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Appx A1. Lifespan scenarios

To calculate the lifetime of the vehicles and describe survival possibility, we applied 
Weibull cumulative distribution function f (T, τ, k, λ) : 

			   f (T, τ, k, λ) = 1 - 

in which, k is a shape parameter and λ is a scale parameter. 

As shown in Table A1 and Figure A1, the parameters k = 4.03 and λ = 13.43 for the 
long lifespan scenario were fitted from the outage data published by CBS ("CBS Open 
Data Source", 2019), which provided a survsival curve of about 75% after 11 years and 
less than 10% after 16.4 years. The parameters k =1.89 and λ =10.3 for the short lifes-
pan scenario were based on the previous study (Deetman et al., 2018), which provided 
a survival curve of about 80% after 5 years, 50% after 8.5 years. 

Figure A1. Survival possibility distribution for different scenarios.

Table A1. Lifespan parameters for different scenarios

Scenario EVs EV battery

Short lifespan 
scenario

k = 1.89
λ = 10.3

k = 1.89
λ = 10.3

Long lifespan
scenario

k = 4.03
λ = 13.43

k = 4.03
λ = 13.43

Extended EV use
scenario

k = 4.03
λ = 13.43 8 years
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Appx A2. Dutch government goals for promoting electric  
vehicle sales

The Climate Agreement stipulates a target of 30% GHG emissions reduction from 
the passenger transport sector by 2030, compared to 1990 level (Dutch Ministry of 
Economic Affairs and Climate, 2019). To meet the goal, one of the key actions is to 
phase out passenger cars with internal combustion engines by promoting the adoption 
of electric vehicles. The government has presented a detailed plan to virtually ban the 
sales of petrol- and diesel-powered cars in favor of battery-powered vehicles:

	 • by 2020, 10% of new passenger cars sold will have an electric powertrain and 	
	 a plug. 

	 • by 2025, 50% of new cars sold will be equipped with an electric powertrain 		
	 and a plug, and at least 15% of these vehicles will be fully electric-powered. 

	 • by 2030, 100% of new cars sold will be emissions-free.

Figure A2. Market share of HEVs, PHEVs and BEVs in the Netherlands through 2040. Scatters 
represent historical data before 2019.
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​Table A2. Top sales BEV and PHEV models in the Netherlands by 2019

Vehicle 
type EV model Lauched 

time
Total 
sales

Battery 
cathode 
chemistry

Battery 
capacity 
(kWh)

Stated 
driving 
range 
(km)

BEV Nissan LEAF 2011 2312 LMO-poly 24/30 125
Renault Zoe (2012) 2012 1797 LMO-poly 26 140
FIAT 500E 2012 789 LMO-poly 24 145
BMW i3 (2013) 2013 1031 LMO-poly 22 130
Tesla Model S 2013 13922 NCA 75 - 100 330 - 490
SMART - For Two 2013 630 NMC-111 17 101
SMART - For Four 2013 416 NMC-111 17.6 101
Mercedes-Benz 
B250E

2015 370 NCA 28 150

Volkswagen Golf 2015 263 NMC-111 24 130
Volkswagen Golf
(after 2016)

2016 5326 LMO-poly 35.8 300

Tesla Model X 2016 4632 NCA 75 - 100 330 - 490
Hyundai ioniq 2016 2646 NMC-622 28 190
Opel Ampera 2016 1246 NMC-622 60 380
BMW i3 (2017) 2017 2240 LMO-poly 33 183
Tesla Model 3 2017 7463 NCA 85 - 100 350 - 500
Jaguar I-pace 2017 3514 NMC-622 90 415
Renault Zoe (2017) 2017 2944 NMC-622 41 255
BMW i3 (2018) 2018 1681 LMO-poly 42.2 220
BMW i3s 2018 1005 LMO-poly 42.2 220
Nissan LEAF 
(2018)

2018 5258 NMC-523 40 245

Hyundai Kona 2018 3598 NMC-622 39.2 246
KIA Niro 2018 2241 NMC-622 39.2 246
AUDI e-tron 2018 720 NMC-622 71.2 260

PHEV Mitsubishi  
Outlander

2013 23943 LMO/NMC 12 --

Vovol V60 Plug-in 2013 13847 NMC-111 10.4 --
Volkswagen Golf 2014 10915 NMC-111 8.8 --
Volkswagen Passat 2014 8065 NMC-111 10 --

Data source: RDW, CBS, EV Database
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Battery capacity and Metal intensity  

Figure A3. Estimated power capacity of EV battery used in BEVs based on the driving range 
assumptions for 350 km, 450 km and 550 km (Low/ Medium/ High). Scatters represent average 
battery power capacity of the lunched BEV models by 2019.

Table A3. Metal intensities in different type of lithium 
batteries

Battery 
chemistry

Li 
(kg / kWh)

Co 
(kg / kWh)

Ni 
(kg / kWh)

LMO-poly 0.113 0 0

NCA 0.115 0.141 0.749

NMC-111 0.170 0.445 0.443

NMC-622 0.145 0.211 0.675

NMC-811 0.115 0.094 0.749
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Appx A3. Sensitivity analysis

We also tested the uncertainty ranges for the metal intensity in battery packs under the 
consideration of potential enhancement of lithium-ion battery performance, which 
is mainly governed by the energy density of LIBs (Cano et al., 2018; Schmuch et al., 
2018). The calculation was based on medium power capacity assumption for different 
lifespan scenarios. As shown in Figure A4, the yearly range of Li, Co and Ni was about 
7% to 8%.

Figure A4. Variation of annual Li, Co and Ni demand caused by the uncertainty of metal inten-
sity. Solid lines represent the results under the assumption of battery capacity for the medium 
driving range.
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Appx A4. Estimation on potential secondary Li, Co and Ni

In order to test whether the recovered metals can meet the dutch primary demand for 
Li, Ni, and Co in the coming future, we estimated the amount of metals potentially 
recovered through the recycling processes. The collection rates of discarded EV 
batteries was assumed to be 100%. 

In open loop recycling, the recycled metals may subsequently be used in any industrial 
sectors (e.g., recycled Co and Ni applied in the production of catalysts, superalloy 
and hard metals; recycled Li applied in cement production (Godoy León et al., 2020; 
Kayo et al., 2019; Song et al., 2019). The open-loop recycling rates of Li, Co and Ni 
based on the previous studies were listed in Table A4, and they were assumed to keep 
increasing in the future due to the development of recycling technology (Godoy León 
et al., 2020; Graedel et al., 2011; Harper et al., 2019; Hund et al., 2020; Song et al., 
2019). The amount of recovered metals was calculated by multiplying the outflow from 
the end-of-life EV batteries for each lifespan scenarios to their recycling rates, shown 
in Figure A5. To assess whether the potential secondary metals to meet demands for 
the Dutch industry in the future, the imported record of primary Li, Co, and Ni in 
the Netherlands in 2019 was collected from the database of UN comtrade (HS code of 
commodities contained each metals were listed in Table A5). The metal content the 
commodities was determined with reference to ore grades, composition formulae of 
compounds and content ratios specified by industrial standards.

