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Abstract

:

The European Union is moving towards a sustainable, decarbonized, and circular economy. It has identified seven key value chains in which to intervene, with the battery and vehicle value chain being one of them. Thus, actions and strategies for the sustainability of batteries need to be developed. Since Life Cycle Assessment (LCA) is a strategic tool for evaluating environmental sustainability, this paper investigates its application to two configurations of a sodium–nickel chloride cell (planar and tubular), focusing on the active material and the anode, with the purpose of identifying the configuration characterized by the lowest environmental impacts. The results, based on a “from cradle to gate” approach, showed that the tubular cell performs better for all environmental impact categories measured except for particulate matter, acidification, and resource depletion. With nickel being the main contributor to these impact categories, future sustainable strategies need to be oriented towards the reduction/recovery of this material or the use of nickel coming from a more sustainable supply chain. The original contribution of the paper is twofold: (1) It enriches the number of case studies of LCAs applied to sodium/nickel chloride cells, adding to the few studies on these types of cells that can be found in the existing scientific literature. (2) The results identify the environmental hot spots (cell configuration and materials used) for improving the environmental footprint of batteries made from sodium/nickel chloride cells.
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1. Introduction


The design of products and technologies is at the heart of sustainability, enabling the identification of a product’s configurations and materials characterized by lower environmental impacts. The design of a product can influence its lifespan, reparability, recyclability, and the content of recycled materials, as well as the supply chains of the input materials and the possibility to regenerate the product [1].



The design process is a complex task that must take into account technical, energy, environmental, and economic factors. Eco-efficiency and eco-design are central requirements for creating sustainable and circular products, reducing resource and material mass flows per product or service, and dealing with global environmental problems [2].



Products with a high potential for supporting the transition towards a more sustainable economy should be identified in order to correctly orient future strategies, priorities, and investments. The European Commission, in its recent communication on the circular economy, identified batteries and vehicles as one of the seven key value chains for supporting this transition [3]. Thus, actions and strategies need to be defined and adopted to move batteries and vehicles towards sustainable growth models.



Particular attention must be paid to the eco-design of batteries, not only in order to follow general circular and sustainable principles, but also to deliver products manufactured with fewer, renewable, recyclable/recycled, and non-hazardous materials and characterized by lower energy and environmental impacts during their life cycle.



Moreover, as outlined in the European Directive on batteries and accumulators and waste batteries and accumulators [4], the eco-efficiency and environmental impact reduction of batteries during their whole life cycle, the manufacturing of storage systems containing small quantities of dangerous and polluting substances, and the promotion of secure and low-impact raw materials are also key elements of sustainability.



The role of batteries in the decarbonization process highlights the need to support the growth of a cell manufacturing industry with the smallest environmental footprint possible, as specified by the European Battery Alliance [5].



The environmental sustainability of the battery sector is of growing interest in Europe, and its importance is supported by the fact that electrification is set to be one of the main technological pathways to reach carbon neutrality, with batteries being key enablers of this process [6]. Energy storage systems also support the balance of an electric power system with a high penetration of time-varying renewable resources [7].



The manufacturing of low-impact products starts with the consideration that all materials have “embodied” environmental impacts during their life cycle, from the raw material supply to end-of-life. These environmental impacts have to be identified by following a Life Cycle Thinking (LCT) approach, which means looking at its whole life cycle and taking into account all the environmental aspects (raw material consumption and emissions into air, water, and soil). The LCT approach can identify production strategies that are able to reduce negative environmental effects.



Considering that more than 80% of the impacts of products are caused by choices made during the design phase [8], this step has a primary role in favoring the diffusion onto the market of more sustainable and circular products. The evaluation of the environmental criticalities due to different design options requires the quantification of the life cycle environmental burdens/benefits due to these options/strategies [9].



Life Cycle Assessment (LCA) is a reliable methodology for use in eco-design choices. It allows for the calculation of the energy and environmental impacts of products and systems in terms of raw material consumption, and air, water, and soil emissions. Moreover, it can focus on the direct impacts generated during the manufacturing or use of a product or system, the hidden impacts related to the supply chains of input materials and energy sources, and the life cycle steps generally neglected such as installation or end-of-life [10,11].



LCA studies of different electricity storage systems have been carried out in the scientific literature, giving an overview of their energy and environmental impacts and identifying the key issues to be examined in depth for reducing these impacts.



