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Abstract

:

The negative impact of the automotive industry on climate change can be tackled by changing from fossil driven vehicles towards battery electric vehicles with no tailpipe emissions. However their adoption mainly depends on the willingness to pay for the extra cost of the traction battery. The goal of this paper is to predict the cost of a battery pack in 2030 when considering two aspects: firstly a decade of research will ensure an improvement in material sciences altering a battery’s chemical composition. Secondly by considering the price erosion due to the production cost optimization, by maturing of the market and by evolving towards to a mass-manufacturing situation. The cost of a lithium Nickel Manganese Cobalt Oxide (NMC) battery (Cathode: NMC 6:2:2 ; Anode: graphite) as well as silicon based lithium-ion battery (Cathode: NMC 6:2:2 ; Anode: silicon alloy), expected to be on the market in 10 years, will be predicted to tackle the first aspect. The second aspect will be considered by combining process-based cost calculations with learning curves, which takes the increasing battery market into account. The 100 dollar/kWh sales barrier will be reached respectively between 2020–2025 for silicon based lithium-ion batteries and 2025–2030 for NMC batteries, which will give a boost to global electric vehicle adoption.






Keywords:


process-based cost modeling; NMC battery; silicon lithium-ion battery; market prediction; learning curves












1. Introduction


Throughout the last decades, the emission of greenhouse gases have increased dramatically; however, their negative impact on the climate has been demonstrated [1,2]. To limit these adversary effects of climate change, several actions are undertaken on a worldwide scale, for example it has been agreed at COP21 in Paris to keep the temperature rise limited to maximum 2 °C [3]. Additionally, steps are undertaken by the European Commission to have a cleaner environment by setting new ambitious environmental targets. For example the EU target is to have a CO2 reduction by 20% compared to the levels of 2008 as stated in their white paper [4]. Improving urban air quality and reducing its impact on climate change of transport comes down to (1) reducing the total consumption of kilometers by improving efficiency of the service and (2) providing the remainder of needed transport without fossil fuels. A technological option to substitute fossil based km is to use battery electric vehicles, powered by renewable fuels. To ensure a minimum of driving range a large, expensive battery is required for battery electric vehicles, explaining their high cost which is limiting its mass-adoption. The cost and performance of the battery, the most expensive component in a vehicle, is directly linked with the adaption of electric vehicles. The adoption towards battery electric vehicles mainly depends on the willingness to pay for the extra cost of the traction battery. Therefore will this paper study the price evolution of an automotive battery up to 2030 and answer the following questions. What is thus a reasonable price of a 1 kWh lithium battery in 2030? Can we expect an erosion of the price due to a production cost optimization in a mass-manufacturing situation?



In an initial phase, the current market of electric and hybrid vehicles is analyzed. Additionally, its sales up to 2030 are predicted based on historical data. Cost of a battery is inversely linked with the growth of the market of electric vehicles, since larger production quantities leads to lowers cost per unit. In this study this effect will not be taken into account, resulting in an underestimation or a very conservative estimation of the amount of EVs. In a second phase the cost and sales price of a battery are calculated and predicted up to 2030 based upon an innovative methodology. This innovative methodology will combine process-based cost modeling with learning curves to cope with the evolution from an immature to a mature battery market. Another innovative aspect is that current state of the art battery chemistries will be used alongside with battery chemistries which are believed to become the state of the art in 2030. A roadmap of future battery technologies will be presented, out of which a promising battery chemistry will be chosen.




2. Market and Technology Landscape of Electric Vehicles


This section will analyze the current global automotive market as well as the technological split between internal combustion driven vehicles, hybrid and electric vehicles. The current technological split is expected to change due to firstly the increased awareness regarding climate change and secondly the decreasing cost of electric vehicles. Based on historical sales figures a prediction of global sales of vehicles up to 2030 will be made, including the evolution of the technological split.



