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2 
Lithium supply and demand dynamics 
 
Lithium availability in the EU27 for battery driven vehicles: The impact of recycling and 
substitution on the confrontation between supply and demand until 2050. 
 
Abstract 
The adverse impacts of climate change are widely recognized as well as the importance of the 
mitigation of carbon dioxide (CO2). Battery driven vehicles are expected to have a bright future, 
since greenhouse gas emissions can be reduced. Lithium-ion (Li-ion) batteries appear to be the 
most promising, due to their high energy density. Recently, the discussion concerning adequate 
lithium carbonate (Li2CO3) resources is resolved. The current challenge is the needed increase in 
flow rate of Li2CO3 into society to foresee in forecasted demand. This research determines ten 
factors which influence the availability of Li-ion batteries for the EU27 in the coming decades. 
They are used in a system dynamics analysis. The results of this research show that undersupply 
can be expected in the EU27 until 2045 somewhere between 0.5 and 2.8 Mt. Substitution of 
Li2CO3 in other end-use markets and recycling can relieve the strain on Li2CO3 supply to some 
extent. In 2050, 20% of the vehicle fleet in the EU27 can be battery electric vehicles (BEVs). The 
lack of resources in the EU27 and the geographical distribution of lithium in politically sensitive 
areas suggest that the shares of lithium available for the EU27 will be less than assumed in this 
research. The increase in flow rate shows to be the bottle-neck for a transition to (partly) battery 
driven vehicles in the EU27, at least when Li-ion batteries are used. Focusing on large scale 
application of BEVs with Li-ion batteries in order to substantially mitigate CO2 emissions in 
transport is a futile campaign. 
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2.1 Introduction 
The adverse impacts of climate change are widely recognized as well as the importance of the 
mitigation of carbon dioxide (CO2). Besides the adverse environmental impact, the dependence 
on fossil fuels has resulted in increasing scarcity, which is accompanied with rising energy prices. 
The electrification of the vehicle fleet can contribute to the mitigation of CO2, because the 
application of (partly) electric vehicles reduces greenhouse gas (GHG) emissions when 
renewable energy sources are used for the production of electricity, or when for example carbon 
capture and storage is applied. Since transport is responsible for half the global oil consumption 
(Fulton, 2004), large scale application of battery driven vehicles has potential to mitigate GHG 
emissions and decrease oil demand. Furthermore, a decreased oil demand and an increase in 
energy derived from a variety of renewable energy sources, increases security of energy supply. 
Lithium-ion (Li-ion) batteries have a high energy or power density (Grosjean et al., 2012) 
compared to other common battery chemistries. Therefore, Li-ion batteries appear to be the 
most promising for application in battery driven vehicles. 
 
As stated by Gruber et al. (2011), there are significant variations in the estimates for lithium 
carbonate (Li2CO3) resources and reserves. Recently, they resolved the controversy in literature 
concerning the adequate resources of Li2CO3. Long term scenarios until 2100 show that lithium 
resources are sufficient to fulfil future demand for batteries (Gruber et al., 2011). A select group 
of countries has direct access to these lithium resources and Europe (i.e. Serbia and Portugal) 
possesses only 3% of them, whilst it is expected to become one of the largest end-users, which 
makes Europe import dependent (Gruber et al., 2011; Grosjean et al., 2012). Europe’s influence 
on the supply side is therefore limited. Grosjean et al. (2012) expect Europe to be the greatest 
victim of the geostrategic bottle-neck concerning the polarised distribution of lithium resources. 
Despite the sufficiency of resource availability, Gruber et al. (2011) mention the challenge to 
foresee in the establishment of lithium producing facilities at a rate demanded by the 
automotive industry. Kushnir and Sandén (2012) also emphasise the possible constraint on an 
increase of the flow rate of lithium into society. 
 
The bottle-neck for a successful transition to an electrified vehicle fleet with Li-ion batteries 
seems to be the possible limit on increasing the flow rate of Li2CO3 into society, together with 
the share of the Li2CO3 flow available for car batteries, which are both still subject to discussion. 
The main aim of this research is to analyse the confrontation between supply and demand for 
Li2CO3 in the 27 member states of the European Union (EU27) until 2050 for a penetration 
scenario of (partly) electric vehicles and draw conclusions about the feasibility of such a scenario. 
 
A system dynamics analysis is commonly used to study the complexity of systems’ stocks, flows 
and feedback loops over time. Such studies are not done so far with regard to the lithium 
availability for large scale introduction scenarios of battery driven cars.  
 
Such a system dynamics analysis, starts with the identification of the drivers and factors that 
influence the system. Ten factors can be indicated for the case of lithium availability for large 
scale introduction scenarios of battery driven cars, namely trends in (1) Li2CO3 production, (2) 
the production trends of battery driven vehicles for the EU27, (3) the lithium requirements per 
kWh battery capacity, (4) the range of a battery driven vehicle, (5) trends in battery recycling and 
lithium recovery, (6) the share of Li2CO3 available for the EU27, (7) the lifetime of a battery, (8) 
the share of Li2CO3 available for vehicle batteries, (9) trends in other end-use markets of lithium 
and (10) substitution of lithium in other end-uses. These factors are analysed in order to resolve 
whether the global lithium resources are enough to fulfil the ambitious targets set out by the 
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EU. The technological factors in the system are chosen quite optimistic, which should result in 
an estimate for the lower boundaries in lithium demand belonging to the chosen scenario. 
 