Two important aspects emerge from these studies, as highlighted by [12,13,14]:




	-

	
Few studies are based on detailed data for the foreground processes. Thus, even if the topic of LCA of batteries has already been discussed in the literature, further research is needed on specific parts/components and processes related to batteries in order to gain more knowledge in this field;




	-

	
The comparison of studies is often a difficult task, due to different methodological assumptions (e.g., functional units, system boundaries, cut-off rules, uncertainty of secondary data, variation in primary data, etc.) and battery features (e.g., cathode and anode composition, battery application, etc.).









Despite the difficulty of comparison, a range of values can be extrapolated from studies for some indicators. In detail, the global energy requirement can vary from 17 MJ/kg of battery (Pb-acid battery and from cradle to gate approach) [15] to about 566 MJ/kg of battery (Li-ion battery and from cradle to grave approach) [16], while global warming potential has a range from 0.9 kg CO2eq/kg of battery (Pb–acid battery and from cradle to gate approach) [15] to about 55 kg CO2eq/kg of battery (nickel–metal hydride battery and from cradle to grave approach) [16] or from about 53 kg CO2eq/kWh of battery energy capacity (Li-ion battery and from cradle to grave approach) [17] to about 490 kg CO2eq/kWh of battery energy capacity (Li-ion battery and from cradle to gate approach) [18].



An analysis of these results is useful for identifying the components/materials responsible for greater impacts, and this should be considered when developing eco-design processes. To this purpose, Longo et al. [13] identified nickel powder as being responsible for most of the impacts caused by a sodium nickel chloride cell, with a variation from 33% for human toxicity to about 70% for acidification. According to Cusenza et al. [12], the anode production causes about 66% of the impact on abiotic depletion potential for a lithium-ion cell, while the anode and cathode production cause more than 50% of the impact on human toxicity, marine and freshwater eutrophication, and freshwater ecotoxicity. Majeau-Bettez et al. [19] calculated that mining and metallurgy activities for nickel used in the electrodes and current collectors are responsible for more than 70% of toxicity and ecotoxicity and more than 80% of particulate matter, terrestrial acidification, and metal depletion.



As stated before, one of the current issues for batteries is the reduction of their life cycle energy and environmental impacts focusing on the use of small quantities of and/or low-impact raw materials that are also recyclable or recycled. This paper aims to support the research in this field by examining the environmental aspects of design options for sodium–nickel chloride cells. This cell typology was selected for two main reasons:




	-

	
Sodium–nickel chloride batteries are innovative storage systems used both in mobile and stationary applications [20,21]. They are characterized by a broad range of operating temperatures (−20 °C–+60 °C) without the need for complex thermal management systems, which makes them suitable for extreme cold or hot environments. In addition, these batteries do not require maintenance and are fully recyclable [22].




	-

	
While most of the LCAs of storage systems examined lithium-ion batteries, very few studies have looked at the LCAs of sodium–nickel chloride batteries [13,23,24]. Thus, the topic is worthy of investigation.









Furthermore, even if some studies have been performed to compare design options of sodium–nickel chloride batteries [25,26,27,28], focusing on the power delivered from batteries with planar or tubular shapes, on the quantity of materials used, on the operative conditions, costs, etc., a complete and reliable comparison must also include the environmental aspect of materials supply from a life cycle perspective. To the authors’ knowledge, only limited literature is available on this topic for the abovementioned battery typology [13,23,24], as outlined above.



In this context, the study shows the results of the application of an LCA with the aim of selecting the most sustainable configuration for a sodium–nickel chloride cell and identifying solutions aimed at improving the environmental performances of the cells. The results of the study could be useful to researchers and designers in the field who require data on the environmental performances of these technologies.




2. LCA of Sodium–Nickel Chloride Cells


2.1. Goal and Scope Definition


The goal of the analysis is to apply the life cycle perspective to a sodium–nickel chloride cell in order to identify the shape of the cell (tubular or planar) characterized by lower energy and environmental impacts. In detail, a tubular cell was compared with a planar one by applying the LCA methodology, according to the International Standards of the ISO 14040 series [10,11].



The analysis focuses on identifying the life cycle impacts caused by the inputs of the two examined cells, which use the same materials for their cathodes, electrolytes, and anodes but in different amounts. Thus, the system boundaries, representing the unit processes involved in the study, are selected following a “from cradle to gate” approach and include the raw materials supply and the manufacturing processes of the main input materials used for the cathode, electrolyte, and anode production. The other parts of the cell are not included in the assessment. Focusing on the case of the cell, even if both configurations have different shapes that lead to different material consumptions, previous research [13] points out that the cell case gives a contribution of less than 2% of the total cell impacts, except for human toxicity which is less than 10%. For this reason, this item was neglected in the analysis.



