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SUMMARY

There is a high consensus that decarbonization of the mobility sector is possible by replacing internal com-

bustion engine vehicles with battery electric vehicles. Among the lithium-ion batteries, the NMC 811 battery 
chemistry is commonly used in electric vehicles. This work evaluates the cradle-to-gate environmental im-

pacts of industrial-scale NMC 811 battery production in the Visegrad countries—Czech Republic, Hungary, 
Poland, and Slovakia. Norway, with its low-carbon electricity mix, is included for comparison. This study 
showed how differences in electricity grid profiles influence the environmental impacts of lithium ion battery 
(LIB) production. The battery production in Poland has the highest global warming potential and Norway, due 
to its cleaner electricity grid, contributed the least for the same NMC 811 battery production. Hungary, 
Slovakia, and the Czech Republic reported lower GWP values. These variations highlight the critical impor-

tance of decarbonizing electricity grids to reduce emissions associated with LIB production.

INTRODUCTION

Due to the surge in demand for electric vehicles, the production 

of Li-ion batteries has seen an exponential growth. To address 

the pressing issue of climate change, the European Union (EU) 

set up policies like the SET-Plan, established in 2008 to define, 

develop, and construct an energy technology policy of Europe. 1 

One of the objectives set was in contributing to the global transi-

tion to a low carbon economy by 2050. 2 This resonates with the 

EU policy framework to establish battery regulations requiring 

manufacturers to provide an environmental footprint report 

before exiting the factory gate.

The usage of batteries, especially lithium ion, is not limited to 

battery electric vehicle (BEV). Li-ion batteries like LFP (lithium 

iron phosphate) and, redox flow battery (RFB) have been exten-

sively used in energy storage devices like battery energy storage 

system (BESS) or hybrid energy storage system (HESS), 3–5 

hybrid-electric aircraft, 6 and electric hydrofoil boats. 7 

According to McKinsey’s report, 8 the transportation industry 

contributes 28% to the GHG (greenhouse gas) emission in the 

EU. BEVs are considered eco-friendly compared to the conven-

tional internal-combustion engine (ICE) vehicles, particularly in 

terms of lower greenhouse gas emissions. 9–12 However, there 

is embedded emission attached to the BEVs which is visible in 

the production of BEVs, especially associated with batteries. 

The energy required to manufacture the battery components is

high, and majority of the energy demand goes to the production 

of the cell components, mainly the cathode materials. 13 In addi-

tion, the presence of critical raw materials (CRMs) like lithium, 

cobalt, manganese, nickel, and graphite also contributes to the 

environment impacts of battery production. The social implica-

tions of cobalt extraction are similarly concerning, especially 

the mining of the metal in the Democratic Republic of Congo 

(DRC) where child labor at the mining sites coupled with unfavor-

able working conditions were reported. 14

The automotive industry is one of the major sectors that 

contribute to the economy in the Visegrad countries. The indus-

try is crucial for Europe, as well, as it represents 8% of its GDP. 15 

The number of BEVs purchased by the consumers in 2023 was 

14 million, of which 95% of these sales occurred in China, Eu-

rope, and the United States together. After China (62%), Europe 

is the second largest market for the EVs (electric vehicles) repre-

senting over 25% of new market sales. 16 Table 1 shows the 

vehicle (cars and commercial vehicles) production in the EU in 

2023. 17 Out of almost 14 million vehicles produced in the EU in 

that year, the Visegrad countries together manufactured 3 million 

vehicles in 2023. This accounts to 25.90% of the total vehicle 

production in the EU (International Organization of Motor Vehicle 

Manufacturers, OICA). 17 The numbers show the importance of 

the four-member countries contributing to the automobile indus-

try. To maintain competitiveness, a transition toward electric 

vehicle production in these countries is inevitable.
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With growing demand for the EVs, the manufacturing of lithium 

ion batteries (LIBs) is picking up pace across Europe and several 

Gigafactories are being built and in pipeline. 18 The leading manu-

facturer in 2023 in terms of LIB production is China with almost 

80% of the total production worldwide (Figure 1). According to 

another report, Europe produced 185 GWh of LIBs in 2023 

and, Poland and Hungary contributed 60% and about 30%, 

respectively. 19 In the Visegrad region, LG Chem in Wroclaw, 

Poland, is the largest Gigafactory with the current annual battery 

production capacity of 86 GWh. 20 One of the world’s largest bat-

tery manufacturer from China CATL (Contemporary Amperex 

Technology Co., Limited) is setting up a Gigafactory in Debre-

cen, Hungary. 21 Similarly, the Czech government made public 

for the construction of a new Gigafactory in Karvina 22 and 

Gotion-InoBat has signed a Memorandum of Understanding 

(MoU) with the Slovak government for establishing a new 

Gigafactory. 23

Addressing the issues related to the production of batteries for 

the EVs requires a thorough and comprehensive approach such 

as life cycle assessment (LCA). It is a standardized method to 

evaluate the environmental impacts of a product over its entire 

life cycle. This assessment tool gives an overview and an insight 

knowledge regarding the sustainability of a product. There are 

several works conducted and reported in scientific journals on 

the LCA study of BEVs highlighting key contributing factors on 

reducing the environmental impacts of BEV productions. 24–30 

The LCA studies on the environmental impact of LIBs revealed 

that battery cell production step is one of the most energy-inten-

sive stage. 13,31,32

Burchart-Korol et al. 33 reported a comparative analysis of 

the BEVs in Poland and the Czech Republic. The main focus of 

the study was the electricity generation required to power the 

charging of the BEVs. The cradle-to-grave assessment evalu-

ated both the current and future production (2015–2050) of the

electricity needed to charge the BEVs. Duffner et al. 34 reported 

the production of the battery plant location in the 28 EU nations. 

The authors presented a methodology for assessing and evalu-

ating battery manufacturing plant location choices based on 

cost of establishing a plant and the scientific and technological 

knowledge of battery. The work revealed that, based on the sci-

entific and technological knowledge, Germany, France, and the 

United Kingdom scored the maximum points and the lowest 

point came from Malta. And, the leaders among the plant loca-

tion from the cost perspective came from the group of countries 

geographically located on the eastern side of Europe—Bulgaria, 

Latvia, and Poland. In another work by Kucukvar et al., 35 27 EU 

nations were considered to investigate the environmental im-

pacts of the BEVs by considering the electricity mix production 

of these 27 countries. The study revealed that Finland and the 

Netherlands contributed the least to the environmental impacts 

in the production of BEVs since their electricity mix generation 

has a higher proportion of renewable electricity mix sources 

(Norway electricity mix was not included in the study). Winjobi 

et al. 36 reported on the environmental performance of NMC 

(nickel manganese cobalt) batteries with varying stoichiometric 

ratios of the active cathode materials (NMC 111, NMC 532, 

NMC 622, and NMC 811). The baseline for the study was 

GREET (Greenhouse gases, Regulated Emissions, and Energy 

use in Technologies) NMC 111. The work also evaluated on the 

environmental assessment to understand the supply chain, elec-

tricity grid, and production location of the NMC batteries. The 

regional electricity grids used in the study were the United 

States, China, Japan, South Korea, and Europe. Coal-based 

electricity mix generation resulted in higher GHG emissions of 

the NMC precursors compared to the NMC 111 GREET baseline 

by 9%, 8%, 3%, and 1% for NMC 111, NMC 532, NMC 622, and 

NMC 811, respectively. When electricity mix production pow-

ered by hydro was studied, a reduction in the GHG emission 

was observed. Degen et al. 37 evaluated the energy consumed 

and the GHG emissions through the LCA study of the Research 

Factory for Battery Cells (FFB) in Germany. In the study, the au-

thors investigated the energy required and the GHG emissions 

from each step in the NMC 622 battery production and reported 

that maximum contribution came from coating and drying, for-

mation, and drying rooms. The work further reports that the 

GHG emissions of the LIB production are dependent on the loca-

tion of the manufacturing plant.

