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Highlights
- Chinese battery production comes at a higher environmental cost compared to preceding literature.
- Novel batteries exhibit similar threats to humans and ecosystems as the commercialised ones.
- Increased energy densities of novel battery technologies reduce environmental impacts.
Abstract 
Advances in lithium-ion battery (LIB) technology, offering higher mass specific energies, volumetric energy densities, potential differences and energy efficiencies, are key enablers of the large-scale uptake of electric vehicles (EVs). Nickel-cobalt-manganese oxide (NCM) cathode formulations have emerged as the dominant choice in the battery industry. Further performance improvements are expected from the introduction of silicon-graphite composite anodes and nickel-rich cathodes alongside cost reductions achieved through upscaling the battery manufacturing. This work presents results of life cycle assessments concerning the environmental burdens associated with the production of novel electrode batteries and the impacts of the Chinese domination in lithium-ion battery manufacturing. The production of LIBs in China was shown to come at a high environmental cost of 40% higher Global Warming Potential (GWP) than earlier literature suggests. The novel batteries were shown to exhibit similar threats to humans and ecosystems as the commercialised ones, occurring mainly from the metals used in the battery cells; environmental impact reductions are shown to occur as a result of the increased nominal storage capacities of novel battery technologies. The replicable model presented provides the means to quantify the environmental impacts of production of LIBs including those with novel electrode chemistries and offers robust means of decision making that complement scientific and engineering developments targeting LIB performance improvements and cost reductions.

1. Introduction
The electrification of transport systems is essential for improved city air quality, reduced noise, enhanced energy security and, when in concert with a low-carbon power generation mix, decreased greenhouse gas emissions (IEA, 2018). The key enabler of the large-scale uptake of electric vehicles (EVs) in the near future - 220 million EVs on the road by 2030 according to the IEA (IEA, 2018) - is the availability of improved lithium-ion batteries (LIBs), offering higher mass specific energies, volumetric energy densities, potential differences and energy efficiencies (Linden and Reddy, 2002). Most LIBs used in automotive applications combine nickel-cobalt-manganese oxide (NCM) cathodes with graphite (Gr) anodes intercalating lithium ions from organic electrolyte solutions of lithium salts (Nitta et al., 2015). The further performance improvements of LIBs and cost reductions can be achieved by optimisation of the battery chemistry (IEA, 2018). Two widely reported modifications include increasing the nickel content in cathodes and introducing silicon-graphite (SiGr) composite anodes, enabling increased energy storage capacities. Issues with thermal stability and lifetime associated with nickel-rich cathodes presently prevent their large-scale commercial uptake (Ma et al., 2016; Noh et al., 2013; Xu et al., 2017; Zeng et al., 2018). Silicon-graphite anodes have proven to be a more effective means of increasing energy storage capacity and are the most promising short term improvement (Dash and Pannala, 2016; Si et al., 2017; Xu et al., 2017) provided that stability issues associated with swelling phenomena are overcome (Chae et al., 2017; Dash and Pannala, 2016). Even though both nickel-rich cathodes and silicon-based anodes still face severe challenges and short lifespans, the industry seems very optimistic that these novel materials will define the near-to-medium-term future of LIBs (Kim et al., 2016; Lebedeva et al., 2016; Myung et al., 2017). 
The increased popularity of EVs has triggered a growing interest in the scientific community and a focus in quantifying the cradle-to-grave environmental burdens associated with the adoption of EVs. Nordelöf et al. (2014) report a wide review of LCA studies on electric vehicles, highlighting the concern about increased human toxicity potential (HTP) occurring from the battery production stages. Nealer and Hendrickson (2015) have reviewed the cradle-to-grave lifecycle greenhouse gas (GHG) emissions of EVs concluding that the battery manufacturing is an important contributor to the overall EV GHG production emissions. Cusenza et al. (2019) performed a Cumulative Energy Demand (CED) and GHG analysis of a LIB pack for plug-in hybrid electric vehicles, confirming that the battery production is the most impact intensive life cycle phase of LIBs. 
LIB manufacturing has been investigated in numerous LCA studies, most of which are based on engineering calculations, a partial reliance on industry data, precedents from similar industrial processes, assumptions or a mix of these. Peters et al. (2017) offer an in-depth review of the interdependence and linkages between published LIB LCA studies, attributing the high variability among studies on different assumptions made on energy density and manufacturing energy demand. They also highlight the fact that important impact categories such as toxicity, acidification and resource depletion are often excluded from studies focusing only on the Global Warming Potential (GWP). The most complete and reliable life cycle inventories (LCIs) were reported by Notter et al. (2010), Dunn et al. (2015), Ellingsen et al. (2014), Kim et al. (2016) and Majeau-Bettez et al. (2011). Dunn et al. (2015) received energy data from SCS Systems to analyse the dry rooms’ electrical energy consumption, one of the most intensive components in the value chain. Ellingsen et al. (2014) compiled a highly transparent, peer-reviewed, cradle-to-gate study using real industrial data for NCM batteries. Similarly, Kim et al. (2016) applied original manufacturers’ data from LG Chem for a Ford battery pack to analyse the impacts of NCM and lithium manganese oxide (LMO). Recently, Dai et al. (2019) collected primary industrial data from LIB manufacturers to analyse the environmental impacts of NCM LIBs production, suggesting a series of modifications concerning the production inventories for battery materials. The remaining studies mix primary and secondary data and often combine these with own measurements and data collection, primarily focusing on already commercialised technologies.
Information on the environmental burdens associated with China’s role in LIB manufacturing are scarce in published literature. Five recent studies have focused exclusively on electromobility in China, reporting the environmental burdens associated with EV and LIB cycle lives. Hao et al. (2017) studied the production of a 28 kWh battery pack of three battery chemistries including NCM focusing on the GWP. Qiao et al. (2017) reported the cradle-to-gate energy consumption and GHGs emissions of battery electric vehicles produced in China but did not explicitly specify the nominal storage capacity of the battery integrated in the vehicle. Yu et al. (2018) performed an LCA study of a 208 kg EV power system, from cradle to grave. Qiao et al. (2019) calculated the GHG emissions occurring from electric vehicle’s cradle-to-gate and well-to-wheel phases. A similar approach was followed by Xiong et al. (2019) in order to compare EVs with plug-in hybrid  electric vehicles. Yin et al. (2019) reported foreground data, from the Chinese Life Cycle Database (CLCD) (Liu et al., 2010), on the manufacturing of critical materials used in LIBs in China; however, they did not proceed to the calculation of the environmental burdens of the LIB manufacturing chain. In summary, the LCA studies focusing on China are incoherent concerning the studied product system and underlying assumptions and lack transparency concerning the data used in their models.
Table 1 compares the GWP footprint (kg CO2-eq. (battery kW h)- 1) for the battery manufacturing stage at different locations for reports that allowed the production footprint to be distinguished together with the battery mass and nominal capacity assumed in each study. The indication that despite the higher coal intensity in its electrical energy mix, China’s LIB manufacturing has a lower GWP production footprint than in other regions is counter-intuitive and raises the need for more detailed analysis. It also highlights the need to perform comparisons under the same model and assumptions to account accurately for the region-specific impact on LIB production in China.