In closed loop recycling, the recycled metals may be returned to the manufacturing 
processes within the same sector minus minimum losses in refining, which means that 
recycled Li, Co and Ni would be required to meet battery-grade quality and be shipped 
to the original country of battery production. To date, the closed-loop recycling rates 
for Li, Co and Ni within the battery sector is still less than 5%, and no major improve-
ment is expected in the coming decade (Harper et al., 2019; Hund et al., 2020; Xu et al., 
2020).Although the closed-loop recycling rate is expected to grow in the late 2020s, the 
expected amount of the recycled metals in the Netherlands for new battery production 
would only account for 10% of its total annual demand in 2040.
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Table A4. Average open-loop recycling rate of 
metals

Year Li Co Ni

2010-2020 1% 55% 45%

2020-2030 15% 70% 60%

2030-2040 60% 85% 85%

Table A5. Imported commodities containing primary Li, Co and Ni 
in 2019 in the Netherlands

HS code Commodity name HS code Commodity name

260400 Nickel ores and concentrates 282520 Lithium oxide and 
hydroxide

260500 Cobalt ores and concentrates 283691 Carbonates; lithium 
carbonate

282200 Cobalt oxides and hydrox-
ides; commercial cobalt 
oxides

283324 Sulphates; of nickel

282734 Cobalt chloride 282735 Chlorides; of nickel

810510 Cobalt, unwrought, matte & 
other intermediate prod-
ucts,waste,scrap 

750100 Nickel mattes; nickel 
oxide sinters and 
other intermediate 
products of nickel 
metallurgy

282540 Nickel oxide and hydroxide 750210 Nickel; unwrought
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Figure A5. Estimated amount of potential secondary Li, Co and Ni in the Netherlands through 
2040. Solid-dashed lines represen t the results under the assumption for medium battery capac-
itys. Scatters represent the imported record of primary metals in 2019 in the Netherlands based 
on the data collected from the UN Comtrade database (https://comtrade.un.org/data).
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Appx B1. Dynamic MFA model

Four types of passenger vehicles were included in this study: Battery Electric Vehicles 
(BEVs), Plug-in Hybrid Electric Vehicles (PHEVs), Hybrid Electric Vehicles (HEVs), 
Internal Combustion Engine Vehicles powered by gasoline (ICEV-G) or diesel 
(ICEV-D). The future stock of passenger vehicles for each country was estimated from 
historical registration data collected from the Eurostat (European Commission, 2023) 
and the European Automobile Manufacturers Association (ACEA) (European Auto-
mobile Manufacturers’ Association, 2021) by assuming a vehicle-to-population ratio 
and future population growth from the Shared Socio-economic Pathway, SSP2 (Riahi 
et al., 2017) (Figure B1). The SSP2 scenario outlines a middle-of-the-road scenario in 
terms of socioeconomic developments. It represents moderate population growth and 
a path in which "social, economic, and technological trends do not shift markedly from 
historical patterns" (Riahi et al., 2017). The projected population data was collected 
from the SSP database (SSP Database, 2020).

Figure B1. The estimated total stock of passenger vehicles for the 27 EU + 3 countries through 
2040. ("Others" represents the countries the low ambition group with lowest goals in market 
share of EVs.)
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The market share of various passenger vehicle types was calculated based on the 
annual numbers of registered passenger vehicles for recent years (2011 – 2020) col-
lected from the ACEA (European Automobile Manufacturers' Association, 2023). The 
assumptions from 2021 for each country fitted by the individual future policy targets 
of EVs (BEVs and PHEVs) and the same historical sales trend of HEVs and ICEVs, 
as shown in Figure B2. The market share of ICEV-G was assumed to be double than 
ICEV-D following the historical sales statistics (European Automobile Manufacturers' 
Association, 2021). For the scenario with more ambitious e-mobility transition, BEVs 
would fully dominate the market of passenger vehicles by 2030 within all the 27 EU +3 
countries. Best-selling EV models within the 27 EU + 3 countries by 2020 were listed 
in Table B1.

Figure B2. Market share for BEVs, HEVs, PHEVs, and ICEVs of the 27 EU + 3 countries 
through 2040 following the individual stated e-mobility plans (dashed lines). Solid lines in 
black and blue represent the average level of the countries with high ambition group (HG) and 
low ambition group (LG) following the stated e-mobility transition. The solid line in brown 
represents the market share of BEVs for the 27 EU + 3 countries in the ambitious transition 
scenario. ("Others" represents the countries the low ambition group with lowest goals in market 
share of EVs.). 
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​Table B1. Top sales EV models in the European countries by 2020

Vehicle 
type EV model Lauched 

time
Total 
sales

Battery 
cathode 
chemistry

Battery 
capacity 
(kWh)

Stated 
driving 
range (km)

BEV Mitsubishi i-MiEV 2010 8119 LMO-poly 16 85

Peugeot I-On 2010 13823 LMO-poly 14.5 85

Citroën C-Zero 2010 14314 LMO-poly 14.5 85

Nissan LEAF (2011) 2011 81811 LMO-poly 24 / 30 125

Renault Zoe (2012) 2013 89389 LMO-poly 26 140

BMW i3 (2013) 2013 95548 LMO-poly 22 130

Tesla Model S 2013 78541 NCA 75 - 100 330 - 490

SMART - for Two 
/ Four

2013 54022 NMC-111 17.6 101

KIA Soul 2014 30887 LMO-poly 32 170

Volkswagen e - Golf 2015 117475 NMC-111 24 130

Tesla Model X 2016 39978 NCA 60 - 100 330 - 490

Hyundai Ioniq 2016 36237 NMC-622 28 190

Tesla Model 3 2017 181147 NCA 85 - 100 350 - 500

Jaguar I-pace 2017 31970 NMC-622 90 415

Renault Zoe (2017) 2017 212657 NMC-622 41 255

Nissan Leaf (2018) 2018 101709 NMC-523 40 245

Hyundai Kona 2018 73904 NMC-622 39.2 246

AUDI e-tron 2018 54022 NMC-622 71.2 330

Volkswagen ID.3 2020 54495 NMC-622 45 275

Peugeot e-208 2020 31287 NMC-622 45 275

PHEV Mitsubishi  
Outlander

2013 185458 LMO/NMC 12 --

Vovol V60 Plug-in 2013 41693 NMC-111 10.4 --

Volkswagen Golf 2014 58271 NMC-111 8.8 --

Volkswagen Passat 2014 69189 NMC-111 10 --

AUDI Q5 2019 21099 NMC-622 14.1 --

Ford Kuga 2020 22628 NMC-622 14.4 --
References: Hawkins et al. (Hawkins et al., 2013); Kim et al. (Kim et al., 2016); Küfeoğlu and Khah Kok 