The Visegrad group of countries is considered major automo-

tive producers in the EU (25% of the vehicle production in the EU 

came from this region; Table 1). And, to stay competitive in the 

automobile industry, there is a need to shift toward EVs. Battery 

production is an energy-intensive process and the sustainability 

of EV production depends mostly on the environmental foot-

prints of batteries. As a result, having a good understanding of 

the impacts of battery production with respect to GWP, energy 

demand, and emissions related to battery production is impor-

tant for guiding cleaner industrial strategies in the region. The 

work by Shafique et al. 38 reported an LCA study of electric 

vehicle (EV), plug-in hybrid electric vehicle (PH-EV) and ICE, 

both petrol and diesel within the geographical setting of Hong 

Kong. In their study, the authors evaluated the GWP values for 

the production of an EV that include-li-ion battery, chassis,

Table 1. Car production in the EU in 2023 17

2023 Car production, EU Total production Percentage

AT 114,191 0.82

BE 332,103 2.39

CZ 1,404,501 10.09

FI 30,191 0.22

FR 1,505,076 10.81

DE 4,109,371 29.52

HU 507,225 3.64

IT 880,085 6.32

PL 612,882 4.40

PT 318,231 2.29

RO 513,050 3.69

SK 1,080,000 7.76

SL 60,881 0.44

ES 2,451,221 17.61

Sum 13,919,008

AT, Austria; BE, Belgium; CZ, Czech Republic; FI, Finland; FR, France; 

DE, Germany; HU, Hungary; IT, Italy; PL, Poland; PT, Portugal; RO, 

Romania; SK, Slovakia; ES, Spain.
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transmission system, vehicle body, vehicle fluids, generator, 

powertrain system, traction motor, vehicle assembly, lead acid 

battery, and electronic controller. The major contributor came 

from the production of li-ion battery (46%), followed by the pro-

duction of vehicle body (18%) and vehicle assembly (9%).

Literature gap, research motivation, and novelty of the 

work

There are a few LCA studies conducted on the production of LIBs 

in the Czech Republic, Hungary, Poland, and Slovakia. 33,37,39,40 

The article by Korol et al. 33 reported about the charging of EVs in 

the Czech Republic and Poland and its environmental impacts 

of the energy used during charging. Degen et al. 37 focused on 

the battery production in Europe, and the results demonstrated 

that location of a battery production plant has a significant influ-

ence on the GWP values during cell production. However, no 

such work has been reported in the literature that collectively in-

vestigates the battery production for EVs in these Visegrad coun-

tries together provides a comparative analysis of their respective 

outcomes.

RESULTS AND DISCUSSION

GWP100 values of battery pack production for different 

electricity mix

The LCA study in this work examines the NMC 811 battery 

production at different geographical locations with varying 

electricity grid. The GWP100 (the average warming potential 

over 100 years) associated with the battery production is an 

important indicator that reflects the environmental impact of 

GWP (GWP will be used throughout the text implying 

GWP100) emissions from the manufacturing process. The 

GWP value of LIB production varies significantly based on 

the battery chemistry, methods of production, and regional 

or geographical locations. Among various battery chemistries, 

NMC has many variants like NMC 111, NMC 333, NMC 622,

Figure 1. Global top-10 battery 

manufacturing capacity (GWh) in 2023 

(statista.com)

and NMC 811. The variants with higher 

nickel content and low cobalt content 

tend to have low GWP on the lower 

end of the spectrum and NMC 811 

has the least of all, comparatively. 13,36 

The line graph in Figure 2 illustrates the 

GWP values of the battery production in 

the Visegrad countries and Norway over 

a period of 6 years, 2019–2024. When 

the GWP values for battery production 

for each country are examined collec-

tively, a connection can be drawn be-

tween the observed patterns in emissions 

with underlying changes in the electricity 

generation mix. The gradual integration 

or expansion of the renewable energy 

shares and the reduction of fossil fuels influence can be 

observed in Figure 2. Further insight into this relationship can 

be obtained by considering the electricity production profile of 

the repspective countries. Table 4 depicts the electricity produc-

tion profile for 2024 in the Visegrad groups and Norway, while 

Figures 3 and 4 illustrates the bar chart of electricity generation 

from 2019–2024 clubbed together to three sources- renewable, 

nuclear and, fossil. Referring to Figure 3, the contribution to the 

electricity grid of the Czech Republic is around 52.40%, 35.89%, 

and 11.67% for fossil, nuclear, and renewable, respectively, in 

2019. Over the years until 2024, the reliance on fossil reduced 

to around 41.35% and not much of a change or development 

was observed in nuclear and renewable sources. This is re-

flected in the GWP values for the manufacturing of battery in 

this time period too, though with slight changes from 68.08 kg 

CO2-eq/kWh in 2019 to 66.90 kg CO2-eq/kWh in 2024.

On the other hand, Hungary updated their grid profile by 

increasing their renewable share from 7.5% to 23.61% and 

simultaneously reduced their fossil share from 41.28% to 

29.55% from 2019 to 2024 (Figure 3). This is also reflected in 

the GWP values of battery production where a drop from 63.87 

to 60.46 CO2-eq/kWh could be seen (Figure 2). The contribution 

in the renewable sector is from the installation of the solar panels 

in Hungary; it rose from a mere 0.6% in 2019 to 17.6% in 2024. 

Furthermore, hydropower makes up roughly about 1.96% to the 

grid mix. These factors explain why in 2023 and 2024, Hungary’s 

GWP values are lower than Slovakia’s despite fossil fuel con-

tributing about 30% of the electricity production in Hungary 

and c.a. 15% in Slovakia (Figures 3 and 4).

Among the four Visegrad countries, Poland has the highest 

share of fossil-based grid profile, with 74% contribution 

(Figure 4). As can be seen in Figure 4, and in the previous 

GWP graph of cell production in Poland (Figure 2), it contributes 

the most when compared to the rest of the national grid in this 

study. However, when referring to Figure 4, the national grid of 

Poland reduced their dependence on fossil from 90.61% to
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71.23%. This is a significant reduction in the usage of fossil fuels 

for electricity generation. The country is heavily reliant on fossil 

hard coal. Another notable point to be mentioned is that Poland 

has the highest share of renewable sources for electricity pro-

duction among the Visegrad countries in 2024. Standing at 

28.77%, like Hungary, the nation is investing on wind onshore, 

which contributes about 15% from the total share of renewable 

sources. It is also to be noted that 2020 onwards, the country 

started investing on the installation of solar panels. The percent-

age share rose from 1.26% in 2020 to 11.03% in 2024. These 

numbers resonate with the GWP values of battery production 

in Poland from 2019 to 2023 (Figure 2). It can be seen that for 

countries with electricity mix generated from fossil fuels results 

in higher GWP values (67.41 kg CO2-eq/kWh), as in Poland. 

On the other hand, Norway with 99% of its electricity production 

from a renewable source has the least GWP values (58.68 kg 

CO2-eq/kWh). The GWP values of the battery production for 

the electricity mix modeled from 2024 is depicted in Figure 2. 

The timeline from 2015 to 2024 shows that Slovakia 

increased their electricity production of nuclear source from 

14.54 to 18.19 TWh. This is the only country in the Visegrad 

countries with the least contribution from fossil-based source, 

13.85% in 2024. In Slovakia, of the 13.85% fossil, 2.79% is 

brown coal, 0.51% is hard coal, and 7.06% is fossil gas. For 

Hungary, of the 29.5% fossil, about 7.28% is brown coal 

(lignite) and 0.79% is fossil hard coal and 19.82% is natural 

gas. For Slovakia, the operation of conventional power plants 

and combined cycle power plants (CCPPs), for electricity pro-

duction from natural gas, contributes 1.4% and 2.1%, respec-

tively. In the case of Hungary, the percentage contribution from 

CCPs is 13% and conventional power plant contributes 1.1%. 