Table 1. Reported GWP of NCM LIB manufacturing across different studies.
	Reference
	Location
	Battery Mass / kg
	Battery Capacity / kWh
	GWP
/ kg CO2-eq (battery kWh)-1

	Majeau-Bettez et al. (2011)
	Europe
	-
	-
	196

	Amarakoon et al. (2013)
	United States
	-
	-
	121

	Ellingsen et al. (2014)
	South Korea/Norway
	253
	26.6
	172

	Kim et al. (2016)
	South Korea
	303
	24
	140

	Hao et al. (2017)
	China
	170
	28
	104

	Yu et al. (2018)
	China
	208
	48
	53

	Qiao et al. (2019)
	China
	188.7
	27
	117

	Xiong et al. (2019)
	China
	444
	60.5
	20

	Dai et al. (2019)
	United States
	165
	23.5
	72.9



There are several gaps in the literature concerning the present and future prospect of LIB production. Firstly, even the most seemingly transparent studies on LIB production either do not provide data on the production processes for the raw materials, or use outdated datasets; thus, they do not allow deconstruction of their models or reproduction of their results and estimates. Moreover, no study has been reported that provides a detailed LCI for LIB manufacturing in China. Secondly, the complete set of impacts of producing LIBs in China has yet to be quantified, creating a major uncertainty in view of the dominance of the Chinese market in battery production and hence the associated environmental burdens. Also, no inter-country comparison exists based on the same model and assumptions, and which could accurately quantify the difference in impact intensity when producing a battery in China compared to the rest of the world. Thirdly, even though nickel-rich cathodes and silicon composite anodes are considered the most promising next-generation LIBs modifications in the near-term, to the author’s knowledge there is not a single paper reporting the life cycle performance of such novel chemistries in combination. 
This article reports the results of a fully transparent life cycle inventory compiled based on state-of-the-art literature and used to assess the environmental impacts associated with the production of present and non-commercialised LIBs in China. Ellingsen's et al. (2014) inventory was used and the raw material production processes were updated using the latest version of the Ecoinvent (version 3.5) database (Wernet et al., 2016). An easy-to-reproduce inventory was compiled that could be used to study various LIB chemistries in the future. Next, the data was updated accordingly to reflect LIBs production conditions in China and a baseline of LIB manufacturing in China was established. Further modifications to the LIB chemistry were considered: for the introduction of silicon in the anodes and gradually increasing the nickel content of cathodes. The different chemistries were compared across 13 relevant impact categories based on the ReCiPe 1.08 Midpoint characterisation method and the most important contributions in each case are discussed. The life cycle modelling was performed within the GaBi software.

2. Methods
2.1 LCA methodology
The standardised reporting methods, according to the LCA ISO standards (ISO, 2006), were followed in order to create a replicable, transparent and reliable inventory and results. The overarching objective was to develop a detailed LCI and LCA to analyse the environmental burdens associated with the production of lithium-ion batteries which utilise novel electrode chemistries and to quantify the effect of LIBs production in China. The geographical boundary was limited to China with material inputs, production processes, electricity mix and other LCI parameters reflecting the Chinese industrial averages. The technology boundaries are defined based on the current LIB production techniques and state-of-the art knowledge of the performance of novel electrode chemistries including NCM811 cathodes and SiGr anodes, and are subject to defined modelling assumptions. The functional unit was chosen as the production of one traction battery; however, impacts are also reported in terms of nominal energy capacity (kWh). The product system studied included mining and raw material extraction, processing to raise the quality of primary raw materials to battery-grade materials, component manufacturing and assembly of a 253 kg NCM LIB for use in EVs.  The process flow diagram of battery manufacturing  encapsulated results reported by Majeau-Bettez et al. (2011), Ellingsen et al. (2014) and Dai et al. (2019) as shown in Figure 1.
[image: ]
Figure 1. Cradle-to-gate product system studied. Unit process boundaries indicate: black, inventory data taken by Ellingsen et al. (2014); blue, inventory data adopted from Majeau-Bettez et al. (2011) with corresponding heat and electricity requirement updated based on Dai et al. (2019). Shading indicates: grey, inventory data identical to those of the cited paper in all scenarios, except for the background production processes; white, inventory data modified to serve the goals of this study.

The 253 kg battery pack consists of 60 wt% battery cells, 32 wt% packaging, 4 wt% Battery Management System (BMS) and 4 wt % cooling system (Ellingsen et al., 2014). As the highest mass contribution comes from the battery cells, increased focus was given to describing modifications associated with the them accurately when studying the effects of novel electrode chemistries. The packaging was assumed to remain unchanged while the BMS and cooling system were also kept constant between different scenarios. 

2.2 Scenario development
A set of different scenarios of LIB cathode and anode combinations were developed in order to compare their life cycle performance. The Background (BCG) scenario was developed using the GaBi software and Ecoinvent 3.5 in order to create an easily reproducible model and to compare it directly with those available in the literature. The inventory is primarily based on that reported by Ellingsen et al. (2014) and the background processes were updated based on the Ecoinvent 3.5 database. The BCG scenario reflects the production of an NCM333-Gr battery with 26.6 kWh storage capacity in East Asia and, assembled further in Norway. A direct comparison between the predicted impacts reported by Ellingsen et al. (2014) and those from this model was performed to validate the results, ensure consistency and quantify the effects of updating the background processes. Next, the Baseline (BSL) scenario was developed as an LCI representative of Chinese LIB manufacturing. Specifically, the electricity mix, as well as the aluminium and copper production were modified to reflect the corresponding Chinese industrial averages, together with a series of background processes described in sufficient detail in the supplementary information. Next, electrode modifications were implemented in order to encapsulate the effects of introducing silicon in the anode and increasing the nickel content in the cathode. Three scenarios were developed (NCM333-SiGr, NCM622-SiGr, NCM811-SiGr) by modifying the active material in the electrodes with the inventory for all other components (BMS, cooling system etc.) and maintaining the remaining components. Important battery performance parameters such as specific charge capacity and nominal potential difference were extracted from the literature (Dash and Pannala, 2016; Manthiram, 2017; Myung et al., 2017; Noh et al., 2013) and electrochemical calculations were performed in order to estimate the energy storage capacity of each battery scenario as shown in Table 2. The detailed calculation procedure is provided in the supplementary information. The battery weight remained unchanged between scenarios, with the energy storage capacity featuring as the main quantity differentiating one from others. 

