus, its areal capacity) and the amount 

of electrolyte needs to be balanced. 

In this case, the aforementioned ratio was determined by using the formula (16): 

𝑅 =
𝑚 𝑒𝑙 [𝑔]

𝑉𝑎 [𝑐𝑚3]+𝑉𝑐 [𝑐𝑚³]
       ( 15 ) 

R – ratio of electrode volume and electrolyte mass 

m el – electrolyte mass 

Va – volume anode 

Vc – volume cathode 

 

In Figure 8 can be seen that Sony VTC 4 has higher values than other batteries in the example. 

Stated in data sheets for this cell, its year of production is 2012 (e.g. Sony VTC6 is made in 2015). 

This fact could serve as an example of battery technology improvement, and how it has managed 

to decrease the amount of electrolyte over just couple of years. 
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Calculated in Figure 8, the usual ratio of available space for electrodes and amount of electrolyte 

in case of 18650 cells is approximately 0.25 g/cm3. Therefore, it can be observed how much 

electrolyte is needed to fill out the cell, given the space that is already taken. As stated before, 

electrolyte is an expensive material, thus it is useful to know its approximate amount beforehand, 

in order to calculate possible costs of the cell making. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 - Electrolyte and volume ratio - 18650 cells 
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7. Materials research and analysis 
 

As mentioned before, this thesis focuses not only on components of commercial Li-ion batteries, 

but also on the costs of their production. Therefore, the following chapter is going to give an 

overview of the current battery material market situation, before the cost calculation is made. 

The most recent analysis of the global production is performed on most common battery 

materials: cobalt, nickel, lithium, graphite, copper, aluminum and manganese. 

Regardless of the growing interest in EVs, and closely related Li-ion batteries, prices of certain raw 

materials used in battery production have been falling in the past couple of months. This is mainly 

due to the opening of many new mines all over the world. Following the trends, big mining 

companies are constantly striving to produce more, which sometimes creates a surplus of certain 

materials, which is directly linked to their price. [21] On the other hand, certain geopolitical issues 

prevent supply of other relevant materials, which is also in a direct correlation to their costs.  

 

7.1 Cobalt 

 

7.1.1 Properties of cobalt 

Cobalt is considered to be a rare material and can be found in the Earth's crust, with a mass 

portion of about 0.003%. Limited amounts can also be found in meteorites. The majority of cobalt 

comes from nickel and copper ores, and the extraction method varies due to different chemical 

structure of ores. [22]  

Cobalt, as an alloying element, is a strategically important metal for compounds. It is mostly used 

for batteries, alloys, tool materials, catalysts, pigments, magnets, soaps and other applications. 

However, there is a drive to substitute cobalt with other alternative materials, due to its high 

market price. Regardless, the biggest portion of cobalt is still used for batteries (Figure 9) [23].  
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Figure 9 - Cobalt applications [23] 

 

Cobalt in Li-ion batteries 

The most common cathode material in lithium ion batteries is lithium cobalt oxide (LiCoO2) and 

its daughter compounds. The role of cobalt in this material is to accept and release electrons, thus 

changing oxidation state, during lithium insertion (discharge) and extraction (charge) 

respectively. [24] For this process, one cobalt ion per lithium ion is required for the oxidation state 

to change from 3 to 4+ compensating for the missing ions. [24] 

 

7.1.2 Cobalt – availability and global market 

Current countries that are profiting the most from this metal are: Democratic Republic of Congo, 

Russia, Cuba, Australia, Morocco, Philippines and China. [25] 

1. Democratic Republic of Congo 

When the world’s biggest cobalt deposits are considered, the Democratic Republic of Congo (DRC) 

is the number one on the list. It makes up for the approximately 60% of world’s production by 

outputting roughly 90,000 MT of cobalt yearly. The biggest mines in this area are Katanga and 

Mutanda. [25] However, this source comes under criticism due to the way cobalt is mined. The 

local cobalt mining industry is accused of inhumane working conditions, along with child labor. 

Lately, this has resulted in certain market restrictions, as some of the biggest companies in the 

world have temporarily or permanently stopped importing cobalt from DRC because of human 

exploitation (e.g. Apple Inc. and London Metal Exchange). On top of this, the Congress of the 
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Democratic Republic of Congo has imposed bigger taxes on several metals, including cobalt. This 

may result in significant price increases in the global market. However, even in such case, the DRC 

would still continue being on the top of the production pyramid. [25] 

2. Russia 

The yearly output of Russian cobalt production is about 5,900 MT. The biggest mine in this area 

is Nornickel and is known to be among top five mineral producers in the world. Although Russian 

cobalt production is almost incomparable to the DRC, it could still be that it gains more popularity 

of buyers, considering the ethical concerns of sourcing cobalt from the DRC. However, the 

challenge is if Russia could keep up with the possible future demand. [25] 

2. Cuba 

Cuba produces roughly 4,900 MT of cobalt every year. The biggest site is placed at the region of 

