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1. Battery cell production simulation and calculation of environmental impacts
The simulation approach used to reproduce production operation was mainly parametrised with data gathered in the pilot line of the Battery LabFactory Braunschweig, as previously described in Turetskyy et al. and Ventura et al.1,2. Process parameters and power demands of processes limiting the process chain production were adapted to reproduce the conditions at larger production scales, including coating and drying speeds of 15 m/min 3 and laser cutting speed of 60 m/min 4.
The simulation scenario considered the production of 100 MWh battery cell capacity over the entire year of 2023 in Germany. The annual production capacity was achieved with a 24/7 production and a machine availability of 95 %. In addition, the simulation approach considered non-value-adding machine states, such as idle and break times, as presented in Ventura et al.3.
The dry room simulation proposed by Vogt et al.5 was integrated to the process chain simulation, accounting for the effects of seasonal weather factors on the dry room operation and, consequently, on the energy demand associated with battery cell production. Data on the temperature and relative humidity for the year 2023 in Braunschweig, Germany, was used as input for the simulation 6. Further considered parameters involved the heat losses from machine operation and number of workers inside the room, derived from the process chain simulation.
An overall scrap rate of 10 % was considered, which has been attributed to the process chain according to the percentages proposed by von Drachenfels et al.7, as described in Figure 1 of the publication. Further parameters related to the product (NMC pouch battery cell), such as structure and performance parameters, are presented in Table SI-1.
[bookmark: _Ref197979921][bookmark: _Ref197979912]Table SI-1: Overview of the considered product-related (structure and performance) parameters.
	Structure and performance parameters
	Value

	Cell capacity [Wh]
	33.3

	Number of electrode-separator-composites [-]
	15

	Solids content 
	0.54

	Nominal grammage (anode) [mg/cm²]
	8.37

	Density active material (anode) [g/cm³]
	2.2

	Density carbon black (anode) [g/cm³]
	1.8

	Density graphite (anode) [g/cm³]
	2.2

	Density binder (anode) [g/cm³]
	1.76

	Density solvent (anode) [g/cm³]
	1.03

	Formulation active material (anode)
	0.91

	Formulation carbon black (anode)
	0.02

	Formulation graphite (anode)
	0.02

	Formulation binder (anode)
	0.05

	Nominal grammage (cathode) [mg/cm²]
	16.67

	Density active material (cathode) [g/cm³]
	3.8

	Density carbonblack (cathode) [g/cm³]
	1.8

	Density graphite (cathode) [g/cm³]
	2.2

	Density binder (cathode) [g/cm³]
	1.76

	Density solvent (cathode) [g/cm³]
	1.03

	Formulation active material (cathode)
	0.9

	Formulation carbon black (cathode)
	0.04

	Formulation graphite (cathode)
	0.02

	Formulation binder (cathode)
	0.04



[bookmark: _Hlk215045075][bookmark: _Hlk215045100]The simulation results were used to assess the environmental impacts of the produced cells. Due to the agent-based simulation approach, it was possible to trace the conditions under which each battery cell was produced. Therefore, the simulation results were further treated with a tool that calculates the environmental impacts of the cells while allowing different approaches to aggregate the data (temporal and spatial) and to handle the multifunctionality.
Within the simulation, the energy and material flows are assigned to the respective electrodes and cells. With the tool to calculate the environmental impacts, the material flows are linked to static impact values based on ecoinvent and current literature 8. The electricity flows are linked to dynamic impact values, which reflect the energy mix at the respective time of production of the electrodes and cell. The carbon intensity of the electricity is based on retrospective hourly data for 2023 for Germany 9 which is aggregated depending on the respective temporal resolution.
The modular structure of the calculations enables different temporal and spatial aggregations of the environmental impacts of battery cell production, e.g. the average impacts of all cells produced in one hour, day or month. As the duration of the different production processes for electrodes and cell manufacturing differs and can last over several time intervals of the respective temporal resolution, an individual dynamic average of the impacts for electricity production in this interval is calculated. Scraps are allocated (according to the respective accounting approach) based on the end of the process / process chain (e.g. for cells based on the end of the formation process). For different spatial scales, the climate change impacts of different process steps with spatial proximity are aggregated (e.g. area or factory-wise) assuming less resources are available for data collection (especially regarding the energy consumption).
[bookmark: _Hlk215045519]Besides the temporal and spatial aggregations, the tool also allows for calculating the impacts of the battery cells while solving the multifunctionality in four different ways: i) cut-off, ii) CFF, iii) CFF PS and iv) allocation. The tool links the unallocated climate change impacts with the respective parameters for the four allocation approaches and the impacts for production scrap recycling. The parameters can be adapted based on the manufacturer's specifications (recycled content, recycling rate, recycling process).



