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Abstract: Electrification of the transport sector will support its decarbonization, yet significantly 14 
change material requirements. This calls for an integrated modeling approach internalizing metal 15 
demand-supply dynamics in low-carbon scenarios to support the Paris agreement on climate 16 
change and sustainable material circulation. Here we develop a step towards the integrated 17 
simulation of energy-materials scenarios by unifying a stock-flow dynamics model for low-carbon 18 
scenarios using linear programming. The modeling framework incorporates lithium supply from 19 
both mines and end-of-life (EoL) recycling for projected use in Electric Vehicles on a global basis. 20 
The results show that supply constraints, which could become apparent from around 2030 in the 21 
case of current recycling rates (<1%), would impede the deployment of Battery Electric Vehicles 22 
(BEVs), leading to the generation of an additional 300 Mt-CO2 of emissions for vehicle operation in 23 
2050. Another important finding is that increasing the recycling rate to 80% could substantially 24 
relieve restrictions on the introduction of BEVs without requiring primary supply from natural 25 
deposits far beyond historical rates of expansion. While EoL recycling is important from a long-term 26 
perspective, an EoL-oriented strategy has little effect on the short/medium-term (such as to 2030) 27 
lithium demand-supply balance because of exponential demand growth and long living batteries. 28 
Importantly, findings in this study emphasize the necessity of tackling climate change and resource 29 
circulation in an integrated manner. 30 
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 33 

1. Introduction 34 
National commitments vis-à-vis the Paris agreement on climate change 1 call for a move away 35 

from fossil fuels towards a large-scale energy transition accompanied by mass deployment of low-36 
carbon technologies including solar PV and electric vehicles (EVs) 2,3. Such radical changes, however, 37 
could substantially affect existing metal resource cycles because these new technologies differ 38 
markedly from conventional technologies in terms of material composition, fuel consumption for 39 
operation and waste management 4. This perspective leads to further concerns of resource constraints 40 
and adverse environmental implications associated with mining activities 5 and calls for system 41 
design based on life-cycle thinking, taking into account the entire supply chain from resource mining 42 
through to end-of-life (EoL) management. Life Cycle Assessment (LCA) is a tool for achieving this, 43 
and has been applied in various contexts including renewable energy technologies 6–8 and EVs 9,10. 44 
These attempts, however, have largely ignored dynamic factors such as the electricity technology mix 45 
and the primary and secondary supply balance of metals, resulting in a ‘snapshot’ at a certain point 46 
in time. These snapshot analyses do not allow for adequate evaluation of new policies and technology 47 
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implementation from a long-term perspective, which is pivotal in the context of environmental 48 
problems including climate change mitigation. 49 

 50 
Reflecting the importance of overcoming this shortcoming, attempts have been made to 51 

undertake LCA with consideration of future technologies and policy evaluation, so-called 52 
prospective-LCA 11,12. Prospective-LCA can examine future potential environmental impacts based 53 
on alternative scenarios by combining dynamic factors such as the electricity technology mix with 54 
inventory data 13–15. Some studies, furthermore, attempt to assess the effects on metal resources 55 
demand by connecting data on the metal contents of each technology to energy scenario outputs from 56 
Integrated Assessment Models (IAMs) 16–18. Although these studies evaluate the implications of 57 
dynamic systemic changes on metal demand and environmental impacts, the ‘material cycles’, which 58 
involve recovery from EoL products, have tended to be underemphasized. Indeed, no modeling 59 
study has hitherto incorporated the implications of circular economy strategies 19 such as reuse and 60 
recycling on energy transitions and the accompanying environmental impacts. The norm has been to 61 
conduct one-way analyses that principally assess the impacts of low-carbon transitions on metal 62 
resource demand, meaning that the implications of resource supply constraints and circulation 63 
improvements on low-carbon transitions have not been adequately addressed. As pointed out in 64 
previous studies 20,21, the nexus between energy and resources is critically important in the context of 65 
the Sustainable Development Goals (SDGs) 22, thus the development of a modeling framework that 66 
comprehensively incorporates the linkage is critical. 67 