Moa. Mines at that area are mostly operated by the Canadian company Sherritt International and 

General Nickel Company of Cuba. [25] 

 

7.2 Nickel 

7.2.1 Properties of nickel 

Nickel appears in Earth’s core and partially in iron meteorites. It is a common element, but mostly 

found in low concentrations. The mass frequency in Earth’s crust is about 0.01%. Most nickel is 

mined from iron ores that have nickel and copper inside (e.g. nickel magnetic gravel). In the 

extraction process, copper is removed and raw nickel is purified electrolytically. The nickel refined 

in this way is 99.9 % pure.[26]  

Nickel is used in stainless steel production, in non-ferrous alloys, in alloy steels and castings, for 

plating and for batteries (Figure 10). Opposite to cobalt, which is largely used in batteries, it is 

significantly different for nickel where the largest industry is in steel production. Thus, the price 

of nickel is influenced largely by demand from this sector. 
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Figure 10 - Nickel applications [27] 

Nickel in Li-ion batteries 

Nickel is rapidly gaining popularity in the world of Li-ion batteries. The material can provide high 

energy density and is relatively cheap. Regarding nickel in Li-ion batteries, it most often comes in 

the form of cathode materials such as nickel cobalt aluminum oxide – NCA and nickel manganese 

cobalt oxide – NMC (see chapter 4.3.2). [27] The main advantage of NMC is the combination of 

nickel and manganese. Nickel itself has very good energy density, but is unstable. Manganese, on 

the other hand, provides low resistance, but also has low energy density. Therefore, combining 

these two materials represents a good compromise for batteries. [5] 

In Figure 11, it is shown that batteries with nickel as a material provide highest energy density on 

the market. As there is a high demand for batteries with high energy density parameters (e.g. EVs 

and energy storages for renewable sources), Figure 12 roughly shows how the share of Li-ion 

batteries with nickel is growing fast. [27] 
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Figure 11 - Nickel in batteries [28] 
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7.2.2 Nickel availability and global market 

Most of the accessible nickel can be found in ore deposits of Canada, Russia, Indonesia, New 

Caledonia and Cuba. [28] 

1. Indonesia 

In the past, Indonesia produced roughly 400,000 MT of nickel annually, which placed it as a No. 1 

producer in the world. However, the state government banned the export of this material in 2014 

which led to a large drop in the production (down to 100,000 MT). The reason was that 

Indonesia’s remaining nickel resources were limited and the country would suffer if the ore ran 

out due to continued rate of exportation. The local government considered that the people of the 

country did not benefit enough from the sale of nickel. However, in 2017, the ban was eased for 

ores with lower concentration of nickel. Now, Indonesia exports approximately 5.2 MT of this 

material. [28] 

2. The Philippines 

The Philippines used to be at the top of nickel producing countries for a long time, before 2016, 

with a yearly output of about 347,000 MT. However, in 2016 the Ministry of Environment and 

Natural Resources shut down 23 of country’s mines, decreasing the total production to 230,000 

MT.  [28] 

3. Canada 

As for countries outside of Asia, Canada is the biggest producer of nickel, with an annual 

production of 210,000 MT. The largest ore site is called Sudbury Basin and it offers 65,000 MT of 

this material. The companies which are operating most of the mining processes in Canada are 

Vale Canada (daughter company of Brazilian Vale S.A., the largest nickel mining company in the 

world) and Glencore. [28] 

Figure 12 - Growing share of nickel containing Li-ion batteries [28] 
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7.3 Lithium  

7.3.1 Properties of Lithium 

Lithium is usually not found as an element in nature, because it is highly reactive, but rather 

appears in minerals. It makes up for 0.006% of Earth’s crust and there are no large material 

sites. However, the extraction of lithium from minerals is a set of hydrometallurgical processes 

that demand a lot of energy and are expensive to perform. Therefore, it is not that common in 

production anymore, also because of environmental issues. The main source of lithium are 

lithium salts that appear as a side-product in potassium carbonate and borax production.[29] 

The biggest part of lithium is used for battery production (Figure 13). Therefore, the battery 

industry invests the most in new methods for obtaining lithium. Other applications include glass 

production, lubricants, refrigeration processes, polymers, medical purposes, metallurgy, etc.[30] 

 

Figure 13 - Lithium applications [30] 

 

Lithium in Li-ion batteries 

As a material, lithium is very light, compared to other battery materials. From the electrochemical 

aspect, it carries the biggest potential and highest energy density considering its weight. This is 

especially beneficial for small applications (e.g. phones, wearables), but also for bigger 

applications (e.g. electric cars that need more batteries). Since lithium is light and carries a small 

charge, it diffuses quickly within and between electrodes. Li-ion batteries have a much lower self-

discharge rate compared to other chemistries. [3] 
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7.3.2 Lithium availability and global market 

The biggest producers of lithium are Australia, Chile, China, Argentina, Brazil and Portugal. [31] 

1. Australia 

The world’s biggest single lithium deposit is called Greenbushes and is located in Western 

Australia. Along with this area, a great amount of lithium can be also found at Mt. Cattlin mine. 