In order to approach these factors a supply forecast curve has been developed. Subsequently, 
vehicle developments in the EU27 and recycling rates have been analysed. The size of other 
lithium end-use markets has been estimated and the share of substitutable lithium in these 
markets has been determined. 
 
This article is organized as follows. First, the further outlining of the research context, this is 
followed by a description of the developed model and scenarios, the associated results 
discussing the impact of substitution and recycling and the feasibility of a full electric scenario, a 
discussion including a sensitivity analysis and a thought experiment addressing the application 
of plugin hybrid electric vehicles (PHEVs) at the cost of battery electric vehicles (BEVs) and a 
concluding section which reflects on the constraints concerning lithium supply in the coming 
decades. 
 
2.2 Research context 
The data available from literature on which the model, to estimate Li2CO3 demand for the EU27 
until 2050, is based on, is elaborated in this chapter. Vehicle development is discussed, combined 
with the applied forecast for PHEVs and BEVs in two scenarios. The theoretical minimum amount 
of Li2CO3 in a Li-ion battery and recycling rates of Li-ion batteries are subsequently addressed. 
When referring to the terms resource or reserves the definitions as formulated by the United 
States Geological Survey (Jaskula, 2009) are applied. 
 
2.2.1 Lithium supply curve 
Gruber et al. (2011) estimate the minimum reserve to be 102 Mt. This includes all in-situ Li2CO3 
resources, such as brines, pegmatite and sedimentary rock. Brines contribute for 66% to the total 
lithium resource. Only 33% of the estimated lithium reserves are currently in production. When 
looking at the current Li2CO3 production sites, it becomes clear that the current producing 
pegmatite reserve is in the order of 15% of the total reserve, against 85% from brines. At this 
moment there is no Li2CO3 produced from sedimentary rock (Gruber et al., 2011; Jaskula, 2012). 
 
Kushnir and Sandén (2012) argue that a possible increase in production in the Salar the Atacama 
(a slat flat) could very well be a limiting factor for incentives to start production elsewhere; 
starting a new mine can take a decade before production starts, which meanwhile ensures the 
dependency on brine facilities. This is underlined by Ebensperger et al. (2005) whom argue that 
Chile possesses the overwhelming share of Li2CO3 in the Salar de Atacama. Their government 
tries to retain its world leadership in Li2CO3 production, which should be possible when taking 
their reserve position and mining culture into account. Therefore, Ebensperger et al. (2005) 
conclude that even though it is not desirable, the most likely outcome is a continuing status quo 
in the Chilean world leadership. The geographical concentration of directly available resources 
and the possible unavailability of a major source of production (e.g. through external 
interference or unexpected dropping of production) can put a severe strain on the Li2CO3 
production rate (Kushnir and Sandén, 2012). 
 
Because of the uncertainties in future production two supply curves are developed in order to 
determine the bandwidth of supply. Rockwood Holdings, Inc. recently issued a press release in 
which they announced to increase production to 50 kt (rockwoodspecialties.com, 2012). In 2009 
the government of Bolivia has begun to build a new brine facility for the production of 30 kt per 
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Figure 2-1: The relative supply forecast for Li2CO3 until 2050 for the BC and BAU scenario. 

year (Goonan, 2012). Sociedad Química y Minera de Chile S.A. states in a press release from 
March 2012 that they aim to maintain their market share of approximately 33% in coming years 
(sqm.com, 2012). The open-pit pegmatite mining operation at Greenbushes in Australia has the 
target of doubling their production in 2012 to 110 t of Li2CO3 (talisonlithium.com, 2012). The 
best case (BC) scenario takes such developments into account and therefore assumes an average 
increase in supply in the order of 8% per year. The business as usual (BAU) scenario assumes an 
average increase of 6% per year (see figure 2-1). 
 
Table 2-1 provides some absolute numbers as a reference. Growth rates are estimated based on 
the 2010 production of 125 kt Li2CO3 (Kushnir and Sandén, 2012). The first half decade of this 
century showed an annual growth rate of about 3% in production and consumption until 2005 
(Ebensperger et al., 2005). The BC scenario assumes a 45 fold increase, which is theoretically 
feasible for the Salar de Atacama (Kushnir and Sandén, 2012). We assumed the Li2CO3 reserves 
to be between 75 Mt, which is half of the total Li2CO3 resource according to Evans (2008), and 
102 Mt (Gruber et al., 2011). The conservative assumption of a 50% recovery rate is more often 
applied in literature (Tahil, 2008; Yaksic and Tilton, 2009; Gruber et al., 2011); therefore at least 
75 Mt can be ascribed as a reserve. The quantity of the lithium end-use markets (Jaskula, 2012) 
and their expected growth rates (Yaksic and Tilton, 2009) are to a large extent clarified. 
 