 68 
Dynamic-Material Flow Analysis (D-MFA), observing long-term material cycle dynamics with 69 

respect to mass balance, could potentially fill this gap 23–26. By using this method, various bulk metals 70 
such as iron/steel 27–29, copper 30–32, and aluminium 33–35 have been analyzed to understand the 71 
dynamics of their stock and flow in society. D-MFA further evaluates the implications of material 72 
efficiency improvements 36 on climate change mitigation based on detailed stocks-flows modeling 37–73 
39, suggesting its importance because of the huge energy consumptions in bulk metal industries. In 74 
addition to bulk metals, recently, minor metals or so-called 'critical metals’ such as indium and rare 75 
earth elements have been highlighted, due to their potential importance for decarbonization and 76 
concern about supply constraints 40–44. Owing to this, growing number of studies explore the long-77 
term availability of critical metals based on the demand outlook, and imply the potential supply 78 
constraints for the introduction of low-carbon technologies 45–52. Yet, we are still leaving an important 79 
question unanswered: “What are the implications of critical metal supply constraints and circulation 80 
improvements on long-term low-carbon scenarios?” This oversight risks not understanding potential 81 
trade-offs and synergies between climate change mitigation and circular economy strategies -in 82 
particular for minor and critical metals due to the limited amount of consumed energy compared to 83 
bulk metals. 84 

 85 
Herein, we take a step towards the integrated modeling of energy-materials scenarios by 86 

unifying D-MFA with low-carbon scenarios using linear programming to address this important, and 87 
as yet seemingly unanswered, question. Our proposed model internalizes critical metal demand-88 
supply based on dynamic stock-flow modeling into the low-carbon scenario, enabling to quantify the 89 
impacts of constrained metal supply on technology deployments. This model further can capture the 90 
implications of circular economy strategies in the low-carbon transitions as it incorporates potential 91 
critical metal supply from both mines and end-of-life recycling. That is, critical metal cycles and low-92 
carbon transitions can be described in one modeling framework rather than one-way analyses 93 
integrating low-carbon technology scenarios with material demand forecasts. This examination could 94 
support a shift from independent strategies considering only one aspect to nexus strategies 95 
incorporating the idea of linkage between energy and resources, bringing about symbiosis of the 96 
energy and resource sectors that have hitherto been approached in isolation 53. Among various 97 
technologies and metals, we focus on lithium which is essential for battery technologies applied in 98 
electric vehicles and has been identified as particularly critical in previous studies 54–56.  99 
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 100 

2. Materials and Methods 101 
Figure 1 is an overview of the modeling framework proposed in this study, describing the long-102 

term scenario of vehicle introduction under the possible metal demand-supply balance by integrating 103 
stock-flow dynamics model (a tool utilized to conduct D-MFA 25) and linear programming, based on 104 
International Energy Agency (IEA) scenarios at a global scale 2. Notably, our modeling framework is 105 
characterized by quantifying the extent to which critical metal supply constraints and circularity 106 
improvements affect long-term vehicle type choice and well-to-wheel CO2 emissions associated with 107 
vehicle operation. This helps to explore the long-term strategic planning for energy and materials in 108 
an integrated manner. 109 

 110 
The linear programming and inflow-driven dynamics model 23 are connected so that the critical 111 

metal demand and secondary supply from EoL batteries are changed dynamically in response to the 112 
optimized annual inflows of each vehicle type. The stock-driven dynamics model, identified on the 113 
left side of Figure 1, is linked with the IEA's long-term scenarios, and calculates the annual inflows 114 
of various types of vehicles (Internal Combustion Engine Vehicles (ICEVs), Hybrid Electric Vehicles 115 
(HEVs), Plug-In Hybrid Electric Vehicles (PHEVs), Battery Electric Vehicles (BEVs)) under climate 116 
change mitigation strategies that achieve the "2 °C target"1. This is used as a constraint on the 117 
maximum introduction growth rate of EVs (indicating HEV, PHEV and BEV) since new technologies 118 
cannot deploy rapidly due to a lack of production and operational infrastructure. Moreover, the 119 
Hubbert peak model 57 predicts primary metal supply from natural ore up to 2050 based on historical 120 
production and Ultimately Recoverable Resources (URR), creating a supply limit in each year. Thus, 121 
this model can evaluate both critical metal demand-supply balance in the low-carbon scenario to 122 
achieve the 2 °C target and the feedback that supply constraints bring to low-carbon scenarios. Below, 123 
we describe each component in more detail. 124 
 125 