Comparing the energy efficiency of both the conventional po-

wer plant and the CCPPs for the production of electricity 

from natural gas, the CCPPs have efficiency of about 55% 

and the conventional power plant efficiency is around 33%. 41 

According to the work reported by Viola et al., the electricity 

production from natural gas, using the CCP contributes rela-

tively less to GWP as compared to electricity production using 

the conventional power plant. 42

Figure 2. GWP values (per kWh) for NMC811 

battery production in CZ, HU, PL, SK, and 

NO from 2019 to 2024

In the renewable sector, 14.54% of their 

share is from hydro run-of-river. Referring 

to Figure 2, the results of the GWP values 

from 2019 to 2024 can be corelated with 

electricity production from Figure 4. The 

GWP values of these countries in the EU 

are comparable and falls within the range 

of the published articles in the litera-

ture. 36,43 Among the Visegrad group of 

countries, Slovakia has the most percent-

age of electricity produced from nuclear, 

63.14% in 2024, followed by 23.01% 

from renewable sources. Slovakia is one 

of the major automakers in Europe with its annual vehicles man-

ufactured crossing over a million and exporting to several na-

tions. 44 In 2022, Slovakia topped the chart in the production of 

car manufactured per capita with 184 cars produced per 1,000 in-

habitants followed by the Czech Republic (115 cars per 1,000 

residents). 45

Contribution of the electricity consumption in battery 

production

In the study, the energy demand for the battery production is 

sourced from electricity and heat (from natural gas). The energy 

demand in the manufacturing of 1 kWh of NMC 811 battery is de-

picted in Figure 5. In this work, the GWP values for the battery 

production were taken for the electricity and natural gas. The en-

ergy demand values are procured from a work by Kuki et al. 

where the energy used was calculated from a CATL factory in 

Debrecen, Hungary. 39 The projected annual use of electricity 

and natural gas in the factory (including the factory offices) 

was 90,000,000 m 3 and 533 GWh, respectively. As can be 

seen in Figure 5, the highest energy demand contribution 

to the GWP value is from Poland. In Poland, to manufacture 1 kWh 

of battery, the energy consumption is 13.76 kg CO2-eq/kWh of 

GWP (Figure 5). It constitutes 20.56% of the energy consumption 

from electricity and heat production from natural gas contributed 

0.002%. The manufacturing of the NMC 811 battery in the re-

maining country grid has 16.16%, 11.20%, and 10.04% contri-

bution for the Czech Republic, Slovakia, and Hungary, respec-

tively (Figures 6 and 7). As for Norway, about 7.45% is the 

percentage contribution to the total GWP during battery produc-

tion (Figure 7). Among other factors, the reduction in the carbon 

intensity is proportional to the GWP from the battery production. 

Poland is the largest producer of LIB among the Visegrad group 

in Europe.

The GWP values for the production of NMC 811 battery for the 

year 2024 is shown in Figures 6 and 7. An overview of the main 

stages in cell manufacturing is illustrated in the process flow di-

agram in Figure 8. Within this production sequence, and across 

all the cases shown in Figure 2, the production of cathode is 

mainly responsible for the GHG emissions and causes major
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environmental effects, 46–48 as is the case in this study as well 

(Figures 6 and 7). The electrode production (mainly from 

coating/drying of anode and cathode) and the use of dry room 

are the most energy-intensive steps in the manufacturing of a 

cell. 49,50 The other factors that heavily contribute are mining 

and extraction of the upstream raw materials like lithium, nickel, 

cobalt, and aluminum. 51–53

The energy consumption (electricity demand) for producing 

1 kWh of battery reported in this study (sourced from Kuki 

et al.) is 34.6 kWh. For a 40 GWh of annual production, the total 

electricity demand for annual production amounts to 1.384 

million kWh (electricity demand annually = factory annual capac-

ity * energy demand per kWh of battery production). This trans-

lates to 1.384 TWh of the energy demand to produce 40 GWh 

of battery production annually. The electric production in 

each country in 2024—Czech Republic, Hungary, Poland, and 

Slovakia, produced is 77.11 TWh, 60.97 TWh, 171.24 TWh, 

and 36.80 TWh, respectively. Table 2 below summarizes the 

electricity production in 2024, energy demand for battery 

production, and the share of from each country.

From the table, it can be seen that, depending on the country’s 

electricity grid mix, the electricity demand ranges from 0.81% to 

3.76%. This can be a noticeable addition to the national grid 

load, especially for a country like Slovakia and Hungary. 

Ionizing radiation relates to damage to human health and 

the ecosystems linked to the emissions of radionuclides 

during a number of human activities. Mining and processing 

of raw materials, treatment and handling of radioactive mate-

rials, and burning of coal indirectly generate ionizing radiation 

by releasing naturally occurring radioactive materials (NORM) 

into the environment. Figures 6 and 7 show the contribution 

to the ionizing radiation (INR) during the NMC 811 battery pro-

duction. Slovakia (43.89%), Hungary (28.71%), and the Czech 

Republic (36.1%) have the maximum percentage share of 

electricity generation from nuclear energy (Figures 3 and 4). 

The numbers are clearly reflected in the contribution of IR dur-

ing the battery production. These three countries contribute

50% or more from electricity production to the ionizing radia-

tion. More environmental impacts especially from ionizing 

radiation occurs if a battery manufacturing plant with a signif-

icant share contributing from nuclear power generation. This is 

attributed to the mining and extraction of, mainly, uranium, 

their processing and waste management. On the contrary, 

Poland and Norway do not operate nuclear power plants 

contributing 3.95% and 3.23%, respectively, of ionizing radia-

tion during the manufacturing of the NMC 811 battery produc-

tion. The emission, however, can be associated indirectly from 

their processes of electricity generation rather than the pri-

mary energy generation process. 54 Coal-fired plant may 

contribute to IR as coal contains natural radio nuclides like 

uranium, thorium, and radium. 55 Coal ash containing these 

radionuclides is emitted into the environment when burned in 

power plants. 56

Freshwater eutrophication is the presence of nitrogen and 

phosphorus in water body (non-saline water) results in the algal 

growth, hypoxia, and depletion of marine ecosystems. Raw 

material extraction and its processing (especially lithium, nickel, 

manganese, and cobalt mining), and battery production are one 

of the key contributors to freshwater eutrophication. According 

to Accardo et al., nickel and cobalt extraction accounted for 

56% and 20% to the impact category, respectively. 57 In the 

manufacturing stage, the production of cathode is the main 

contributor to the impacts caused to the freshwater bodies 

followed by the production of anode. The energy consumption 

is high in the electrode production as it requires high-tempera-

ture processing which significantly increases the energy and 

electricity demand. Norway with 99% renewable electricity 

grid contributes the least to freshwater eutrophication and, 

Hungary and Slovakia contributed around 15%. The percent-

age share of fossil in their national grid is 6.12% and 9.50%, 

respectively. Conversely, the electricity grid from Poland and 

the Czech Republic contributes about 22.41% and 21.05%, 

respectively, to the battery production. The waste from the 

coal-fired thermal powerplant released into the water contains

Figure 3. Electricity production, excluding import of electricity, in the Czech Republic and Hungary in 2015–2024 (energy-charts)
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toxic chemicals in the form of phosphates, heavy metals, and 

nitrogen compounds. These toxic chemicals aid in the algal 

growth leading to eutrophication. In addition, according to 

Dones et al., 84% of the freshwater eutrophication comes 

from mining due to the release of phosphates in the water 

bodies. 58 Gaete-Morales et al. also highlighted on the role a 

coal-based electricity mix play in significantly contributing to 

freshwater eutrophication. 59

In this work, the majority of the contributions in land use are 

from the manufacturing of the cell components—anode, cath-

ode, and electrolyte (together they contributed around 80% to 

LDU), mainly from mining and processing of the electrode mate-

rials (Figures 6 and 7). And when it comes to electricity produc-

tion, there are variances in land use impacts. For fossil-based, 

land is primarily occupied or used for coal mining, drilling land 

for natural gas, and for renewable source, wind, and solar farms 

can be installed on agricultural land. Electricity generation from 

coal and its extraction, especially hard coal, has several environ-

mental impacts, other than greenhouse gas emissions, espe-

cially in land use. According to a report by the United Nations 

Economic Commission for Europe (UNECE), 60 the extraction of 

coal contributes the most in the generation of electricity from 

coal. The unit used in the study is points (quality of soil occupied, 

a unit related to the quality of a land). For land use, the coal-pow-

ered plant affects the land both directly and indirectly. The direct 

land transformation includes mining of a land, damage to the soil 

and ecosystem in the mining area due to the extraction of coal. 