 
 
 
Table 2-1: Absolute estimated global supply data for Li2CO3 for both scenarios. 

Time Best case (kt) Business as Usual (kt) 
2000 80 80 
2020 340 237 
2050 3511 1659 

 
The discovery of new resources is not taken into account, since the known reserves are large 
enough to fulfil the cumulative demand until 2050. Hence, the constraints do not seem to be on 
the presence of Li2CO3, but on the needed increase in flow rate (Gruber et al., 2011; Kushnir and 
Sandén, 2012). Reserves from producing sites are in the order of 35 Mt, which is about a third of 
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the total reserve. This underlines that the system is not limited by the actual presence of the 
resource. When looking at the supply curves’ growth rates and taking into account that a decade 
is needed for a new facility to start producing, it becomes clear that 80% to 110% of the 
estimated supply in 2020 should already be in development in 2010. It seems that this is the 
case, since there are efforts to increase production rates at existing sites. It is questionable 
whether currently producing sites can foresee in the 45 fold increase estimated in the supply 
curve, since Kushnir and Sandén (2012) emphasise that this increase is uncertain for the Salar de 
Atacama. The possible lag in production can be overhauled by assuming future resource 
discoveries, by bringing known reserves into production or by producing from marginal sources, 
such as, seawater with a backstop technology, for example selective capacitive deionization. 
Confidence in new discoveries and technological innovation can be justified, but actual large 
scale supply from new resources and backstop technologies is more than a decade away. 
Therefore, at least in the first decades until 2030 the most should be expected from expansion 
of existing sites and by bringing known reserves into production. 
 
The United States (US) Li2CO3 import cost has roughly been between US $2 and US $4 . kg-1 in the 
past decades (Goonan, 2012). Li2CO3 cost per battery in our research are therefore in the order 
of US $300, which is less than 1% of the total purchasing cost of a BEV. The cost for Li2CO3 in a 
battery are marginal, which suggests that technology improvements on backstop technologies 
and increased pressure on supply can make these technologies economically viable in the coming 
decades. 
 
2.2.2 Vehicle development in the EU27 
In order to estimate future demand for Li2CO3 and to find whether the estimated supply can 
foresee in this demand a battery driven vehicle penetration rate is estimated together with the 
amount of lithium needed per kWh. 
 
The average level of car ownership (Eurofound, 2010), combined with population data (Eurostat, 
2008), provides the total number of vehicles which is estimated to be 231 million in the EU27 in 
2000. Dargay et al. (2007) have estimated future levels of car ownership for 21 countries part of 
the Organisation for Economic Cooperation and Development, of which 17 are a EU member 
state. This data is used to estimate the average level of car ownership to be 725 (per 1000 
inhabitants) in 2030, which results in a vehicle fleet of 377 million. Dargay et al. (2007) project 
the global vehicle stock to increase from 800 million in 2002 to over 2000 million in 2030. 
Therefore the EU27 possesses respectively, 30% in 2000 and 20% of the total vehicle fleet in 
2030. 
 
Based on EU scenarios (Reiner et al., 2010) we assume an increase of the annual sales of PHEVs 
and BEVs from 0% in 2000 to respectively 40% and 12% in 2030 in both scenarios. The actual 
share of BEVs in the total vehicle fleet is then about 5% against 14% for PHEVs in 2030. The 
remaining part of the vehicles is assumed to have an internal combustion engine (ICE). Regular 
hybrid electric vehicles (HEVs) with small battery packs are categorized under ICEs. The larger 
part of these HEVs do not use lithium containing batteries and are therefore considered as being 
more efficient ICEs in the context of this research. This scenario is in line with European policy. 
There is a 10% target for the share of energy from renewable resources in transport in 2020 
(European Commission, 2009). This can be met by blending biofuels with conventional transport 
fuels or by applying battery driven vehicles. The contribution of BEVs and PHEVs in the total 
vehicle fleet is less than 4% in 2020. 
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2.2.3 Lithium per battery 
The theoretical minimum amount of lithium metal needed to store 1 kWh of chemical energy in 
a battery is equal to 73 gram. This number results from the multiplication of the theoretical 
charge density (3.9 Ah . g-1) with the nominal voltage (3.6 V) (Tahil, 2010). In order to produce a 
Li-ion battery of 1 kWh the theoretical minimum demand for Li2CO3 is 0.39 kg. Kushnir and 
Sandén (2012) and Gruber et al. (2011) use a value of, respectively 160 g and 114 g lithium metal 
per kWh (i.e. respectively 0.85 and 0.6 kg Li2CO3 per kWh). A BEV has a range of 4.4 kilometres 
(km) with a 1 kWh battery (United States Department of Energy, 2010) or 0.23 kWh . km-1. A 
range of 200 km (Gruber et al., 2011) with one fully charged battery appears to be on the low 
side; when comparing with common ICEs the range is a factor 3 to 4 smaller. We therefore 
assumed that a BEV needs a range of at least 400 km to be of actual interest to end-users, which 
results in a battery of 92 kWh. For PHEVs a 10 kWh battery is taken. 
 