Hong (Küfeoğlu and Khah Kok Hong., 2010).
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The lifespan of passenger vehicles determines their survival time in the dynamic MFA 
model. The lifespan was assumed to follow a Weibull distribution function with scale 
and shape parameters (λ and k), as shown below:

f (T, t, k, λ) = 

The average lifespan of the passenger vehicles for each country was based on a previous 
study (Held et al., 2021), representing the historical turnover frequency of passenger 
vehicles. Overall, the average lifespan of the counties in the high ambition group was 
about 18.4 years, whereas for countries in the low ambition group it was about 24.8 
years. The scale and shape parameters (λ and k) are listed in Table B2. 

However, the average lifespan of EVs is about 12 years as suggested by many EV 
automakers (Harper et al., 2019), representing a survival probability about 50% after 
10.2 years (Figure B3). Considering the mismatch of lifespans between the conven-
tional ICEVs and the EVs, and we made different assumptions on the lifespans in 
different scenarios for the assessment in the scenario years (from 2021 onwards). In 
the no e-mobility scenario and stated transition scenario, the average lifespan of ICEVs 
in each country was assumed to follow the historical values, and the average lifespan 
of EVs was assumed to be 12 years. In the more ambitious, however, with EVs rapidly 

Table B2. Historical average lifespan of passenger vehicles for each 
country

Country Lifespan 
(λ, k)

Country Lifespan 
(λ, k)

Country Lifespan 
(λ, k)

Austria 15.9, 3.4 Sweden 19.4, 4.9 Greece 33.9, 4.2
Belgium 11.7, 2.0 United Kingdom 14.2, 4.0 Czech 15.4, 3.6
Danmark 16.9, 3.4 Finland 24.9, 3.2 Slovakia 24.8, 4.03
France 15.2, 6.0 Luxembourg 8.0, 2.0 Croatia 30.9, 6.0
Germany 14.8, 2.4 Portugal 23.1, 6.0 Cyprus 24.8, 4.03
Iceland 19.7, 4.3 Spain 19.4, 3.2 Malta 24.8, 4.03
Ireland 15.0, 4.3 Hungary 23.1, 6.0 Bulgaria 24.8, 4.03
Italy 19.6, 2.7 Romania 24.8, 4.03 Estonia 24.8, 4.03
Norway 19.8, 6.0 Lithuania 24.8, 4.03 Latvia 24.8, 4.03

Netherlands 17.2, 4.4 Poland 24.8, 4.03 Slovenia 20.0, 6.0

Reference: Held et al., 2021
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dominating the sales market, the average lifespan was assumed to be 12 years for all 
vehicle types, which accounts for an accelerated phase-out of ICEVs to a lower lifespan 
of 12 years. However, for the specific case of Luxembourg the average lifespan for all 
passenger vehicles in all scenarios was assumed to follow their historical turnover 
frequency as 8 years. 

Figure B3. Survival possibility distribution for average lifespan of passenger vehicles in the 
stated transition scenario and in the ambitious transition scenario.
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Appx B2. Assessment of GHG emissions

Appx B2.1 Assessment of GHG emissions from passenger vehicle 
manufacturing 

The GHG emissions from the production of passenger vehicles were calculated by 
multiplying the total annual demand of various passenger vehicles with their GHG 
emission factors per unit. We chose the lower-medium size as the average model of 
the passenger cars, as they have been among the most commonly sold in the European 
countries in the recent years (Campestrini and Mock, 2021). The description of the 
passenger vehicles powered by different fuel type was listed in Table B3. The produc-
tion GHG emission factors per manufactured unit for the assessment in the historical 
years (from 2011 to 2020) were based on previous studies (Hawkins et al., 2013; Kim 
et al., 2016; Küfeoğlu and Khah Kok Hong, 2020; Milovanoff et al., 2019; Moreno 
et al., 2021; Nealer and Hendrickson, 2015; Notter et al., 2010). They were adjusted to 
correspond to the reference models of the passenger vehicles involved in our study, as 
listed in Table B3. 

For the assessment in the scenario years, the use of historical GHG intensity data as 
aforementioned would create a bias since the EV manufacturing has been dominated 
by the countries outside the EU (e.g., China, Japan, Korea and the US) (S&P Global 
Market Intelligence, 2021). It is however likely that in future EV production in the 
EU will catch up. Moreover, the GHG emissions factor of BEVs were also determined 
by the EV battery capacity (Dai et al., 2019; Delogu et al., 2017; Ellingsen et al., 2016; 
Hawkins et al., 2013; Kim et al., 2016; Küfeoğlu and Khah Kok Hong, 2020; Li and 
Yang, 2020; Milovanoff et al., 2019; Nealer and Hendrickson, 2015; Notter et al., 2010, 
2010; Peters et al., 2017; Sun et al., 2020). Therefore, we assumed dynamic manufac-
turing GHG emission factors for the scenario years related to the change of electricity 
consumption (from 2021 to 2040), determined by the allocation of passenger vehicle 
manufacturing countries, related reduction of GHG emissions from the electricity 
generation in those countries, and the dynamic change of average EV battery capacity 
for EVs. The average electricity consumption for various types of passenger vehicles 
and EV battery manufacturing is listed in Table B4. The GHG emissions related to 
other forms of energy consumption were assumed to remain constant in time for 
all passenger vehicles and the EV battery pack (listed in Table B4) (Dai et al., 2019; 
Ellingsen et al., 2017, 2016; Hawkins et al., 2013; Majeau-Bettez et al., 2011; Milovanoff 
et al., 2020; Notter et al., 2010; Onat et al., 2019; Sun et al., 2020).
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Table B3. Passenger vehicle description and historical GHG emission factors 
for manufacturing process

Passenger 
vehicle 
type

Description
Main components 
of the passenger 
vehicles

GHG emission 
factors in 2011

ICEV-G ICEV-G refers to the  
current most common vehicle 
technology that burns gasoline 
to power an engine, with an 
average weight of 1280 kg per 
unit.

general glider, 
powertrain, wheels, 
transmission, others 
(e.g., PbA batteries, 
fluids)