2.1. State of the Art—BEV


An overview of the most sold BEVs in the small and medium-large segment of 2016 are shown in Table 1, adapted from [5]. This is a non-exhaustive list, for example vehicles which do not reach 100 km/h are omitted as well as vehicles sold in low quantities. It can be seen that in the segment of small cars, which are mainly city cars, rather small batteries are used with an average energy content of 18.2 kWh and a range of 150 km. The average values are quite coherent since the median gives comparable results. In this segment rather small batteries are used due to two reasons. Firstly a battery represents 75% of an EVs powertrain cost [6], which means that implementing a bigger battery would significantly increase the overall cost. Secondly, because space is often limited in a city car to place a bigger battery. In the segment of medium to large cars it is clear from Table 1 that bigger batteries are used, namely on average a battery energy content of 36.2 kWh and of course a larger average range of 231 km. However, due to the large battery of the Tesla’s the average can be misleading and the median gives a better representation of the current market, meaning an energy content of 24.2 kWh and a range of 190 km. This is consistent with the higher cost and size of these vehicles.




2.2. State of the Art—HEV


In Table 2 an overview of the 10 most European sold hybrid electric vehicles (HEV) in 2016 are given [7]. The list consists solely of high-end vehicles in which the electrical range is quite limited except the BMW i3. This is due to the current tax reductions for hybrid vehicles in several European countries, which use the electric power to reduce their average fuel consumption and emissions on which taxes are generally based. In this table the BMW i3 is also included, which has a high range and a large battery pack since it is a BEV with a range extender. Therefore it is more representable for the HEV category to use the median value to get a better insight in the battery energy contents and driving ranges used in the HEV segment. The average value does not give a good representation due to the influence of the BMW i3 and its large range and batteries since it is a BEV with a range extender. Therefore also the median is given. Small battery packs are used which can be seen from their low median battery energy content of 9 kWh and limited median driving range of 41 km.



The mass-adoption of BEVs and HEVs are somehow limited due to two reasons. Firstly the high initial cost of HEV and BEV, mainly because of the high purchasing cost of the battery pack [8]. A second problem with electric vehicles is range anxiety, meaning the fear of running out of fuel. Many research efforts are ongoing to improve both problems of which the first one will be more deeply discussed in Section 3. In literature [9,10,11,12,13,14,15] the range anxiety is identified as mainly a psychological barrier since most people drive less kilometers a day than the range of current EVs. This problem is enhanced by the long charging time of an EV as well as the lack of abundantly available charging stations for electric vehicles. Therefore, increasing the battery energy content to increase its range to about 500 km, so having a comparable battery capacity as a Tesla of about 75–90 kWh will significantly speed up the adoption of EVs. To implement such batteries their energy density has to increase significantly, since battery with such high energy content are to large to fit in small city cars.




2.3. Electric Vehicle Prediction Up to 2030


The following paragraph will make a prediction of the global sales of electric, hybrid, classical combustion engine vehicles as well as other types of vehicles such as compressed natural gas (CNG), liquefied petroleum gas (LPG), fuel cells vehicles, which will be combined in the category others. Based upon a literature review [16,17,18,19,20,21] a prediction of the technology split is shown in Figure 1. In 2015 the global sales are still dominated (99.3%) by the classical combustion engine(ICE) based vehicles, even by 2030 more ICE than electric vehicles are sold however its dominance decreases significantly. Due to the increasing effort of the automotive manufacturers more and more HEV and BEV models are available on the market, increasing the choice for consumers, which was quite limited up to in the past. In 2030 25% of all vehicles sold will be either fully electric or hybrid, requiring an enormous amount of batteries. To get a better idea of the quantities this analysis is expanded by combining the previous figure with the expected global sales of vehicles predictions worldwide, which can be seen in Figure 2. Only limited sources are available in literature [22,23,24,25,26,27,28] which predict the global sales up to 2030. Therefore it was opted to make a prediction based upon the sales in the past, more specifically the global sales between 2010 and 2015 were analyzed [28]. Since only a small period of time is analyzed a linear approximation is used, predicting in 2020, 2025, 2030 receptively 107, 122 and 138 million vehicles sold yearly. The linear approximation can be clearly seen in the increase of the total amount of vehicles sold, Figure 2. The peak of ICE vehicles will be reached in 2020 with a sales of more than 100 millions. By 2030 roughly 10 million BEVs and 20 million HEVs will be sold on a yearly. When assuming 75–90 kWh is needed for BEV, HEV will require half of the capacity roughly 23 billion kWh of battery are required yearly which is a very large potential market for battery manufactures.





3. Battery Discussion


Batteries have become an indispensable product in society; they are being used in a variety of products ranging from cellphones up to electric vehicles. The most popular battery technologies are the lithium-ion batteries due to their high energy- and power-density as well as their high lifetime compared to other types [29].