2.1. Description of Modeling Framework 126 
The primary variables in the linear programming are the annual inflows of each vehicle type k, 127 

which are determined to minimize objective function indicating cumulative well-to-wheel CO2 128 
emissions V (t-CO2) for vehicle operation within the scenario period from year l to n. (2015 to 2050): 129 

 𝑀𝑀𝑀𝑀𝑀𝑀 𝑉𝑉 =  ��𝑆𝑆𝑘𝑘(𝑡𝑡)𝜃𝜃𝑘𝑘𝜓𝜓𝑘𝑘𝜙𝜙𝑘𝑘(𝑡𝑡)
𝑘𝑘∈𝐾𝐾

𝑛𝑛

𝑡𝑡=𝑙𝑙

 (1) 

where 𝑆𝑆𝑘𝑘(𝑡𝑡) (cars) indicates stocks (on road) of vehicle type k in year t, 𝜃𝜃𝑘𝑘 and 𝜓𝜓𝑘𝑘 are the annual 130 
mileage (km/yr) and fuel consumption (J/km) of vehicle k respectively. 𝜙𝜙𝑘𝑘(𝑡𝑡)  represents CO2 131 
intensity (t-CO2/J) for consuming fuels or electricity, which changes over time reflecting changes in 132 
the electricity technology mix. 133 

 134 
In this case, 𝑆𝑆𝑘𝑘(𝑡𝑡) is calculated based on the inflow-driven dynamics model shown in equation 135 

(2). 136 

 𝑆𝑆𝑘𝑘(𝑡𝑡) = 𝑆𝑆𝑘𝑘(𝑡𝑡 − 1) + 𝐼𝐼𝑘𝑘(𝑡𝑡) − � 𝐼𝐼𝑘𝑘(𝑡𝑡 − 𝑎𝑎)𝑔𝑔(𝑎𝑎)
𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚

𝑎𝑎=0

 (2) 

where 𝐼𝐼𝑘𝑘(𝑡𝑡) (cars) indicates vehicle inflow in year t, and the final term on the right-side of the 137 
equation expresses vehicle outflows represented using lifetime distribution g (a) (-) (a Weibull 138 
distribution is utilized here). 139 
 140 

Three constraint equations are set as follows, which are the balance of total annual vehicle stocks, 141 
the introduction growth rate of EVs and the demand-supply balance of lithium. 142 
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 143 
(A) Constraints on total stock balancing 144 

We assume that the total stocks of vehicles are equivalent to the above IEA scenario: 145 

 �𝑆𝑆𝑘𝑘,𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡)
𝑘𝑘∈𝐾𝐾

= �𝑆𝑆𝑘𝑘(𝑡𝑡)
𝑘𝑘∈𝐾𝐾

 (3) 

 146 
(B) Constraints on growth rate of electric vehicles 147 

It is well known that emerging technologies cannot diffuse rapidly in the market, but gradually 148 
expand by following a growth curve 27. This study, therefore, sets constraints on the growth rate of 149 
EVs based on the 2 Degree Scenario (2DS) of the IEA which depicts the pathway to achieve the global 150 
2 °C temperature rise target 2 specified in the Paris agreement 1. 151 

 𝐼𝐼𝑘𝑘′,𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) ≥ 𝐼𝐼𝑘𝑘′(𝑡𝑡) (4) 

where 𝑘𝑘′  indicates emerging vehicle types expressing HEVs, PHEVs and BEVs while k includes 152 
ICEVs. Here, 𝐼𝐼𝑘𝑘′,𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡) (cars) is calculated by the stock-driven dynamics model shown in equation 153 
(5). 154 

 𝐼𝐼𝑘𝑘′,𝑖𝑖𝑖𝑖𝑖𝑖(t) = 𝑆𝑆𝑘𝑘′,𝑖𝑖𝑖𝑖𝑖𝑖(t) − 𝑆𝑆𝑘𝑘′,𝑖𝑖𝑖𝑖𝑖𝑖(t − 1) + � 𝐼𝐼𝑘𝑘′,𝑖𝑖𝑖𝑖𝑖𝑖(𝑡𝑡 − 𝑎𝑎)𝑔𝑔(𝑎𝑎)
𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚

𝑎𝑎=0

 (5) 

 155 
(C) Constraints of lithium demand-supply dynamics 156 

To quantify the implications of metal supply constraints and circulation improvements on long-157 
term low-carbon scenarios, potential future supply should be modeled as an exogenous variable. 158 
However, there are no robust modeling frameworks to predict metal supply accurately, since it is 159 
determined by various complex factors such as market trends, price dynamics, and geopolitical 160 
factors. Under such circumstances, Hubbert peak theory 57, defining that the annual production of 161 
finite natural resources resembles a symmetrical bell-shaped curve which eventually approaches zero 162 
as resources are depleted, has been considered relatively plausible, and been employed in many 163 
studies in recent years 58–65. Therefore, the Hubber peak model was also used to estimate the future 164 
supply of lithium in this study. 165 
 166 

Here, cumulative production 𝑄𝑄(𝑡𝑡) up to year 𝑡𝑡 is expressed by equation (6).  167 

  𝑄𝑄(𝑡𝑡) =
𝑈𝑈𝑈𝑈𝑈𝑈

1 + 𝑒𝑒−𝑟𝑟(𝑡𝑡−𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚) (6) 

where URR denotes ultimately recoverable resources (tons) estimated by adding historical 168 
cumulative production and current known reserves (estimated to be 15 Mt in this study), 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 (yr) 169 
is the year of peak production, and 𝑟𝑟 is the slope constant. When peak production is taken as 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 , 170 
the URR can be expressed by equation (7). 171 

 𝑈𝑈𝑈𝑈𝑈𝑈 =
4𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑟𝑟

 (7) 

Therefore, global annual production from natural deposits in year 𝑡𝑡 is given by equation (8). 172 

 𝑃𝑃(𝑡𝑡) =
2𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

1 + cosh(𝑟𝑟(𝑡𝑡 − 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚)) (8) 

where 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚, 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑟𝑟 were determined by fitting to historical production from 1900-2016 using 173 
the least squares method and estimated to be as follows: 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚: 264 (kt), 𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚: 2058 (yr) and 𝑟𝑟: 0.07 174 
(-). 175 
 176 
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In addition to primary production from mines, the potential amount of secondary supply 177 
recovered from EoL batteries 𝑊𝑊(𝑡𝑡) is estimated by equation (9) and assumes closed-loop recycling 178 
without losing functional quality 66. 179 

 𝑊𝑊(𝑡𝑡) = 𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑘𝑘𝑀𝑀𝑘𝑘(𝑡𝑡) � 𝐼𝐼𝑘𝑘(𝑡𝑡 − 𝑎𝑎)𝑔𝑔(𝑎𝑎)
𝑎𝑎𝑚𝑚𝑚𝑚𝑚𝑚

𝑎𝑎=0

 (9) 

where 𝑀𝑀𝑘𝑘(𝑡𝑡) is the lithium content (t/car) in vehicle k and 𝐸𝐸𝐸𝐸𝐸𝐸 𝑅𝑅𝑅𝑅𝑘𝑘 (%) represents the EoL recycling 180 
rate 67 of lithium, which is exogenously set according to the scenarios. 181 
 182 

Finally, the lithium demand-supply balance constraint can be expressed by equation (10). 183 

 �𝑀𝑀𝑘𝑘(𝑡𝑡)𝐼𝐼𝑘𝑘(𝑡𝑡) + 𝑂𝑂𝑂𝑂ℎ𝑒𝑒𝑒𝑒 2016
𝑘𝑘∈𝐾𝐾

≤ 𝑃𝑃(𝑡𝑡) + 𝑊𝑊(𝑡𝑡) (10) 

where 𝑂𝑂𝑂𝑂ℎ𝑒𝑒𝑒𝑒 2016  indicates lithium demand for non-EV applications, estimated by subtracting 184 
demand for EVs from total demand in 2016 and assumed to remain constant into the future.   185 
 186 
2.2. Data and Scenario Setting 187 