Table 2. Energy storage capacity and energy density of novel electrode chemistries compared to the baseline.
	Battery chemistry
	NCM333-Gr
	NCM333-SiGr
	NCM622-SiGr
	NCM811-SiGr

	Storage capacity (kWh)
	26.6
	40.9
	46.2
	52.9

	Pack energy density (kWh kg-1)
	0.105
	0.162
	0.182
	0.209


A challenging aspect of modelling the production of novel electrodes is how the energy requirement might change when shifting from NCM333-Gr production to novel electrode chemistries. The energy is a function of the throughput of the battery facility; thus low throughput facilities would exhibit higher energy intensities, because the dominant energy consuming process, dry room conditioning, requires an amount of energy independent of throughput (Dunn et al., 2015; Yuan et al., 2017).  With that in mind, the energy requirement for the production of battery cells was set to 101 MJ per kg of battery cells produced (Ellingsen et al., 2014) and was kept constant across all battery scenarios. This setting is equivalent to fixing the throughput of the facility and the battery weight produced while allowing the nominal energy capacity of each battery technology to vary. This value of energy demand for cell manufacturing is considered to represent battery production in a large throughput facility. The energy demand for cell assembly was also kept constant at 364 kJ per kg of battery pack produced and that of producing the NMC powder was adopted by Dai et al. (2019).  
2.3 Inventory analysis
The BCG scenario’s inventory was based primarily on that of Ellingsen et al. (2014) and is presented in detail in the supplementary information section. The primary difference lies on the utilisation of the latest version of the Ecoinvent database (version 3.5) in order to update the background processes and minimise the proxies for raw material production. The most important modification was associated with the production of the raw materials for the battery cells. Ellingsen et al. (2014) adapted the inventory for the positive active material from (Majeau-Bettez et al., 2011), who modified the inventories for primary nickel using Ecoinvent and the authors’ own calculations for manganese. Nickel and manganese sulfate production was modelled utilising the latest inventories available in Ecoinvent 3.5, that are based on industry data combined with stoichiometric calculations. Furthermore, background processes for the production of battery grade graphite and lithium hexafluorophosphate were introduced. Ellingsen et al. (2014) used an Ecoinvent 2.2 inventory for industrial graphite which was raised to battery grade quality based on the findings of Notter et al. (2010) and did not include the electrolyte. Across all scenarios, 68 wt% of aluminium and 85 wt% of copper are assumed to be primary, with the remaining percentages originating from recycled material. Finally, the recovery of NMP during cathode preparation and the use of water as a solvent in the anode was taken into account and the NCM powder production process was updated based on Dai et al. (2019).
In the BSL scenario, the energy requirement for the battery cells manufacturing and pack assembly is satisfied from the Chinese market group for electricity process derived from Ecoinvent 3.5 based on statistical data from 2014. Figure 2 shows the coal intensive electrical energy mix as used in our model.The aluminium and copper current collectors were assumed to constitute 19% and 14% respectively of the battery pack materials by mass. Therefore, it was essential to ensure that their corresponding production processes reflect those used in China. Aluminium production was adjusted to the Chinese market by introducing the CN: aluminium production, primary, ingot process from Ecoinvent 3.5. The data are based on primary Al production (e.g. electricity, fuel inputs, etc. based on annual surveys within the global Al industry carried out by the International Aluminium Institute). Data for copper production was modified in order to reflect its production in Asian conditions, as no specific dataset for China exists. The background process used is RAS: copper production, primary, which reflects copper production in the Asian continent. Data for a series of background production processes were also are modified in the BSL scenario and are described in detail in the supplementary information.
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Figure 2. Percentage contribution of coal, natural gas, hydropower, nuclear and wind power to the Chinese electricity mix assumed in this study.

For the three novel electrode scenarios (NCM333-SiGr, NCM622-SiGr, NCM811-SiGr) the anode and cathode sub-inventories are modified by altering the ratio of active material and keeping the total weight of each battery component constant as shown in the supplementary information. Last but not least, the inventory for the production of the mixed metal NCM hydroxide is modified in each case base on stoichiometric calculations assuming that the heat requirement remains unchanged. 
3. Results and analysis
The environmental burdens associated with different scenarios of LIB production are reported below and each impact category is broken down to their principal contributors. The results for the BCG scenario are  compared to those of Ellingsen et al. (2014) in Figure 3 on a battery pack basis. Figure 4 reports results for the BCG and novel electrode scenarios; the total impacts are broken down to key background contributions. 
3.1 Cradle-to-gate impacts for all scenarios
As shown in Figure 3, the results for the BCG scenario are in good agreement with those of Ellingsen et al. (2014), with less than 25% variations for GWP100, FDP, ODP, POFP, PMFP, TAP, FEP, HTP and MDP, as defined in the figure. The BCG scenario exhibited a 40% to 50% increase across all ecotoxicity categories. Also, the MEP of this study was three times lower than that of Ellingsen et al. (2014). These changes are considered sensible given the updates to the Ellingsen et al. (2014) with more recent data and adjustments implemented to improve the results as discussed in section 2.
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Figure 3. Comparison between the calculated impacts for producing a battery pack of this study’s BCG scenario to Ellingsen et al. (2014) based on the ReCiPe 1.08 Midpoint characterisation method. 
The BSL scenario results, shown in Figure 4, predict that moving LIB production from East Asia to China (BCG vs BSL) would cause an increase of 40% in the GWP and POFP, 63% in PMFP, a decrease of 46% in ODP and increases of 1 to 36% for the rest of the impact categories.
On a per battery pack basis, the three novel electrode scenarios (NCM333-SiGr, NCM622-SiGr, NCM811-SiGr) resulted in slightly higher impacts, but when compared on a kWh basis, significant reductions were predicted as a consequence of the increased energy storage capacities of novel electrode technologies, as shown in Figure 4. More specifically, introducing silicon to the anode (NCM333-SiGr) was predicted to cause an impact increase of 16% at most across all impact categories when compared to the baseline; however, as a result of the increased nominal energy storage capacity, significant reductions of 29 to 34% were predicted on a per kWh basis. Increasing the nickel content of the cathode (NCM622-SiGr and NCM811-SiGr) caused an increase of less than 6% in all impact categories, except for PMFP and TAP100 impacts, which increased by 18% and 31%.The highest nominal energy capacity technology (NCM811-SiGr) resulted in a lower impact for all impact categories of 30 to 50% when compared to the baseline on a kWh basis, except for TAP which decreased by 17 %. 
3.2 Contribution analysis
Figure 4 shows the most important contributions to each impact category for the four battery chemistry scenarios for China. The GWP was dominated by the electrical energy used for cell manufacturing with the next highest contribution coming from primary aluminium production for all scenarios. The contribution analysis was very similar for the FDP. Therefore, the high increase of 40% in GWP when moving cell production to China obviously was connected to the high coal intensity of the local electrical power production and the local energy-intensive aluminium production. The TAP was dominated by nickel sulphate production, so it was predicted to increase gradually on increasing nickel concentrations in LIB cathodes. More than half of the FEP arose from primary copper production for anode current collectors and increased slightly across the different scenarios as a result of increased nickel content in cathodes, contributing up to 11%. The electrical energy for cell manufacturing and heat provided for co-precipitation were the most significant contributions to the ODP across all scenarios. Copper production exhibited the most significant contribution across all ecotoxicity categories (FETP, METP, TETP) with less significant impacts occurring from electrical power and nickel sulphate production. The latter caused a gradual increase in the overall impact of the nickel-rich chemistries across all ecotoxicity categories. The significantly high HTP was dominated by copper production and increased slightly when introducing silicon-based anodes or increasing the nickel content of cathodes. Small variations were predicted in MEP across all scenarios, with electrical power and copper production contributing as much as 27% and 25%, respectively. As expected, the MDP was driven by the production of copper, nickel and manganese. For all scenarios, POFP and PMFP impacts occurred from the production of electrical power, aluminium, copper and, nickel and cobalt sulfate.