Furthermore, due to the selected system boundaries, the operation and end-of-life are excluded from the analysis.



The function of a cell is to store and release energy. A characteristic of the cell, measuring the electric charge that can be accumulated during the charge, stored during the open circuit stay, and released during the discharge, is the cell capacity [29], which can also be defined as the maximum amount of energy that can be extracted from the cell under certain specified conditions [30]. The cell capacity, measured in amperes per hour (Ah), can describe the potential performance of a cell without considering the operative conditions. In this study, the life cycle energy and environmental performances of the two examined cells are compared to a reference cell with a capacity of 1 Ah, selected as a functional unit (according to ISO 14040, the functional unit is the quantified performance of a product system for use as a reference unit [10]).



It was assumed that the cells had the same lifespan. Charge/discharge efficiency was calculated during electrochemical tests and was about 94% for both configurations (this value is in accordance with other studies [28,31,32]).



The energy and environmental aspects of the examined cells are synthesized by using indexes (Table 1) describing the raw material consumption (with and without energy content) and environmental impacts. The aggregation is based on the characterization factors of the cumulative energy demand method [33] for primary energy and of the ILCD 2011 Midpoint+ method [34] for the environmental impacts.




2.2. Primary and Secondary Data


The application of LCA is usually based on primary and secondary data. Primary data identify the materials and energy sources used for the product manufacturing (fore-ground process) and are directly collected in situ (laboratories for lab-scale analyses or manufacturing firms for commercial products); secondary data describe the impacts of the materials and energy source supply chains (background processes) and come from environmental databases or sectorial studies.



In this application, primary data are derived from experimental analyses of cell prototypes carried out by authors, while secondary data are from the environmental database Ecoinvent [35].



The cell components include: the negative electrode (anode) made from sodium; the positive electrode (cathode) consisting of nickel, sodium chloride (NaCl), and additives (aluminum, sodium iodide (NaI), sodium fluoride (NaF) and iron sulfide (FeS)) mixed with a secondary sodium tetrachloroaluminate (NaAlCl4) electrolyte; the solid β-alumina electrolyte.



The two cells, characterized by the same lifespan and charge/discharge efficiency, have different capacities: the planar cell has a capacity of 157 mAh with a charge/discharge current (C/2) of 78.5 mA; the tubular cell has a capacity of 32 Ah with a charge/discharge current (C/2) of 16 A. A different capacity implies a diverse amount of inputs for the two cells when the data are compared to the same functional unit.



Table 2 shows the materials (chemical elements) used for the planar and tubular cell manufacturing (primary data) for 1 Ah of cell capacity, while the processes selected for modeling secondary data are reported in Table 3.



The chemical elements were calculated starting from the composition of each component (cathode, anode, and electrolytes), by using the molecular weight and the weight of the atomic masses.



The manufacturing of the anode, cathode, and electrolyte from raw materials was carried out manually in the laboratory.



The background data of the input supply chains refer to the European context, except for nickel and iron (global context).



Due to a lack of secondary data, the processes for iodine and sodium were modeled starting from processes for sodium chloride brine solution and sodium chloride powder, respectively.



The above data indicate that the planar cell needs more inputs (about 42%) than the tubular one to obtain a cell capacity of 1 Ah. The above difference is mainly due to the in-put of β-alumina (one order of magnitude higher in the planar cell), chlorine, and aluminum (38% and 60% higher, respectively). Regarding the other materials, the tubular cell requires more inputs. For iron, iodine, fluorine, and sulfur, there are differences of one order of magnitude, while the consumption of sodium and nickel is higher by about 95.4% and 1.6%, respectively.





3. Results and Discussion


Primary and secondary data were elaborated for calculating environmental indicators describing the eco-profile of the two cells in terms of raw material consumption, and air, water, and soil emissions. Then, the above indicators were grouped into the energy and environmental indexes defined in Table 1.



Focusing on the life cycle energy performances (Figure 1), lower impacts are caused by the tubular configuration (1.3 MJ for planar cell versus 1.1 MJ for tubular cell). For both configurations, more than 82.5% of the total primary energy consumption arises from non-renewable sources.