The BC scenario assumes a linear increase in efficiency of Li2CO3 needed per kWh, from 180% to 
110% of the theoretical minimum between 2000 and 2050. Thus a battery in the BC scenario 
needs 696 gram Li2CO3 per kWh in 2000 and 426 gram Li2CO3 per kWh in 2050. For the BAU 
scenario the Li2CO3 needed per kWh remains 200% for the whole period studied. Thus a battery 
in the BAU scenario needs 774 gram Li2CO3 per kWh. These values are between the estimated 
values of Kushnir and Sandén (2012) and Gruber et al. (2011) until 2030, after which the increase 
in efficiency in the BC scenario is assumed to be so high that it will be less than the 0.6 kg 
according to their estimations. 
 
2.2.4 Recycling of Li-ion batteries 
Toxco Inc. has developed patented techniques to recover lithium from wastes or batteries in 
1992. They combine the recovery of lithium with the recovery of more expensive materials such 
as cobalt, aluminium, iron and nickel. Already 98% of the available lithium can be recovered and 
reprocessed in order to be again available for the production of batteries (Jungst, 1999). This 
makes clear that it should be feasible and even profitable to recover lithium from waste streams 
when it is combined with the recovery of other materials. Despite the fact that there seem to be 
no companies that recover lithium from batteries in the EU27 (Klimbie et al., 2000), the high rate 
of collection and recycling of more common batteries gives a perspective on what should be 
possible in the coming decades. Oppenheimer and Abell (2008) expect the recovery of lithium 
to continue to grow with the increase in production of electric vehicles. Since Toxco Inc. is an 
example of a company which has made these processes profitable, this research assumes that 
the absence of large scale lithium recovery companies in the EU27 should not be a limiting factor 
in the coming decades, when an annually increasing amount of lithium containing waste 
becomes available for treatment and recovery. More common battery chemistries, such as 
nickel-cadmium or lead-acid, are collected at a rate in the order of 100% in the Netherlands 
(Klimbie et al., 2000). This is also a reason to believe that such recycling rates are possible for 
lithium containing batteries when the facilities for the treatment of these batteries are 
developed, since the infrastructure for collection is already in place. Therefore, this research 
assumes a 100% collection rate for Li-ion batteries, of which linearly 3% to 96% is recovered 
between 2000 and 2030 for the BC scenario, which is in the same range as the recovery rates 
used by Gruber et al. (2011). 
 
The EU has put into force a directive concerning the recycling of batteries, called directive 
2006/66/EC on batteries and accumulators and waste batteries and accumulators (European 
Commission, 2006). Its primal concern seems to be the achievement of environmental aims. It 
prohibits producers from placing mercury or cadmium containing batteries on the market. 
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Besides this, it promotes a high level of recycling and collection of waste batteries. The directive 
obliges member states to meet collection and recycling targets. In September 2012, 25% should 
be collected and 50% to 75%, depending on the materials in the battery, should be recovered. 
In 2016 the collection rate should be up to 45%. The recycling rates are based on average weight 
of batteries. For Li-ion batteries are no strict regulations, therefore they belong in the 50% 
recycling category. This research assumes that for the BAU scenario member states will reach 
the lowest target set by the directive concerning collection and recycling. Both scenarios assume 
the rate of recycling to increase at the same pace after 2030. 
 
According to the US Environmental Protection Agency, the average annual car mileage is around 
12000 miles (EPA, 2010). Considering the lifespan of an average car to be around 2 . 105 miles it 
will be replaced after 15 to 16 years. This research assumes that the battery and vehicle lifetime 
are equal, 16 years, and that the existing infrastructure for conventional battery collection can 
also be used for Li-ion batteries. 
 
2.3 Model and scenarios 
This chapter describes the scenarios and the developed model, which are used during this 
research. 
 
2.3.1 Model description 
For the development of the model the dynamic modelling software Stella II 3.0.7© is applied. 
Figure 2-2 displays a simplified block schedule of the model. The model is driven by the demand 
for vehicles in the EU27, which is subdivided in ICEs, PHEVs and BEVs. The different types of 
vehicles are constructed based on the Li2CO3 demand in the EU27 including recycling. The block 
on the outer left describes the global in-situ reserves. The annual global supply is subtracted and 
a predetermined share is used in the EU27 for the production of PHEVs and BEVs. The amount 
of Li2CO3 produced through recycling is used as an input for new vehicle battery production. 
 
The results from this model are compared with the estimated supply curve, demand from other 
lithium end-use markets and the possibility of substitution of lithium in these markets. This 
subsequently determines whether or not there is enough Li2CO3 available to produce vehicles 
according to the estimated market shares for PHEVs and BEVs. 
 