	Impact of Production
	Functional Unit
	Contribution Analysis

	
	Battery pack
	Capacity
/ kWh
	

	BSL Scenario

	GWP100
	kg CO2-eq
	6,980
	262.4
	

	FDP
	kg oil-eq
	1,660
	62.4
	

	ODP
	kg CFC-11-eq
	1.75×10-4
	6.58×10-6
	

	POFP
	kg NMVOC
	31.8
	1.20
	

	PMFP
	kg PM10-eq
	29.8
	1.12
	

	TAP100
	kg SO2-eq
	83
	3.1
	

	FEP
	kg P-eq
	9
	0.34
	

	MEP
	kg N-eq
	2.35
	8.83×10-2
	

	FETPinf
	kg 1,4-DCB-eq
	481.0
	18.1
	

	METPinf
	kg 1,4-DCB-eq
	457.0
	17.2
	

	TETPinf
	kg 1,4-DCB-eq
	3
	0.129
	

	HTPinf
	kg 1,4-DCB-eq
	18,600
	699.2
	

	MDP
	kg Fe-eq
	3,970
	149.2
	

	NCM333-SiGr
	

	GWP100
	kg CO2-eq
	7,350
	179.7
	

	FDP
	kg oil-eq
	1,740
	42.5
	

	ODP
	kg CFC-11-eq
	2.03×10-4
	4.96×10-6
	

	POFP
	kg NMVOC
	33.2
	0.81
	

	PMFP
	kg PM10-eq
	31.8
	0.78
	

	TAP100
	kg SO2-eq
	91.0
	2.2
	

	FEP
	kg P-eq
	9.18
	0.22
	

	MEP
	kg N-eq
	2.50
	6.11×10-2
	

	FETPinf
	kg 1,4-DCB-eq
	515
	12.6
	

	METPinf
	kg 1,4-DCB-eq
	485
	11.9
	

	TETPinf
	kg 1,4-DCB-eq
	3.48
	8.51×10-2
	

	HTPinf
	kg 1,4-DCB-eq
	18,800
	459.7
	

	MDP
	kg Fe-eq
	4,330
	105.9
	

	NCM622-SiGr
	

	GWP100
	kg CO2-eq
	7,400
	160.2
	

	FDP
	kg oil-eq
	1,760
	38.1
	

	ODP
	kg CFC-11-eq
	2.08×10-4
	4.5×10-6
	

	POFP
	kg NMVOC
	35.6
	0.77
	

	PMFP
	kg PM10-eq
	37.5
	0.81
	

	TAP100
	kg SO2-eq
	119
	2.6
	

	FEP
	kg P-eq
	9.50
	0.21
	

	MEP
	kg N-eq
	2.52
	5.45×10-2
	

	FETPinf
	kg 1,4-DCB-eq
	545
	11.8
	

	METPinf
	kg 1,4-DCB-eq
	513
	11.1
	

	TETPinf
	kg 1,4-DCB-eq
	3.61
	7.81×10-2
	

	HTPinf
	kg 1,4-DCB-eq
	19,400
	419.9
	

	MDP
	kg Fe-eq
	4,150
	89.8
	

	
	
	
	
	

	NCM811-SiGr
	

	GWP100
	kg CO2-eq
	7,420
	140.3
	

	FDP
	kg oil-eq
	1,770
	33.5
	

	ODP
	kg CFC-11-eq
	2.12×10-4
	4.01×10-6
	

	POFP
	kg NMVOC
	37.1
	0.70
	

	PMFP
	kg PM10-eq
	41.2
	0.78
	

	TAP100
	kg SO2-eq
	137
	2.6
	

	FEP
	kg P-eq
	9.72
	0.18
	

	MEP
	kg N-eq
	2.53
	4.78×10-2
	

	FETPinf
	kg 1,4-DCB-eq
	566
	10.7
	

	METPinf
	kg 1,4-DCB-eq
	533
	10.1
	

	TETPinf
	kg 1,4-DCB-eq
	3.70
	6.99×10-2
	

	HTPinf
	kg 1,4-DCB-eq
	19,700
	372.4
	

	MDP
	kg Fe-eq
	3,960
	74.9
	

	
	
	
	
	

	



Figure 4. Cradle-to-gate impacts of battery production in China, reported quantitatively for different functional units and disaggregated to key background processes. The Baseline (BSL) scenario reflects the production of a 26.6 kWh NCM333-Gr and is comparable directly with literature studies. The nominal capacities of NCM333-SiGr, NCM622-SiGr and NCM811-SiGr were 40.9, 46.2 and 52.9 kWh respectively. Copper is used for the cathode current collector, cell container and packaging; aluminium is used for the anode current collector, cell container and packaging; electricity for cell manufacturing; manganese and nickel for the cathode active material; silicon for the anode active material; printed wiring board and electronic component for the Battery Management System.

