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A B S T R A C T   

This study evaluates the global warming potential (GWP) impact of producing lithium-ion batteries (LIBs) in 
emerging European Gigafactories. The paper presents a cradle-to-gate (CTG) life cycle assessment (LCA) of 
nickel-manganese-cobalt (NMC) chemistries for battery electric vehicle (BEV) applications. We consider three 
scenarios to cover the most probable production routes in Germany, France, and Italy, foreseen as the largest 
European LIB producers by 2030. The energy demand for manufacturing considers two cases: electricity only and 
a mix of heat and electricity. The results show that European Gigafactories can reduce the overall GWP relative to 
1 kWh of NMC battery, with respect to Chinese NMC LIBs, in a range of 32–60%. This corresponds to a decrease 
in equivalent CO2 emission of 32–81 kg CO2 eq., depending on the location, the energy demand and the NMC 
chemistry, if the whole production takes place in the facility. French Gigafactories obtain the upper bound of this 
reduction. A sensitivity analysis of the source of the lithium compound, used to produce the active cathode 
material, shows that increasing the nickel content decreases the GWP impact per kWh of battery capacity. 
However, NMC622 generates less equivalent CO2 than NMC811, for lithium compound produced from Chilean 
brine. In addition, a simplified analysis of the utilization phase of two different classes of BEVs shows the positive 
effects of the regional LIB production and of the low carbon intensity of the electricity mix.   
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1. Introduction 

Battery electric vehicles (BEVs) are foreseen as a substitution for 
conventional internal combustion vehicles (ICEVs) to reduce exhaust 
emissions [1]. Spreading BEVs with phasing out of ICEVs, while 

decarbonizing electricity generation, is a popular solution to decrease 
well-to-wheel (WTW) GHG emissions [2,3]. BEVs are free of direct 
tailpipe emissions, but GHG emissions and other environmental impacts 
linked to electricity supply and vehicle manufacturing may be signifi-
cant [4]. In recent years, high efficiency, longer life cycle and high en-
ergy density characteristics made the lithium-ion-batteries (LIBs) the 
primary choice to power mobile applications [5,6]. Major LIB producers 
are located in Asia [7], where China has been the largest power battery 
producer worldwide with the 77% of the global LIB production capacity 
in 2020 (350 GWh) [8,9]. In recent years, the U.S. and Europe planned 
or commissioned several large LIB production facilities to decrease the 
dependency on Asian suppliers [10]. Their production capability of 
several GWh/year justifies the name “Gigafactory” after the Tesla Gig-
afactory 1 in Nevada, USA [11]. These large-scale LIB production plants 
secure the LIB supply for BEV producers and minimize transportation 
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efforts and costs. 
Production of LIBs is subjected to a considerable number of envi-

ronmental impacts, such as abiotic depletion (ADP), acidification (AP) 
and human toxicity (HTP) sourced by the material and the energy usage 
[6]. The global warming potential (GWP) impact has high relevance to 
the goals for the decarbonization of the transportation sector. The en-
ergy demand of the LIB production generates a part (sometimes 
neglected …) of the GWP impact. The facility’s production capacity and 
its throughput mainly affect the energy intensity for cell production 
[12]. Most of the LCA studies on LIB production before 2019 considered 
lab-scale or MWh (not GWh) production capacities. Majeau-Bettez et al. 
[13] found the overall GWP impact of the production of 1 kWh of NMC 
and LFP batteries, considering an average European electricity mix, in a 
range of 200–250 kg CO2 eq. Their life cycle inventory (LCI), a collection 
of data related to material, energy, and water consumption and process 
emissions, was based on a lab-scale nickel manganese cobalt oxide 
(NMC) powder production, assuming material inputs on stoichiometric 
calculations and energy inputs on engineering calculations [12]. 
Ellingsen et al. [14] presented a very detailed inventory of NMC batte-
ries based on their own primary data and ecoinvent 2.2, as one of the 
most used databases worldwide [15]. The NMC111 (LiNi1/3Mn1/3-

Co1/3O2) battery produced in South Korea and assembled in Norway 
resulted in a GWP equal to 172 kg CO2 eq. per kWh. Their primary data 
for energy consumption accounts for 70 MWh annual cell production 
capacity [16]. Kim et al. [17] reported the GWP of a mass-produced 
commercial LIB in South Korea and packed in the U.S. equal to 140 kg 
CO2 eq. per kWh, where the cell production site was underutilized [12] 
and only 56 MWh of production capacity was exploited [18]. Therefore, 
none of these studies presents a LIB Gigafactory that works at its 
designed capacity throughput. 

The energy demand and corresponding environmental impacts of LIB 
production facilities with Giga-scale capacity, working at full 
throughout, are assessed in more recent studies. Dai et al. [12] reported 
a GWP equal to 72.9 kg CO2 eq. per kWh of NMC111 battery, based on 
the primary data from a leading Chinese cathode material producer with 
a 2 GWh production capacity and on the Argonne National Laboratory’s 
“Greenhouse gases, Regulated Emissions, and Energy use in Trans-
portation (GREET)” model [19]. Sun et al. [8] studied the environmental 
impacts of NMC622 production in a Chinese LIB manufacturer with a 30 
GWh production capacity, which resulted in an overall GWP equal to 
almost 125 kg CO2 eq. per kWh excluding the end-of-life stage. Pro-
duction of NMC811 cells in a facility working in South Korea or Sweden 
with a 16 GWh production capacity is process-simulated by Chordia 
et al. [16]. Their cradle-to-gate LCA based on conservative process 
simulations showed GWP impacts equal to 104 and 50 kg CO2 eq. per 
kWh, according to the carbon intensity of the production location’s 
electricity mix. Kelly et al. [20] performed an LCA for the production of 
NMC111 in different regions of the world, including Europe and China. 
They reported a 65 kg CO2 eq. per kWh for a European-dominant supply 
chain. A part of the authors of Kelly et al. [20] presented a similar work 
to the later publication in Winjobi et al. [21], expanding the scope of 
their analysis to the NMC cathodes family. Both references utilized the 
GREET model to perform their LCA, therefore, the energy consumption 
for cell production is similar to the work of Dai et al. [12], who obtained 
their data from a GWh-scale cathode material producer. Recently, 
Bonalumi and Kolahchian Tabrizi [22] proposed a unified LCI based on 
the GREET model and the Chinese battery industry production paths for 
NMC111, considering two energy demand scenarios for LIB 
manufacturing in Giga-scale capacities. They reported that the overall 
GWP could vary from 89 to 169 kg CO2 eq. per kWh, depending on the 
lithium source, manufacturing scenario, and the Bill of Material (BOM). 