The electrochemical storage of energy in a lithium-ion battery is achieved through intercalation in the positive and negative electrode, shown by Equation (1) [30].


   L  i +  +  e −  + θ ⟷ L i − θ   



(1)




With:



	  θ  
	The insertion material



	   θ − L i   
	Lithium inserted in material   θ  
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	An electron
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	A lithium-ion








The functioning of a lithium-ion battery is summarized below; however, a more extended explanation can be found in literature, for example [32,33]. The intercalation of lithium-ions in the electrodes is the main reason for its long lifetime of this type of batteries. However, lithium undergoes numerous side-reactions, reducing the concentration of lithium available for intercalation, causing the battery to decrease in capacity over lifetime. A schematic illustration of a lithium-ion battery’s functioning is shown in Figure 3. A battery consists of four main components: a negative electrode or often called an anode, a positive electrode or often called a cathode, an electrolyte and a separator. The variety and properties of several anodes and cathodes will be discussed in the next sections except the separator and electrolyte since in most case commercially available ones are used. The main property of the electrolyte is to transport ions from the anode to the cathode or vice-versa, while ensuring as little as possible side reactions with the Li-ions. Mostly it consists of water with some dissolved salts, lithium hexafluorophosphate most used, to ensure good ion conductivity. The purpose of the separator is to stop the transport of electrons while intervening in the rest of the processes as little as possible.



3.1. State of the Art—Anode


Twenty years ago graphite (372 mAh/g [34]) was first commercialized [35] as anode material in a lithium-ion battery and up to now it is still being used in most lithium-ion batteries. Its low cost, good electrochemical performance, low volume expansion during charging and discharging as well as that it is abundantly available, explains the widely accepted use of graphite as anode material [33,35,36]. Many research efforts allowed to optimize this material resulting it is almost reaching its maximum theoretical capacity and only incremental improvements can be expected [29]. However, by adding small amounts of metals with high theoretical energy densities, such as silicon (4200 mAh/g [37]), the overall energy density can be increased [38]. Adding high concentrations of these additional components cause numerous problems such as volume expansions up to 300% as well as reduced lifetime despite the current numerous research efforts, for example using silicon as nano-particles such as in [37].



Other often used anodes materials used are lithium alloyed metals with as most popular Li4Ti5O12 LTO (175 mAh/g [35]). More noble metals are used resulting in a higher price than graphite. Other disadvantages are its lower energy capacity and reduced cell voltage compared to graphite. However its exceptional good stability over its lifetime makes it the ideal anodes in specific cases explaining its wide usage.



An overview of the two most used anode materials is shown in Table 3 [34,35].




3.2. State of the Art—Cathode


The selection of the most suited cathode material is strongly dependent on the application itself. A selection has to be made of which key property is the most important for an application. The key properties of a battery are: energy density, power density, cost and lifetime. An overview of the most used cathode materials can be found in Table 4 [29,33,36,38,39,40,41,42,43,44,45].



The oldest commercially used electrodes are LiMn2O4 (LMO) due to the low cost, however the lifetime is limited which is considered to be the biggest disadvantage but they are still frequently used. LiCoO2 (LCO) another old electrode, characterized with a medium cost and high energy, has some safety drawbacks but is still used frequently. LiNiMnCoO2 (NMC), a combination of LCO, LMO and nickel, is gaining popularity due to its high lifetime as well as its high energy density. The exact mixture of Ni, Mn and Co will define the property of the cathode of which a variety exist such as NMC (1:1:1), NMC (5:3:2), ... The trend is to use Ni rich NMC since this gives an increased energy density. It is mainly used where cost is less important. LiFePO4 (LFP) has excellent lifetime properties and is frequently used in combination with an LTO anode to get an excellent overall lifetime of the battery. LiNiCoAlO2 (NCA), a relatively new cathode, has a very high energy density however it is potentially thermally unstable stability, meaning a reduced safety.




3.3. State of the Art—Roadmap


Demands on lifetime and energy/power density are ever increasing to extend the duration in which the battery can be used. Hence, there is a continuous need to further improve lithium-ion batteries [46]. This section will explain which future trends can be expected during the next decades, an overview is given in Figure 4, which is limited to lithium-ion batteries. Other types, such as sodium-ion, zinc air, lithium-air are still in a very early phase and thus omitted from this overview.