3.3 Discussion
3.3.1 Chinese LIB manufacturing inventories
The results reported above show that, most of the environmental impacts occurring in the LIB battery cell manufacturing chain in China occur from copper, aluminium and the materials used in the electrodes; nickel, manganese and silicon. Hence, our inventory data were compared to those of (Yin et al., 2019). Lithium products, namely lithium hexafluorophosphate and lithium carbonate, are used in the electrolyte and in the cathode active material respectively. Here, electrolyte production, geographically concentrated in China, was modelled using Ecoinvent 3.5 inventory while the Li2CO3 was modelled using a global market average. The inventory for lithium hexafluorophosphate production used by Yin et al. (2019) was also based on the Ecoinvent database, while the authors reported an industrial inventory for lithium carbonate. As lithium production is not geographically concentrated to China, combined with lithium products not being included in the main environmental impact contributions, the global average provides a satisfactory representation of lithium production in China. Modelling of the cathode materials nickel and manganese is based on global averages, while Yin et al. (2019) used the same inventory for nickel, but did not provide any inventory reference for manganese. As future technologies are expected to have an increased nickel content, which increases the impact intensity as shown above, a location-specific nickel production inventory for China is crucial. Also, the production of cobalt is modelled based on proxys in both studies, which fail to capture the toxicity impacts of cobalt mining in the respective local regions. A better description of the cobalt production process is necessary and is expected to further increase the reported HTP. Yin et al. (2019) also provided a foreground process inventory for the production of artificial graphite used in LIB anodes, whereas the production of battery grade graphite in China in this work is modelled using the respective Ecoinvent inventory. The primary difference of this study with Yin et al. (2019) lies on the exclusive use of the Ecoinvent database, leading to increased ease of reproducibility. Yin et al. (2019) were able to allocate more background production processes to China by utilising information from the CLCD Also, this work provides a holistic inventory for the assessment of the environmental impacts of LIB manufacturing in China, while Yin et al. (2019) focused specifically on battery cell materials. 
3.3.2 Breakdown and analysis
One of the most transparent life cycle inventories for the production of traction LIBs is updated based on the latest version of Ecoinvent 3.5, which is improved by representing more accurately the production of critical cathode materials, e.g. nickel, manganese and is directly compared to its parent inventory. The results for most of the impact categories are in a good agreement with those of Ellingsen et al. (2014), with the only impact categories diverging being: MEP, which was only a third that of Ellingsen et al. (2014); and the ecotoxicity categories, increasing by 40% to 50%. The large variation of MEP was attributed to N-methyl-2-pyrrolidone production accounting for 75% of the total MEP impact reported by Ellingsen et al. (2014). An insignificant impact for its production is reported as it is assumed that the solvent will be recycled, which reflects the current industrial practice as reported by Dai et al. (2019). The increase in the ecotoxicity categories was attributed primarily to updates concerning the data and way of modelling of copper production in Ecoinvent, as compared to the previous version. More specifically, Ellingsen et al. (2014) used a global average to reflect the production of primary copper, while in this study’s BCG scenario, Latin American production conditions were used in the absence of a global dataset. The development of the BCG scenario provided (a) an up-to-date inventory for the production of LIBs in South Korea/Norway and (2) means for comparing the inter-country impacts of LIB manufacturing based on the same model and assumptions. 
[bookmark: _Hlk13584623][bookmark: _Hlk13584695]The BSL scenario’s GWP impact for producing a NCM333-Gr battery in China are comparable directly with those of preceding studies on NCM batteries as shown in Table 1. The reported GWP of 262.4 kg CO2-eq (battery kWh)-1 was significantly higher than those of Hao et al. (2017) and Yu et al. (2018) focusing on LIB production in China, but reasonable when compared to studies focusing on regions with less coal-intensive electrical energy mix (Amarakoon et al., 2013; Ellingsen et al., 2014; Kim et al., 2016; Majeau-Bettez et al., 2011), who report GWPs of 120 to 200 kg CO2-eq (battery kWh)-1. Also, when compared to the results of Yin et al. (2019) who calculated the GWP of materials, excluding the energy demand for manufacturing as 108 kg CO2-eq (battery kWh)-1, our calculated GWP for the BSL scenario, excluding the carbon footprint of electrical energy for cell manufacturing as 105 kg CO2-eq (battery kWh)-1, is consistent. Hao et al. (2017) reported a GWP of 100 kg CO2-eq (battery kWh)-1 for the materials used in the battery, so the primary difference with our study lies on the energy requirement for cell manufacturing. In Hao et al. (2017) it is unclear if dry room conditioning is considered. The same group has published a more general study on EVs in China which reports a very similar footprint for the battery manufacturing chain (Qiao et al., 2019). It is considered that the approach taken here, using Ellingsen’s et al (2014) energy requirement and adjusting the electricity production footprint to China is more reliable and also reports a complete set of 13 impact categories. Yu et al. (2018) report a significantly lower impact for battery manufacturing of 53 kg CO2-eq (battery kWh)-1, which is believe to be an underestimation, as they base their manufacturing inventory on that of Zackrisson et al. (2010), which referred to a completely different battery technology for hybrid electric vehicles. The significantly low value of 20 kg CO2-eq (battery kWh)-1 reported by Xiong et al. (2019) is primarily attributed to the direct use of the results of Peters et al. (2018) without making any modification to account for the local industry average values in China and to the significantly high battery capacity (60.5 kWh) of the studied EV, compared to preceding studies. 
The impact of LIB production in China was calculated based on the same model to lead to a 40% increase in GWP when compared to the production conditions used by Ellingsen et al. (2014). Impacts across the remaining categories were increased, except from ODP which decreased by 46%. The ODP was halved as a result of the decreased share of natural gas and nuclear power in the electrical energy mix, when compared to the BCG scenario. As China is the dominant producer of LIBs, the impact of the Chinese LIBs production on the climate has been underestimated in the literature so far.
Introducing silicon into the anode is attractive from an environmental perspective, as the results for all the impact categories increase by less than 16% compared to the baseline. The 54% increase in the energy storage capacity of the battery, caused significant reductions of 29% to 34% in all impact categories when compared on a kWh basis. The scenario was similar for the high nickel content chemistries (NCM622-SiGr, NCM811-SiGr) where the TAP increased gradually with increased nickel concentrations in cathodes and improvements in storage capacity caused a decrease on the rest of the impacts on a per kWh basis.