Manufacturing energy usage has been one of the main sources of 
discrepancies in the LIB LCA literature over the last two decades [6]. 
Fortunately, the published literature in recent years shows a consensus 
range for estimating the LIB plants’ energy usage. Kurland [23] esti-
mated the energy demand for LIB cell manufacturing, based on the 

technical reports from Swedish Northvolt Ett with an 8 GWh annual 
capacity (the first production line of four planned ones) and from Tesla 
Gigafactory 1 in Nevada with a capacity of 35 GWh. He reported the 
energy use of these two facilities in a range of 50–65 kWh of electricity 
to produce 1 kWh of cell capacity, excluding mining and material pro-
cessing. The cell manufacturing model developed by Jinasena et al. [24] 
showed the total energy requirement for the NMC LIB family to be in the 
range of 38–51 kWh/kWhcell. Degen and Schütte [25] determined the 
energy consumption of a German research factory with 7 GWh/year 
electrode output based on the machine specifications as 41.48 kWh to 
produce 1 kWh of battery cell, almost equally supplied by electricity and 
natural gas. 

In this Journal, Energy, some articles studied Well-to-Wheel emission 
of BEVs and conventional ICEVs, covering only the carbon footprint 
related to electricity or fuel supply and vehicle consumption [26–28]. A 
few authors expanded the scope of their study also to vehicle 
manufacturing, specifically LIB production impact [29–34]. The 
mentioned articles did not focus on the production of traction batteries. 
In other words, they directly adopted the impact of the battery from 
software or other studies for a Chinese LIB production scenario [29,30, 
33,34]. Moreover, the research papers available in this Journal (in 
general, the scientific literature) did not consider the manufacturing of 
the LIBs in the European Gigafactories with its possible production 
scenarios. 

This paper aims to analyze the GWP impact related to the production 
of NMC LIBs in Germany, France and Italy, using the open-access GREET 
model. These three countries will become the largest European LIB 
producers by 2030 [35]. Three different scenarios are developed to 
cover the most probable production approach in European LIB Giga-
factories. Sections 2.1 and 2.2 explain the LCA methodology and the 
supply chain scenarios. The results are compared to the calculated GWP 
values for the equivalent Chinese LIB production from a former work of 
the authors [22] in Sections 3.1 and 3.2. The effect of different lithium 
sources is analyzed in Section 3.3. Finally, the utilization phase of a BEV 
equipped with a LIB produced in one of the specified countries, circu-
lating in the same countries, is studied through a simplified analysis in 
Section 3.4. 

2. Methods 

2.1. LCA methodology 

Life Cycle Assessment (LCA) is performed based on Standards ISO 
14040 and 14044 [36,37] within the open-access GREET 2021 model. 
The GREET model is a tool to calculate the life cycle impacts of vehicle 
technologies, fuels, products, and energy systems. The scope of the study 
is to evaluate the GWP impact of LIBs produced in European Giga-
factories within a cradle-to-gate (CTG) system boundary. In the CTG 
system, the extraction and processing of the needed material and 
manufacturing of the final product are included. We consider NMC 
traction batteries as produced in these facilities due to their wide 
application by the automakers [21,38]. The cell capacity improves by 
increasing the nickel content in NMC cathodes, and the lower cobalt 
content of NMC622 (LiNi6/10Mn2/10Co2/10O2) and NMC811 
(LiNi8/10Mn1/10Co1/10O2) results in lower battery prices [39]. The 
drawback of this enhancement is the instability issues due to the reac-
tivity of the cathodes towards the liquid organic electrolyte and any 
trace of moisture [40]. Also, it can be noted that a secure supply chain of 
nickel and lithium is needed for these high nickel-content chemistries 
[41]. In spite of the technical challenges, Ni-rich chemistries are 
currently the most likely candidates for high-density LIBs [16]. 

Life Cycle impact assessment is here limited to GWP, even if other 
environmental impact categories could be more significant [6]. Among 
European countries, Germany, France, and Italy are selected as the 
target locations, since they will become the largest European LIB pro-
ducers by 2030 [35]. We also considered China, as the largest LIB 
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producer [42] and LIB material supplier, to provide a broader compar-
ison. Two functional units are defined in this work: material weight (1 
kg) is used to assess the impact of producing battery-grade materials, 
and battery energy capacity (1 kWh), which translates the final impact 
of the produced battery into an energy basis. 