7948 kg / unit

ICEV-D ICEV-D refers to a vehicle that 
burns diesel to power an engine, 
with an average weight of 1280 
kg per unit

general glider, 
powertrain, wheels, 
transmission, others 
(e.g., PbA batteries, 
fluids)

7948 kg / unit

HEV HEV draws propulsion energy 
from both an internal com-
bustion engine or heat engine 
using consumable fuel, and a 
piece of rechargeable battery 
pack getting energy solely from 
sources onboard the vehicle, 
with an average weight of 1340 
kg per unit.

general glider, 
powertrain, electric 
motor and control-
ler, transmission, 
wheels, EV battery, 
others (e.g., PbA 
batteries, fluids)

9447 kg / unit

PHEV PHEV is a hybrid electric 
vehicle that has the capability 
to charge the battery from an 
off-vehicle electric source, with 
an average weight of 1400 kg 
per unit. The probability of user 
operating PHEV in electric 
mode is set as 0.5.

general glider, 
powertrain, electric 
motor and control-
ler, transmission, 
wheels, EV battery, 
others (e.g., PbA 
batteries, fluids)

10324 kg /unit

BEV BEV is powered solely by an 
electric motor drawing by cur-
rently rechargeable EV battery 
pack, with an average weight of 
1320 kg per unit (including 22 
kWh EV battery pack).

general glider, 
electric motor and 
controller, wheels, 
EV battery pack, 
others (e.g., fluids)

10617 kg / unit

Reference: Hawkins et al., 2013; Kim et al., 2016; Küfeoğlu and Khah Kok Hong, 2020; Milova-
noff et al., 2019; Moreno et al., 2021; Nealer and Hendrickson, 2015; Notter et al., 2010
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Table B4. Average electricity consumption for passenger vehicle 
 manufacturing

Vehicle 
type and 
EV battery

Electricity consumption 
from manufacturing 
process

GHG emission 
factor from other 
forms of energy 
consumption

References

ICEV-G 7257 kWh / unit 4882 kg / unit Moreno et al. (Moreno 
et al., 2021); Hawkins et al. 
(Hawkins et al., 2013)

ICEV-D 7257 kWh / unit 4882 kg / unit Moreno et al. (Moreno 
et al., 2021); Hawkins et al. 
(Hawkins et al., 2013)

HEV 
(without 
EV battery)

8239 kWh / unit 5277 kg / unit Moreno et al. (Moreno et al., 
2021); Milovanoff et al. 
(Milovanoff et al., 2020)

PHEV 
(without 
EV battery)

8424 kWh / unit 5353 kg / unit Moreno et al. (Moreno 
et al., 2021); Milovanoff 
et al. (Milovanoff et al., 
2020); Majeau-Bettez et al. 
(Majeau-Bettez et al., 2011); 
Onat et al. (Onat et al., 2019)

BEV 
(without 
EV battery)

6580 kWh / unit 4562 kg / unit Moreno et al. (Moreno Ruiz 
E., 2021); Milovanoff et al. 
(Milovanoff et al., 2020); 
Moreno et al. (Moreno 
et al., 2021); Hawkins et al. 
(Hawkins et al., 2013)

EV battery 
pack

120 kWh / kWh battery 
capacity

47.2 kg / kWh 
battery capacity

Moreno et al. (Moreno 
et al., 2021); Sun et al. (Sun 
et al., 2020); Dai et al. (Dai 
et al., 2019), Ellingsen et al. 
(Ellingsen et al., 2016, 2017)
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The distribution of manufacturing countries for different scenarios was assumed 
based on the EU historical import statistics of various passenger vehicles in the 2010s 
collected from ACEA (European Automobile Manufacturers’ Association, 2021). For 
the no e-mobility scenario, the prospective allocation of manufacturing countries was 
assumed to remain constant until 2040. For the scenarios in which EVs promotion 
would take place (stated transition scenario and ambitious transition scenario), we 
assumed an annual increase of 1% in EV production within the EU, while the remain-
ing demand for EVs were assumed to be supplied by non-EU countries according to 
their historical manufacture market shares ("Asian Batteries Power Global EV Fleet.", 
2021), as listed in Table B5. The manufacturing allocation of ICEVs and HEVs in these 
two scenarios was assumed to keep the same trend as in the historical years.

The choice of electricity sources (electricity mixes) has a significant impact on the 
GHG emissions from the electricity generation. In this study, we therefore took the 
historical data (the year 2011 - 2019) of electricity mixes of manufacturing countries 
from the statistics data offered by IEA (International Energy Agency, 2019) and the 
estimated energy mixes (from the year 2020 onwards) based on the "stated policies sce-
nario" and "sustainable development scenario" from IEA Energy Outlook 2020 (Cozzi 
et al., 2020). The IEA scenarios included the forecast for share and compound average 
annual growth rate (CAAGR) of each resource until 2040. The electricity mixes for 
the scenarios were assigned based on the contribution share to the future goal of total 
electricity production volume from each country (Figure B4). Eight major resources 
for electricity generation and the carbon equivalent emission factors for each source 
were taken from the previous study (Schlömer et al., 2014) and listed in Table B6.

The average battery capacity of BEVs from 2011 to 2020 were calculated based on 
the manufacturing reports of the most popular BEV models sold in EU countries 
(Table B2). Future battery capacity of BEVs (from 2021 to 2040) was estimated around 
80 kWh by assuming an extended driving range to 550 km (Notter et al., 2010), as 
shown in Figure B5. For PHEVs, their average battery capacity was assumed as 12 
kWh (Tang et al., 2021), remaining constant through 2040.
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Table B5. Allocation of the manufacturing countries for various pasenger vehi-
cles in different scenarios

Vehicle type
Historical allocation 
of the manufacturing 
countries (from 2011 
to 2020) 

Assumptions about prospective 
allocation of the manufacturing 
countries (from 2021 to 2040)

References

ICEVs and 
HEVs

27 EU + 3 countries 
(65%), Japan (10%), 
Turkey (8%),Korea 
(6%), The U.S. (6%), 
Others (5%)

No e-mobility scenario: same as 
in historical years. 
Scenarios with EV promotion: 
same trend as in historical years.

"Asian Bat-
teries Power 
Global EV 
Fleet.", 2022; 
European 
Automobile 
Manu-
facturers’ 
Association, 
2021

PHEVs and 
BEVs

China (39.5%), Korea 
(32%), Japan (15%), 
The U.S. (13.5%)

No e-mobility scenario: same as 
in historical years. 
Scenarios with EV promotion: 
An annual increase of 1% in 
manufacturing share within 
the EU, with non-EU manu-
facturing keeping the historical 
market share of exports to EU.