Australia produces approximately 13,000 MT of lithium, which puts it slightly above Chile. The 

lithium is extracted from conventional hard rock mines, and not from beneath the surface or salt 

water as in Latin America. The biggest clients of Australian lithium production are China and other 

Asian countries. [31] 

2. Chile 

Chile is the second biggest producer of lithium in the world, with an annual production of around 

12,900 MT. Similar to Argentina, Chile has pampas lands rich with lithium salt. The most important 

Chilean lithium site is called Atacama salt flat. The dry climate of this country is also very 

convenient for lithium production. [31] 

3. China 

China takes the third place in lithium production of 5,000 MT. China, while the third largest 

producer, is consuming the great majority of the material itself and subsequently must import 

more from Australia. The biggest lithium site is called Chang Thang in the west of Tibet. As lithium 

(also called white petroleum) is in a great demand for Chinese industry, the country will have to 

invest more in its production. [31] 

 

7.4 Graphite 

7.4.1 Properties of graphite 

Graphite is a crystalline form of carbon, found in shape of flakes and grains in rocks containing 

carbon. It also shows up in the form of veins in pegmatite. A type of carbon that can be converted 

into graphite is made in the process of carbon coking. [32] Graphite is mostly used in Li-ion 

batteries, fuel cells, solar cells, semiconductors, LEDs, manufacture of 'lead' used in pencils, 

nuclear reactors, etc. [32] 

Graphite in Li-ion batteries 

The most common solution used for Li-ion anodes is graphite. As a material, it is immune to heat 

and corrosion, it is a very good conductor and is light. Graphite is either naturally mined or 

synthetically produced. Both of these are almost equally used as the active material in anodes. 

However, because of its higher crystalline structure, natural graphite tends to be slightly more 
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conductive than synthetic. Besides conductivity, it is also cheaper and therefore can offer lower 

costs for Li-ion batteries with better performance. The fact that graphite does not require 

additional processing helps to both the lower price and environmental impact. [33] 

7.4.2 Graphite availability and global market 

The biggest producers of graphite are China, India, Brazil, Canada, Mozambique and Russia. [34] 

1. China 

As a country, China is both the biggest producer and biggest consumer of graphite in the world. 

The annual production output of this material is about 780,000 MT. China subsequently produces 

65% of world’s graphite but consumes 35% of world’s graphite. Although China appears as the 

market giant, market analysis implies it may not remain this way. This comes from country’s 

tendency towards production simplification, in order to lower pollution. There have also been 

some mine shutdowns in the Shandong province, due to ecological reasons. Both of these might 

negatively influence the amount of graphite produced in the future. [34] 

2. India 

The second largest producer of graphite is India, although its output is ~5 times less than China. 

The annual production of this material comes down to 170,000 MT. The material sites can be 

found in many Indian states and their frequency also depends on the region. The largest 

percentage of graphite (43%) is in Arunachal Pradesh. Companies which hold the graphite 

monopoly in India are Tirupati Carbon & Graphite, Chotanagpur Graphite Industries and Carbon 

& Graphite Products. [34] 

3. Brazil 

Putting out 95,000 MT in a year, Brazil comes to the third place on the world’s list of graphite 

production. Regarding this country, not that much information regarding the graphite industry 

can be found, as most of the producing companies are private. The biggest from them are 

Extrativa Metalquimica and Nacional de Grafite. [34] 

 

7.5 Copper 

7.5.1 Properties of copper 

In nature, copper appears in a solid state, in the form of solidified melts of basaltic lavas 

(nuggets). However, it is not that common in this form, or in nature in general. Most of copper 

comes from copper ores. [35] Given its high conductivity, copper is mostly used for electrical 

current conducting cables. Other fields of application include fittings, batteries, boilers, 

precision parts, pipes, etc. [35] 
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Copper in Li-ion batteries 

One of the integral parts of Li-ion anodes are metal foils made out of copper. Not only is this 

one of the highly electrically and thermally conductive materials, but it is also very affordable. 