The electricity mix for each European country is modeled in GREET, 
based on the International Renewable Energy Agency (IRENA) reports 
[43–45] and the recent work of Scarlat et al. [46] for data obtained in 
2019 to keep consistency. In France, nuclear and hydro are responsible 
for 70 and 10% of the electricity production. In Germany and Italy, 
almost 60% of the electricity is produced by non-renewable sources, 
with the majority of coal and natural gas, respectively. Among renew-
ables, hydro is the dominant renewable source in Italy (16%) while in 
Germany wind-based electricity is the main source (21%). The corre-
sponding carbon intensity of the Chinese electricity mix is directly taken 
from the GREET model. Table 1 reports the equivalent CO2 emissions of 
the electricity mix of the four countries. It is important to notice that the 
data reported are not relative to the emission at the chimney of the 
power stations, but are estimated according to an LCA approach, 
including, for instance, plant construction and emissions related to the 
extraction, transport and losses of the fossil fuels. In addition, the most 
recent data on the share of renewables can differ from the ones assumed 
in this work. 

The main part of a traction battery is the cell. Slurry mixtures of 
active materials, poly-vinylidene difluoride (PVDF) as binder, and sol-
vents (N-methyl-2-pyrrolidone (NMP) and water) are prepared. Cathode 
and anode are built by coating and drying the slurry mixtures onto 
aluminum and copper current collectors, respectively [17]. The positive 
and negative electrodes are separated by polypropylene (PP) and poly-
ethylene (PE). Cells are filled with lithium hexafluorophosphate (LiPF6) 
salt as the electrolyte dissolved in ethylene carbonate (EC) and dimethyl 
carbonate (DMC). Finally, cells are grouped into modules, and modules 
are packed with a battery management system (BMS), a thermal man-
agement and a cooling system to form the traction battery. NMC pow-
der, as the active cathode material, is produced via co-precipitation and 
calcination [47]. Graphite is the most common anode-active material 
while addition of silicon can be beneficial to increase the energy storage 
capacity [48]. Fig. 1 shows the schematic of traction battery production. 

The bill of material (BOM) of LIBs can have a significant effect on the 
environmental impact [22]. In the literature, there are only a few BOMs 
available, most of them relative to NMC111 rather than NMC622 and 
NMC811. Some authors use Argonne’s Battery Performance and Cost 
(BatPaC) Model [49]. The BOMs available in the literature offer lower 
specific energy compared to the one extracted from BatPaC. Therefore, 
in order to follow a conservative approach in this work, the NMC111 
BOM reported by Dai et al. [12] (based on the older version of BatPaC) is 
taken as the reference and adjusted according to real cell data from Zu 
et al. [50], which is based on cells prepared in the Tianmu Lake Institute 
of Advanced Energy Storage Technologies. These adjusted BOMs pro-
vide lower specific energy compared to the current version of BatPaC. 
Table 2 reports the original BOM from Ref. [12] and the adjusted ones 
for NMC LIBs. 

2.2. Scenario development 

The available published data from the planned LIB Gigafactories is 
limited. Some of these facilities are commissioned based on cooperation 

with major Asian LIB producers [10,51]. The supply chain of needed 
materials remains unclear. For example, at present, NMC active cathode 
materials are mainly produced in China and Korea [20]. The question 
arises if the active cathode material (NMC powder) is produced in the 
emerging European LIB facilities or in East Asia, thus significantly 
influencing the final CO2 emission. Therefore, this study presents three 
scenarios to discuss this issue.  

1. In-house NMC powder. Cathode precursors are mainly produced 
outside of Europe. China produces 80% of global Cobalt sulfate 
(CoSO4) [21]. Nickel is mostly refined in China, Russia, and Canada 
[20]. Lithium is primarily sourced from brine in Chile and Australian 
spodumene ores, and it has been found that using different lithium 
sources can result in up to 10 kg CO2 eq./kWh difference in the GWP 
impact of battery production [52]. In the first scenario, these pre-
cursors are imported to Europe, and NMC powder is produced via 
two stages of co-precipitation and calcination within the facility. 
Table 3 summarizes the list of materials used in LIB, the production 
processes in the GREET model, and the location of production of each 
item for the first scenario.  

2. Imported NMC powder. Another possible scenario considers NMC 
powder produced in Asia, specifically in China, and imported to 
Europe for further processes in the electrode manufacturing. This 
scenario may have a higher probability since the majority of Euro-
pean Gigafactories are joint-venture battery facilities [10]. For this 
scenario, the assumptions in Table 3 remain the same, except for the 
NMC powder production location moved to China.  

3. Imported cell. Some LIB production sites are designed to increase 
their production capacity by using cells produced elsewhere, such as 
Tesla Gigafactory 1 in Nevada, USA [11,23]. This scenario considers 
cells produced in China to be grouped into modules and packed as a 
traction battery in the facility. The GWP impact of the Chinese cell is 
calculated according to the previous work of the authors [22], while 
the materials related to the battery module and pack are considered 
according to Table 3. These three scenarios are schematized in Fig. 2. 

The production stage mainly consists of cell manufacturing, module 
and pack assembly. Cell manufacturing includes mixing, coating, dry-
ing, vacuum drying, and formation processes. Some of the cell produc-
tion processes are executed in dry rooms, where the moisture content of 
the atmosphere should be less than 100 ppm [53]. The module and pack 
assembly shows a minimum environmental effect due to marginal en-
ergy consumption compared to cell production [8,12,14,17]. In this 
work, the energy consumption to produce 1 kWh of battery capacity in a 
Gigafactory is evaluated according to two cases reported in the litera-
ture. In case 1 (lower energy consumption), energy comes from elec-
tricity and heat (natural gas), while in case 2 (higher energy 
consumption) just comes from electricity due to design assumptions for 
a full-electric manufacturing process. The values considered in this work 
(29.45 and 65 kWh) represent the lower and the upper bound of energy 
demand, as shown in Table 4. This is confirmed by an analysis of energy 
consumption in the Research Factory for Battery Cells (FFB) in Germany, 
which showed that 41.48 kWh (20.10 of electricity, 21.28 of natural gas) 
are needed to produce 1 kWh battery cell capacity [25]. 