[bookmark: _GoBack]This model is subject to certain assumptions concerning novel battery chemistries and the production of raw materials. First, it is unclear which components of the battery will scale as a function of the energy storage capacity. In our analysis the battery cell production is modified in each case based on electrochemical calculations, but the masses of the other battery components (BMS, Cooling system, Packaging) were kept constant. Whilst this may be an oversimplification, based on results from the literature and from this study, the majority of environmental burdens come from the manufacturing of battery cells, which was modelled accurately. Undisputedly, a larger cooling system will be needed for a larger battery capacity, but this is not likely to lead to significant variations in the impact estimates, partially due to the relatively low share (less than 4%) of the cooling system within the overall battery mass. Also, the amount of energy required for manufacturing the battery cells is uncertain. In this work, the environmental impacts showing the contribution of energy required for cell manufacturing are disaggregated and it is acknowledged that different assumptions in this respect could alter significantly the final results. 
3.3.3 Future perspectives
As NCM technology is gaining increased market share in the Chinese LIB manufacturing market, an accurate quantification of the environmental impacts of LIB production is important in assessing the environmental implications of electric mobility. The inventories and environmental impact quantifications of this study for current and novel NCM batteries could provide an accurate estimation of the battery production impacts in studies focusing on electric vehicles in China and be used for future assessments on the production impacts of next-generation LIBs manufacturing in concert with projections on the electricity mix. The environmental burdens of novel LIBs manufacturing were predicted to decrease by at least 25% on a kWh basis due to increased storage capacities. However, as the initial lifespan of novel electrode batteries might be significantly lower than those already commercialized, it is questionable if the implementation of newly-emerging electrodes will lead to reduced impact intensity over the whole cycle life. Presently, the lack of real-life data, combined with complex degradation mechanisms, prevent the accurate prognosis of the battery lifetime of novel-electrode chemistries. On a per battery pack basis, increasing the nickel content caused an increase of the impact intensity of the production phase. As increased nickel content is favourable from a cost perspective, the compromise between cost and environmental performance should be investigated. 
For all scenarios, lithium products had a less than 5% contribution towards all impact categories. As lithium  resources are not expected to be limiting (Grosjean et al., 2012), the low contribution of lithium products to the overall environmental burden of LIBs and the difficulty of recovering lithium, the environmental benefit of recycling lithium should be examined carefully. 
4. Conclusions
An up-to-date, fully reproducible inventory for the production of lithium-ion batteries in China was constructed and the environmental impacts of novel electrode chemistries were compared to those of commercialised NCM technology under the same model and assumptions. In a LIBs manufacturing world dominated by China, the GWP of producing a lithium-ion battery is 40% higher than estimated previously in the literature. Additionally, the production of next generation batteries will not lead to significant increases in GWP, which, therefore, is expected to decrease as a result of increased production and economies of scale. The production of copper for the current collector is the most important contribution towards all human toxicity and ecotoxicity categories with the next most important contribution coming from nickel sulphate production. It was shown that decreases in the impact-intensity of LIBs production will occur mainly from the increased capacities resulting from novel electrode chemistries. A quantification of the environmental impacts of the production of batteries with novel electrode chemistries was performed, offering robust means of decision making that complement scientific and engineering developments, aiming to decrease costs and increase LIB performance.
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Primary aluminium production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	1.8521939953810623E-3	9.8936170212765955E-3	1.8879310344827583E-2	3.979381443298969E-2	4.3300970873786412E-2	4.48E-2	1.5904139433551196E-2	3.7362637362637362E-2	4.8742138364779877E-2	6.9879518072289148E-2	6.8472906403940895E-2	7.9310344827586213E-2	9.1836734693877556E-2	Secondary aluminium production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.9260969976905315E-5	7.9255319148936173E-5	5.3448275862068963E-3	7.5876288659793803E-2	8.5631067961165055E-2	9.7200000000000004E-5	6.0239651416122003E-5	4.7142857142857149E-5	6.4779874213836478E-5	9.2469879518072276E-5	4.246305418719212E-4	1.2413793103448277E-4	1.850340136054422E-4	Copper production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.3348729792147806	0.68617021276595747	0.56609195402298851	0.41649484536082476	0.37281553398058254	0.2364	0.61982570806100223	0.21098901098901099	0.21320754716981133	0.12289156626506023	0	2.1839080459770115E-2	2.2040816326530613E-2	Manganese sulphate production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.34180138568129331	4.4521276595744681E-3	1.764367816091954E-3	7.6907216494845358E-3	8.757281553398057E-3	3.2160000000000001E-3	1.7973856209150328E-3	9.065934065934065E-3	6.572327044025157E-3	5.3313253012048185E-3	1.6847290640394089E-2	7.4712643678160919E-3	4.1224489795918372E-3	Cobalt sulfate production 	1.4087759815242495E-2	1.1755319148936171E-2	1.5373563218390804E-2	1.9752577319587628E-2	2.1359223300970873E-2	6.9599999999999995E-2	1.2200435729847496E-2	2.0989010989010987E-2	3.3647798742138364E-2	5.4819277108433734E-2	5.4679802955665026E-2	2.6321839080459767E-2	2.8571428571428571E-2	Nickel sulfate production 	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.12933025404157045	4.4787234042553192E-2	5.7183908045977012E-2	8.4536082474226809E-2	8.5436893203883493E-2	4.8000000000000001E-2	5.0762527233115473E-2	0.40109890109890112	0.24748427672955975	0.11957831325301205	6.0591133004926113E-2	2.6609195402298849E-2	2.3945578231292518E-2	Electronics grade silicon	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	5.0115473441108541E-4	1.0585106382978724E-2	6.2643678160919543E-3	3.7938144329896901E-2	4.3689320388349516E-2	2.392E-2	1.6884531590413945E-2	9.5824175824175822E-3	1.150943396226415E-2	1.2861445783132528E-2	9.1133004926108374E-2	2.867816091954023E-2	2.6666666666666668E-2	Printed wiring board production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.648960739030023E-2	2.1648936170212765E-2	9.3678160919540218E-3	3.7938144329896901E-2	4.1359223300970874E-2	1.7399999999999999E-2	2.3420479302832243E-2	6.4175824175824172E-3	9.7798742138364772E-3	1.5331325301204818E-2	4.5172413793103453E-2	1.5114942528735633E-2	1.3061224489795919E-2	Electronic component production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	2.4711316397228636E-2	3.2606382978723404E-2	5.6321839080459768E-3	3.8556701030927835E-2	4.058252427184466E-2	1.796E-2	3.7363834422657956E-2	6.9560439560439561E-3	8.6163522012578618E-3	1.506024096385542E-2	3.1330049261083744E-2	1.0977011494252875E-2	9.1564625850340132E-3	Other processes	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.10860277136258663	0.1228835106382979	