The indirect transformation includes upstream processes like 

building and operation of the coal mines and its infrastructure. 

Having largely dependent on coal for electricity generation, this 

is reflected in the land use contribution in Poland and the Czech 

Republic (Figure 6).

As illustrated in the tree diagram in Figure S2, the preparation 

of cathode active material involves the synthesis of NMC hydrox-

ide precursor followed by calcination where oxide active material 

is the product formed. The cathode active materials production 

in Figure S2 is from the Czech Republic, and the electricity mix 

data modeled are for the year 2024. Cathode production is one 

of the most energy intensive processes. Also, similar trends 

are expected for Hungary, Poland, and Slovakia. In the cathode 

production, the active material for the preparation of oxide mate-

rial of NMC and prior to that, the preparation of hydroxide of 

NMC is an energy-consuming process. Dai et al. 48 reported on

Figure 4. Electricity production, excluding import of electricity, in Poland and Slovakia in 2015–2024 (energy-charts)

Figure 5. GWP of energy demand per kWh (electricity and heat) 

during battery production, 2024 electricity mix
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the NMC 111 powder production process. In their work, the in-

dustrial production of the active cathode materials was reported 

where it was analyzed that co-precipitation step followed by 

calcination process were the most energy-intensive process. It 

was reported that to produce 1 kg of hydroxide of the NMC 

active materials via co-precipitation process, 42.6 MJ energy 

was consumed. The calcination step consumed 25.2 MJ. This 

finding aligns with Figure S2 in this work, where these two pro-

cesses exhibit the highest energy contributions.

Hydropower significantly affects land occupation due to reser-

voirs. Among the renewables, hydropower (depending on the 

size of reservoirs as higher reservoirs occupy more land) con-

tributes the most and wind the lowest to land use. The land occu-

pation in hydropower includes both agricultural and urban 

land transformation. It is dependent on the geography and 

topography of a land. In this study, Norway accounts for most 

of the land-use impacts linked to electricity generation, primarily 

due to its reliance on hydropower. From the 99% of renewable

share in the electricity mix for 2024, Norway generates about 

89% from hydropower alone. The direct land transformation 

associated with the installation of onshore wind mill on an agri-

culture land is relatively minimum. 58

Electricity generation from nuclear power includes mining, 

milling, conversion, enrichment, fabrication, power plant, and 

fuel disposal. 61 According to Fthenakis et al., the building of 

the infrastructure, power plant contributed the most to land 

use (m 2 /GWh). However, Fritsche et al. reported that the direct 

land occupation required to establish nuclear power facilities is 

relatively small. Czech Republic, Hungary, and Slovakia have 

high percentage of electricity share mix from nuclear power. 62 

The contribution from the nuclear source is reflected on the 

LDU impact category in the NMC 811 battery production 

(Figures 6 and 7). In addition, to have an international bench-

mark, the GWP values of the current study are compared with 

China. The GWP value for the production of the NMC 811 battery 

in China is 72.48, (Figure S1). The data for electricity market mix

Figure 6. Impacts of 1 kWh of NMC 811 battery production on GWP, INR, FWE, and LDU in CZ, HU, and PL, 2024 electricity mix
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was sourced from the ecoinvent database. The documented 

database was last updated in December 2023. It is, therefore, 

assumed that the electricity data are from 2022/23. Comparing 

the GWP value of battery production from China with the rest 

of the Visegrad group of countries from 2022/23, China is the 

highest contributor. This results from the fact that about 

61.20% of the electricity is powered by coal, 3.08% from natural 

gas, and 0.814% from oil, amounting up to 65.09% from fossil-

based for electricity generation. 63 In terms of proximity to the

electricity production of China, Poland’s electricity profile is the 

closest among the Visegrad countries (Figure 5). When 

compared to the work by Dai et al., they reported a GWP value 

of 72.90 kg CO2-eq. Although the battery chemistry is NMC 

111, this is the closest reported work in the literature at the 

pack level for Chinese production.

Comparative analysis of the current work with the 

reported works

To systematically compare several LCA works on LIB produc-

tion with the current work, these are the parameters taken as 

benchmarks-functional unit, battery chemistry, system bound-

ary, cumulative energy demand, GWP, and geographical re-

gion (Table 3). The table consistently compares the quantita-

tive matrices and interprets differences based on battery 

chemistry and on regional context. Kim et al. 64 conducted 

an LCA study of Ford Focus electric vehicle. The inventory 

for the bill of materials (BOMs) was collected from the manu-

facturer. Their study reported the GWP values of 140 kg CO2-

eq/kWh at the pack level and 89 kg CO2-eq/kWh at the cell 

level. In another work, Dai et al. 48 visited a couple of leading

Figure 7. Impacts of 1 kWh of NMC 811 battery production on GWP, INR, FWE, and LDU in SK and NO, 2024 electricity mix

Table 2. Share of national electricity demand for setting up a 

40 GWh Gigafactory in the Visegrad group of countries

Country

Electricity

production (2024) 

(TWh)

Annual electricity 

demand (TWh)

Percentage share of 

national electricity 

demand

Czech

Republic

77.11 1.384 1.79

Hungary 60.97 1.384 2.27

Poland 171.24 1.384 0.81

Slovakia 36.80 1.384 3.76
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Table
 

3. Reported
 

works
 

on
 

large
 

scale
 

battery
 

productions
 

at various
 

geographical locations

Battery

chemistry

Cell

geometry

Cell-specific

energy

(kWh/kg)

Annual cell 
production

 
(GWh)

Cumulative
 

energy demand
 

(kWh/kWh
 cell )

GWP

(kg
 

CO
 

2
 
-eq/kWh

 cell ) System
 

boundary Factory location Source

LMO/NCM pouch 0.08 – 33.33
 

kWh/kg
 cell 89.0 CTG S. Korea Kim

 
et al. 

64

NMC
 

111 prismatic 0.19 2 47.20 72.90
 

(pack) CTG – Dai et al. 
48

NMC
 

622 cylindrical – 7
 

(theoretical output) 41.48 10.33 GTG DE Degen
 

et al. 
37

NMC
 

622 cylindrical – 7
 

(theoretical output) 41.48 4.54 GTG SE Degen
 

et al. 
37

NMC
 

622 cylindrical – 7
 

(theoretical output) 41.48 5.38 GTG FR Degen
 

et al. 
37

NMC
 

622 cylindrical – 7
 

(theoretical output) 41.48 8.66 GTG HU Degen
 

et al. 
37

NMC
 

622 cylindrical – 7
 

(theoretical output) 41.48 18.83 GTG PL Degen
 

et al. 
37

NMC
 

622 cylindrical – 7
 

(theoretical output) 41.48 9.68 GTG UK Degen
 

et al. 
37

NMC
 

811 cylindrical 0.21–0.24 16 no. of cells not mentioned 50.40 CTG SE Chordia
 

et al. 
65

NMC
 

811 cylindrical 0.21–0.24 16 no. of cells not mentioned 109.0 CTG S. Korea Chordia
 

et al. 
65

NMC
 

622 – 0.18 30 29.60 93.5 CTG CN Sun
 

et al. (2022) 
13

NMC
 

811 – – 40 34.6
 

(pack) 10.95
 

(pack) GTG HU Kuki et al. (2025) 
39

NMC
 

and
 

NCA – – 26 28.6
 

(pack) NA GTG HU Kuki et al. (2025) 
39

NMC
 

811 – – 30 29.4
 

(pack) 9.91
 

(pack) GTG HU Kuki et al. (2025) 
39

NMC
 

811 prismatic 0.338 40 34.6
 

(pack) 57.62–71.18
 

(pack) CTG CZ, HU, PL, SK, NO Current work

LMO, lithium
 

manganese
 

oxide; NMC, sodium
 

nickel cobalt; CTG, cradle-to-gate; GTG, gate-to-gate; S. Korea, South
 

Korea; NA, not available; DE, Germany; SE, Sweden; CN, China; HU, 
Hungary; CZ, Czech