Table B6. GHG emission factors of different types of fuel in electricity generation

Fule 
type

GHG emission 
factors  
(g CO2-eq / 
kWh)

Fule  
type

GHG emission 
factors  
(g CO2-eq / 
kWh)

Fule 
type

GHG emission 
factors 
(g CO2-eq / 
kWh)

bio-
mass

230 natural 
gas

490 solar 44

coal 820 solid 
waste

52 nuclear 12

oil 730 wind 11 hydro 
power

24

Reference: Schlömer S et al. (Schlömer S. et al., 2014)
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Figure B4. Integrated electricity mix of all passenger vehicle manufacturing countries in 2019, 
2030 and 2040, for (A) the stated transition scenario, and (B) the ambitious transition scenario. 
The allocation of the manufacturing countries was described in Table B5 and the electricity 
mix in 2030 and 2040 followed the prediction by the "stated policy scenario" and "sustainable 
development scenario" in the report from IEA (Cozzi et al., 2020).

Figure B5. Estimated power capacity of EV battery used in BEVs based on the driving range 
assumptions for 550 km. Scatters represent average battery power capacity of the lunched BEV 
models by 2020 as listed in Table B1.
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Appx B2.2 Assessment of GHG emissions from in-use vehicles 

The annual emissions from the in-use passenger vehicles were assessed by multiplying 
the total annual traveled distance (Vehicle Kilometer Travel, VKT, listed in Table B7) 
with the energy consumption of different types of passenger vehicles and with the 
respective emission factors of related to fuel type or electricity use.

The assumptions on their average in-use energy consumption from 2010 to 2040 were 
listed in Table B8. In our model, we incorporated a decrease in fuel consumption of 
new ICEVs due to the improved technologies toward 2040. Using the historical fuel 
consumption values in 2000 as the initial values (7.6 L /100 km for petrol and 6.2 L 
/100 km for diesel), the fuel consumption remained annually decreased at the rate 
of 1.14% and 1.34% for petrol and diesel (Usón et al., 2011). Emission factors of the 
passenger vehicles with fuel consumption (ICEVs, HEVs and PHEVs) were 2.31 kg 
CO2-eq / L and 2.69 kg CO2-eq / L for petrol and diesel, taken from a previous study 
(Küfeoğlu and Khah Kok Hong, 2020). 

The fuel consumption of HEVs is 30% – 50% less than that of a comparable ICEVs and 
was also assumed to remain constant until 2040, as hybrid systems have been taken as 
a bridge to meeting tougher tailpipe-emissions requirements and the automakers are 
focusing more on the zero-emission passenger vehicles (e.g., BEVs) (Lucien and Julia, 
2020). 

Table B7. Annual distance travelled (VKT) by the passenger vehicle for 
each country

Country VKT 
(km)

Country VKT (km) Country VKT 
(km)

Austria 14100 Sweden 12000 Greece 11500

Belgium 14770 United Kingdom 12000 Czech 8000

Danmark 16000 Finland 15000 Slovakia 8000

France 12000 Luxembourg 14000 Croatia 16000

Germany 14700 Portugal 13060 Cyprus 11000

Iceland 10500 Spain 12500 Malta 8000

Ireland 17000 Hungary 13000 Bulgaria 7000

Italy 10500 Romania 10000 Estonia 14000

Norway 15000 Lithuania 12000 Latvia 11000

Netherlands 13200 Poland 8000 Slovenia 8000
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The total energy consumption of PHEV depends strongly on the driving and charging 
patterns of vehicle users to choose the driving mode, and it is hard to precisely esti-
mate. Therefore, we set the parameter of this probability as 0.5, which means that half 
of the total energy consumption per traveled distance contributes from the electricity 
and the other half contributes from fuel (only gasoline-electricity PHEVs were consid-
ered in this study). The energy consumption of PHEVs was taken from previous study 
and assumed to be constant until 2040 (Milovanoff et al., 2019). 

For the BEVs, the average electric energy consumption from basic driving and 
charging loss (Küfeoğlu and Khah Kok Hong, 2020), was assumed to be dynamic 
following the changes in the EV battery capacity as shown in Figure B5. The energy 
consumption for BEVs was calculated based on an average of 5.4 Wh per additional 
100 kilogram in vehicle weight, as demonstrated by a previous study (Ellingsen et al., 
2016). The weight changes in glider size were negligible compared to the changes in 
EV battery weight and thus were neglected in this study. Other factors such as motor 
efficiency, cargo load and driving behavior were not included. The electricity mixes 
of each EU country in the scenario years were assumed to follow the IEA scenarios 
(Cozzi et al., 2020), as shown in Figure B6.

Figure B6. Electricity mix of the 27 EU + 3 countries in 2019, 2030 and 2040. The electricity mix 
in 2030 and 2040 followed the prediction by the (A) "stated policy scenario" and (B) "sustainable 
development scenario" in the report from IEA (Cozzi et al., 2020).
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Table B8. Passenger vehicle type description and average energy consumption of 
in-use phase

Vehicle 
type and 
EV battery

Fuel type Average driving energy 
consumption References

ICEV-G unleaded petrol 
E5 (L)

6.8 L / 100 km in 2011 
6.1 L / 100 km in 2020 
5.5 L / 100 km in 2030 
4.9 L / 100 km in 2040

Molovanoff et al. (Milovanoff 
et al., 2019); Küfeoğlu et al. 
(Küfeoğlu and Khah Kok 
Hong, 2020); Uson et al. 
(Usón et al., 2011) ; Lucien 
et al. (Lucien and Julia, 2020)

ICEV-D diesel fuel B7 (L) 5.4 L / 100 km in 2011 
4.7 L / 100 km in 2020 
4.2 L / 100 km in 2030 
3.7 L / 100 km in 2040 

Molovanoff et al. (Milovanoff 
et al., 2019) ; Uson et al. (Usón 
et al., 2011) ; Lucien et al. 
(Lucien and Julia, 2020)

HEV unleaded petrol 
E5 (L) 

4.8 L / 100 km Molovanoff et al. (Milovanoff 
et al., 2019)

PHEV only unleaded 
petrol E5 (L) + 
only electricity 
(kWh)

6.7 L /100 km +  
21.7 kWh /100 km

Küfeoğlu et al. (Küfeoğlu and 
Khah Kok Hong, 2020); Zhang 
et al. (Zhang et al., 2019)

BEV electricity (kWh) 15.6 kWh / 100 km in 2011 
16.8 kWh / 100 km in 2020 
17.6 kWh / 100 km in 2030 
17.9 kWh / 100 km in 2040

Ellingsen et al. (Ellingsen et al., 
2016); Zhang et al. (Zhang 
et al., 2019); Cox et al. (Cox 
et al., 2020)

Appx B3. Uncertainty analysis

A Monte Carlo analysis was used to estimate the uncertainty in future GHG emissions 
of the in-use passenger vehicles from the input parameters in our model. Table B9 lists 
specific distributions of the related input parameters to model the GHG emissions.
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Appx B4. Additional results

Figure B7. Annual GHG emission (Mt CO2-eq) from driving passenger vehicles within the 
27 EU + 3 countries until 2040 during the e-mobility transition under the stated policies.