0.15858045977011498	0.15911340206185565	0.16963106796116506	0.23168680000000003	0.116889651416122	7.0095714285714303E-2	8.4840880503144686E-2	0.10647379518072289	0.31258029556650241	0.13751954022988502	0.10299863945578235	Heat for co-precipitation	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.510392609699769E-4	3.8085106382978722E-3	1.1436781609195402E-2	1.1134020618556702E-2	1.2679611650485437E-2	1.0999999999999999E-2	4.7821350762527236E-3	1.0912087912087911E-2	1.10062893081761E-2	1.7740963855421683E-2	0.14384236453201971	5.7471264367816091E-2	4.503401360544218E-2	Electricity for calcination	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	1.4942263279445727E-3	6.2234042553191487E-3	1.6350574712643676E-2	1.9835051546391751E-2	2.1553398058252425E-2	3.1519999999999999E-2	1.1220043572984749E-2	2.2967032967032966E-2	3.4276729559748427E-2	4.8493975903614456E-2	1.8768472906403939E-2	6.2068965517241378E-2	6.6258503401360538E-2	Electricity for cell manufacturing	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	5.8660508083140878E-3	4.5106382978723401E-2	0.12701149425287356	5.1752577319587635E-2	5.3009708737864078E-2	0.26280000000000003	8.8562091503267965E-2	0.19340659340659341	0.29056603773584905	0.41265060240963852	0.15665024630541871	0.52873563218390807	0.56462585034013602	
Primary aluminium production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	1.9325301204819276E-3	9.587628865979381E-3	1.8199445983379501E-2	3.7621832358674466E-2	4.0917431192660551E-2	4.4444444444444446E-2	1.5368421052631578E-2	2.8571428571428571E-2	4.1333333333333333E-2	6.5168539325842684E-2	6.6826923076923089E-2	7.8409090909090914E-2	9.1216216216216214E-2	Secondary aluminium production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	4.0963855421686753E-5	7.6804123711340209E-5	5.1523545706371188E-3	7.173489278752436E-2	8.0917431192660552E-2	9.6428571428571432E-5	5.8210526315789474E-5	3.6050420168067231E-5	5.4933333333333338E-5	8.6235955056179761E-5	4.1442307692307698E-4	1.2272727272727272E-4	1.8378378378378381E-4	Copper production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.3493975903614458	0.66494845360824739	0.54570637119113574	0.39376218323586742	0.3522935779816514	0.23452380952380952	0.59894736842105267	0.16134453781512603	0.18080000000000002	0.1146067415730337	0	2.1590909090909091E-2	2.189189189189189E-2	Manganese sulphate production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.21204819277108433	2.5670103092783505E-3	1.0110803324099723E-3	4.3274853801169594E-3	4.9174311926605506E-3	1.896825396825397E-3	1.0347368421052632E-3	4.1176470588235297E-3	3.3333333333333335E-3	2.9494382022471908E-3	9.7596153846153857E-3	4.3920454545454549E-3	2.4324324324324323E-3	Cobalt sulfate production 	8.8433734939759034E-3	6.8556701030927838E-3	8.9196675900277012E-3	1.124756335282651E-2	1.2201834862385321E-2	4.1666666666666664E-2	7.094736842105263E-3	9.663865546218486E-3	1.7093333333333335E-2	3.0898876404494385E-2	3.2115384615384622E-2	1.5681818181818182E-2	1.7027027027027027E-2	Nickel sulfate production 	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.24096385542168675	7.7319587628865982E-2	9.833795013850416E-2	0.14288499025341131	0.14440366972477064	8.531746031746032E-2	8.7789473684210528E-2	0.5478991596638656	0.376	0.199438202247191	0.10625	4.6988636363636364E-2	4.2432432432432429E-2	Electronics grade silicon	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	5.4939759036144579E-4	1.0824742268041237E-2	6.3711911357340724E-3	3.7621832358674466E-2	4.3486238532110089E-2	2.5000000000000001E-2	1.7157894736842105E-2	7.7142857142857143E-3	1.0266666666666667E-2	1.2640449438202247E-2	9.375E-2	2.9886363636363638E-2	2.7837837837837838E-2	Printed wiring board production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.8072289156626506E-2	2.0979381443298969E-2	9.0304709141274236E-3	3.586744639376218E-2	3.908256880733945E-2	1.726190476190476E-2	2.2631578947368419E-2	4.9075630252100834E-3	8.2933333333333331E-3	1.4297752808988764E-2	4.4086538461538469E-2	1.4943181818181819E-2	1.2972972972972972E-2	Electronic component production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	2.5783132530120483E-2	3.1597938144329894E-2	5.4293628808864264E-3	3.6452241715399611E-2	3.8348623853211007E-2	1.7817460317460319E-2	3.6105263157894738E-2	5.319327731092437E-3	7.306666666666667E-3	1.4044943820224719E-2	3.0576923076923078E-2	1.0852272727272728E-2	9.094594594594595E-3	Other processes	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.11337590361445787	0.11921185567010309	0.15270083102493079	0.15152046783625731	0.1609174311926605	0.23022896825396832	0.11343336842105263	5.4090000000000013E-2	7.2398399999999988E-2	0.10025084269662919	0.30819134615384619	0.13662159090909085	0.10315405405405408	Heat for co-precipitation	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.63855421686747E-4	3.6597938144329895E-3	1.0941828254847645E-2	1.0428849902534112E-2	1.1871559633027523E-2	1.0833333333333334E-2	4.5894736842105261E-3	8.2689075630252105E-3	9.2533333333333322E-3	1.6404494382022471E-2	0.13942307692307693	5.630681818181818E-2	4.4324324324324323E-2	Electricity for calcination	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	1.5445783132530121E-3	5.9793814432989693E-3	1.5623268698060942E-2	1.8576998050682261E-2	2.0183486238532111E-2	3.0992063492063494E-2	1.0736842105263157E-2	1.7394957983193276E-2	2.9066666666666668E-2	4.5224719101123599E-2	1.8125000000000002E-2	6.0795454545454548E-2	6.527027027027027E-2	Electricity for cell manufacturing	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	6.1204819277108427E-3	4.371134020618557E-2	0.12243767313019391	4.8927875243664723E-2	5.0091743119266056E-2	0.26071428571428573	8.5578947368421046E-2	0.14789915966386555	0.24640000000000001	0.38483146067415724	0.1528846153846154	0.52272727272727271	0.56081081081081086	
Primary aluminium production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	2.025252525252525E-3	9.4416243654822339E-3	1.7756756756756753E-2	3.6210131332082555E-2	3.9399293286219085E-2	4.4268774703557313E-2	1.5020576131687242E-2	2.4817518248175182E-2	3.7621359223300968E-2	6.2533692722371956E-2	6.5566037735849056E-2	7.796610169491526E-2	9.0970350404312672E-2	Secondary aluminium production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	4.2929292929292932E-5	7.5634517766497457E-5	5.0270270270270263E-3	6.9043151969981231E-2	7.7915194346289754E-2	9.6047430830039528E-5	5.6893004115226334E-5	3.1313868613138688E-5	5.0000000000000002E-5	8.2749326145552558E-5	4.0660377358490567E-4	1.2203389830508474E-4	1.8328840970350404E-4	Copper production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.36616161616161619	0.65482233502538068	0.53243243243243243	0.37898686679174481	0.33922261484098942	0.23359683794466404	0.58539094650205759	0.14014598540145984	0.16456310679611649	0.10997304582210242	0	2.1468926553672316E-2	2.183288409703504E-2	Manganese sulphate production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.10479797979797979	1.1928934010152284E-3	4.6486486486486484E-4	1.9699812382739214E-3	2.2438162544169611E-3	8.9328063241106718E-4	4.7736625514403292E-4	1.6934306569343068E-3	1.4271844660194172E-3	1.3396226415094338E-3	4.5283018867924522E-3	2.0621468926553671E-3	1.1455525606469002E-3	Cobalt sulfate production 	4.5202020202020198E-3	3.2893401015228426E-3	4.2432432432432431E-3	5.2720450281425893E-3	5.7243816254416964E-3	2.0118577075098815E-2	3.374485596707819E-3	4.0875912408759128E-3	7.5728155339805821E-3	1.4420485175202157E-2	1.5330188679245281E-2	7.5706214689265543E-3	8.2884097035040433E-3	Nickel sulfate production 	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.32575757575757575	9.847715736040609E-2	0.12405405405405405	0.17767354596622889	0.18021201413427562	