 
Republic; PL, Poland; NO, Norway.
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battery manufacturers in China and procured the BOM of the 

NMC 111 battery pack. The annual production reported being 

2 GWh of battery cells. The combined energy demand during 

the manufacturing process was measured to be 47.20 kWh/ 

kWh cell , and the GWP values at the pack level was calculated 

as 72.90 kg CO2-eq/kWh. Chordia et al. 65 conducted an LCA 

study of a 16 GWh battery production from Northvolt in Swe-

den. The authors considered two locations for the Giagfacto-

ries, Sweden, and South Korea. The electricity grid of Sweden 

is favored more toward renewable sources and the South 

Korean electricity mix is mostly fossil-based. In line with this,

the GWP values for cell production are 50.40 and 109 kg 

CO2-eq/kWh for Sweden and South Korea, respectively. Sun 

et al. 13 reported a 30 GWh annual battery production from 

another LIB manufacturer in China. The NMC 622 battery 

cell with 1.18 kWh/kg specific energy reported a combined en-

ergy demand of 29.60 kWh/kWh cell . The GWP value of the bat-

tery chemistry from the large-scale production plant was 

93.5 kWh/kWh cell . Kuki et al. reported on three leading Giga-

factories located in Hungary—CATL, Samsung, and SK Inno-

vation. The annual production capacities for these Gigafacto-

ries are 40, 26, and 30 GWh, respectively. The battery 

chemistry is NMC 811 for both CATL and SK and NMC for 

Samsung. In their gate-to-gate study, the GHG per kWh of 

battery reported was 28.11, 10.95, and 9.91 kg CO2-eq for 

CATL, Samsung, and SK, respectively. For all the Gigafacto-

ries, the energy consumption data were collected from pub-

licly available data sources. The energy consumption values 

were calculated accordingly and are shown in Table 3.

In summary, this work reported the NMC 811 battery pro-

duction of a 40 GWh annual production across the Visegrad 

countries and, Norway is used as a benchmark for best practises 

as it generates about 99% of the electricity from a renewable 

energy source. The objective of the study is to encourage on 

the production of battery production in the EU, especially in 

these countries and the commitment to phase out electricity 

generation from non-renewable sources like coal or a fossil-

based energy source.

Through the LCA study, the GWP values of the NMC 811 

battery pack production in 2024 varied from 60.46, 61.16, 

66.90, and 67.41 kg CO2-eq/kWh for Hungary, Slovakia, 

Czech Republic, and Poland, respectively. The fact that 

Norway has electricity grid generated mostly from the renew-

able sources, with 99% of the grid mix generated from hydro 

and wind energy, it is the best-case scenario. Norway re-

ported 58.68 kg CO2-eq/kWh of GWP for battery pack pro-

duction. The study shows the potential of improvements in 

reduction of greenhouse gas emissions using renewable

Figure 8. Process flow diagram of cell production

Table 4. Electricity production mix (TWh) of the Visegrad 

countries and Norway in 2024, without electricity import (energy 

charts, 2024)

CZ HU PL SK NO

Nuclear 28.04 15.14 0 18.19 0

Hydro run-of-river 1.03 0.1 1.53 4.34 30.19

Hydro water reservoir 1.53 0.10 0.38 0.39 106.18

Wind onshore 0.67 0.63 23.48 0 14.53

Solar 3.91 5.69 17.34 0.54 0

Waste renewable 0.1 0.07 0 0 0.15

Other renewables 2.39 0.12 0 0.47 0.40

Biomass 2.22 0.92 2.36 0.89 0

Fossil brown coal/lignite 23.05 2.35 32.90 0.06 0

Fossil coal-derived gas 0.10 0 1.05 0 0

Fossil hard coal 0.64 0.26 56.15 0.19 0

Fossil gas 3.39 6.40 16.51 2.44 1.63

Fossil oil 0 0 2.04 0.36 0

Waste non-renewable 0.10 0.07 0 0 0.15

Others 0.61 0.44 3.26 0.95 0

Total 67.80 30.907 157.11 28.82 153.24

CZ, Czech Republic; HU, Hungary; PL, Poland; SK, Slovakia; NO, Nor-

way.
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electricity production mix. The result sheds light on the envi-

ronmental trade-offs associated with electricity production 

from nuclear energy. Although nuclear energy contributes to 

lower a GWP, countries like Slovakia, Hungary, and the Czech 

Republic, heavily relying on nuclear energy for electricity gen-

eration, its impacts were observed due to the radiation asso-

ciated with nuclear energy. By focusing on the regional grid 

mixes, it could be seen that the fossil-reliant Poland is invest-

ing on the installation of solar panels (the percentage share 

was 1.26 in 2020 and 11.03 in 2024). Moreover, apart from 

investing in the installation of solar panels, Poland has also 

reduced the reliance on coal in the last 10 years TWh 

(90.61%–74% from 2015 to 2024). This is reflected in the 

GWP values on the battery production in the last 6 years 

from 2019 to 2024.

Focusing the transition to renewable electricity grid will be 

help the EU strive for carbon neutrality. Wind energy set to 

play a crucial in adapting renewable-based electrification. The 

findings indicate that energy mix is one of the critical drivers 

for the reduction of the environmental impacts change being 

sensitive to electricity grid composition.

Limitations of the study

As mentioned earlier, the data of the total energy demand were 

procured from the work by Kuki et al. 39 In their study, the authors 

collected data from a leading battery manufacturing company, 

CATL, located in Debrecen, Hungary. The CATL Gigafactory is 

expected to begin production in 2025 with an annual capacity 

of 40 GWh. Though the battery chemistry studied was NMC 

811, the battery and cell specifications were not disclosed. 

These are important factors as the battery capacity and power 

have an influence in the overall GWP emission.

Further, the inventory for the NMC 811 battery at the cell level 

was taken from BatPac 66 and Crenna et al. 67 and the non-cell 

components like BMS, packaging, and cooling system cell 

were taken from Ellingsen et al. 68 The use of secondary data in 

this study creates uncertainty which could be substantial and 

could alter the LCA results depending on the quality of data 

collected. In addition, the battery materials were not individually 

assessed in this work as the focus was more on the contribution 

of electricity mix, at different geographical locations, to the 

manufacturing of the battery.

In the work, attributional LCA was used to study calculate the 

environmental impacts of NMC 811 battery production using 

average electricity mix data from 2019 to 2024. However, the dy-

namics of electricity generation due to the demand caused by 

the establishment of gigafactories is beyond the scope of the 

study. Future work could be directed in the assessment of 

consequential LCA for the evaluation of potential future grid 

changes.

In this work, the cumulative energy demand associated with 

the production of battery is sourced from Kuki et al., who ob-

tained it from CATL Gigafactory in Debrecen, Hungary. The Gig-

afactory is yet to run in its full capacity. As a result, the authors 

calculated the projected average annual electricity and natural 

gas consumption, encompassing all the major battery produc-

tion processes, which include energy consumption related to 

dry room. Given that Kuki et al. did not specify individual process

data (it was a top-down approach), we interpreted the reported 

NMP recovery and dry room recovery as inclusive of all the pro-

cesses and operations. Although this study did not conduct an 

uncertainty analysis, effort was taken to ensure consistency 

among datasets and the cumulative energy demand value was 

assessed in light of its applicability to the system boundary of 

this study.