 
Figure 2-2: Simplified block schedule of the dynamic Stella II 3.0.7© model. 
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2.3.2 Scenarios 
BAU and BC, the studied scenarios, both use the same annual market shares for vehicle 
development (table 2-2). The BC scenario puts less pressure on the demand than the BAU 
scenario, since the lithium requirements for batteries are lower. The BC scenario also puts less 
pressure on the supply because of the assumed higher acceleration of the flow of lithium supply 
compared to the BAU scenario. The BAU scenario is elaborated to determine the impact of less 
efficient batteries and recycling rates. The input parameters for both scenarios are summarized 
in table 2-2. The amount of lithium in a battery is presented as a share of the theoretical 
minimum. The recycling rates have collection rates for batteries incorporated and the shares for 
battery driven vehicles refer to annual market shares. This is therefore not the share of (partly) 
electric vehicles in the total fleet, but the share in the annual sales. The market shares for PHEVs 
and BEVs continue to grow after 2030 to respectively 75% and 25% of the annual market share 
in 2050. 
 
The ratios concerning the vehicle penetration rates are derived from Reiner et al. (2010). This 
scenario is based on the assumption that a globally binding climate convention is closed in 2015. 
The scenario should call for a reduction of 50% in GHG emissions in 2030; it assumes oil prices in 
the order of $200 per barrel and a contribution from both utility and manufacturing companies 
to invest in charging infrastructure. In addition, this is combined with car sharing models and 
local emission free transport in urban areas. This article addresses the feasibility of such a 
scenario in the context of the need for a rapidly increasing Li2CO3 supply. 
 
Table 2-2: Summarised input parameters for the Best case and Business as Usual scenario. 

 Scenario 
 Best case Business as Usual 
 2000 2030 2000 2030 
Lithium in battery 180% 138% 200% 200% 
Recycling rate 3% 96% 0% 57.5% 
BEVs 0% 12% 0% 12% 
PHEVs 0% 40% 0% 40% 

 
2.4 Results 
Here, the Li2CO3 demand for automotive purposes in the EU27 is determined for both scenarios. 
Figure 2-3 compares this demand with the estimated supply curve (figure 2-1) and shows the 
share of the annual global Li2CO3 supply needed by the EU27 to foresee in their demand for 
(partly) battery driven vehicles. Demand fulfilled by recycling is taken into account in figure 2-3 
which means that the shares displayed are to be derived from virgin material. The decrease in 
relative demand after 2030 is due to a continuing increase in supply and an increasing 
contribution of recycling. 
 
Figure 2-3 shows that the BAU scenario demands over 50% of the global supply in a decadal 
period around 2025 for BEVs and PHEVs, only in the EU27, which seems not feasible when 
considering other markets both for batteries and other end-uses on a global level. Therefore, 
this scenario is not taken into account any further. The BC scenario seems more likely with a 
maximum demand of 22% of the global lithium supply. In order to estimate the share of Li2CO3 
available for automotive purposes other market developments should be estimated. We used 
growth rates provided by Yaksic and Tilton (2009) and subsequently the share of Li2CO3 which 
can be substituted was determined. In this way the amount of Li2CO3 which can be used for 
batteries was determined. 
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Figure 2-3: The demand from the EU27 as a share of the global production of Li2CO3 for automotive purposes 
between 2010 and 2050 for both the BC and BAU scenario. 
 
2.4.1 Substitution of lithium compounds in other end-use markets and recycling 
Jaskula (2012) argues that lithium can be substituted in the production of ceramics, glass, greases 
and aluminium. Of the 2011 global lithium end-use markets at least 43% (54 kt Li2CO3) can be 
substituted, this decreases to 25% (94 kt Li2CO3) in 2030. The demand forecast estimates for 
different lithium markets from Yaksic and Tilton (2009) are applied in order to calculate the 
impact of large scale substitution of lithium use in ceramics, glass, greases and aluminium.  
 
The categories for lithium in other end-use markets do not entirely coincide with the categories 
from Jaskula (2012), therefore the categories pharmaceuticals, continuous casting, polymers and 
others from Jaskula (2012) are summarized in the category others as provided by Yaksic and 
Tilton (2009). The primary and secondary battery categories are summarized in batteries from 
Jaskula (2012). This is justified, since Yaksic and Tilton (2009) estimated demand for automobile 
batteries apart from primary and secondary batteries. Ceramics and glass, greases and air-
treatment are provided by both in similar categories. The production of 125 kt Li2CO3 in 2010 is 
used as a reference for further calculation. For every end-use category, the future demand is 
calculated by multiplying the market share of the lithium end-use with the 125 kt and the annual 
change in demand. The amount of lithium needed for other end-use applications than vehicle 
batteries which cannot be substituted is subtracted from the estimated supply. The substitutable 
share and the share available for vehicle batteries remain. This research assumes that the 
amount of annually produced lithium which can be purchased by the EU27, in the form of 
batteries, vehicles or as high-grade Li2CO3, is proportional to the number of vehicles in the global 
vehicle fleet. In this case a linear decrease in availability is assumed from 30% to 20% between 
2000 and 2030 (as explained in section 2.2.2) after which 20% is used until 2050. 
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Figure 2-4: The estimated supply and demand for virgin Li2CO3 in the EU27 for the BC scenario and the 
resulting undersupply in the coming decades1. 