Copper foils serve as current collectors in batteries, since their high conductivity helps with 

lowering the impedance. Moreover, their good thermal conductivity prolongs the battery life, as 

it demonstrates high heat resistance. Copper is also good in terms of strength and elongation, 

so these foils are less likely to get damaged in the coating process. Despite all this, if the mass is 

considered, aluminum is a better electrical conductor than copper. However, an issue with using 

aluminum, instead of copper is that lithium creates an alloy with aluminum if it is on the anode 

side. [36] 

7.5.2 Copper availability and global market 

In accordance with recent trading issues between China and the United States, the price of 

copper has varied greatly this year. Recently, the price was declining, although there are some 

indications of improvement for the biggest copper producing countries. These mainly include 

Chile, Peru, China, Democratic Republic of Congo, United States and Australia. [37] 

1. Chile 

Chile produces about 5.8 million MT of copper annually, which makes it the biggest producer in 

the world. Last year, the copper industry of Chile has suffered a setback, when personnel of 

Escondida mine, the largest copper mine of the world, started a labor strike. The mine is 

operated by BHP, a large Australian company. However, the situation was resolved fairly 

quickly, since the BHP decided to give in to the request of the workers, making the production 

stable again. [37] 

2. Peru 

Annually, 2.4 million MT of copper is produced in Peru. Two biggest mines in this country are 

Anglo American’s Quellaveco and Southern Copper’s Tia Maria mine. Last year, this country 

experienced some drop in the production. This happened due to infrastructural issues, and thus 

low output from the Las Bambas mine, which is among bigger ones in this area. [37] 

 3. China 

Although being the biggest consumer of copper in the world, China also contributes to its 

production to a large extent. Yearly output of this country is around 1.6 million MT. Like its 

fellow producers, China also experienced a drop in production caused by the country’s new anti-

pollution strategies. Also, the situation has been difficult for Chinese export, as the tariff rates 

have been raised due to the trading conflict with the US. The biggest mines of China are 

Zijinshan gold-copper mine and Shuguang gold-copper mine. [37] 
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7.6 Aluminum 

7.6.1 Properties of aluminum 

From availability perspective, aluminum is the third on the list of most prevalent elements in 

Earth’s crust, by mass. Still, it does not naturally appear in an elemental form, but as a part of 

chemical compounds. Aluminum has a wide range of applications and is mostly used in 

transportation, construction, as a foil for packaging purposes, in electrical industry, for machinery 

and equipment, in battery industry, etc. [38] 

Aluminum in Li-ion batteries 

Aluminum is used as a current collector in Li-ion batteries. It appears as a thin foil on which the 

cathode active material is coated. Aluminum’s chemical and electrochemical properties, such as 

electronic conductivity and potential stability, come from the oxide aluminum film that is 

formed on the base metal. This thin film allows aluminum to operate well in combination with 

cathode materials, where the exchange current is very high. [38] 

7.6.2 Aluminum availability and global market 

Recently, the ratio between demand and supply of aluminum has become better, due to the 

recent lightweight construction trend. The price of the material has gone up, but so did the 

production output. Therefore, China, Russia, Canada, India, UAE, Australia and Norway have been 

producing more than ever. [39] 

1. China 

The largest aluminum output in the world comes from China, with 32.6 million MT annually. A 

significant part of that is also consumed within Chinese industry. However, the country is facing 

certain troubles in exporting the aluminum. This is due to local and international factors, as in 

2016, the local government imposed a five-year anti-pollution plan, which impacts production 

processes and in 2018, political conflict with the U.S. has emerged and also affected the trade of 

aluminum, among other materials. [39] 

2. Russia 

Although taking the second place in the world, Russia produces 9 times less aluminum than China, 

at 3.6 million MT. The aluminum business is mostly run by a company RUSAL from Moscow, which 

is the sixth biggest aluminum company in the world. [39] 

3. Canada 

The third place in aluminum production belongs to Canada. The yearly production is around 3.21 

million MT. The leader in the aluminum market in Canada is Rio Tinto, which is another big 

international company. [39] 
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7.7 Manganese 

7.7.1 Properties of manganese 

Manganese appears often and has large deposits in Earth’s crust, thus it takes second place on 

the availability list, right after iron. Being very reactive to sulphur and oxygen and also enhancing 

the properties of other materials, manganese is very relevant for the metal industry. Most of the 

manganese or ferromanganese is used in the production of iron and steel. Therefore, the needs 

of these two industries is prevailing in manganese demand-supply ratio. [40] 

Manganese in Li-ion batteries 

Manganese is a very common material, which is easily obtained and is non-toxic. Similar to nickel 

and cobalt, manganese is frequently used in Li-ion battery cathodes as it has more than one redox 

process, which allows for more lithium atoms to be inserted per metal atom. The downside is that 

Mn2+ dissolves in the electrolyte, which reduces the structural stability of the cathode and its 

storage capacity. However, the best usage of manganese in Li-ion batteries is together with nickel, 

in the NMC compound. These two materials both have strengths and weaknesses, but 

supplement each other and make good cathodes (see chapter 7.2.1). [11] 

7.7.2 Manganese availability and global market 

Manganese is a strong material choice in terms of being cost-effective when compared to 

elements with similar properties. Therefore, the need for manganese will not drop in the near 

future. Moreover, the market is expanding and so it is beneficial to understand where this 

material can be found. The biggest resources are found in South Africa, followed by: China, 

Australia, Gabon, Brazil, India, Ghana and Ukraine. [41] 

1. South Africa 

The biggest natural reserves of 200 million MT of manganese can be found in South Africa. 