The modeling framework proposed in this study requires various statistical data on vehicles and 188 
metals (lithium in this study). Historical vehicle stock data from 1971 to 2015 were gathered from the 189 
literature 68,69, and future stock up to 2050 under the 2 °C target was obtained from the 2DS 2. The 2DS 190 
depicts a path to limit global temperature rise to 2 °C by 2100, by assuming roll out of vehicles 191 
requiring an order-of-magnitude change in manufacturing of technology. In this scenario, the share 192 
of EVs on the road is indicated as 18% in 2030 (HEVs 7%, PHEVs 6%, BEVs 5%) and 58% in 2050 193 
(HEVs 16%, PHEVs 24%, BEVs 18%). Although the deployment of fuel cell vehicles is also indicated 194 
in the 2DS, we have excluded it because of a lack of reliable data related to lithium use and well-to-195 
wheel CO2 emissions and relatively small deployment (0.3% in 2030 and 1% in 2050). The annual 196 
mileage and fuel consumption used to calculate CO2 emissions at the phase of vehicle operation and 197 
the CO2 intensity of each fuel were set with reference to the literature 69,70. The CO2 intensity of 198 
electricity that drives EVs was set based on the 2DS, indicating decreases year by year, reflecting the 199 
increase in the percentage of renewable energy and other low-carbon technologies. Average lifetime 200 
and lifetime distribution of vehicles used in the stock-flow dynamics model were set with reference 201 
to the literature 27,33. 202 

 203 
The historical production of lithium during 1900-2016 was gathered from literature and 204 

databases 71–73, and current known reserves were set based on the USGS database 72. The lithium 205 
content of each vehicle type was set by calculating the average from various studies 40,51,74–77. Note that 206 
lithium content may change year by year, reflecting technological development, such as more lithium 207 
intensive batteries (e.g., lithium-sulfur batteries78) or lithium-free batteries (e.g., sodium-ion batteries 208 
79). However, we assumed it to be static and constant in the future because of the large uncertainties. 209 
For the EoL recycling rate associated with circular economy strategies, three scenarios were set based 210 
on the literature 80, namely, low recycling scenario (0%), medium recycling scenario (40%), and high 211 
recycling scenario (80%). The indicated recycling rates were determined by the efficiency of the entire 212 
battery recycling chain and illustrate current, realistic, and optimistic cases, respectively 81. 213 

 214 

2.3. Sensitivity Analysis 215 
Various parameters are undermined by uncertainties which potentially affect the results. Thus, 216 

we explore the impacts of our modeling assumptions by way of a sensitivity analysis. Investigated 217 
parameters are URR, metal content, and growth rate for non-EV applications. 218 

 219 
First, identified reserves of lithium have been increasing year by year, representing a 4-fold 220 

increase in 2016 from year 2000 amounts 72. This is because the estimated value of reserves is 221 
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determined by various parameters such as cost of extraction, price of metal, and technologies, which 222 
are changing over time. Since it is known that the value of URR has a substantial influence on the 223 
forecast of supply using the Hubbert peak model 58,65,71,82, we predicted the lithium supply and re-ran 224 
the model in the case of 24 Mt and 55 Mt of URR, which were identified as best and maximum 225 
estimates, respectively, by Mohr et al 71. Another important source of uncertainty is the lithium 226 
content of each vehicle type, which was set by calculating the average from multiple studies 40,51,74–77. 227 
In these documents, BEV, for example, has a wide range of lithium content, from 2,400 to 12,700 g/car, 228 
suggesting huge uncertainty. Thus, we tested the implications of this on the outcomes by applying 229 
the maximum and minimum value in the literature (the uncertainty range is presented in Table S2 in 230 
the supporting information). Finally, the impact of the lithium demand scenario for non-EV 231 
applications was investigated, since other technologies, such as stationary energy storage and cell 232 
phones, might also require substantial amounts of lithium. We assumed here that demand from non-233 
EV applications grows at the same rate of GDP in IEA’s 2DS 2 and at 5% based on a previous study 234 
80. 235 
 236 