Figure 2-4 shows that the BC scenario results in undersupply despite the contribution of recycling 
and substitution. When substitution and recycling are both applied the supply for vehicle 
batteries increases and the demand decreases causing the cumulative undersupply to be 0.54 
Mt between 2013 and 2033. This undersupply number corresponds with 30 million BEVs that 
could not be produced (about 15% of the BEVs target for 2030). When there is no Li2CO3 available 
through substitution the undersupply increases to 0.95 Mt until 2035. In this case about 25% of 
the 2035 BEVs target could not be produced. These numbers show that the assumed application 
of substitution decreases the lithium undersupply substantially in the first decades. When 
recycling and substitution are both left out the undersupply amounts to 2.8 Mt between 2011 
and 2045. When substitutable end-uses were taken into account the undersupply in this period 
declines with 0.7 Mt. Figure 2-5 shows that substitution is very important until 2020 to enable 
the expansion of the BEV fleet in the EU. The impact of substitution in a transition phase is crucial, 
when recycling is in its infancy, since it strongly decreases the quantity of the undersupply. On 
the long run the role of recycling is the most important one. 
 
Kushnir and Sandén (2012) conclude that other lithium applications play a role on the margin 
but do not affect the viability to produce batteries. Our results show that substitution is required 
in order to decrease the size of the foreseen undersupply after 2013. We agree with Kushnir and 
Sandén (2012) that the dispersion of lithium in other products is marginal on the longer term 
(their scenarios end in 2100). However, in a transition phase in which the demand for batteries 

                                                           
1 The demand excluding recycling assumes that lithium is not recycled, which results in an increased demand 
for virgin material. Demand including recycling shows a reduction in demand for virgin lithium, due to the 
application of recycling. Supply including substitution increases the availability for vehicle batteries at the 
cost of other end-uses. Supply excluding substitution shows the estimated supply in a situation where 
substitution is not applied. This means that other end-uses demand lithium as well, resulting in a decreased 
availability for automotive batteries. 
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is increasing rapidly, substitution can at least relieve the strain on an increased Li2CO3 demand 
to some extent, since the initial impact of recycling is too small to fulfil the hiatus between supply 
and demand. Therefore, the undersupply of lithium results in the postponement of large scale 
adoption of electrically chargeable vehicles in society. This shows that the viability of Li-ion 
batteries in the EU27 is at least partially dependent on substitution. Taking the cumulative size 
of lithium applications in 2100 (Kushnir and Sandén, 2012) besides batteries, is an approach 
which appears to be too general, to use as a determinant for the whole century when considering 
its possible contribution. 
 
Demand for the BC scenario stabilizes after 2040 (figure 2-4) due to an increase in the absolute 
contribution of recycling and the assumed increase in efficiency of batteries. Between 2013 and 
2035 undersupply results in a strain on the availability of Li2CO3 especially in the EU27, which has 
practically no in-situ resources and high ambitions. 
 

 
Figure 2-5: The contribution of recycling and substitution (and their combined contribution) to the total 
demand in the EU27 for Li2CO3 in PHEVs and BEVs between 2010 and 2050. 
 
In order to fulfil the demand from the EU27 when assuming that the available share of Li2CO3 
supply (30% to 20%) is realistic, the BC supply curve has to be adjusted. The 45 fold increase in 
supply (between 2000 and 2050; see figure 2-1) results in a shortage of 0.54 Mt. In order to fill 
this gap the annual supply for the EU27 should be on average 36% higher than the estimated 
availability between 2013 and 2033. Oversupply is visible until 2013 (figure 2-4), which is 
marginal. If these data for supply and demand were further interpolated into the past, the model 
shows oversupply for the first 12 years from 2000 forward. This means that an excess of lithium 
could have been saved by the EU27 in order to foresee to some extent in future undersupply. 
There seems to be no reason to assume that this is the actual case. 
 
2.4.2 Full electric scenario 
In order to determine the size of a full electric vehicle fleet, large scale introduction of BEVs in 
the EU27 is estimated based on the supply curve for the BC scenario (figure 2-1). With the 
estimated supply the total amount of BEVs in 2050 can be in the order of 95 million. Full adoption 
of BEVs is therefore limited, since this scenario results in a share of 20% of BEVs in the European 
vehicle fleet in 2050. 
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2.5 Discussion 
Most assumptions done in this research are quite optimistic. They concern: high recycling rates, 
substitution, an average to low lithium content per kWh, long battery lifetime, a rather high 
share of the lithium supply available for the EU27, a high rate of expansion of existing facilities 
and development of new facilities. Less optimistic is the assumed high range per BEV. Besides 
this the battery driven vehicle development scenario seems rather high. However, the applied 
vehicle scenario results in less than 4% of the vehicle fleet having a battery in 2020 (without 
taking its feasibility into account concerning undersupply). The EU directive on the promotion of 
energy from renewable sources (European Commission, 2009) targets on a share of energy of 
10% from renewable sources in transport in 2020. When taking into account that PHEVs, despite 
their batteries still consume fossil fuels and that BEVs might not have tailpipe emissions, but they 
may still be dependent on electricity with a fossil origin, a lot should be expected from biofuels 
in order to meet such ambitious targets. 
 