The world of batteries is changing very rapidly which is the reason why it is very hard to predict the most promising battery chemistry. It can be disrupted very easily if a novel type/chemistry is discovered in material sciences with superior properties. However some trends are already visible when limiting to lithium-ion based batteries.



The first clear trend is to use different electrodes which have a significant higher theoretical capacity such as sulfur (1672 mAh/g [47]), silicon (4200 mAh/g [37]) and lithium metal (3860 mA/g [48]). This will inherently increase the energy density of the cell since the electrodes itself can store more energy. A second trend is to increase the voltage limit of a single cell to around 5 V since it is a harmonized voltage value used in the field of electronics. This trend will also increase the cells energy density due to its definition which can be simply represented as integral of the actual capacity multiplied with the actual voltage. The third trend is to go towards solid state electrolytes since using liquid electrolytes can cause safety problems when leaking. In general it can be concluded that in the near future the energy density and safety are the two key topics, in which significant improvement can be expected during the next decade [32].



To make predictions further than a decade is extremely difficult but lithium-magnesium is worth mentioning. It has superior energy density and is abundantly available, but is still in a very early phase [49].



In this paper, as already mentioned, the goal is to perform a price estimation up to 2030. The best overall chemistry now in 2015 is NMC (6:2:2) as cathode combined with graphite as anode due to their high energy density and lifetime. It can be seen in literature many research efforts or ongoing on silicon based cells. Therefore in 2030 namely a silicon-alloy anode combined a nickel rich cathode (NMC (6:2:2)) to maximize its energy content will be most likely on the market. An overview of the two battery chemistries, used this research as well as their pack energy density is shown in Table 5. Throughout these two battery types will be referred to as battery I and battery II.




3.4. Battery Cell Manufacturing


Several architectures and designs of battery cells exist such as cylindrical cells, pouch cells, hard casing with a variety of positions for the tabs [51]. However in all these designs three main processes can be identified as described in Table 6 [33]. Also in this table the material inputs (+) and outputs (−) are shown since material cost is the main cost of a battery, which will be demonstrated in Section 3.5.



The first step is electrode manufacturing in which the electrodes themselves are being prepared. The active material, conductive agents, solvents and binder are mixed to a slurry which is coated onto a current collector (aluminium for the positive tab and copper for the negative one). After which the cells are dried, in order to vaporise the solvents. To ensure a good electrical connection between the slurry and current collector the electrodes are calendared, which consists of pressing the two firmly together. As a last step in this electrode manufacturing the electrodes are cut to their correct size.



The second step is to make a cells assembly or a multilayer combination of a positive electrode, separator and negative electrode. These multilayers can be created through stacking or winding to create respectively pouch and cylindrical cells. Afterwards the cells are packaged (hard casing/soft casing/...) and temporarily sealed. The cells undergo a drying procedure to ensure no solvents remain after which they are filled with electrolyte and permanently sealed.



The battery cell is now ready to use, however to ensure stable and good quality of it its has to undergo some electrical formation cycles. These formation cycles are critical for the lifetime of the cell since its stabilizes the chemical structure of the cell. The final step is to test the cell’s electrical performance to maintain a good quality control.




3.5. Process-Based Cost Modeling


This section will focus on cost and sales prices calculations and predictions by using process-based cost modeling of several battery chemistries. The methodology of process-based cost modeling is to calculate costs based on detailed process descriptions, which are well defined for batteries [52,53]. This methodology is being used in several application fields including battery cost calculations [54,55,56,57,58]. Battery production for automotive cells are still in an early phase and not yet in mass production. This means optimizations in the production process are possible by upscaling and by building more production plants. Process-based modeling can be combined with learning or dynamic curves, which are dependent on growth of the production capacity as demonstrated in other application fields [59]. This study [59] has performed a thorough analysis about the price evaluation of chemical products during a decade and linking the impact of increasing production capacities to the evolution of prices. For analysis of the price evolutions up to 2030 process-based cost modeling extended with learning curves will be used. The main drawbacks of this approach are that the exact process and composition of the battery chemistry has to be known. This can be overcome by combining recently published patents, which describe the processes in detail, as well as by performing an extended literature review.