3. Results 237 

3.1. Global Lithium Demand-Supply Balance to 2050 238 
Figure 2 shows the estimated lithium demand-supply balance up to 2050 based on the IEA’s 239 

low-carbon scenario with potential recovery from EoL batteries, and indicates that supply constraints 240 
could occur from around 2030 without recycling, due to the rapid growth rate of EVs. Globally, 241 
lithium supply could continue to increase until 2058 and reach around 243 kt in 2050 based on the 242 
Hubbert peak model, which is equivalent to around 6-fold higher than 2016. Lithium demand, 243 
however, could grow faster than supply, reaching 370 kt in 2050, making supply constraints a real 244 
concern from a long-term perspective. 245 

 246 
When we consider recycling from EoL batteries as well as primary supply from natural reserves, 247 

secondary supply fills most of the gap between demand and supply in the case of the high recycling 248 
scenario (assuming 80% recycling rate), and total supply in 2050 could be increased to around 362 kt. 249 
Results also reveal that the demand-supply gap could not be filled even if achieving a 40% recycling 250 
rate during the modeled period, suggesting that supply constraints would become problematic from 251 
around 2035. 252 

 253 
In reality, the rapid increase in lithium demand for EVs could stimulate investment in further 254 

development of mining and boost lithium supply from natural deposits. 255 
However, it should be emphasized that a substantial increase in mining activities, which greatly 256 
exceeds past rates of expansion, could be avoided by increasing the recycling rate to 80%. This is an 257 
important perspective because lithium production from brine adversely affects access to clean water 258 
and spodumene generates a large amount of mine waste resulting in land transformation and 259 
vegetation destruction 56. In this context, another important finding here is perhaps that EoL recycling 260 
has a small impact on boosting supply in a phase of exponential growth such as around 2030 even if 261 
the recycling rate is raised to 80%. For example, secondary supply in the high recycling scenario only 262 
contributes 9% of total supply in 2030. In 2050, on the other hand, this value exceeds 30%, implying 263 
that an EoL recycling-oriented strategy has little effect in the coming years. This is because the mass 264 
generation of discards lags the rapid increase in demand due to the fact that battery lifetime 'locks in' 265 
recycling potential into society. That is, an EoL-oriented strategy would be more crucial from a long-266 
term perspective such as up to 2050 than in the short/medium term, in the case of emerging 267 
technologies including the lithium-ion battery. 268 
 269 

3.2. Implications of Circular Economy Strategy on Low-Carbon Scenarios 270 
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Figure 3 presents optimized introduction scenarios for each vehicle type under lithium demand-271 
supply dynamics with different assumptions on EoL recycling rates up to 2050. The results show that 272 
the deployment of BEVs is restricted due to the lack of lithium supply and ICEV increases for that 273 
amount from around 2030 in the case of low and medium recycling scenarios compared to the high 274 
recycling scenario, in which the demand-supply gap is covered by secondary supply from EoL 275 
batteries. Here, the results reveal that HEVs and PHEVs with lower CO2 emissions per lithium usage 276 
(CO2/Li-t/km) are deployed preferentially over BEVs to minimize cumulative CO2 emissions in the 277 
scenario period under the lithium supply constraints. In reality, however, it is unrealistic for HEVs 278 
and PHEVs to be allowed to use the full lithium supply without constraints, and for BEVs to obtain 279 
the rest. It should therefore be noted that the lithium supply distribution has been automatically 280 
determined here to minimize cumulative well-to-wheel CO2 emissions in the scenario period rather 281 
than reflecting the real world. 282 

 283 
The constrained BEV deployments lead to a difference in CO2 emissions for vehicle operation 284 

over time as shown in Figure 4, indicating that the low recycling scenario generates an additional 300 285 
Mt-CO2 in 2050 relative to the IEA scenario that does not consider the potential lithium demand-286 
supply balance. This amount corresponds to around 16% of total emissions from passenger light-287 
duty vehicles in 2050 in the 2DS, emphasizing the large impacts of constrained lithium supply on CO2 288 
emissions. The results also imply that improving the EoL recycling rate to 40% could reduce this 289 
amount by 52%, and a 99% reduction could be accomplished by an 80% recycling rate. These 290 
estimations highlight the implications of metal circulation improvements on low-carbon scenarios, 291 
which is an important contribution of this study brought about by ideas of integrating critical metal 292 
stock and flows into low-carbon forecasting. Importantly, the results of this study do not deny the 293 
mass deployment of EVs in the context of climate change mitigation, but underscore the importance 294 
of resource circulation improvements at the same or faster pace as EV introduction. 295 