3. Results and discussion 

3.1. Battery-grade materials 

Fig. 3 shows the GWP impacts to produce 1 kg of battery-grade 
materials in the three European countries and China. The equivalent 
CO2 values for the production of the materials in China are adopted from 
the previous work of the authors [22] based on a unified LCI on the 
GREET. Cathode active materials (NMC111, NMC622, and NMC811) 
production in all four countries results in relatively higher values 
compared to the other materials. Increasing the nickel content leads to a 

Table 1 
Carbon intensity of the electricity mix.  

Country [kg CO2 eq./kWh electricity] 

Italy 0.371 
France 0.085 
Germany 0.409 
China 0.797  
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higher GWP impact for producing 1 kg of cathode active material, more 
pronounced when the production happens in a country with higher 
carbon-intensity electricity mix. By moving from NMC111 to NMC811, 
GWP impact per kg of the material increases from 18.8 to 23.2 kg CO2 
eq. for production in France, where the electricity mix has the lowest 
CO2 emission. The higher GWP for each kg of NMC811 compared to 
NMC111 is partially caused by the higher nickel content which its 
production is more energy-intensive than cobalt and manganese. Also, 
slightly higher electricity consumption during powder manufacturing 
and the use of lithium hydroxide (higher energy consumption in its 
production process), preferred for the manufacturing of NMC811 [21] 
(See Section 3.3), instead of lithium carbonate lead to an increase in the 
GWP value. Production of NMC811 in China results in a higher 30.5 kg 
CO2 eq. value, 6.5 kg more than NMC111. Besides the higher shares of 
fossil fuel in the Chinese electricity mix, the primary data for graphite 
production from Engels et al. [54] and the updated production paths for 
PVDF, LiPF6, and PE from Yin et al. [55] lead to a higher GWP impact for 

these materials compared to the GREET based production pathways in 
European countries. 

The production in Europe of energy intensive materials, like 
aluminum and BMS, results in a significantly lower GWP. The impact of 
aluminum production in the three European countries is around 6 kg 
CO2, regardless of the different carbon intensity of electricity grids. In 
fact, alumina reduction, via the Hall-Héroult process (the most elec-
tricity consumer stage of aluminum production), is obtained by using 
the European alumina reduction electricity mix, with an even lower 
carbon intensity compared to the electricity mix in France. 

Fig. 4 shows the resulting GWP impact per kWh of NMC battery- 

Fig. 1. Flowchart of traction battery production.  

Table 2 
Mass share and energy density of NMC LIBs.  

Material [kg] NMC111 
[12] 

NMC111 NMC622 NMC811 

Cell 
NMC 41.52 38.79 35.41 32.58 
Graphite 25.98 24.27 22.16 20.39 
PVDF 3.55 3.32 3.03 2.79 
LiPF6 2.66 2.48 2.27 2.09 
EC 7.43 6.94 6.34 5.83 
DMC 7.43 6.94 6.34 5.83 
PE 0.42 0.39 0.36 0.33 
PP 1.82 1.70 1.55 1.43 
PET 0.34 0.32 0.29 0.27 
Aluminum 9.80 9.15 8.36 7.69 
Copper 18.84 17.60 16.07 14.78 
Module and Pack 
PE 0.18 0.17 0.15 0.14 
Aluminum 29.55 27.60 25.20 23.19 
Copper 0.52 0.49 0.44 0.41 
Steel 1.02 0.95 0.87 0.80 
Glass fiber 0.80 0.75 0.68 0.63 
Coolant 7.10 6.63 6.06 5.57 
BMS 6.03 5.63 5.14 4.73 
Total [kg] 164.99 154.13 140.73 129.47 
Capacity [kWh] 23.50 23.50 23.50 23.50 
Cell energy density [kWh/ 

kg] 
0.20 0.21 0.23 0.25 

Pack energy density [kWh/ 
kg] 

0.142 0.152 0.167 0.182  

Table 3 
List of materials used in battery, the production process, and location for the first 
scenario.  

Item Process Location 

NMC Production of NMC Hosting country 
Graphite Synthetic graphite EU 
PVDF PVDF Production Hosting country 
NMP N-Methyl-2-pyrrolidone production Hosting country 
LiPF6 Lithium hexafluorophosphate 

(LiPF6) production 
Hosting country 

EC Ethylene carbonate (EC) production Hosting country 
DMC Dimethyl carbonate (DMC) 

production 
Hosting country 

PE High-density polyethylene (HDPE 
combined) 

Hosting country 

PP Mix final polypropylene Hosting country 
PET Final PET Product: Combined Hosting country 
Aluminum Average wrought aluminum (89% 

Virgin, 11% Recycled) 
EU alumina reduction mix- 
prepared in the hosting 
country 

Copper Average wire and copper 15.8% Chilean, 84.2% EU 
mix, wire in hosting country 

Steel Average Steel Hosting country 
Glass fiber Glass Fiber Production Hosting country 
Coolant Engine/Powertrain coolant from 

ethylene glycol 
Hosting country 

BMS Battery Management System 
Production 

Hosting country  

Table 4 
Energy demand for cell manufacturing and module and pack assembly.  

Case Electricity [kWh/kWh] Heat [kWh/kWh] Capacity [GWh] Source 

1 20 9.45 30 [8] 
2 65 0 35 [23]  
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grade materials under the first scenario assumption. In European 
countries, it varies between 47 and 57 kg CO2 eq. per kWh, depending on 
the cathode chemistry and the location of production. These values are 
30–42% lower than for production in China. Contrarily to the mass- 
specific analysis, increasing the nickel content results in decreasing 
the GWP impact due to the higher energy density of nickel-rich cathodes 
than for conventional NMC111. The decreasing GWP per kWh of 
battery-grade materials varies from 3.8 to 5.5%, with the smallest 
decrease where the carbon intensity of the electricity mix is lower 

(France). The GWP difference between NMC622 and NMC811 in all 
these four countries is almost negligible with a value of less than 0.8%. 