RESOURCE AVAILABILITY

Lead contact

The delivery of further information and resources will be fulfilled by the lead 

contact, Thaiskang Jamatia (jamatia@utb.cz).

Materials availability

This study did not generate new unique reagents.

Data and code availability

• The data referenced in this article will be shared by the lead contact 

upon request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

This work was supported by the Horizon Europe project TwinVECTOR (grant 

agreement no. 101078935) and by the Horizon Europe project SOLiD (grant 

agreement no.: 101069505) funded by the European Union.

AUTHOR CONTRIBUTIONS

T.J., conceptualization, data curation, investigation, methodology, validation, 

visualization, writing – original draft, and writing – review and editing; V.P., 

conceptualization, formal analysis, funding acquisition, project administration, 

resources, supervision, writing – original draft, writing – review and editing; 

D.P., conceptualization, data curation, investigation, writing – original draft, 

and writing – review and editing; J.B., investigation, validation, visualization, 

writing – original draft, and writing – review and editing; M.B., investigation, vali-

dation, visualization, writing – original draft, and writing – review and editing; 

H.E., investigation, validation, visualization, writing – original draft, and writing – 

review and editing; M.E., investigation, validation, visualization, writing – original 

draft, and writing – review and editing; P.S., funding acquisition, resources, su-

pervision, validation, writing – original draft, and writing – review and editing.

DECLARATION OF INTERESTS

The authors declare no competing interest.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include 

the following:

• KEY RESOURCES TABLE

• EXPERIMENTAL MODEL AND STUDY OF PARTICIPANT DETAILS

• METHOD DETAILS

○ Functional unit

○ Goal and scope definition

○ System boundaries

○ LCI (life cycle inventory)

○ LCIA (life cycle impact assessment)

○ Interpretation

○ Battery specification

○ Battery pack

○ Cell components

iScience 29, 115110, March 20, 2026 11

iScience
Article

ll
OPEN ACCESS

mailto:jamatia@utb.cz


○ Non-cell components

○ Cell production

○ Electricity production mix of the Visegrad countries and Norway

• QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci. 

2026.115110.

Received: July 8, 2025 

Revised: November 3, 2025 

Accepted: February 17, 2026 

Published: February 20, 2026

REFERENCES

1. (2008). Energy for the Future of Europe: The Strategic Energy Technology 

(SET) Plan. https://ec.europa.eu/commission/presscorner/detail/fr/ 

memo_08_657.

2. European Commission. Commission sets out how to sustainably capture, 

store and use carbon to reach climate neutrality by 2050. Press Release. 

https://ec.europa.eu/commission/presscorner/detail/en/ip_24_585.

3. Cano, A., Ar, P., Benavides, D., and Jurado, F. (2022). Comparative anal-

ysis of HESS ( battery/supercapacitor ) for power smoothing of PV/HKT, 

simulation and experimental analysis. J. Power Sources 549, 232137. 

https://doi.org/10.1016/j.jpowsour.2022.232137.

4. Pellow, M.A., Ambrose, H., Mulvaney, D., Betita, R., and Shaw, S. (2020). 

Research gaps in environmental life cycle assessments of lithium ion bat-

teries for grid-scale stationary energy storage systems : End-of-life op-

tions and other issues. Sustain. Mater. Technol. 23, e00120. https://doi. 

org/10.1016/j.susmat.2019.e00120.

5. Bayati, N., and Ebel, T. (2024). Life Cycle Assessment and Costing of 

Large-Scale Battery Energy Storage Integration in Lombok’s Power 

Grid. Batteries 10, 295. https://doi.org/10.3390/batteries10080295.

6. Thonemann, N., Pierrat, E., Dudka, K.M., Saavedra-Rubio, K., Tromer 

Dragsdahl, A.L.S., and Laurent, A. (2024). Towards sustainable regional 

aviation: Environmental potential of hybrid-electric aircraft and alternative 

fuels. Sustain. Prod. Consum. 45, 371–385. https://doi.org/10.1016/j.spc. 

2024.01.013.

7. Olsson, D., Glaunsinger, F. & Martin, E. M. Comparative Life Cycle Assess-

ment of Electric Hydrofoil Boats and Fossil Driven Alternatives. (KTH Royal 

Institute of Technology)

8. D’Aprile, P. et al. (2020). How the European Union could achieve net-zero 

emissions at net-zero cost. McKinsey & Company: Chicago, IL, USA. 

https://www.mckinsey.com/capabilities/sustainability/our-insights/how-

the-european-union-could-achieve-net-zero-emissions-at-net-zero-cost.

9. Pero, F.D., Delogu, M., and Pierini, M. (2018). Life Cycle Assessment in the 

automotive sector: A comparative case study of Internal Combustion En-

gine (ICE) and electric car. Procedia Struct. Integr. 12, 521–537.

10. Bicer, Y., and Dincer, I. (2018). Life cycle environmental impact assess-

ments and comparisons of alternative fuels for clean vehicles. Resour. 

Conserv. Recycl. 132, 141–157. https://doi.org/10.1016/j.resconrec. 

2018.01.036.

11. Bauer, C., Hofer, J., Althaus, H.J., Del Duce, A., and Simons, A. (2015). The 

environmental performance of current and future passenger vehicles: Life 

Cycle Assessment based on a novel scenario analysis framework. Appl. 

Energy 157, 871–883. https://doi.org/10.1016/j.apenergy.2015.01.019.

12. Girardi, P., Gargiulo, A., and Brambilla, P.C. (2015). A comparative LCA of 

an electric vehicle and an internal combustion engine vehicle using the 

appropriate power mix: the Italian case study. Int. J. Life Cycle Assess. 

20, 1127–1142. https://doi.org/10.1007/s11367-015-0903-x.

13. Sun, X., Luo, X., Zhang, Z., Meng, F., and Yang, J. (2020). Life cycle 

assessment of lithium nickel cobalt manganese oxide (NCM) batteries

for electric passenger vehicles. J. Clean. Prod. 273, 123006. https://doi. 

org/10.1016/j.jclepro.2020.123006.

14. Sovacool, B.K. (2019). The precarious political economy of cobalt: 

Balancing prosperity, poverty, and brutality in artisanal and industrial min-

ing in the Democratic Republic of the Congo. Extr. Ind. Soc. 6, 915–939. 

https://doi.org/10.1016/j.exis.2019.05.018.

15. (2024). EPP Group Position Paper: Securing the Competitiveness of the 

European Automotive Industry. https://www.eppgroup.eu/newsroom/epp-

group-position-paper-securing-the-competitiveness-of-the-european-

automotive-industry#:∼:text=Asakeypillarof,wealthacrossallMemberStates.

16. Global EV Outlook 2024: Moving towards increased affordability. https:// 

www.iea.org/reports/global-ev-outlook-2024/trends-in-electric-cars.

17. (2024). World motor vehicle production by country/region and type. Inter-

national Organization of Motor Vehicle Manufacturers. https://www.oica. 

net/category/production-statistics/2023-statistics/.

18. Ortiz, S., and Gigafactories, I.C. (2021). Europe’s major commitment 

to economic recovery through the development of battery factories. CIC 

Energi Gune. https://cicenergigune.com/en/blog/gigafactories-europe-

commitment-economic-recovery-battery-factories.

19. Global EV Outlook 2024: Moving towards increased affordability. Inter-

national Energy Agency (IEA) https://www.iea.org/reports/global-ev-

outlook-2024/trends-in-electric-vehicle-batteries.

20. LG Energy Solution Wroclaw. https://lgensol.pl/en/get-know-us/.

21. (2022). CATL announces its second European battery plant in Hungary. 

https://www.catl.com/en/news/983.html.