 296 

3.3. Impacts of Parameters Uncertainty 297 
Figure 5 demonstrates the results of the sensitivity analysis expressed in terms of estimated 298 

inflows of each vehicle type up to 2050. The results clearly illustrate that the largest impact is driven 299 
by the lithium content of each vehicle type. In the case of employing the maximum value of lithium 300 
content obtained from the extant literature, the spread of BEVs is greatly restricted due to the 301 
constrained lithium supply, which also inhibits the introduction of PHEVs. Consequently, this 302 
scenario generates an additional 800 Mt-CO2 of emissions in 2050 compared to the IEA scenario, 303 
which is equivalent to 40% of total emissions from passenger light-duty vehicles in the 2DS. When 304 
assuming the minimum value, on the other hand, no EVs restrictions can be confirmed, and thus 305 
there are no additional CO2 emissions. Furthermore, we can also observe that our modeling 306 
framework has a high sensitivity to URR and demand growth rate for non-EV applications. These 307 
assumptions are intrinsically uncertain, but the sensitivity analysis performed herein underscores the 308 
necessity of further scientific efforts to integrate energy and materials scenarios more robustly. This 309 
might include the development of a metal content database, metal supply projection models 310 
incorporating demand-supply interaction and market price dynamics, and various product 311 
dissemination scenarios. 312 

 313 

4. Discussion 314 

4.1. Need to Integrate Critical Metal Cycles into Low-Carbon Scenarios 315 
This study quantitatively demonstrates that the rapid growth in lithium demand causes 316 

demand-supply imbalance up to 2050, which impedes the deployment of BEVs and consequently 317 
increases CO2 emissions. Alarmingly, the 2°C target specified in the Paris agreement demands 318 
substantial improvements in critical metal circulation in the transport sector. This perspective firmly 319 
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suggests the necessity of internalization of critical metal flows and stocks in low-carbon scenarios to 320 
highlight synergies and trade-offs between climate change mitigation and circular economy 321 
strategies. Despite the importance of this work, existing scenario reports on climate change, including 322 
the IPCC's 5th Assessment Report 3, the IEA's World Energy Outlook 83, and Energy Technology 323 
Perspectives 2, have not successfully incorporated it so far. In other words, the path towards the low-324 
carbon society specified in these scenarios is heavily reliant on the suspicious assumption that natural 325 
resource supply in substantial quantities is possible over the long term, up to 2050 or even 2100. 326 
Again, we revealed that this assumption is problematic, as many others have previously stated 45–52, 327 
and a low-carbon transition cannot be achieved without substantial improvements in EoL recycling 328 
rates. Thus, we argue that minor or critical metal cycles should be embodied in the discussion of 329 
climate change mitigation in addition to energy-intensive materials cycles such as those of iron and 330 
aluminium. 331 
  332 

4.2. Limited Impacts of EoL-Oriented Strategies in the Short/Medium Term 333 
Another important finding of this study is that EoL recycling of lithium-ion batteries has limited 334 

impacts on short/medium-term lithium demand-supply balance while being important from a long-335 
term perspective to ensure sufficient supply for batteries in electric vehicles. This finding implies that 336 
strategies other than those which are EoL-oriented should be actively examined in the coming years 337 
that are expected to be an exponential growth stage. Nevertheless, several companies have been 338 
looking for business opportunities focused on the EoL stage. For example, Toyota has created 339 
incentives for customers to return their batteries at EoL 84 and Renault is involved with a number of 340 
projects on the reuse of batteries once they reach EoL in EVs, such as reuse for stationary energy 341 
storage 85. Needless to say, these attempts are critically important in the creation of a circular economy, 342 
but it should be recognized that there is a time lag between a rapid increase in demand and the 343 
generation of a certain amount of waste, as shown in this study. In this context, various strategies, 344 
not just focusing on EoL phases, should be investigated, such as improvements in loss in the 345 
manufacturing phases through recovering process scrap and car-sharing contributing to a reduction 346 
in overall vehicle demand. 347 