Accordingly, this country is also by far the largest producer of this material, with an annual 

production of about 5.3 million MT. The majority of the world’s manganese reserves (80%) can 

be found in the Kalahari Basin. The company that has most of the market share is the Australian 

South32. [41] 

2. China 

China produces about 2.5 million MT of manganese yearly. This quantity puts it on the second 

place in the world scale. As for most of the other materials, China is both a big producer and a big 

consumer at the same time. However, in this case the manganese is mostly used in the steel 

processing industry. Last year, a new resource location has been found and it is estimated to hold 

203 million tons of manganese. If this proves itself to be true, it would potentially make the 

biggest reserve of this material in Asia. [41] 
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3. Australia 

Australian manganese output is estimated to be around 2.2 million MT. As mentioned before, the 

South32 company is a major player in manganese market and it originates in Australia. The other 

company is Australia Manganese, which is also partially owned by South32 (60% of shares). [41] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 
 

8. Costs of a single cell 
 

After the review of the current material production in the world, it is relevant to make a cost 

calculation tied to the previously explained calculator, and discuss it further. Using the 

information from research published by Taiwanese Battery Organization [42], an estimation of 

material and production costs for a single cell of the 18650 battery type has been calculated. The 

sample battery used in this research paper resembles the Sony VTC4 that is an example for this 

master thesis.  

Table 25 shows the information on battery components for a Sony VTC4 and the type of material 

of the components. Material market prices are obtained from a recent paper published by The 

Taiwanese Battery Organization [42] and material quantity comes from disassembling of real 

cells. Hence, this cost calculation represents a correlation between material distribution within 

the cell (masses and types of materials used for every component) and current global material 

trends (prices of materials in current market).  

In the end, material cost in USD$/cell is calculated. In this case, the final value is 0.63 USD$/cell. 

Converted to $/Wh, the material cost is 0.09 $/Wh. 

Table 25 - Material costs for Sony VTC4 

 

However, additional costs for production processes also need to be taken into account. These 

processes shown in Table 26 are also obtained from the Taiwan Battery Organization research. 

[42] 

Battery components of Sony VTC4 Type of material Market price in USD$/kg Mass in kg Cost per cell in USD$

Cathode NMC (LiNiMnCoO2) 34,000 0,01272 0,43248

Anode Graphite 7,100 0,00718 0,05098

Packaging foil Polymer ? 0,00036 ?

Case Steel 0,020 0,00708 0,00014

Insulator disc positive pole (inside) Epoxy resin 0,002 0,00004 0,00000

Insulator disc positive pole (outside) Epoxy resin 0,002 0,00002 0,00000

Positive pole incl. CID, PTC and gasket ? 0,00160 ?

Insulator disc negative pole Epoxy resin 0,002 0,00004 0,00000

Separator PE coated 0,600 0,00138 0,00083

Electrolyte EC/DMC/DEC 8,800 0,00431 0,03789

Winding mandrel Ni foil 0,008 0,00100 0,00001

Al current collector Aluminum 5,550 0,00156 0,00863

Cu current collector Copper 14,000 0,00660 0,09240

Cathode binder PVDF 14,000 0,00034 0,00471

Anode carbon CMC 4,000 0,00034 0,00135

Anode binder SBR 20,000 0,00016 0,00311

Total: 0,63

Total in USD$/Wh 0,09
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Table 26 - Production process costs in battery manufacturing [42] 

Types of production 
process costs 

Description Costs USD$/Wh 

Deprecation costs Calculation for fixed amount of required equipment for 8 
years of production 

0.02 

Costs for energy 
consumption during 
manufacturing 

Energy being consumed by factory, offices, machines and 
tools 

0.007 

Labor costs Costs for staff (workers in factory and managers) 0.002 

R&D costs Costs invested into basic research, material and cell 
development (also researching staff) 

0.007 

Costs of sales and other 
administrative processes 

Costs for product promotions, transportation, sales staff 0.003 

 
Total: 

  
0.04 

 

The final value of the production costs is 0.04 USD$/Wh.[42] This usually represents 20% of the 

total cost. The final cost calculation option enables the user to vary the initial input parameters 

(in order to use less/more active material) to track how that would affect the price of 

manufacturing the desired cell. In the end, total cell costs summed with the production costs are 

0.13 USD$/Wh.  

In order to compare this result, an another paper was examined. According to the article “A 

Bottom-Up Approach to Lithium-Ion Battery Cost Modeling with a Focus on Cathode Active 

Materials” [46], Table 27 has been created for a cell with the NMC cathode, like in the thesis 

example.  

Battery components Type of material Market price in USD$/kWh

Cathode NMC (LiNiMnCoO2) 37,00

Anode Graphite 13,00

Packaging foil Polymer 9,00

Case Steel ?

Insulator disc positive pole (inside) Epoxy resin ?

Insulator disc positive pole (outside) Epoxy resin ?

Positive pole incl. CID, PTC and gasket ? ?