The cost of two different cell chemistries will be analyzed, namely battery I (NMC(6:2:2) + Graphite) and battery II (NMC(6:2:2) + silicon alloy). NMC based batteries can be seen as the current state of the art batteries and silicon based ones as state of the art batteries in 10–15 years as shown by the roadmap in Figure 4. Process-based cost modeling is used in order to calculate the detailed material cost in dollar/kWh for each battery type. The methodology, including the key equations, are represented in Figure 5. In the first step the manufacturing procedure is split into logical substeps of which the material and energy in and outflows are analyzed, which is done in Section 3.4. In this step also the excess material, used during the manufacturing, should be taken into account. The next step will calculate the cost of goods sold, which entails the material, energy, labor and overhead costs. Two additional assumptions are made regarding the labor and overhead cost, which can be approximated by respectively 15% and 8% as demonstrated in [60]. When comparing with other calculations done in literature [54,56,61] similar assumptions were used. The sales price including the manufacturer’s and retailer’s profit are taken into account. A profit margin of 35% for the manufacturer is used, which is high but it entails novel products requiring a high profit margin [60]. When these batteries are not directly sold by the manufacturer and additional profit margin of 15% by the retailer is added. This leads to the final sales price. The prediction of the prices will be detailed in Section 3.6.



Throughout this paper several assumptions are made. Firstly all prices will be expressed in dollar/kWh in 2015. All prices will be expressed in price in 2015 to make it easier to compare the evolutions. This will imply that the price of a battery will be higher in 2030 than predicted due to the inflation, which will occur between 2015 and 2030.



3.5.1. Battery I—Cost Calculation


The process of manufacturing of NMC lithium-ion batteries is well known; however, a variety of types are still possible. A NMC with ratio 6:2:2 will be used as a baseline for this calculations since this nickel rich type has a high energy density and is considered the current state of the art. It is also suited to increase the overall cell voltage which was described as one of the future trends. This NMC 6:2:2 cathode will be combined with standards binders, conductive agents and as anode graphite. The cost price calculations of a battery pack including a simple passive battery managements system (BMS) and casing are visually represented in Figure 6. The cost of 432 dollar/kWh is dominated by material cost representing 65% of the overall cost. Similar results can be found in literature [56,62] in which the material cost varies between 60–80%. The two most costly components are the positive and negative electrode. These require noble materials and are used in high quantities in a battery pack explaining their high cost. A detailed breakdown analysis of the negative electrode is also shown in Figure 6 in which it is clear that the active material is the main driver of the cost of the electrode (62% of the negative electrode cost). A similar trend can be seen in the positive electrode.



When including the profit margins of the producer and middle man a sales price of 670 dollar/kwh is reached. The breakdown is visualized in Figure 7. Also here the expensive electrodes represent a significant cost of 28%. Since these prices are valid for low production quantities, it is hard to compare them with the pricing of an automotive battery pack, however comparisons can be found varying from 700–1300 Dollar/kWh [63,64,65] of battery packs sold in lower quantities.




3.5.2. Battery II—Cost Calculation


This section will quantify the impact of using silicon-based batteries, with a higher energy density, compared to the classical NMC combined with graphite. The difference between the two is mainly in the negative electrode which uses silicon alloy in stead of graphite. Many varieties of silicon based lithium-ion batteries are available, however the ones in which silicon is used as an alloy are the most promising. As a baseline the following patent WO2016089666 A1 [50] will be used for making a silicon alloy with high lifetime and high energy density. The exact calculation of the composition of this active material composed from raw materials is shown in Table 7. The other components such as binder, conductive agents are kept constant. In reality different materials are required, however in a similar quantity and at a comparable cost explaining why these cost are kept con.



To calculate the total cost per kWh of battery II the increased energy density of the pack should be taken into account. For battery I and battery II receptively the following energy densities are used 155 Wh/kg and 205 Wh/kg. This is an increase of 33% which can be expected from material calculations. Silicon has a 10 times higher theoretical capacity than graphite, but a mixture is used as shown by its composition. The cost breakdown is visualized in Figure 8 in which the negative electrode cost is decreased from 24% for battery I to 19% for battery II. The main impact however comes from the higher energy density explaining a significantly lower cost of silicon based batteries compared top NMC. This makes a total sales price of 456 Dollar/kWh compared to 431 dollar/kWh from NMC, visualized in Figure 9. This is large price reduction of 30%. However it should be stated that this battery is not yet a commercial product and some extra research should be done to increase its lifetime.