4.3. Future Research Directions 348 
In terms further research in this domain, modeling full life-cycle CO2 emissions considering the 349 

future electricity technology mix and primary and secondary metal supply dynamics could be an 350 
important task, although it would call for complex system descriptions and myriad assumptions to 351 
analyze the stocks and flows of all the metals required in vehicles. Modeling an advanced recycling 352 
system, one which enables achievement of a high recycling rate, is also required, as such a system 353 
likely demands additional energy consumption leading to increased CO2 emissions. In this regard, it 354 
would be worth investigating the optimal dual variable corresponding to Equation (10), which shows 355 
how much CO2 emissions could be reduced when the right-hand side of Equation (10) increases by 1 356 
t. To better understand the implications of integrated simulation of energy-materials scenarios, 357 
furthermore, social-environmental consequences associated with critical material supply should be 358 
internalized in the model in addition to the physical demand-supply dynamics examined in this 359 
study. Namely, it would be important to consider and manage various impacts accompanying 360 
mining activities, including damage to ecosystems in terms of mine waste 86, water risk 87, and 361 
biodiversity loss 88 and social factors such as health damage and human rights 89,90, as responsible 362 
sourcing would be increasingly required in the coming decades 91. These attempts would allow for 363 
informed discussions of trade-offs and synergies between resource circulation and climate change 364 
from broader perspectives. 365 
 366 
Supporting Information. Background data for model execution and sensitivity analysis. 367 
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 607 
 608 

 609 
Figure 1. Overview of the modeling framework to develop integrated scenarios of energy and materials. Annual inflows of each vehicle type up to 2050 are 610 
successively determined to minimize cumulative well-to-wheel CO2 emissions for vehicle operation, under the condition of annual metal production from the 611 
Hubbert peak model and growth rate of electric vehicles from the stock-driven dynamics model linking to the IEA’s 2 Degree Scenario. The linear programming 612 
and inflow-driven dynamics model are connected so that critical metal demand and secondary supply from EoL batteries change dynamically in response to the 613 
optimized annual inflows of each vehicle type. Note that all decision variables in the model are non-negative.  614 
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 615 
Figure 2. Predicted lithium demand-supply balance up to 2050, suggesting that supply constraints could occur from around 2030 without secondary supply from 616 
recycled material. Supply-Low, Medium and High recycling scenarios assume 0%, 40% and 80% recycling rates respectively. Demand-IEA 2DS represents the 617 
estimated demand in IEA’s 2 Degree Scenario without consideration of lithium demand-supply balance. 618 
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  619 
Figure 3. Estimated inflows of each vehicle type (ICEV: Internal Combustion Engine Vehicles, HEV: Hybrid Electric Vehicles, PHEV: Plug-In Hybrid Electric 620 
Vehicles, BEV: Battery Electric Vehicles) up to 2050 under lithium demand-supply dynamics with different assumptions of end-of-life (EoL) recycling rates. Low, 621 
Med and High recycling scenarios assume 0%, 40% and 80% recycling rates respectively. Shaded areas represent ranges due to the EoL recycling rate and the bar 622 
on the right side indicates ranges caused by differences in EoL recycling rates in 2050.  623 
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 626 
Figure 4. Increases in well-to-wheel CO2 emissions relative to the IEA’s 2 Degree Scenario at the phase of vehicle operation in each scenario from 2015 to 2050. Low, 627 
Medium and High recycling scenarios assume 0%, 40% and 80% recycling rates, respectively. 628 
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 630 
 631 

 632 
Figure 5. Sensitivity of the model to various assumptions indicating ultimately recoverable resources (URR), metal content, and growth rate for non-electric vehicle 633 
(non-EV) applications expressed by estimated inflows of each vehicle type to 2050. ‘Base’ reflects the representative value set in this study with a 0% recycling rate. 634 
'Metal max' and 'Metal min' express respectively the maximum and minimum values in the lithium content of each vehicle type found in the literature 40,51,74–77. 635 
'GDP' and '5%' indicate the growth rate for non-EV applications corresponding to the GDP growth rate in IEA’s 2 Degree Scenario 2 and 5% annual growth found 636 
in a previous study 80. 'URR med' and 'URR max' demonstrate respectively the median and maximum values of estimated URR obtained from the literature 71. 637 
Shaded areas represent ranges due to the assumptions and the bar on the right side indicates ranges of inflows for each vehicle type in 2050. 638 
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