Insulator disc negative pole Epoxy resin ?

Separator PE coated 14,00

Electrolyte EC/DMC/DEC 5,00

Winding mandrel Ni foil ?

Al current collector Aluminum 1,00

Cu current collector Copper 4,00

Cathode binder PVDF 3,00

Anode carbon CMC 0,50

Anode binder SBR 2,00

Total in USD$/Wh 0,09

Table 27 - Battery component costs [46] 
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The obtained price for components in this battery is also 0.09 $/Wh, but it is possible to assume 

the price for a battery from the previous example (SONY VTC4) would be higher, as many of the 

component data are missing. Therefore, adding > 0.09 $/Wh to the additional production costs 

of 0.04 $/Wh would result in > 0.13 $/Wh. 

In comparison to costs from the recent study from Avicenne Energy 2019 (Figure 14) [45], which 

gives the price lower than 0.15 USD$/Wh, these calculated costs are similar and reasonable. The 

paper also shows how the price of 18650 cells declined over the years and this is due to a growing 

battery manufacturing industry with significant economies of scale starting to bring the costs 

down. 

 

Figure 14 - Li - ion 18650 price 2000 – 2018 [45] 

Observing the material price fluctuations in the past and their quantity in cells, it is safe to assume 

that battery manufacturers try to exclude or reduce the expensive materials from their products. 

For the materials whose primary application field are batteries (e.g. cobalt, lithium), such 

endeavors represent a change in their demand. 

For example, cobalt is the most expensive material in the battery. Its price over the past five years 

can be seen in Figure 15. Looking at the current situation, it appears that the price is declining. 

The reason why the price is falling could be the recent overproduction of cobalt, as a response to 

the advertised plans of mass production of electric vehicles in the past year. The material was 

produced in such an amount that the EV industry could not consume. However, this is only the 

current situation and the forecasts are positive price-wise, as the EV culture becomes a trend and 

more vehicles are produced. [43] 



45 
 

 

Figure 15 - Price of Cobalt 2005-2019 [44] 
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9. Conclusion and Outlook 
 

Enhancements in energy storage technology are of tremendous significance, both for mobile 

applications like electric vehicles and personal electronics, and for stationary applications that 

reduce fluctuations in renewable energy supplies. With a high energy density, lithium-ion 

batteries have proved themselves to be qualified enough for fulfilling the requirements of such 

applications and the technology itself is still worth of improving further.  

This work presents a tool which has been developed in order to link the material choice and price 

figures, since the total cost of lithium-ion cells depends mostly on the material costs and their 

availability. The calculator is made in a way that a potential user could modify it according to their 

preferences. However, in order to demonstrate its usefulness, the input values in this thesis have 

been taken from the real cells that have been disassembled at the Fraunhofer Institute for 

Chemical Technology.  

The parameters that can be obtained through the calculation tool are: capacity of both electrodes 

in mAh, total energy of the cell in Wh, energy for both electrodes active material in Wh, total 

specific gravimetric energy density of the cell in Wh/kg, total specific volumetric energy density 

of the cell in Wh/l and active material mass of both electrodes in g. Moreover, after calculating 

the value of required material, and combining it with data on materials of other cell components, 

the cost for one cell sample can be calculated. The thesis continues further with a review on the 

availability of the most common materials used in the battery industry. In addition, a topic of the 

current geopolitical concentration and distribution of these materials (supply and delivery ratio 

and bottlenecks in global market) are also covered. 

In the end, it can be concluded that small scale influences the large scale: Observing the change 

in performances and prices of a single Li-ion cell, the patterns in which it impacts the global raw 

material market can be noticed. The better performances the cell shows, the more it is applied. 

This is how demand is created, which is directly tied to the business strategies of world’s big 

material producers (investing in new sites, producing more). On the other hand, the less material 

the cell requires, the more affordable it becomes and its field of applications grows. When a 

product has a wide field of applications, it becomes of interest to many businesses, who then 

create a competitive setting. Thus, it is useful to be able to understand the basics, which this 

calculator shows through its price – active material relation. As for the future, the calculator could 

be also linked to the raw material prices in the world’s trading exchange, in order to have 

immediate data on price fluctuations. 

 



47 
 

References 
[1] K. Baes, M. Kolk, and F. Carlot, “Future of batteries,”. 2018, 

https://www.adlittle.com/sites/default/files/viewpoints/adl_future_of_batteries-min.pdf, Accessed 

May 3, 2019. 

[2] E. Rahimzei, K. Sann, and M. Vogel, “Kompendium: Li‐Ionen‐Batterien: im BMWi Förderprogramm 

IKT für Elektromobilität II: Smart Car – Smart Grid – Smart Traffic,”. 2015, 

https://www.dke.de/resource/blob/933404/fa7a24099c84ef613d8e7afd2c860a39/kompendium-li-

ionen-batterien-data.pdf, Accessed April 25, 2019. 