NMC powder and aluminum are responsible for almost 80% of the 
overall GWP for NMC battery-grade materials produced in European 
countries, while this value decreases to 67% for production in China due 
to the significantly higher GWP impact of graphite and BMS. The most 
abundant materials in an NMC LIB are the active cathode material and 
aluminum (50% of LIB’s total mass). In the European scenario, the mass 
basis GWP values of NMC powder and aluminum manufacturing are 
ranked first and fourth (See Fig. 3), which leads to 80% of the GWP for 
battery-grade material production on an energy basis. For production in 
France, NMC powder has a higher share in the specific cumulative GWP 
due to the almost constant and significant GWP impact of the precursors 
(upstream emissions), imported to the host countries. Other components 
result in significantly lower impacts due to their lower share in the BOM 
and their lower mass basis GWP impact. 

3.2. Overall GWP impact 

The energy demand for LIB production in giga-scale facilities is lower 
than for lab or small-scale LIB production sites. However, still, this 

Fig. 2. Schematic of possible production scenarios for European Gigafactories.  

Fig. 3. The GWP impact of the production of 1 kg of battery-grade materials in different countries.  

Fig. 4. The GWP impact of the production of battery-grade materials for 1 kWh capacity of different NMC LIB, based on Scenario 1.  
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energy demand can lead to a considerable amount of GHG emissions. 
Fig. 5 represents the corresponding GWP impact of manufacturing en-
ergy use defined in Section 2.2 (See Table 4) in European countries and 
China. Case 1 shows a lower energy demand assumption, provided by 
both electricity and heat, while case 2 is fully electric. For the region 
having the lower carbon-intensity electricity mix (France), the 
difference in GWP impact for both cases is negligible (almost 1 kg CO2 
eq. per kWh of LIB capacity). Electricity mixes based on fossil fuels result 
in a significantly higher GWP impact for fully electric LIB manufacturing 
facilities. The production site in China, considering the Case 2 energy 
consumption, generates almost 10 times more GWP impact compared to 
the French LIB manufacturer (51.8 vs. 5.5 kg CO2 eq. per kWh of LIB 
capacity). For countries with high-carbon intensity electricity 
generation, using a mixture of heat and electricity can reduce the GWP 
impact of LIB manufacturing, assuming that each kWh of heat generated 
by natural gas boiler generates almost 0.3 kg CO2 eq., less than the 
carbon intensity of Italian, German, and Chinese electricity mix. 
Utilization of a carbon burden-free heat source, such as waste heat or 
heat from combined heat and power plants, could furtherly reduce the 
GWP impact of LIB manufacturing. 

According to scenarios developed in Section 2.2, the overall GWP 
impacts to produce 1 kWh NMC LIBs in four regions based on two 
manufacturing energy demand cases are plotted in Fig. 6. The GWP 
value can be as low as 52 kg CO2 eq. per kWh for NMC811 production in 
France, or as high as 126.5 kg CO2 eq. per kWh for German NMC111 
depending on the scenario and the case. While the range for Chinese 
NMCs is from 99 to 136 kg CO2 eq. per kWh. Moving the whole pro-
duction to France could decrease the GHG emission up to 60% and 
almost 40% for LIBs manufactured in Italy or Germany. The trend of 
slightly decreasing GWP by increasing the nickel content is similar to the 
results in Section 3.1 (See Fig. 4) due to a similar manufacturing energy 
demand assumption for the three NMC cathode chemistries. Production 
of the LIB component in the European areas (scenario 1) results in 
considerably lower GWP impacts with respect to the third scenario (cells 
imported from China). Under case 2 manufacturing energy demand, the 
third scenario generates GWP values almost equal to the Chinese LIB 
production since the cell manufacturing energy consumption is signifi-
cant, while the energy demand for packing is negligible [12]. The dif-
ference between the GWP of the first and third scenarios can be from 36 
to 127% for NMC111 produced in Germany (case 1) and NMC811 (case 
2) produced in France, respectively. However, still importing cells and 
producing LIBs in these three European countries can decrease the GWP 
impact by between 6 and 12% depending on the country and cathode 
chemistry. The second scenario (importing the NMC powder) can be a 
promising option. The increase in GWP value with respect to the first 
scenario is in the range of 6–19%, the higher value associated with LIB 
production in France. 

3.3. Sensitivity analysis of the lithium compound source 

In previous sections, we considered a mixed source for lithium 
compound, according to the GREET model: lithium carbonate (Li2CO3) 
used for NMC111 and NMC622 is 45% from Chilean brine-based lithium 
and 55% from ore, while NMC811 makes use of lithium hydroxide 
(LiOH), 80% sourced from ore. 