0.10948616600790516	0.1111111111111111	0.61459854014598547	0.44174757281553395	0.24716981132075472	0.13443396226415094	6.0451977401129946E-2	5.4716981132075473E-2	Electronics grade silicon	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	6.5909090909090908E-4	1.2182741116751269E-2	7.0810810810810814E-3	4.1463414634146344E-2	4.7879858657243819E-2	2.8418972332015815E-2	1.91358024691358E-2	7.6642335766423358E-3	1.0679611650485437E-2	1.38544474393531E-2	0.10518867924528302	3.3898305084745763E-2	3.1671159029649593E-2	Printed wiring board production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.9898989898989899E-2	2.0659898477157362E-2	8.8108108108108096E-3	3.4521575984990616E-2	3.763250883392226E-2	1.7193675889328065E-2	2.2119341563786008E-2	4.2627737226277372E-3	7.5485436893203877E-3	1.3719676549865228E-2	4.3254716981132077E-2	1.4858757062146894E-2	1.293800539083558E-2	Electronic component production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	2.7020202020202021E-2	3.1116751269035531E-2	5.2972972972972964E-3	3.5084427767354598E-2	3.6925795053003529E-2	1.7747035573122533E-2	3.5288065843621402E-2	4.6204379562043794E-3	6.6504854368932042E-3	1.3477088948787061E-2	0.03	1.0790960451977402E-2	9.0700808625336915E-3	Other processes	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.11934090909090912	0.11711725888324873	0.14823783783783787	0.14091932457786113	0.15286219081272084	0.22802252964426878	0.11053569958847737	4.6370145985401463E-2	6.5658737864077651E-2	9.6097843665768179E-2	0.30096132075471699	0.13634689265536723	0.10354986522911053	Heat for co-precipitation	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.8131313131313131E-4	3.6040609137055839E-3	1.0675675675675676E-2	1.0037523452157597E-2	1.1431095406360423E-2	1.0790513833992096E-2	4.4855967078189299E-3	7.1824817518248178E-3	8.4223300970873768E-3	1.5741239892183286E-2	0.13679245283018868	5.5988700564971745E-2	4.4204851752021566E-2	Electricity for calcination	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	1.6186868686868688E-3	5.888324873096447E-3	1.5243243243243242E-2	1.7879924953095684E-2	1.9434628975265017E-2	3.0869565217391308E-2	1.0493827160493826E-2	1.5109489051094889E-2	2.6456310679611652E-2	4.3396226415094344E-2	1.7783018867924529E-2	6.0451977401129946E-2	6.5094339622641509E-2	Electricity for cell manufacturing	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	6.4141414141414138E-3	4.3045685279187819E-2	0.11945945945945946	4.7091932457786118E-2	4.8233215547703184E-2	0.25968379446640322	8.3641975308641967E-2	0.12846715328467154	0.22427184466019418	0.36927223719676544	0.15	0.51977401129943501	0.55929919137466311	
Primary aluminium production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	2.025252525252525E-3	9.4416243654822339E-3	1.7756756756756753E-2	3.6210131332082555E-2	3.9399293286219085E-2	4.4268774703557313E-2	1.5020576131687242E-2	2.4817518248175182E-2	3.7621359223300968E-2	6.2533692722371956E-2	6.5566037735849056E-2	7.796610169491526E-2	9.0970350404312672E-2	Secondary aluminium production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	4.2929292929292932E-5	7.5634517766497457E-5	5.0270270270270263E-3	6.9043151969981231E-2	7.7915194346289754E-2	9.6047430830039528E-5	5.6893004115226334E-5	3.1313868613138688E-5	5.0000000000000002E-5	8.2749326145552558E-5	4.0660377358490567E-4	1.2203389830508474E-4	1.8328840970350404E-4	Copper production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.36616161616161619	0.65482233502538068	0.53243243243243243	0.37898686679174481	0.33922261484098942	0.23359683794466404	0.58539094650205759	0.14014598540145984	0.16456310679611649	0.10997304582210242	0	2.1468926553672316E-2	2.183288409703504E-2	Manganese sulphate production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.10479797979797979	1.1928934010152284E-3	4.6486486486486484E-4	1.9699812382739214E-3	2.2438162544169611E-3	8.9328063241106718E-4	4.7736625514403292E-4	1.6934306569343068E-3	1.4271844660194172E-3	1.3396226415094338E-3	4.5283018867924522E-3	2.0621468926553671E-3	1.1455525606469002E-3	Cobalt sulfate production 	4.5202020202020198E-3	3.2893401015228426E-3	4.2432432432432431E-3	5.2720450281425893E-3	5.7243816254416964E-3	2.0118577075098815E-2	3.374485596707819E-3	4.0875912408759128E-3	7.5728155339805821E-3	1.4420485175202157E-2	1.5330188679245281E-2	7.5706214689265543E-3	8.2884097035040433E-3	Nickel sulfate production 	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.32575757575757575	9.847715736040609E-2	0.12405405405405405	0.17767354596622889	0.18021201413427562	0.10948616600790516	0.1111111111111111	0.61459854014598547	0.44174757281553395	0.24716981132075472	0.13443396226415094	6.0451977401129946E-2	5.4716981132075473E-2	Electronics grade silicon	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	6.5909090909090908E-4	1.2182741116751269E-2	7.0810810810810814E-3	4.1463414634146344E-2	4.7879858657243819E-2	2.8418972332015815E-2	1.91358024691358E-2	7.6642335766423358E-3	1.0679611650485437E-2	1.38544474393531E-2	0.10518867924528302	3.3898305084745763E-2	3.1671159029649593E-2	Printed wiring board production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.9898989898989899E-2	2.0659898477157362E-2	8.8108108108108096E-3	3.4521575984990616E-2	3.763250883392226E-2	1.7193675889328065E-2	2.2119341563786008E-2	4.2627737226277372E-3	7.5485436893203877E-3	1.3719676549865228E-2	4.3254716981132077E-2	1.4858757062146894E-2	1.293800539083558E-2	Electronic component production	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	2.7020202020202021E-2	3.1116751269035531E-2	5.2972972972972964E-3	3.5084427767354598E-2	3.6925795053003529E-2	1.7747035573122533E-2	3.5288065843621402E-2	4.6204379562043794E-3	6.6504854368932042E-3	1.3477088948787061E-2	0.03	1.0790960451977402E-2	9.0700808625336915E-3	Other processes	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	0.11934090909090912	0.11711725888324873	0.14823783783783787	0.14091932457786113	0.15286219081272084	0.22802252964426878	0.11053569958847737	4.6370145985401463E-2	6.5658737864077651E-2	9.6097843665768179E-2	0.30096132075471699	0.13634689265536723	0.10354986522911053	Heat for co-precipitation	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	3.8131313131313131E-4	3.6040609137055839E-3	1.0675675675675676E-2	1.0037523452157597E-2	1.1431095406360423E-2	1.0790513833992096E-2	4.4855967078189299E-3	7.1824817518248178E-3	8.4223300970873768E-3	1.5741239892183286E-2	0.13679245283018868	5.5988700564971745E-2	4.4204851752021566E-2	Electricity for calcination	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	1.6186868686868688E-3	5.888324873096447E-3	1.5243243243243242E-2	1.7879924953095684E-2	1.9434628975265017E-2	3.0869565217391308E-2	1.0493827160493826E-2	1.5109489051094889E-2	2.6456310679611652E-2	4.3396226415094344E-2	1.7783018867924529E-2	6.0451977401129946E-2	6.5094339622641509E-2	Electricity for cell manufacturing	MDP	HTPinf	TETPinf	METPinf	FETPinf	MEP	FEP	TAP100	PMFP	POFP	ODP	FDP	GWP100	6.4141414141414138E-3	4.3045685279187819E-2	0.11945945945945946	4.7091932457786118E-2	4.8233215547703184E-2	0.25968379446640322	8.3641975308641967E-2	0.12846715328467154	0.22427184466019418	0.36927223719676544	0.15	0.51977401129943501	0.55929919137466311	

2

image1.emf
Batterypack 

production

Anode 

production

Batttery cell 

production

Cathode 

production

Sheet rolling

-Copper

Mixingof anode 

active material

Sheet rolling

-Aluminium

Mixingof cathode 

active material

Positive active 

material production

NCMhydroxide 

production

Electrolyte 

production

Separator 

production

Cell container 

production

BMS 

production

Cooling system 

production

Packaging 

production


image2.png
- Coal mNatural gas = Hydro = Nuclear =~ Wind