[3] Battery university, “Is Lithium-ion the Ideal Battery?,”. 2018, 

https://batteryuniversity.com/learn/archive/is_lithium_ion_the_ideal_battery, Accessed June 26, 

2019. 

[4] A. V. Sadovnikov and V. V. Makarchuk, “Litiy-ionnie akkumulatori // Molodoy ucheniy,” 2016. 

[5] Battery university, “Types of Lithium-ion,”. 2019, 

https://batteryuniversity.com/learn/article/types_of_lithium_ion, Accessed June 15, 2019. 

[6] Z. Rui, L. Jie, and G. Junjie, “The effects of electrode thickness on the electrochemical and thermal 

characteristics of lithium ion battery,”. 2014, 

https://www.researchgate.net/publication/270105658_The_effects_of_electrode_thickness_on_th

e_electrochemical_and_thermal_characteristics_of_lithium_ion_battery, Accessed April 28, 2019. 

[7] Battery university, “Understanding Lithium-ion,”. 2018, 

https://batteryuniversity.com/learn/archive/understanding_lithium_ion, Accessed July 17, 2019. 

[8] X. Song, X. Wang, and Z. Sun, “Recent Developments in Silicon Anode Materials for High 

Performance Lithium-Ion Batteries,”. 2013, https://www.sigmaaldrich.com/technical-

documents/articles/materials-science/recent-developments-in-silicon-anode-materials.html, 

Accessed July 17, 2019. 

[9] B. Zhao, R. Ran, M. Liu et al., “A comprehensive review of Li4Ti5O12-based electrodes for lithium-

ion batteries: The latest advancements and future perspectives,”. 2015, 

https://www.sciencedirect.com/science/article/pii/S0927796X15000856, Accessed April 28, 2019. 

[10] M. Wohlfahrt-Mehrens, “Lithium-Batterien,” http://www.hiu-

batteries.de/fileadmin/user_upload/Dokumente/Broschueren/lithium_batterien.pdf, Accessed May 

4, 2019. 

[11] Y. Surace, “Manganese-based cathode materials for Li-ion batteries,”. 2015, https://elib.uni-

stuttgart.de/bitstream/11682/1484/1/Thesis_Yuri_Surace.pdf, Accessed June 28, 2019. 

[12] P. Bieker and M. Winter, “Lithium-Ionen-Technologie undwas danach kommen könnte,”. 2016, 

https://onlinelibrary.wiley.com/doi/epdf/10.1002/ciuz.201600745, Accessed May 4, 2019. 



48 
 

[13] R. Younesi, G. M. Veith, P. Johansson et al., “Lithium salts for advanced lithium batteries: Li–metal, 

Li–O2, and Li–S,”. 2015, 

https://pubs.rsc.org/en/content/articlelanding/2015/EE/C5EE01215E#!divAbstract, Accessed May 

4, 2019. 

[14] DNK POWER, “All Things You Need to Know about 21700 Battery,”. 2019, 

https://www.dnkpower.com/teslas-mass-production-21700-battery/, Accessed July 18, 2019. 

[15] GESTIS Substance Database of the Institute for Occupational Safety and Health, “Carbon Black,”. 

2019, http://gestis-

en.itrust.de/nxt/gateway.dll/gestis_en/091940.xml?f=templates$fn=default.htm$3.0, Accessed July 

16, 2019. 

[16] Wikipedia, “Polyvinylidene fluoride,”. 2019, 

https://en.wikipedia.org/wiki/Polyvinylidene_fluoride#cite_note-3, Accessed July 16, 2019. 

[17] Kurzweilai, “Densest array of carbon nanotubes grown to date,”. 2013, 

https://www.kurzweilai.net/densest-array-of-carbon-nanotubes-grown-to-date, Accessed July 16, 

2019. 

[18] M. Hadizadeh Harandia, F. Alimoradib, and R. Gholamhussein, “Morphological and mechanical 

properties of styrene butadiene rubber/nano copper nanocomposites,” 338-344, 2017. 

[19] A. Manthiram, “An Outlook on Lithium Ion Battery Technology,”. 2017, 

https://www.researchgate.net/publication/319599459_An_Outlook_on_Lithium_Ion_Battery_Tech

nology, Accessed July 19, 2019. 

[20] K. G. Gallagher, S. E. Trask, C. Bauer et al., “Optimizing Areal Capacities through Understanding the 

Limitations of Lithium-Ion Electrodes,” Journal of The Electrochemical Society, vol. 163, no. 2, A138-

A149, 2016. 

[21] F. Els, “Australia govt’s lithium price outlook is bleak,”. 2019, https://www.mining.com/australia-

govts-lithium-price-outlook-is-bleak/, Accessed July 19, 2019. 

[22] Chemie.de, “Cobalt,”. 2019, https://www.chemie.de/lexikon/Cobalt.html, Accessed June 30, 2019. 