In this section, we compare the GWP impact of three different 
lithium compound sources, under the first scenario of Section 2.2. 
Namely:  

• Brine-based lithium (‘Brine’ in Fig. 7): LiOH is produced from Li2CO3 
available from brines 

• Ore-based lithium (‘Ore’ in Fig. 7): LiOH and Li2CO3 directly pro-
duced from spodumene ore  

• A mixed source as mentioned above (‘Mixed’ in Fig. 7) 

Fig. 7 shows that the GWP impact is lower for brines, rather than for 
spodumene ores, in all four regions. The decrease is higher for NMC111 
and NMC622, 11 and 10 kg CO2 eq. per kWh, respectively, compared to 
NMC811, around 5 kg CO2 eq. per kWh. This GWP reduction can be 
explained by the fact that obtaining the lithium compound, LiOH and 
Li2CO3, from brine is less energy intensive compared to ore-based 
lithium which leads to lower GWP impacts. In other words, the energy 
consumption during the mining, the concentration stages of spodumene, 
and the production of lithium compounds from concentrated spodu-
mene is higher than the brine-based pathway [56]. Utilizing the 
brine-based lithium in European Gigafactories can be an opportunity to 
further reduce the GWP impact of LIB production. Contrary to the results 
obtained in Sections 3.1 and 3.2, brine-based lithium brings about a 
slightly lower GWP impact for NMC622 compared to NMC811 (for 
instance, 46.7 kg CO2eq. per kWh vs. 47.9 for production in France 
under case 1 energy consumption). This can be explained by the larger 
benefit of using brine-based lithium in decreasing the GWP value of 
NMC622 compared to NMC811. Since the brine-sourced lithium hy-
droxide used for NMC811 needs an extra energy consumption for the 
indirect production process from lithium carbonate, while the lithium 
carbonate used in NMC622 can be obtained directly from brines. 

3.4. Effect of regional LIB production on BEV’s carbon footprint 

BEVs are free of tailpipe emissions, while their production process, 
specifically the LIB production, and the electricity mix used for battery 
charging brings about significant CO2 emissions [4]. This section shows 
a simplified analysis of the GWP impact of the utilization phase of two 
vehicle categories: a small city car, equipped with a 42 kWh gross ca-
pacity LIB, and a compact executive BEV with an 83.9 kWh LIB [57,58]. 
The technical specifications of these BEVs and their internal combustion 
engine (ICE) versions [59,60] considering the combined real consump-
tions (including the charging losses) are summarized in Table 5. 

We assumed that the battery pack is manufactured in the same 
country where the BEV is circulating. In order to provide a broader 
comparison of the effect of LIB production scenarios, the LIB is produced 
under the first scenario and case 1 manufacturing energy demand 
(S.1-C.1, lower impact) or the third scenario and case 2 (S.3-C.2, higher 
impact) (See Fig. 6). The third scenario can be seen as an equivalent to 
the Chinese LIB; therefore, the results of this scenario are comparable to 
the vehicles which are equipped with a LIB imported from China. The 
NMC622 is selected for this case study due to its frequent implementa-
tion in recent BEVs [8]. The analysis focuses on the effect of the LIB 
production place, scenarios, the used electricity grid for recharging the 
battery, and the distance covered by the vehicle: the GWP impact of 
vehicle production (excluding LIB) is neglected, or better considered 
equal to a comparable car with an ICE. The BEV carbon footprint under 
different scenarios is compared with three thresholds: 

Fig. 5. The GWP impact of LIB manufacturing energy demand per kWh of 
battery capacity. 
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• The well-to-wheel (WTW) emission of the ICE version of the vehicle 
• The ICE average tailpipe emission regulation proposed by the Eu-

ropean Parliament (95 g CO2 eq./km) [61], which is defined as 
Regulation-EU.  

• The EU regulation plus the upstream impact of the fuel, named 
Regulation-EU-WTW. The value for the upstream impact is extracted 
from Eriksson and Ahlgren [62]. 

According to EU regulations, the carbon intensities of the electricity 
mixes should be reduced over the upcoming years by increasing the share 
of renewable electricity and phasing out the coal power plants [63,64]. 
For 2030, the indicative intensity level that would be consistent with the 
EU’s climate targets is in a range of 110–118 g CO2 eq./kWh electricity [65]. 
Therefore, considering a more conservative approach, the regional 
electricity mix carbon intensities for Italy and Germany, reported in 
Table 1, are reduced on a yearly basis to reach around 118 g CO2 eq./kWh 
electricity over a ten-year period (France’s electricity mix, already, has a 
lower carbon intensity than 100 g CO2 eq./kWh electricity.). In order to 
include the transmission and distribution losses (T & D losses) within the 
grid, the BEV’s consumption values are increased by a factor of 6%. The 
6% value is almost the average of T & D losses of the three countries under 
investigation [66]. Fig. 8 plots the hypothetical trend of decreasing car-
bon emissions of these two European countries. Firstly, as the baseline, 
we assumed that the vehicle covers 20,000 km each year, a vehicle life-
time of 200,000 km is a common value in the literature [67–70]. Later, 
the distance covered is considered based on the average annual distance 
coverage for each country (reported in Table 6) to indicate a more real-
istic driving condition. 

Figs. 9A and B show the carbon footprint of the small city and 

Fig. 6. The GWP impacts of the production of 1 kWh of battery capacity based on the three scenarios. 
Cases 1 and 2 are representative of manufacturing energy demand of Table 4. 

Fig. 7. The GWP impacts of the production of 1 kWh battery capacity based on the first scenario and lithium compound sources, 1 and 2 are representative of 
manufacturing energy demand in case 1 and case 2. 

Table 5 
Vehicles specifications.   

Vehicle 
Name 

BEV ICE 

LIB 
capacity 
[kWh] 

Consumption 
[kWh/100 km] 

Consumption [l/ 
100 km] 

WTW [g 
CO2/km] 