When re-considering the minor fraction of the global Li2CO3 resource within the EU27’s territory, 
the assumption that the amount of lithium to be acquired by the EU27 is proportional to the 
amount of vehicles in the global vehicle fleet, is probably on the high side. 
 
The estimated supply curve uses average increase rates of 6% . yr-1 (BAU) and 8% . yr-1 (BC). This 
means that production respectively doubles every, 12 and 9 years. Both are substantial, but still 
result in undersupply for the EU27. When a decade is needed for a new facility to start producing, 
this means that 80% to 110% of the estimated supply in 2020 should already be in development 
in 2010. This means that in 2010 the production of at least 100-138 kt of Li2CO3 should be in 
development. It seems that this may not be the case since Chilean production is expanded to 
maintain its market share (sqm.com, 2012) and therefore its status quo (Ebensperger et al., 
2005) and Bolivian development of the Salar de Uyuni is slower than expected due to the refusal 
of foreign assistance (The Guardian, 2011). The pegmatite mining operation in Greenbushes 
however has shown increased production of 55 t of Li2CO3 in the last year. This research shows 
that only 40% of the reserves that are currently in production are needed to fulfil the global 
demand until 2050. The rate of expansion of producing facilities is therefore the determining 
driver, since they can respond the fastest to changing demand. When expansion cannot keep up 
with increased demand, known reserves should be brought in production, since the technology 
is already available. The large scale application of a backstop technology to produce from 
marginal sources would take more than a decade. This suggests that when a backstop technology 
is ready for production the undersupply problem in the EU27 is almost gone, since supply is 
expected to be larger than demand after 2035. Prices might decrease when this is the case, which 
could make this backstop technology unfeasible within years. 
 
Our research assumes that when competition occurs between different markets for Li2CO3 the 
automotive sector has the advantage over other applications and, therefore, substitution of 
lithium compounds will occur where possible. However, even when large scale substitution is 
applied, the amount of Li2CO3 demanded by the EU27 is disproportionally high, when compared 
to the global size of the Li2CO3 market. What becomes clear is that the strain which is put on 
Li2CO3 supply is larger than the results of this research show, since it is rather improbable that 
other Li2CO3 consuming markets can or will switch to other materials in a timeframe of one 
decade. As further elaborated in the thought experiment, the application of PHEVs at the 
expense of BEVs during a transitioning period in which Li2CO3 supply can increase, might have 
significant advantages.  
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2.5.1 Sensitivity analysis 
The high rates for recycling should be feasible, since the infrastructure for the collection of 
vehicle batteries is already in place. Technology is also available and it is economically feasible 
to recover lithium from batteries when combined with the recovery of other materials. However, 
the EU already admitted in 2011 that only a couple of countries will reach the 2016 target of 45% 
collection for waste batteries (euractiv.com, 2011). This shows that recycling rates as formulated 
in the BAU scenario are not met, let alone the rates estimated for the BC scenario. The 
assumption for the lifetime of a battery of 16 years is optimistic. Therefore, a sensitivity analysis 
is applied to estimate the impact of a battery lifetime of 8 years. The sensitivity analysis shows 
that a doubling of the amount of Li2CO3 per vehicle when assuming a battery lifetime in the order 
of 8 years will not distinctly increase the strain on virgin Li2CO3 production. The amount of lithium 
released earlier for recycling due to an assumed shorter battery lifetime is marginal. The strain 
is put on increased demand from recycling, since the amount of lithium that needs to be supplied 
from recycling is a factor 1.8 higher compared to a 16 year battery lifetime. The lack of lithium 
recovering facilities in the EU27 and the collection targets that are not met so far, suggest it will 
be a challenge to process such quantities. When 8 years is taken as the lifetime of a battery the 
shortage decreases from 0.54 Mt to 0.33 Mt. The cumulative demand for virgin material until 
2050 also decreases with a little over 3% compared to a 16 year battery lifetime. This is also 
reflected in the amount of (partly) electric vehicles which are reduced with almost 4%. 
 
The assumed high range (92 kWh for 400 km) for BEVs can be decreased, resulting in a smaller 
demand for Li2CO3 per vehicle. It is unlikely that this will have a significant impact. Hence, when 
taking a less optimistic battery lifetime and taking halve the assumed range, the results will differ 
only slightly due to increased, but marginal, availability of Li2CO3 from recycling in the first decade 
of the studied period. In order to estimate the sensitivity of the system to the vehicle range, the 
impact of a smaller range for two scenarios (a 40 and a 60 kWh battery) is taken into account. A 
60 kWh battery, which needs on average 34 kg of Li2CO3, is in between the values of Kushnir and 
Sandén (2012) and Gruber et al. (2011) and still results in undersupply. A 40 kWh battery does 
not result in undersupply. The last example is highly dependent on whether the collection and 
recycling rates are attained and if a decreased range is acceptable for the average consumer. 
The quantity of collection and recycling on the long term seems to be the most crucial factor in 
Li2CO3 supply. Furthermore, the available share of the supply for the EU27, the needed rate of 
expansion and new reserves being brought in production are of importance in order to foresee 
in demand. 
 