Figure B8. Annual BEVs and PHEVs demand (million units) under the promotion of a more 
ambitious e-mobility transition pace and an accelerated phase-out of ICEVs for countries in the 
high ambition group (HG) and the low ambition group (LG). 
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Appx B5. Lifespan extension

A sensitivity analysis was performed for the ambitious transition scenario to assess 
how the extension of EV lifetime will influence GHG emissions. We explored two 
options for extending the lifespan of BEV, including:

	 An extended BEV use from 12 years to 24 years, assuming that the replace-
ment of EV battery would happen when the first EV battery reaches its end of life and 
the replaced EV battery has a lifespan of 12 years;

	 An extended BEV lifespan from 12 years to 18.4 years, representing an 
optimistic assumption that future EV battery technology would improve to the point 
of enabling BEVs to meet the historical average lifespan of the ICEVs in the high 
ambition group.

As shown in Figure B9, there are no major differences in GHG emissions from the 
manufacturing process at the early stage of the e-mobility transition (in the 2020s). 
Cumulative EV demand in the 2030s can decrease by 34% by expanding EV lifetimes 
from 12 to 24 years. This demand decrease would lead to 615 million tons drop in 
manufacturing GHG emissions. An extension of lifespan for both EV batteries and 
BEV from 12 years to 18.4 years would lead to a 27% decrease in cumulative EV 
demand and 930 million ton of GHG reductions from the manufacturing process, as it 
reduces the production of energy-intensive EV batteries. Longer EV battery lifespans 
will allow for longer EV service time and fewer EV battery replacements, contributing 
to greater improvement in the environmental benefits of BEV adoption.
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Figure B9. (A) Annual GHG emissions from the production of demanded passenger vehicles 
following different lifespan extension options under the ambitious trnasition scenario. (B) 
Overall GHG savings (difference between driving GHG emission reductions and manufacturing 
GHG emissions) in the 2030s following different lifespan extension options under the ambitious 
trnasition scenario.
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Appx C1. Modelling EV demands 

The future total passenger cars for each country was estimated based on historical 
stock data collected from the Eurostat (European Commission, 2023) and European 
Automobile Manufacturers Association (ACEA) (European Automobile Manu-
facturers’ Association, 2023) by assuming a vehicle-to-population ratio and future 
population growth from the Shared Socio-economic Pathway, SSP2 (Riahi et al., 2017), 
shown in Figure C1 (A). The SSP2 scenario outlines a middle-of-the-road scenario 
in terms of socioeconomic development. It represents moderate population growth 
and a path in which trends do not remain roughly aligned with historical patterns 
(Riahi et al., 2017). The projected population data was collected from the SSP database 
(SSP Database, 2021).The market share of BEVs was calculated based on the annual 
numbers of registered passenger vehicles for recent years (2011 – 2021) collected from 
the ACEA (European Automobile Manufacturers’ Association, 2023). The scenario 
years (from 2022 onwards) were developed under two scenarios. The "strengthened 
transition" was assumed according to the updated EU climate plans for promoting 
zero-emission vehicles (in our case BEVs). The "ambitious transition" scenario was 
assumed a more accelerated transition that all the 27 EU + 3 countries would promote 
a more ambitious EV adoption, with ICEV sales phased-out by 2030. More details on 
the promotion targets were described in Table C1, shown in Figure C1 (B)). Changes 
in vehicle-to-population ratio were considered in a sensitivity analysis.An annual 
growth rate of ±7.5% of the base value was assumed, based on the average variation 
rate of vehicle ownership in the EU countries from 2017 to 2021 (European Automo-
bile Manufacturers’ Association, 2023)

Table C1. Policy plans on the promotion of EVs sales

Scenarios Countries Policy plans on promoting EVs sales (from 2022 
onwards)

Strength-
ened 
transition

Norway, Austria, 
Ireland, Iceland, 
the Netherlands

BEVs sales share follows their announced promotion 
targets (Figure C1 (B)). Overall, these countries plan to 
have a full BEV sales market by the end of 2030.

Other countries 
included in this 
study

BEVs sales share 100% of the market by the end of 2035, 
following the updated EU climate policies.

Ambitious 
transition

All 27 EU + 3 
countries 

BEV sales will account for 100% of the sales market in 
all 27 EU + 3 countries by the end of 2030. Noted that 
Norway and Iceland will follow their own announced 
plans for the rollout of EVs, as aforementioned.
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Figure C1. (A) The estimated total stock of passenger vehicles for the 27 EU + 3 countries 
through 2040. (B) Market share for BEVs in the 27 EU + 3 countries through 2040 for two 
scenarios. The dashed lines represent the results fitted for each country in the strengthened 
transition, and the solid line represents aggregated results in the ambitious transition except 
Norway and Iceland, as they will follow their own announced plans for the rollout of EVs. 
("Others" represents the aggregated results of other EU countries that are not shown separately.)

(B)

(A)
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Table C2. Historical average lifespan of passenger vehicles for each country

Country Lifespan 
(λ, k)

Country Lifespan 
(λ, k)

Country Lifespan 
(λ, k)

Austria 15.9, 3.4 Sweden 19.4, 4.9 Greece 33.9, 4.2

Belgium 11.7, 2.0 United Kingdom 14.2, 4.0 Czech 15.4, 3.6

Danmark 16.9, 3.4 Finland 24.9, 3.2 Slovakia 24.8, 4.03

France 15.2, 6.0 Luxembourg 8.0, 2.0 Croatia 30.9, 6.0

Germany 14.8, 2.4 Portugal 23.1, 6.0 Cyprus 24.8, 4.03

Iceland 19.7, 4.3 Spain 19.4, 3.2 Malta 24.8, 4.03

Ireland 15.0, 4.3 Hungary 23.1, 6.0 Bulgaria 24.8, 4.03

Italy 19.6, 2.7 Romania 24.8, 4.03 Estonia 24.8, 4.03

Norway 19.8, 6.0 Lithuania 24.8, 4.03 Latvia 24.8, 4.03

Netherlands 17.2, 4.4 Poland 24.8, 4.03 Slovenia 20.0, 6.0

Reference: Held et al., 2021

The average lifespan of the passenger vehicles was assumed to follow a Weibull 
distribution function with scale and shape parameters (λ and k), as shown below:

f (T, t, k, λ) =   

The historical lifespan of passenger vehicles for the 27 EU + 3 countries was based on 
a previous study (Held et al., 2021), listed in Table C2. For scenario years, the average 
lifespan of ICEVs, PHEVs, and HEVs was assumed to follow historical trajectories 
across countries. The average lifespan of BEVs was assumed to be equal to the EV 
battery (12 years), as suggested by many EV automakers (Dominish et al., 2021).