22. (2024). Czech government reveals plans for new gigafactory, investor 

name withheld. https://www.euractiv.com/section/politics/news/czech-

government-reveals-plans-for-new-gigafactory-investor-name-withheld/.

23. (2023). Gotion InoBat Batteries (GIB) has signed a memorandum of under-

standing with the Government of the slovak republic to support the 

construction of a battery gigafactory. https://www.inobat.eu/newsroom/ 

gotion-inobat-batteries-gib-has-signed-a-memorandum-of-understanding-

with-the-government-of-the-slovak-republic-to-support-the-construction-of-

a-battery-gigafactory/.

24. Notter, D.A., Gauch, M., Widmer, R., Wä ger, P., Stamp, A., Zah, R., and 
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STAR★METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY OF PARTICIPANT DETAILS

Omitted, as our study does not involve biological models.

METHOD DETAILS

The LCA is conducted using SimaPro (v10.1.0.2) and the methodology is standardised according to ISO 14040 and 14044 and con-

sists of the following phases.

Functional unit

1 kWh of the nominal capacity of the battery pack is the defined functional unit.

Goal and scope definition

The LCA study includes the environmental evaluation and assessment of NMC 811 battery. The study compares the environmental 

impacts of the NMC 811 battery production at various geographical locations in the Visegrad countries and Norway.

The goal of the study is to evaluate the NMC 811 battery production taking into consideration the different geographical locations 

(Czech Republic, Hungary, Poland, and Slovakia) with varied electricity mix generation. Norway electricity mix (99% renewable 

electricity mix production) is chosen for comparison purpose. In this study, the major contributing causes are factored in for the car-

bon footprint in the form of global warming potential (GWP) for a duration of 100 years. The GWP value during battery production vary 

on its geographical location. The GHG emission levels during battery production vary on its geographical location. The variation is 

subject to the source of electricity generation that ranges from fossil-based energy like coal, natural gas oil and renewable energy 

like solar, wind and hydropower. The outcome of the study would indicate to what extent would the geographic location (source 

of electricity mix production) of a battery manufacturing site have an effect on the GWP value of the NMC 811 battery.

System boundaries

The study includes the cradle-to-gate system boundary the production of the battery (including battery management system (BMS), 

packaging and coolant system) before it leaves the gate of the factory. The cathode battery chemistry investigated in this study is the 

NMC 811.

LCI (life cycle inventory)

The LCI is one of the processes in the LCA study. This step quantifies the inputs like raw materials, energy supplied, and outputs like 

waste generated, emissions to air, of a product throughout its life cycle stages. In this step, the inventory data of the NMC 811 battery 

is compiled according to the ecoinvent (v3.10) guidelines. Most primary data for building inventories of the published studies related 

to LCA were procured in cooperation with battery manufacturing firms. 13,64,65 Consequently, company confidentiality policies limit 

the level of detail that could be disclosed in the published study. The secondary data employed can be a combination of data collec-

tion from scientific literatures or publicly accessible information available on the company’s website. In this work, the data for all the 

cell components were sourced from BatPaC v5.0, Argonne National Laboratory (ANL), 66 Crenna et al. 67 and the non-cell components

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Background data in this LCA study ecoinvent (v3.10) 69 https://ecoinvent.org/database/

Inventory: battery pack and cell BatPac (v5.0) 66 , Crenna et al. 67 

Ellingsen et al. 68 and Dai et al. 48

https://doi.org/10.2172/1877590, https://doi.org/ 

10.1016/j.resconrec.2021.105619, https://doi.org/ 

10.1111/jiec.12072 and https://doi.org/10.3390/ 

batteries5020048

Energy consumption value Kuki et al. 39 https://doi.org/10.3390/environments12010024

Software and algorithms

SimaPro SimaPro (v10.1.0.2) https://account.simapro.com/s/login/

?ec=302&startURL=%2Fs%2F
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like BMS, Coolant system and Packaging were procured from Ellingsen et al. 68 and Dai et al. 48 The compilation of the detailed in-

ventory from the sources are presented in the supplemental information (Tables S1A–S1E). The selection of the sources for building 

the bill of materials (BOM) for this work are based on the transparency and completeness of the inventories provided by the authors. 

BatPaC, in particular, offers numerous options to select a battery chemistry from its list and provides the flexibility to design a battery 

pack based on energy density, power requirements and other relevant factors.

The LCI basically detects and quantifies the environmental inputs and outputs linked to a product over the course of its complete 

life cycle. This is considered an important step of the LCA method as the quality of the LCI determines the quality of the life cycle 

impact assessment result.

The LCI is typically a tedious task that basically includes data collection and modelling of a subject (or a product). Moreover, 

another important aspect to look for while collecting inventories is that the product system has to be in line with the goal and scope 

definition.

LCIA (life cycle impact assessment)

The impact assessment methodology used during the LCA study is ReCiPE 2016 Midpoint (H) midpoint. The GHG emissions and 

other midpoint impact categories like ionising radiation (INR), freshwater eutrophication (FWE) and land use (LDU), the energy 

required for manufacturing LIBs is calculated for different production location in Europe.

The production in the regional variations in the battery powered electric vehicles remains to be understood. Therefore, understand-

ing the LIB manufacturing and its effects on the environment is therefore crucial to sustainable battery production and its 

development.

Interpretation

In the final phase of LCA study, the results are interpreted in accordance with the stated goal and scope. The conclusion from an LCA 

study should be in line with the ISO standard. During this phase, the findings from LCI and LCIA are quantified and evaluated. The 

important thing about the step is in assessing the completeness and consistency of the results obtained and understanding how 

robust the LCA results are under different scenarios (uncertainty and sensitivity analyses).

Battery specification

The mass of the battery at the pack level is 371 kg. The cell mass is 222 kg. It is a prismatic cell with the configurations of 300 cells per 

pack, 30 cells per module and 10 modules per pack. It is a 75-kWh battery and the energy density of the cell is 337.97 Wh/kg which is 

similar to the work reported by Kallistas et al. for the NCA (Lithium Nickel-Cobalt-Aluminium Oxide) battery chemistry. 40 More infor-

mation is provided in the supplementary file (Table S1A). The NMC 811 cell chemistry has a graphitic anode, synthetic graphite. The 

positive current collector used is aluminum foils and the negative current collector used is copper foils. More information on the bat-

tery parameters can be found in Table S1B.

Battery pack

The battery pack is a collection of the cells, BMS, packaging and cooling system that forms an enclosure providing power to an elec-

tric vehicle (Tables S1B–S1E).

Cell components

Battery cell

The most important component of a battery pack is the battery cell. The battery cells chemically store energy that powers a BEV. The 

NMC 811 cell consist of two electrodes- anode and cathode, separated by an electrolyte and a separator. The cell components are 

housed in a cell container. Synthetic graphite is the anode and the cathode active material.

Anode

The anode is the negative electrode comprising of the anode paste and the negative current collector (copper). The anode paste is 

composed of synthetic graphite, carbon black (for better conductivity) and carboxyl methyl cellulose (CMC) and styrene butadiene 

(SB) are the binders.

Cathode

The cathode paste consists of the oxides of nickel, manganese and cobalt in 8:1:1 ratio. Additionally, just as in the anode paste, car-

bon black is added to enhance the conductivity and the polymer polyvinylidene difluoride (PVDF) function as a binder. NMP is used as 

a solvent in the preparation of cathode paste. The solvent is recovered and it is one of the most energy-inefficient processes. The 

NMP recovery data is procured from the work by Crenna et al. where 98% of the solvent is recovered and reused. Since, the quan-

titative analysis of the high-emission stages, like NMP recovery and the energy demand from dry room, was procured from literature 

sources, the authors acknowledge that the data was based on assumptions backed with sources from already published work. 