The optimistic technological assumptions done in this article may probably lead to an 
underestimation of the pressure on lithium availability (rather efficient recycling rates, an 
average to low lithium demand per kWh compared to other articles (Gruber et al., 2011; Kushnir 
and Sandén, 2012), a high share of supply available for the EU27 and a 45 fold increase in 
production). The results (notwithstanding these optimistic assumptions) demonstrate that the 
feasibility of the elaborated scenarios appears to be small. A transition to (partly) electric vehicles 
with a lithium based battery chemistry is therefore not to happen by default. 
 
2.5.2 Thought experiment 
The full electric scenario results in 20% BEVs in the European vehicle fleet, against 180% if these 
vehicles were to be PHEVs (based on battery mass BEVs : PHEVs as 9 : 1). This shows that when 
a shift in the direction of PHEVs is introduced at the expense of BEVs and ICEs the outlined 
demand for Li2CO3 will approximately halve (80 / 180 = 4 / 9). In times of undersupply one can 
choose to produce one BEV or (36.5 kg / 4.1 kg; battery requirements in 2050) nine PHEVs 
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consuming the same amount of Li2CO3. With an assumed range of 44 km a PHEV is more suitable 
for commuting distances, since a BEV carries nine times more mass in its battery, whilst only a 
small part of the battery capacity is used on relatively short commuting distances. This excess of 
mass reduces the efficiency of a BEV on short distances when compared to a PHEV. In terms of 
gasoline use nine PHEVs (2.5 litres (l) . 100 km-1) are also more efficient compared to one BEV (0 
l . 100 km-1) and eight ICEs (5 l . 100 km-1). When Li2CO3 is scarce a shift in the direction of PHEVs 
at the cost of BEVs and ICEs saves almost 2 l . 100 km-1 . vehicle-1, which is advantageous for the 
environment and the average consumer. 
 
2.6 Conclusion 
The confrontation between supply and demand for Li2CO3 in the coming decades has been 
studied with a system dynamics analysis. The results show that the share of lithium to be 
available for batteries on a global scale is significant; the share available for the EU27 is not. 
Obtaining approximately one-fifth at some stage in time is necessary, but not probable when the 
optimistic natures of several model assumptions done during this research are taken into 
account. 
 
The best case scenario estimates a 45 fold increase in Li2CO3 supply in 50 years. As shown this 
ultimately results in an excess in supply (figure 2-4). The coming decades, however, present a 
distinct undersupply even though an average of 8% increase in production per year is assumed, 
which is similar to a decadal doubling of the production. Increases in production are stemmed 
by the fact that these are largely brine dependent. Hence, putting a new facility into production 
can take a decade. Undersupply is a serious risk in the coming decades. A faster increase in the 
Li2CO3 flow rate than estimated in the BC scenario seems improbable. Besides this, a globally 
binding climate convention cannot count on a significant reduction in GHG emissions based on 
the large scale adoption of Li-ion battery driven vehicles. 
 
The impact of recycling is small in the first decades, due to rapid increases in demand and a 
relatively small waste stream available for recycling. On the longer term the impact of recycling 
increases. When substitution is applied on a large scale, this could compensate for recycling and 
alleviate the strain on the undersupply in the EU27. If the supply curve is sound, 20% of the 
European vehicle fleet can be BEVs in 2050. Instead of 20% BEVs, a 100% PHEV adoption scenario 
is also feasible requiring less Li2CO3 and only 63% of the gasoline demand. This results in 
postponing the timeframe of undersupply, which suggests that the optimal adoption of BEVs 
should be gradual, since rapid large scale application of BEVs is not feasible. Therefore, the large 
scale adoption of PHEVs in a transitioning phase, until Li2CO3 is produced on a large scale (at least 
45 times the 2000 production rate), would decrease the strain on the production in the coming 
decades and would also decrease the gasoline demand. This can be followed by large scale 
adoption of BEVs, but this will require some long term coordination to prevent for undersupply. 
 
When transitioning to an electrified vehicle fleet, the aim should be to not become dependent 
on another single material. The lack of resources in the EU27 and the geographical distribution 
of lithium in politically sensitive areas, suggest that the shares of lithium available for the EU27 
in the coming decades will be lower than the assumed shares in this research. Combined with 
the optimistic technological assumptions done in this research, it shows that the flow rate of 
lithium into society and, specifically the increase in flow rate, is the bottle-neck for a transition 
to (partly) battery driven vehicles in the EU27, at least when Li-ion batteries are used. Focusing 
on large scale application of BEVs with Li-ion batteries in order to substantially mitigate CO2 
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emissions in transport is a futile campaign and will result in a shift from energy to material 
dependency at least on a European scale.
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