3.6. Evolution of Cost in Time


The prediction of cost up to 2030 for automotive batteries based upon battery I and battery II will be detailed in this section. The cost and prices calculated in previous sections are only valid for small production quantities. Therefore the current cost of goods sold for automotive NMC battery packs will be used as a baseline, which is around 300 dollar/kWh according to literature [54,66,67]. Adding the assumed profit margin as stipulated in Figure 5 results in a sales price of 466 dollar/kWh. Also the relative amounts, calculated in the previous sections will be kept constant meaning labor 15%, overhead 8% and material cost 76% of the costs of goods sold (300 dollar/kWh).



As previously mentioned there is a clear link in doubling the production capacity of the industry and price reductions as shown by [59]. Three different types of cost can be analyzed with their own learning/discount rate per doubling capacity of the industry. The calculations of the costs of goods sold and the sales price calculations for predictions up to 2030 are shown in Figure 10. Combining process based modeling with these learning curves are a new approach to tackle the price predictions of batteries. Firstly the material cost is analyzed by Lieberman, [59] and a reduction of 23.5% can be found per doubling production capacity, corresponding to a discount factor of 0.765 of material cost. While for overhead and labor cost receptively the classical “six-tenths-rule” and “two-tenths-rule” [59] are used. The six-tenths-rule gives a relationship between size and cost as shown by following formula [68]:


     C o s  t 2    C o s  t 1    =   (   S c a l  e 2    S c a l  e 1    )   0.6     











This shows that for a size doubling the total cost increases to 151.4% instead of doubling. This can be achieved by for example building a new plant. When this total cost is redistributed over the two plants, the cost for each plant reduced to 75.7% of its original cost. This translate thus in a reduction of 24.3% per plant or a discount rate of 0.757 for overhead cost. Labor cost follows the two-tenths-rule meaning thus in the previous equation 0.6 should be replaced by 0.2. This results in a discount factor of 0.574 or a reduction by 42.6% for each size doubling for labor costs. For completeness the market growth for EV and BEV from 2015 up to 2030 are summarized in Table 8, based upon the predictions made in Section 2.3.



In Figure 11 the prediction of sales cost for battery II is shown. By 2020 a significant price reduction is expected (more than half of the total sales price) due to the rapid growth of the battery market, linked to the EVs one. The threshold of 100 dollar/kWh will be reached between 2025 and 2030.



The same approach is used for battery II. The price in 2015 is calculated using the same proportion of the sales price between NMC and silicon for the previous sections. After which the profit margins are added, resulting in a sales price of 317 dollar/kWh. The prediction of its price evolution is shown in Figure 12. One important remark is that silicon based lithium-ion batteries are not yet on the market but will be in 10 years. If comparing battery I this with battery II the threshold of 100 dollar/kWh will be reached much sooner in 2020–2025.




3.7. Comparison


This section will compare the price predictions available in literature [69,70,71,72,73,74,75] of lithium-ion batteries in 2020, visualized in Figure 13. In this figure it can be seen that the prices are ranked from low to high, which also coincides with when the price was predicted. The Boston Consulting Group [71] predicted in 2010 an average price of 300 dollar/kWh, which is the oldest and highest price in the listed comparison. In 2012 and 2015 receptively Roland and Berger [73,74] and Avicenne [72] predicted a price of 275 and 250 dollar/kWh. The predictions in 2016 made by P3 Consulting [75] and GTM Research [69] even shows lower costs of 210 and 217 dollar/kWh. The most recent prediction made by Tesla [70] even 150 dollar/kWh can be expected in 2015. The predictions made by this research gives result of 195 and 131 dollar/kWh, which is in the same line as the recent predictions. However silicon based batteries can have a beneficial impact on the cost it is unlikely that it is already commercially available in 2020 but most likely by 2025.





4. Conclusions


From the previous analysis it is clear that the electric automotive market is still in its innovators/introduction stage [76]. However in the near future a step towards mass-adoption/ growth is expected. One of the indicators is to analyze the publications and patents about the electric automotive industry which is currently booming. BEVs still have a small driving range however a large effort was done by the manufacturers to significantly extend the choice of electric vehicles during the last years. The most popular HEVs are the higher priced vehicles in which cost plays is less important. Currently the market is still dominated by classical combustion engine vehicles however its dominance will decrease from 99% in 2015 to 68% in 2030. The market of electric vehicles (HEVs and BEVs) will have to increase by a factor of 52, which means a huge investment in battery manufacturing will be required to cope with this increase. This mass production will be one of the driving forces of the decreasing cost of battery pack.