Small city 
car 

42 17.4 5.5 152 

Compact 
executive 
car 

83.9 19.5 6.8 187  
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compact executive BEVs for distances covered from 20,000 to 200,000 
km (20,000 km/year), respectively. The small BEV circulating in France 
equipped with a LIB produced in France under the lower impact con-
dition (light blue solid line) reaches an equivalent CO2 emission equal to 
95 g per km (Regulation-EU) after almost 32,000 km distance covered. 
Utilizing an assembled LIB (cell manufactured in China under the higher 
impact condition) in the BEV charged under the French electricity mix 
(light blue dashed line) postpones this cross point to slightly after 
64,000 km. Considering the EU regulation plus the upstream impact of 
gasoline, depending on the production scenario, the small BEV reaches 
this emission level slightly after 24,000 and 52,000 km. When this BEV 
is compared directly with its ICE version, the CO2 mitigation effect oc-
curs around 15,000 (not shown here) and 40,000 km for in-house and 
assembled LIB, respectively. BEVs circulating in Italy and Germany show 
an almost similar carbon footprint, slightly lower for Italy, and they 
reach EU regulation in almost 72,000 and 80,000 km, respectively. Due 
to the vicinity of their electricity carbon intensity, when the in-house LIB 
is substituted with the assembled version, the carbon footprint behavior 
becomes more similar for Italy and Germany. Both BEVs reach the EU 
regulation on CO2 emission of passenger cars within 110,000 to 
115,000 km distance covered. Under all conditions, the small BEV rea-
ches a smaller carbon footprint compared to the ICE version of the 
vehicle after a 60,000 km distance covered. 

The LIB capacity of the compact executive BEV is double the one in 
the small BEV, therefore, as it is shown in Fig. 9B, the cross points with 
respect to the three thresholds are shifted toward longer travel distances, 
mainly, due to a higher CO2 burden of the larger LIB. The compact ex-
ecutive BEV circulating in France reaches 95 g CO2 eq. per km after 
60,000 and 130,000 km for the in-house and assembled LIBs, respec-
tively. These values for both Italy and Germany are almost 125,000 and 
180,000 km. The lower carbon emission of this BEV compared to its ICE 
version can be obtained at around 30,000 and 50,000 km traveled dis-
tance in France and Italy or Germany for the in-house LIB, respectively. 
In the case of assembled LIB, these values are 60,000 and 80,000 km. 
Comparing Figs. 9A and B, regardless of the LIB production scenario and 
the BEV circulating location, the small and compact executive BEVs 
result in lower CO2 emission than their ICE versions after 3 and 4 years 
(60,000 and 80,000 km), respectively. This statement indicates that, in 
terms of the CO2 mitigation effect, small city BEVs outperform the ICE 
version of the vehicle earlier with respect to larger BEVs and their ICV 
equivalents. Considering France as the representative of a location with 

low carbon-intensity electricity, the small and compact executive BEVs 
equipped with lower impactful LIB become less CO2 pollutant within 
less than a year and a year and a half (15,000 and 30,000 km) compared 
to their ICE versions. As an example, Fig. 9B also shows the CO2 emission 
of the compact executive BEV equipped with the assembled LIB circu-
lating in Italy recharged under the current Italian electricity mix (371 g 
CO2 eq./kWh electricity) over the life cycle. It can be seen that this BEV in 
Italy recharged with the current electricity mix does not even reach the 
EU regulation plus the upstream impact during its life cycle while the 
same BEV reaches well below the EU regulation level under the 
decreasing electricity carbon intensity assumption. These results 
emphasize the effect of the carbon intensity of the electricity mix and 
confirm that the benefits of electric mobility are maximized by the 
decarbonization of electricity grids in the upcoming years. Also, it sug-
gests that the priority of the substitution of ICE vehicles with BEVs 
should be for the smaller vehicles within the countries with lower im-
pactful electricity grids. 

Figs. 10A and B are plotted based on the same data of Figs. 9A and B 
except for the 20,000 km yearly distance coverage which is replaced 
with the average annual distance coverage for each country (See 
Table 6). For the sake of simplicity, the Regulation-EU and Regulation- 
EU-WTW lines are not considered in these two plots. Comparing these 
two series of plots shows that for both vehicles the CO2 mitigation effect 
occurs at least half a year later with respect to the baseline 20,000 km 
annual coverage. For example, in France, the small BEV equipped with 
French LIB reaches below its ICE version CO2 emission level a year later 
if the French average annual distance is considered (0.5 years vs. 1.5 
years). For the BEV with the larger or the assembled LIB, or for the lo-
cations with higher electricity carbon intensity the gap is even larger due 
to the higher impact regarding the battery. For instance, from Fig. 10B, 
the compact executive BEV equipped with the assembled LIB circulating 
in Italy becomes less CO2 emitter compared to its ICE version after 7 
years while under the 20,000 km yearly distance coverage after 4 years. 
Contrary to Figs. 9A and B, despite the higher carbon intensity of the 
German electricity mix and slightly higher impact of the LIBs produced 
or assembled in Germany, BEVs in Germany cross the WTW emission of 
the ICE versions earlier (in terms of time) compared to Italy due to the 
higher annual traveled distances in Germany. Also, it can be noted that 
the CO2 emission levels of these BEVs traveling according to the average 
annual distance are higher after the ten-year life cycle compared to the 
baseline 20,000 km/year. Comparing the two series of Figs. 9 and 10 
suggest that the countries which have a higher average annual distance 
coverage benefit more from electric mobility. Another point that can be 
understood from these two series of figures is the large initial difference 
in the carbon footprint of ICEVs and BEVs, which indicates that by 
substituting the ICEVs with BEVs a higher CO2 emission will be intro-
duced into the environment due to the addition of LIBs to the vehicles, 
and only with mileage may this increase be compensated for [22]. 

The overall result shows that life cycle emissions will not be zero 
even with European battery production chains. Assuming a scenario 
with more likelihood, not all the items could be produced in the EU 
which would increase the global GHG emissions. However, over the 
upcoming years, by reduction of the electricity carbon intensity, the 
emission of LIB production could be further decreased. Recalling the fact 
that in this work, countries with relatively low-emission electricity in 
the EU landscape have been considered. In the case of a location like 
Poland, which currently hosts the largest European LIB production ca-
pacity and has an almost coal-based electricity production, the life cycle 
emission of both production of LIB and the electric mobility is higher. 
The emissions can be compared to the Chinese LIB manufacturing and 
BEV utilization scenario which is considerably higher than the target 
average emission of new ICE passenger cars [22]. Therefore, it is 
necessary to evaluate alternatives to BEVs by considering life cycle 
emissions. It can be emphasized that the percentages of biofuels in 
current fuels (which would have decreased CO2 emissions from the 
ICEVs that were compared) were neglected. In addition, it can be 

Fig. 8. Regional electricity carbon intensity over a ten-year period.  