2. Allocation parameter
The parameters needed for the allocation depend on the allocation approach chosen. Table SI-2 summarises the different parameters applied in this study's analysis.
Table SI-2: Parameters used for allocation approaches
	Allocation approach
	Parameter
	Value
	Notes

	EoL Allocation
	Recycled content
	NMC
	0.062
	Calculated from individual recycled contents of materials, values for lithium, nickel and cobalt based on EU Batteries Regulation. For manganese, the same value as for lithium and nickel is assumed.10

	
	
	Graphite
	0.06
	No value given in EU Batteries Regulation. Same value assumed as for lithium.

	
	Recycling rate
	Electrodes
	0.98
	Based on Lefherz et al. 11

	
	
	Cells
	0.717
	Based on Blömeke et al. 12

	Co-product allocation
	Allocation ratio for mass-based allocation (scrap/ non-scrap)
	Electrodes: 0.003
Cells: 0.067
	The value corresponds to the scrap rates.





3. Benchmark with literature
The process technologies, chemistries as well as structural and process parameters involved in battery cell production significantly influence material and energy demands. This diversity in influencing parameters leads to large variations observed in works reporting environmental impacts.
In the present work, the main source of variation was the energy demand associated with dry room operation. As the conditions within the dry room must be continuously maintained, its energy demand is independent of production throughput. Consequently, for a given dry room, specific energy demand decreases as production volume increases. The simulated scenario reproduces one year production and the modeled process chain has not been optimized to increase production throughput. Moreover, dry room dimensioning was determined based on theoretical throughput, number of required machines and their spatial requirements. Based on that, a total dry room area of 507 m² and a dew point of -60°C were assumed.
In a benchmark, the dry room energy demand and associated environmental impacts were compared with the findings of Degen et al.13, which describe a gigafactory-scale production scenario. In their study, a constant throughput of 161.39 kWh/h is assumed, with a dry room area of 960 m² operating at -40°C 13. The reported energy demand is based on average power and does not account for external factors such as weather conditions.
When normalised by area, dry room energy demands across both studies were comparable. However, differences in throughput significantly influenced specific energy demand per cell. To account for this effect, the theoretical throughput and the actual throughput inside the dry room were compared. The calculation of the theoretical throughput is based on the material flow modelling presented in Clos et al.14. The actual throughput derives from the simulation results. This comparison resulted in correction factors of 0.49 for March and 0.53 for August, reflecting variations in throughput over the year due to the dynamic nature of the simulation.
Further variations in results compared to existing literature can be attributed to differences in structural parameters and cell characteristics. For example, the amount of active material is influenced by factors such as the number of cell compartments, electrode mass loading, and formulation. Further variations derive from the separator characteristics, which are influenced by the material itself and the amount of required separator, influenced by the packaging technology (e.g., z-folding and stacking).
Besides the energy and material demands, the chosen datasets for the life cycle assessment can also have an influence on the environmental impacts. The datasets for the active materials were chosen based on recent literature8. Further material demands were modelled based on GREET and ecoinvent. The carbon intensity of the electricity mix was based on retrospective hourly data for 2023 for Germany9 which was aggregated depending on the respective temporal resolution.
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