The trends deduced from the roadmap of lithium-ion batteries show that within the next decade improvements regarding energy density and safety can be expected. To anticipate on this trend a innovative approach is used in which process-based cost calculations are used on two types of battery chemistries, one which can be considered as state of the art in 2015, namely NMC and one which will be considered as state of the art in 2030, namely silicon based lithium-ion batteries. Additionally, this methodology is combined with learning curves to which will include the maturing of the battery market. Material costs represent the majority of costs in a battery pack (66%) of which the active material, responsible for the intercalation of li-ions, is the most costly component. By using silicon based batteries a cost reduction per kWh of 30%. The limit of 100 Dollar/kWh will be reached in 2020–2025 for silicon based batteries and in 2025–2030 for NMC batteries. This low price will have a significant impact on the overall price of an electric vehicles since the battery represents the largest cost. This price reduction will aide in the mass adoption of electric vehicles.
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Figure 1. Evolution of the technology split between electric vehicles (EV), hybrid electric vehicles (HEV), internal combustion engines (ICE) and other up to 2030. 
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Figure 2. Global vehicles sales predictions up to 2030 including the evolution of the technological split between EV, HEV, ICE and others. 
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Figure 3. Schematic illustration of the charge/discharge process in a lithium-ion battery, reproduced from [31]. 
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Figure 4. Roadmap of Lithium-ion based batteries from present up to >10 years. 
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Figure 5. Overview of the used methodology including learning curves. 
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Figure 6. Cost breakdown of battery I with a special focus on the anode composition. 
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Figure 7. Sales price of battery I. 
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Figure 8. Cost breakdown of battery II with a special focus on the anode composition. 
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Figure 9. Sales price of battery II. 
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Figure 10. Overview of the used methodology including its key equations. 
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Figure 11. Prediction of sales price of battery I up to 2030. 
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Figure 12. Prediction of sales price of battery II up to 2030. 
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Figure 13. Sales price prediction of lithium-ion batteries in 2020. 
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Table 1. Overview of electric vehicles commercially available in 2016, adapted from [5].
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Vehicle Segment

	
Brand

	
Model

	
Model Year

	
Battery Energy Content (kWh)

	
Range (km)






	
Small

	
Smart

	
Fortwo

	
2014

	
17,6

	
160




	
Toyota

	
iQ EV

	
2012

	
12

	
85




	
Fiat

	
500e

	
2015

	
24

	
135




	
Citroen

	
C-Zero

	
2014

	
14,5

	
150




	
Peugeot

	
iOn

	
2014

	
14,5

	
150




	
Mitsubitshi

	
i-MiEV

	
2014

	
16

	
160




	
VW

	
e-up!

	
2013

	
18,7

	
160




	
Chevrolet

	
Spark Ev

	
2015

	
18,4

	
130




	
Bollore

	
Bluecar

	
2015

	
30

	
250




	
Mitsubitshi

	
MinicabMiEV

	
2014

	
16

	
150




	
Average

	
18.2

	
153




	
Median

	
16.8

	
150




	
Medium-Large

	
BMW

	
i3

	
2014

	
22

	
190




	
Renault

	
Zoe

	
2015

	
22

	
240




	
Volvo

	
C30 Electric

	
2015

	
24

	
145




	
VW

	
e-Golf

	
2016

	
24,2

	
190




	
Nissan

	
Leaf (2016)

	
2014

	
30

	
250




	
Honda

	
FIT EV

	
2012

	
20

	
130




	
Renault

	
Fluence Z.E.

	
2015

	
22

	
185




	
Ford

	
Focus EV

	
2015

	
23

	
162




	
Kia

	
Soul Electric

	
2015

	
27

	
212




	
Mercedes

	
B-class El.Dr.