Electrolyte

Lithium hexafluorophosphate (LiPF 6 ) was the electrolyte used and the solvent used is ethylene carbonate (EC) and dimethyl carbon-

ate (DMC) in a 1:1 ratio. The additive used is vinyl carbonate.
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Separator

It is a thin porous material that physically separates the two electrodes. In this study, polypropylene was used as a separator.

Non-cell components

The non-cell components comprise of the BMS, packaging and the cooling system. The data of BMS, packaging and cooling system 

in this work are procured from Ellingsen et al. 68

BMS is responsible for the electrical components of a battery system like- the state of charge (SOC), state of health (SOH), tem-

perature, etc. These electrical components ensure safety of the battery system and the electric vehicle on the whole. According to 

Ellingsen et al., 68 the packaging has three categories- module packaging, battery retention and battery tray. The cooling system, as 

the name suggests, helps in the thermal management of the battery system with an aluminium radiator constituting the primary parts 

of the system.

Cell production

The LIB production includes the following steps, Figure 8:

• The production of the anode and cathode paste requires the mixing of active materials (anode and cathode, separately) with 

binders PVDF and additives (carbon black) for better conductivity in a solvent NMP (N-Methyl-2-pyrrolidone).

• These electrode pastes are coated to the metal foils and dried (the evaporated NMP solvents are recovered). Copper foil is 

used for the negative electrode (anode) and aluminium foil is used for the positive electrode (cathode).

• The dried anode and cathode paste on the metal foils are calendered. It is a process where the electrode pastes layers on the 

respective metal foils are compressed between two moving heated rolls. This technique enables the cast electrodes smoothen 

the electrode pastes to a required thickness and porosity.

• It is followed by slitting where the foils are cut into the size of the electrodes to make it fit into the prismatic cell. Finally, to re-

move all the solvents the cut-electrodes are dried again before proceeding to the next step, cell assembly.

• For the prismatic cell, the electrodes are placed on top of each other (stacking) repeatedly. During stacking, a separator, poly-

olefin, is placed between the anode and the cathode until a prismatic cell of a standard dimension is formed.

• These sandwiched layers of the anodes, separators and the cathodes are then ready for welding. The strips of tabs (Cu tab for 

anode and Al tab for cathode) connects the electrodes to their respective terminals. The anodes and the Cu tabs are welded 

together to the negative terminal. The Al tabs are welded to the cathodes and are connected to the positive terminal. Each tab 

connects to the module’s busbar.

• Once the electrodes are stacked, they are housed in a prismatic enclosing. It is then followed by filling of the cell with an elec-

trolyte, lithium hexafluorophosphate (LiPF 6 ), in an established partial vacuum created in the cell. This step ensures proper wet-

ting in vacuum conditions. After the electrolyte is filled, the prismatic cell is sealed under vacuum and is ready for the final stage 

of cell production, cell finishing.

• The cell formation step includes the first charging and discharging processes in the final stage of cell production. It is one of the 

most important steps of cell fabrication where the solid electrolyte interphase (SEI) layer is formed through this process.

Electricity production mix of the Visegrad countries and Norway

In this work, the electricity was modelled according to the data sourced from Energy-Charts 70 and ecoinvent (v3.10). 69 The electricity 

modelled datasets were subsequently integrated into the LCA study of the NMC 811 battery production. The country’s average elec-

tricity mix was used for modelling the electricity mix in SimaPro. Following are the detailed steps for electricity modelling for each 

country.

Data procurement of electricity mix of each country

The electricity production for each country from 2019 to 2024 was sourced from Energy-Charts website, and matched with the elec-

tricity production from ecoinvent production processes. For example, electricity production from nuclear source in the Czech Repub-

lic will be ‘‘Electricity, high voltage {CZ}| electricity production, nuclear, pressure water reactor | Cut-off, U’’ in ecoinvent. 

Normalisation, electricity share calculation and integration in SimaPro using ecoinvent database

The total electricity production data from Energy-Charts given in TWh was normalised to 1 kWh and each source contributes pro-

portionately as it is distributed in the Energy-Charts website and in the ecoinvent database. Some electricity production sources 

were clubbed together or allocated separately to the closest probable choice for better consistency and unification. For example, 

waste renewable from Energy-Charts was clubbed in Treatment of Blast Furnace in ecoinvent.

Electricity imports inclusion

Imports of electricity from other countries were included according to the proportion with respect to the total electricity production. 

Voltage transformation and losses

The high voltage process then goes through electricity transformation to medium voltage and the numbers are adjusted accordingly 

with losses during transformation considered separately (ecoinvent).

Among all the other countries represented here, Poland has the highest contribution from coal amounting to 71% of its total pro-

duction in 2024. Another notable point to be mentioned is, Slovakia ranks first in the chart when it comes to electricity production from
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nuclear source of energy, followed by Hungary and the Czech Republic. Norway sets an example as being the country with the most 

share of electricity production generated from the renewable sources of energy, 99%. It is for the same reason this is set as the 

baseline for setting up a Gigafactory in Norway. Table 4 is based on the data from Energy-Charts 2024 electricity production. 70 It 

displays the share of electricity mixes (excluding imports) from the Czech Republic (CZ), Hungary (HU), Poland (PL), Slovakia (SK) 

and Norway (NO).

Table 4 shows the breakdown of the electricity generation sources- nuclear, hydropower, wind, solar, coal, oil, gas and waste 

(without considering electricity imports). In the case of the Czech Republic, it has the highest contribution coming from coal (brown 

coal and hard coal) with a fair share powered by nuclear energy. Figures 3 and 4 complements Table 4 as it gives a better understand-

ing of the sources clubbed as renewable, nuclear and fossil. In terms of the amount of electricity produced from nuclear sources, the 

Czech Republic produced 28.04 TWh of electricity sourced from nuclear energy. It is followed by Slovakia, 18.19 TWh, and Hungary, 

15.14 TWh. However, with 63% of its total share coming from nuclear energy, Slovakia tops the chart among the Visegrad countries. 

Hungary and the Czech Republic stands at 47% and 41%, respectively.

As mentioned previously, the bar charts illustrating the electricity production mix from 2015-2024 (Visegrad countries and Norway) 

are depicted in Figures 3 and 4. The electricity sources were clubbed together as renewable, nuclear and fossil. The bar charts depict 

the changes made in the electricity mix share over the period of ten years primarily to see notable shifts in their electricity production, 

particularly a transition from fossil-based source to renewable energy sources. Taking each country individually, the Czech Republic 

maintained a similar pattern in the three categories in terms of percentage share. However, the reliance on coal powered plant has 

reduced from 54.31% in 2015 to 41.13 in 2024. Not a significant change was seen in the category of renewable and nuclear source of 

electricity production. Hungary, on the other hand, invested on the renewable share. In 2024 it stood at 23.61%, a big jump from 

6.38% in 2015. There has been a gradual increase in this category of electricity production. The nuclear source was 53.68% 

in 2015 and it is now down to 46.84% in 2024. The dependence on fossil-based energy has decreased to 29.55% from 39.94% 

in the last ten years. As stated earlier, Poland is heavily reliant on fossil-based sources for its electricity production. Nevertheless, 

it should also be highlighted that the dependency on fossil-based source, especially coal, has reduced significantly from 94.61% 

in 2015 to 71.23% in 2024. Another notable thing about the source of electricity production is coming from the renewable source, 

from 9.39% in 2015 the share is now 28.77%, a big jump and the most, in terms of percentage, among the Visegrad countries. Poland 

has no nuclear source for electricity production. The electricity mix of Slovakia has the least fossil-based source, 13.85% among all 

these four countries in 2024. Together with the renewable and nuclear sources (23.01% and 63.14%), they form 86.15% in 2024. The 

grid profile from 2015-2024 shows a gradual improvement in all the three categories. Norway, on the other hand, has electricity mix 

with 99% coming from renewable sources, mainly from hydro-, and 1% from fossil-based sources.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods, sample sizes, and software was used generated in the study.
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