In addition, a sensitivity analysis was performed to assess how the extension of EV 
battery lifespans and cahnges in shape parameters will influence future metal demand. 
We assumed an extended BEV lifespan from 12 years to 18.1 years and the changes of 
shape parameter following hisrotical trends of each country, representing an optimistic 
assumption that future EV battery technology would improve to the point of enabling
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BEVs to meet the historical average lifespan of the ICEVs in the west European 
countries (Held et al., 2021).

Appx C2. Materials demands and recycling potential

Appx C2.1 Material demands

Figure C2. Market share for different types of EV battery cathode technology applied on BEVs 
through 2040. The scatters before 2020 represent historical data within our study scope (Tang 
et al., 2023). Scatters between 2020 – 2030 represent the aggregated projections by the report 
from the World Bank Group (Hund et al., 2020).
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Table C3. Metal intensities in different types of 
lithium batteries at cell level (kg / kW)

Battery 
Cathode Li Co Ni

LMO 0.113 0 0

NCA 0.115 0.141 0.749

LFP 0.116 0 0

NMC-111 0.170 0.445 0.443

NMC-622 0.145 0.211 0.675

NMc-811 0.115 0.094 0.749

Figure C3. Estimated power capacity of EV battery used in BEVs based on a driving range 
assumptions of 450 km, 550 km and 650 km. The scatters represent average battery power 
capacity of the lunched BEV models by 2021 based on previous study (Tang et al., 2023).
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Appx C2.2 Recycling facility and recycling rates 

As of 2021, the commercial recycling facilities in the EU countries reach a capacity 
of 40 kilotons battery packs per year, with the pyrometallurgical process dominating 
the recycling technology. To address the anticipated increase of EOL EV batteries and 
improve material circularity, the EU has promoted extended producer responsibility, 
urging automakers to strengthen the collection of spent EV batteries. Recyclers are in 
the process of scaling up the EU recycling facilities. Hydrometallurgical processes are 
increasingly being prioritized due to their technological feasibility in efficiently recov-
ering a wide range of battery components with minimal material loss, high selectivity, 
and high efficiency. The high-purity materials recovered through hydrometallurgy can 
be directly used in the production of new batteries, offering a promising pathway to 
secure material availability and support the EU’s goal of localizing EV manufacturing 
closer to the market (Zhou et al., 2024).

Due to the economic benefits, Co and Ni are given the priority in the hydrometal-
lurgical recycling process, with general recovery rates over 95%. Contamination and 
mass loss happen after multiple leaching and separation processes, leading to the 
recovery rate of Li ranging from 60% to 90%. The recovery rate of Li has been reported 
to improve with the application of innovative leaching solvents. Bioleaching, which 
utilizes microorganisms, has demonstrated Li recovery rates exceeding 90%, while 
deep eutectic solvents (DESs) have achieved rates surpassing 70%. These advancements 
are attributed to the reduction of losses caused by multiple refining processes (Tran 
et al., 2019, Zhu et al., 2022, Wang et al., 2019). Other innovative recycling technology, 
such as electrochemical leaching (Adhikari et al., 2023, Diaz et al., 2020), carbothermic 
reduction process (Yu et al., 2023), and direct regeneration of cathode (Jing et al., 
2020, Ciez and Whitacre 2019) have demonstrated recycling efficiencies of Li, Co and 
Ni above 95%. Although these technologies are still at the laboratory scale, they show 
optimistic opportunities for enhancing recovery efficiencies of end-of-life batteries in 
the coming future. Based on these developments, we assumed an improvement of the 
recycling efficiencies of Li, Co and Ni until 2040 to evaluate the recycling potential in 
the EU countries (Figure C4). We assumed an ambiguous improvement in the recy-
cling process, with 95% recycling rates available for all metals. The collection rate of 
EOL EV batteries was assumed to be 100%, along with the strong promotions of high 
collection rates to ensure proper end-of-life treatment to reduce environmental burden 
and preserve the value of materials required in the updated EU Battery Directive 
(European Commission 2022). The collection rate of spent EV batteries was evaluated 
with alternatives at 50% and 75%.
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Appx C3. Sensitivity analysis 

A sensitivity analysis was performed for the "strengthened transition" scenario to 
evaluate the sensitivity of material demands and availability of secondary materials to 
the variation of input parameters in our model, as listed in Table C4.

Figure C4. Recycling rates of Li, Co, and Ni until 2040, based on the updated EU Battery 
Directive that requires promotion of recycling rates (Zhu et al. 2022, Tran et al. 2019, Yu et al. 
2023, European Commission 2022).
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Appx C4. Additional results

Figure C5. Stock for Li, Co and Ni for the 27 EU + 3 countries under the EV promotion follow-
ing the strengthened policies and the assumption on an ambitious transition through 2040.

Figure C6. Availability of secondary Li, Co and Ni for the 27 EU + 3 countries with the 
implementation of EU recycling directives under the EV promotion following the strengthened 
policies and the assumption on an ambitious transition through 2040. 
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Figure C7. Annual demand and secondary availability of Li, Co, and Ni for the 27 EU + 3 coun-
tries under EV promotion following the strengthened policies. The dot-dashed lines and dots 
represent the annual demand and availability for each metal assuming the lifespan of EV bat-
teries is extended to 18.1 years. Note that these results are based on the assumption of medium 
battery capacity.

Figure C8. Annual demand and secondary availability of Li, Co and Ni for the 27 EU + 3 coun-
tries under the EV promotion following the strengthened policies. The result bands represent 
the range of the results under the assumptions (high, medium and low) on EV battery capacity.
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Figure C10. Cumulative availability of secondary Li, Co and Ni for the 27 EU + 3 countries 
under the assumption of an imporovement of the recycling rate of spent EV batteries in the 
strengthened transition scenario.