	
2015

	
36

	
230




	
BYD

	
e6

	
2015

	
61,4

	
205




	
Nissan

	
e-NV200

	
2015

	
24

	
170




	
Toyota

	
RAV 4 EV

	
2014

	
41,8

	
182




	
Tesla

	
Model S

	
2015

	
75

	
480




	
Tesla

	
Model X

	
2015

	
90

	
489




	
Average

	
36.2

	
231




	
Median

	
24.2

	
190
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Table 2. Overview of most sold hybrid electric vehicles in 2016 in Europe (10 most popular).






Table 2. Overview of most sold hybrid electric vehicles in 2016 in Europe (10 most popular).





	
Vehicle Segment

	
Brand

	
Model

	
Model Year

	
Battery Energy Content (kWh)

	
Range (km)






	
Medium-Large

	
VW

	
Passat GTE

	
2015

	
9,9

	
50




	
Mitsubishi

	
Outlander PHEV

	
2013

	
12

	
52




	
Volvo

	
XC90 PHEV

	
2015

	
9,2

	
40




	
Mercedes

	
GLC350e

	
2016

	
8,7

	
34




	
BMW

	
225xe Active Tourer

	
2015

	
7,6

	
41




	
Mercedes

	
C350e

	
2015

	
6,5

	
31




	
BMW

	
330e

	
2015

	
7,6

	
40




	
BMW

	
X5 40e

	
2015

	
9

	
31




	
Audi

	
A3 e-Tron

	
2014

	
9

	
50




	
BMW

	
i3 range extended

	
2013

	
22

	
320




	
Average

	
18.2

	
153




	
Median

	
9

	
41
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Table 3. Anode materials—Overview including specific energy density, cost and lifetime.
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Anode Material

	
Energy Density

	
Cost

	
Lifetime




	
(mAh/g)






	
Graphite

	
372

	
Medium

	
Medium




	
Li4Ti5O12 (LTO)

	
175

	
High

	
High
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Table 4. Cathode materials—Overview including energy density cost and lifetime.
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Cathode Material

	
Energy Density

	
Cost

	
Lifetime




	
(Wh/kg)






	
LiCoO2 (LCO)

	
546

	
Medium

	
Medium




	
LiMn2O4 (LMO)

	
410–492

	
Low

	
Low




	
LiNiMnCoO2 (NMC)

	
610–650

	
High

	
High




	
LiFePO4 (LFP)

	
518–587

	
Medium

	
High




	
LiNiCoAlO2 (NCA)

	
680–760

	
High

	
Medium
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Table 5. Overview of the cell chemistries used for cost calculations. The first one will be referred to as the NMC battery and the second one as the silicon based lithium-ion battery.
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	Battery I
	Battery II





	Positive electrode
	NMC (6:2:2)
	NMC (6:2:2)



	Negative electrode
	Graphite
	Silicon Alloy [50]



	Pack energy density
	155 Wh/kg
	205 Wh/kg
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Table 6. Battery cell manufacturing process summary including material in- and outflow.
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Manufacturing Process

	
Material






	
Electrode Manufacturing

	
Slurry Mixing

	
+ Active Material




	
+ Conductive agent




	
+ Solvents




	
+ Binder




	
Coating

	
+ Al/Cu foil




	
Drying

	
− Solvents




	
Calendaring

	




	
Cutting

	
+ Remaining al/Cu foil




	
Cell Assembly

	
Stacking/Winding

	
+ Separator




	
+ Adhesive Tape




	
+ Al/Cu tabs




	
Packaging (Pouch/Case)

	
+ Pouch Foil/casing




	
Temporary sealing

	
+ Solvents




	
Drying

	




	
Filling

	
− Remaining al/Cu foil




	
Permanent Seal

	




	
Formation

	
Formation

	




	
Cell Testing
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Table 7. Anode active material battery II—detailed.
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Material

	
Amount

	
Price in 2015




	
(kg)

	
(Dollar)






	
Si73FeI7C10

	
0.6

	
2.76




	
Graphite

	
0.128

	
1.25




	
Carbon nanotubes

	
0.16

	
4.17




	
Carboxy methyl cellulose

	
0.032

	
2.96




	
LiPAA

	
0.08

	
11.25




	
Total

	
1

	
22.39
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Table 8. BEV and EV market growth.
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	Year
	Amount of BEV (Millions)
	Amount of HEV (Millions)
	Market growth





	2015
	0.4
	0.3
	1 (Baseline)



	2020
	1.8
	3.4
	7



	2025
	6.2
	11.1
	25



	2030
	10.5
	25.8
	52











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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