[23] Battery university, “How does Cobalt Work in Li-ion?,”. 2018, 

https://batteryuniversity.com/learn/article/bu_310_cobalt, Accessed July 3, 2019. 

[24] B. Smith, “How Cobalt is Used in Lithium-Ion Batteries,”. 2018, 

https://www.azomining.com/Article.aspx?ArticleID=1421, Accessed June 24, 2019. 

[25] P. Barrera, “Top Cobalt Production by Country,”. 2019, https://investingnews.com/daily/resource-

investing/battery-metals-investing/cobalt-investing/top-cobalt-producing-countries-congo-china-

canada-russia-australia/, Accessed July 2, 2019. 

[26] Chemie.de, “Nickel,”. 2019, https://www.chemie.de/lexikon/Nickel.html, Accessed June 30, 2019. 



49 
 

[27] Nickel Institute, “Nickel in batteries,”. 2018, https://www.nickelinstitute.org/about-nickel/nickel-in-

batteries/, Accessed July 3, 2019. 

[28] V. Kiprop, “Top Nickel Producing Countries,”. 2019, https://www.worldatlas.com/articles/top-

nickel-producing-countries.html, Accessed June 24, 2019. 

[29] Chemie.de, “Lithium,”. 2019, https://www.chemie.de/lexikon/Lithium.html, Accessed June 30, 

2019. 

[30] Battery university, “Availability of Lithium,”. 2019, 

https://batteryuniversity.com/learn/article/availability_of_lithium, Accessed June 26, 2019. 

[31] G. Sousa, “The Top Lithium Producing Countries In The World,”. 2017, 

https://www.worldatlas.com/articles/the-top-lithium-producing-countries-in-the-world.html, 

Accessed June 28, 2019. 

[32] Chemie.de, “Graphit,”. 2019, https://www.chemie.de/lexikon/Graphit.html, Accessed June 30, 

2019. 

[33] Battery university, “How does Graphite Work in Li-ion?,”. 2019, 

https://batteryuniversity.com/learn/article/bu_309_graphite, Accessed June 29, 2019. 

[34] A. Kay, “10 Top Graphite-mining Countries,”. 2018, https://investingnews.com/daily/resource-

investing/battery-metals-investing/graphite-investing/top-graphite-producing-countries-china-

india-brazil-canada/, Accessed July 2, 2019. 

[35] Chemie.de, “Kupfer,”. 2019, https://www.chemie.de/lexikon/Kupfer.html, Accessed July 8, 2019. 

[36] G. Aydemir, “Copper Foils for Lithium Ion Batteries,”. 2019, https://nanografi.com/blog/copper-

foils-for-lithium-ion-batteries/, Accessed July 8, 2019. 

[37] O. Da Silva, “Top Copper Production by Country,”. 2019, https://investingnews.com/daily/resource-

investing/base-metals-investing/copper-investing/copper-production-country/, Accessed July 8, 

2019. 

[38] Chemie.de, “Aluminium,”. 2019, https://www.chemie.de/lexikon/Aluminium.html, Accessed June 

30, 2019. 

[39] A. Kay, “8 Top Aluminum-producing Countries,”. 2018, https://investingnews.com/daily/resource-

investing/industrial-metals-investing/aluminum-investing/aluminum-producing-countries/, 

Accessed July 1, 2019. 

[40] Chemie.de, “Mangan,”. 2019, https://www.chemie.de/lexikon/Mangan.html, Accessed June 30, 

2019. 



50 
 

[41] A. Kay, “10 Top Manganese-producing Countries,”. 2018, 

https://investingnews.com/daily/resource-investing/battery-metals-investing/manganese-

investing/op-manganese-producing-countries-south-africa-china-austraia/, Accessed June 28, 2019. 

[42] M. Lu, Proposed & Forecasted Future Changes in the Chinese xEV Battery Market, 1 January 2018. 

[43] I. Slav, “What’s Behind The Cobalt Price Crash?,”. 2019, https://oilprice.com/Energy/Energy-

General/Whats-Behind-The-Cobalt-Price-Crash.html#, Accessed July 25, 2019. 

[44] Info Mine INC, “Historical Cobalt Prices and Price Chart,”. 2019, 

http://www.infomine.com/investment/metal-prices/cobalt/all/, Accessed July 25, 2019. 

[45] C. Pillot, “Current Status and Future Trends of the Global Li-ion Battery Market,”. 2018, 

https://www.charleshatchett.com/public/images/documents/2018/dr_christophe_pillot_current_s

tatus_and_future_trends_of_the_global_li-ion_battery_market.pdf, Accessed August 3, 2019. 

[46] M. Wentker, “A Bottom-Up Approach to Lithium-Ion Battery Cost Modeling with a Focus on Cathode 

Active Materials,”. 2019, https://www.researchgate.net/publication/330904221_A_Bottom-

Up_Approach_to_LithiumIon_Battery_Cost_Modeling_with_a_Focus_on_Cathode_Active_Material

M, Accessed August 3, 2019. 

 