Figure C9. Cumulative availability of secondary Li, Co and Ni for the 27 EU + 3 countries 
under the assumption of a reduction in the collection rate of spent EV batteries in the strength-
ened transition scenario.
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Appx D1. Demand and availability of secondary materials for 
BEV battery production

In this study, we applied a dynamic material flow analysis (MFA) to estimate the 
demand and discards for the BEVs from 2021 to 2036, based on the changes in fleet 
stock and lifetime distribution of vehicles in each country. Historical data of total 
passenger vehicle stock for each country until 2021 was collected from the Eurostat 
database (European Commission, 2023). Prospective stock of total passenger vehicles 
from 2022 onwards was estimated using a constant vehicle-to-population ratio with 
the future population growth obtained from the Shared Socio-economic Pathways, 
SSP2, as shown in Figure D1. 

The average lifetime of passenger vehicles either fully or partially equipped with 
internal combustion engines was assumed to correspond with the historical trends 
observed across nations detailed in Table C2 in Appx C (Held et al., 2021). For BEVs, 
we assumed them to be equipped with one new EV battery pack for their entire 
lifetime. Their lifetime was assumed to be 12 years (λ = 12, k = 4.03) for all countries. 
For the sensitivity analysis, the lifetime was assumed to extent to 18.1 years (λ = 18.1,  
k = 4.03), following the historical average lifetime of vehicles in the EU countries, listed 
in Table C2 in Appx C.

The demand for BEVs was determined by the policies on promoting the roll-out of 
low-carbon emission vehicles in the EU transport sector, as listed in Table D1.

Table D1. Policy plans on the promotion of EV sales

E-mobility 
transition Countries Policy plans on promoting EV sales 

(from 2022 onwards)

Strengthened 
transition

Austria, Ireland, 
and the Nether-
lands

Share of BEV sales will follow their 
announced promotion targets  
(Figure D1 (A)). Overall, these countries 
plan to have a full BEV sales market by 
the end of 2030.

Other EU 
countries 

Sales of BEVs will share 100% of the 
market by the end of 2035, following the 
updated EU climate policies.
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Figure D1. (A) The estimated total stock of passenger vehicles for the 27 EU countries through 
2036. (B) Market share for BEVs in the 27 EU countries through 2036 following the pace of EU 
e-mobility transition as listed in Table D1. ("Others" represents the aggregated results of other 
EU countries that are not shown separately.)

Historical record of annual registrations of BEVs was derived from the database of the 
European Automobile Manufacturers Association (ACEA) (European Automobile 
Manufacturers’ Association, 2023). The historical volume of BEVs placed on the 
market (POM) was determined by the historical records of exports, imports, and BEV 
manufacturing volume derived from the PRODCOM database (Eurostat, 2024). As 
shown in Figure D2, we noticed a deviation between the POM and annual registration 
of BEVs, which may be caused by different data sources. Therefore, we calculated 
the ratio (R0) between BEV registration and the POM volume. We took the average 
number (R0 = 1.14) to estimate prospective POM of BEVs from 2023 onwards.
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Figure D2. Historical record of annual registrations and volumes of passenger vehicles placed 
on the market (POM) in EU countries from 2008 to 2022. The ratio of annual registration to 
POM is shown on the right axis.

Figure D3. Ratio of imports to exports (R1) and imports to production (R2) for BEVs. Blue dots 
show historical data from 2016 to 2022 sourced from the PRODCOM database. The dashed line 
indicates the fitted relationship between R1 and R2. The green dot marks the estimated value of 
R2 under a balanced trade scenario (imports equal exports).
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Figure D4. Estimated capacity of EV battery used in BEVs in the EU countries based on 
previous study (Tang et al., 2023).

Figure D5. Projected market share for various battery cathode technologies in BEVs through 
2036 under (A) a low-Co battery-dominated scenario and, (B) a high-Co battery-dominated 
scenario. The scatters before 2024 represent historical data based on the most popular BEV 
models sold in the European countries. The assumption of the projected market share of various 
battery types from 2024 onwards was based on the information from the report (International 
Renewable Energy Agency (IRENA), 2024).
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Table D2. Metal intensities in different type of lithium batteries

Battery chemistry Li 
(kg / kWh)

Co 
(kg / kWh)

Ni 
(kg / kWh)

LMO-poly 0.113 0 0

NCA 0.115 0.141 0.749

LFP and LFMP 0.116 0 0

NMC-111 0.170 0.445 0.443

NMC-622 0.145 0.211 0.675

NMC-811 0.115 0.094 0.749

Low-Co batteries* 0.23 0.03 1.1

Sodium-ion batteries 0 0 0.26

*Note: "Low-Co batteries" represents the battery chemistry with low 
cobalt content, such as Li-Mg-rich NMC batteries (LMR-NMC), Ni-rich 
lithium oxide battery (e-LNO). The metal intensity represents the esti-
mated average level based on reports and studies (Abdelbaky et al., 2021; 
International Energy Agency, 2018; International Renewable Energy 
Agency (IRENA), 2024).

Table D3. Summary of expected development of the EU 
recycling system

Year By 2021 By 2026 By 2031 By 2036

Spoke level
(kt battery / year) 17 95.6 177.6 292.6

Hub level
(kt battery / year) 21 65.2 193.2 343.4

Total recycling 
capacity  
(kt battery / year)

38 160.8 370.8 636.0

Overall 
recycling 
process 
efficiency 

Li 45.5% 75.8% 85.4% 87.5%

Co 86.1% 88.0% 88.6% 88.7%

Ni 87.7% 88.5% 88.8% 88.8%
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Appx D2. Additional results

Figure D6. Total demand for Li, Co and Ni required by growth in manufacturing capacity of 
BEV batteries under different trade patterns and collectible secondary Li, Co and Ni from end-
of-life EV batteries. 

Table D4. Summary of availability of secondary materials 
processed at different end-of-life processing stages  

Material recoverability  
(kt / year) By 2021 By 2026 By 2031 By 2036

Total available 
amount of sec-
ondary materials 
expected from 
spent EV batteries 

Li 0.01 0.4 5.8 31.5

Co 0.03 0.5 6.2 22.8

Ni 0.05 1.6 24 112.8

Collectible amount 
of secondary mate-
rials from spent EV 
batteries (90%)

Li 0.01 0.4 5.2 28.3

Co 0.03 0.5 5.5 20.5

Ni 0.05 1.5 21.6 101.6

Total recoverable 
materials from 
developed recycling 
system

Li 0.5 4.4 6.1 17.0

Co 1.2 6.0 6.2 12.1

Ni 4.4 20.7 24.4 60.2

Total recovered 
materials at the hub 
level

Li 0.2 2.7 6.1 9.2

Co 0.8 3.8 6.2 6.6

Ni 3.0 13.1 24.4 32.5
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