Table 6 
Average annual distance coverage for each vehicle [71].  

Country Average Distance [km/year] 

Italy 10,712 
France 11,924 
Germany 13,602  
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pointed out that there are commercially available vehicles equipped 
with an ICE with lower emissions than the vehicles considered here, 
however, we have not considered them since there is no electric version 
of the same car. 

4. Conclusion 

The GWP impact of NMC battery production in Germany, France, 
and Italy was studied. According to the planned Giga-scale LIB factories 
in Europe, these three countries become the largest LIB producers in 
Europe by 2030. A cradle-to-gate LCA was performed within the open- 
access GREET model considering three different production scenarios 
to assess possible supply chains. Two bounds for manufacturing energy 
demand were assumed to show the possible variations in the overall 
GWP impact of LIB production in Giga factories. Also, the GWP impacts 
of NMC111, NMC622, and emerging NMC8111 cathode chemistries for 
different lithium sources were compared. Finally, a simplified analysis 

evaluated the effect of regional LIB production on BEVs’ carbon 
footprint. 

Moving the whole production phase, including the NMC powder 
production based on the imported precursors, to European countries 
with lower electricity carbon intensity can significantly reduce the GWP 
impact associated with LIBs’ production and secure the energy storage 
supply chain for European countries. The overall GWP for the produc-
tion of 1 kWh of NMC battery storage in European Giga factories can 
vary from 46.5 to 126.5 kg CO2 eq., regarding the level of domestic 
production, region of production, manufacturing energy consumption, 
and the lithium source. For scenarios 1 and 2, in which the production of 
precursors and the NMC powder, respectively, occurs overseas, the 
reduction in GWP impact compared to the Chinese LIB is significant. The 
decrease is in the range of 26–53% for the second scenario and it boosts 
to 32 and 60% in the first scenario. Among the three countries, France 
shows the lowest GWP impact. Italy and Germany are ranked second and 
third, respectively. Production under the third scenario is still beneficial 

Fig. 9A. The GWP impact of the use phase of a small BEV per km circulating 200,000 km in Italy, France, and Germany, equipped with LIB produced in the same 
country under Scenario 1-Case 1 (labeled with S.1-C.1, solid lines) or Scenario3-Case2 (labeled with S.3-C.2, dashed lines) compared to ICE average emission in 
Europe [61] (black line), and EU regulation plus the upstream impact of the fuel (gray line), and the similar ICE version of the vehicle (red line) [59]. 

Fig. 9B. The GWP impact of the use phase of a compact executive BEV per km circulating 200,000 km in Italy, France, and Germany, equipped with LIB produced in 
the same country under Scenario 1-Case 1 (labeled with S.1-C.1, solid lines) or Scenario3-Case2 (labeled with S.3-C.2, dashed lines) compared to ICE average 
emission in Europe [61] (black line), EU regulation plus the upstream impact of the fuel (gray line), and the similar ICE version of the vehicle (red line) [60] 
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in the sense of GWP reduction, however, this reduction is minimized 
(6–12%). The GWP impact decreases by increasing the active cathode 
nickel content for mixed and ore-sourced lithium compounds. While the 
lithium is supplied from Chilean brines, NMC622 outperforms NMC811 
in GWP impact. 

Moreover, the application of domestic and assembled NMC622 
through a simplified analysis of the use phase of two different classes of 
BEVs circulating in the three European countries was studied. The useful 
life for BEVs was considered equal to ten years. An optimistic progres-
sive decrease in emissions associated with electricity production in 
accordance with EU targets was considered in the analysis. Based on 
average driving distances of 20,000 km per year and the average annual 
use of cars in different countries, it takes about 30,000–80,000 km to 
have the same emissions as cars powered entirely by fossil fuels. On the 
one hand, the overall result shows that life cycle emissions will not be 
zero even with European battery production chains. On the other hand, 
the analysis shows the opportunity for further CO2 mitigation effect of 
electric mobility utilizing the European in-house built LIBs. This benefit 
is maximized for regions with grids with lower carbon intensity, higher 

average annual distance coverage, and smaller BEVs. 
The need for further real-world data, actual supply chain, and LCA 

studies to obtain a reliable impact assessment of the Giga-scale LIB 
production facilities is evident. Within the next years, some of these 
European Giga factories will start mass production, which enables the 
possibility to acquire the necessary data to evaluate the actual impacts 
and in case, revise the policies on mobility, i.e., to further promote 
electric mobility. 
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Fig. 10A. The GWP impact of the use phase of a small BEV per km based on the average annual distance circulating in Italy, France, and Germany, equipped with LIB 
produced in the same country under Scenario 1- Case 1 (labeled with S.1-C.1, solid lines) or Scenario 3- Case 2 (labeled with S.3-C.2, dashed lines) compared to the 
similar ICE version of the vehicle (red line) [59]. 

Fig. 10B. The GWP impact of the use phase of a compact executive BEV per km based on the average annual distance circulating in Italy, France, and Germany, 
equipped with LIB produced in the same country under Scenario 1- Case 1 (labeled with S.1-C.1, solid lines) or Scenario 3- Case 2 (labeled with S.3-C.2, dashed lines) 
compared to the similar ICE version of the vehicle (red line) [60] 
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