Nickel is the most energy-intensive material. It requires 57.2% of total primary energy for the planar cell and 68.6% for the tubular one. β-alumina is responsible for about 7.2% of total primary energy for the tubular cell and 17.7% for the planar cell, while a contribution varying from about 9% to 14% is due to chlorine and aluminum for both configurations. A negligible contribution is provided by other materials.



Focusing on the environmental impacts (Table 4), the results reveal that the tubular cell performs better for most of the environmental impact categories except for particulate matter, acidification, and resource depletion. To be more precise, the percentage reduction varies from 1.46% (freshwater eutrophication) to 38.3% (human toxicity—cancer effect).



The obtained results suggest the use of the tubular shape of the cell instead of the planar one, particularly if focusing on the impact categories of human toxicity—cancer effect, ozone depletion, and climate change, for which differences greater than 16% are observed.



However, for obtaining a tubular cell more sustainable than the planar one for all the examined environmental aspects, eco-design processes should focus on actions aimed at reducing the impacts on PM, Ac, and RD, which are higher for the tubular cell by about 0.5%, 1.1%, and 7.4%, respectively. Looking at these differences, which are negligible, reveals that obtaining a more sustainable tubular cell does not require great effort.



A dominance analysis was carried out for identifying the components responsible for the main impacts. As shown in Figure 2, for the planar cell, the main contributor to the impacts is nickel, the contribution of which varies from 50.3% (ionizing radiations, HH) to 97.5% (acidification); only for ozone depletion and human toxicity—cancer effect is the contribution lower than this (20.9% and 34.2%, respectively). Ozone depletion is mainly caused by chlorine (about 63.5%), which is also responsible for about 22.5% of ionizing radiations, 25% of resource depletion, and 8.4% of global warming; its incidence in the other remaining impact categories is lower than 4.2%. In addition, 53.9% of the impact on human toxicity—cancer effect is caused by β-alumina, which also causes about 19–20% of the impacts on global warming and land use, and about 10–12% of the impact on ionizing radiations, ozone depletion, and terrestrial and water eutrophication. A contribution lower than 9% is traced to the other impact categories.



Aluminum has a share of the impacts ranging from 0.4% (resource depletion) to 15% (global warming), while the contribution of the remaining cell materials is lower than 1%.



The dominance analysis for the tubular cells is represented in Figure 3. In this case, also, nickel causes most of the impacts, with a percentage that varies from 56.4% (human toxicity—cancer effect) to 98% (acidification), except for ozone depletion, where nickel accounts for about 28.4% of the impact. Chlorine is responsible for 61.5% of ozone depletion, 20.2% of water depletion, 18.3% of ionizing radiations and 7.3% of global warming, and has an incidence lower than 3.3% in the other impact categories. Aluminum causes about 10–11% of global warming, ionizing radiation, and human toxicity—cancer effect, about 6% of land use and water depletion, and gives a contribution lower than 4% to the remaining impact categories.



β-alumina causes about 30% and 7.9% of the impact on human toxicity—cancer effect, and global warming and land use, respectively, while its contribution to the other impacts is lower than 5%.



Fluorine contributes about 8% and 5% towards the impact on ionizing radiations and resource and water depletion, respectively. Impacts lower than 3.4% are caused for the other impact categories. Sodium, iron, iodine, and sulfur have an incidence lower than 2% on the overall impacts.



Considering that nickel is a critical material for many impact categories for both the tubular and planar cells, low-impact nickel supply chains, along with its recovery from exhaust batteries, should be supported. Although refining nickel requires high-precision technologies for selecting, extracting, and refining, this option is viable for obtaining nickel for second life use in another battery as part of so-called “battery to battery” recycling [36]. Using nickel in its second life could have a double advantage: from one side, it can reduce the impacts of batteries (LCA studies on the recovery process should be developed to demonstrate this) and from the other side, it reduces the dependency of battery industries on imported virgin material that may be subject to price volatility [37].




4. Conclusions


This research aims to examine eco-design options, in terms of materials and technological solutions, for battery cells. Two different configurations for a sodium–nickel chloride cell were analyzed, in which different quantities of the active material (cathode and electrolyte) and anode are used. The application of LCA points out that, while selecting 1 Ah as the functional unit, most of the energy and environmental impacts of the tubular cell are lower than those of the planar cell, with a percentage variation of between 1.5% to about 38%. This result supports the choice of a tubular shape for the cells, even if three out of 16 impact categories have worse values for this solution (particulate matter, acidification, and resource depletion). However, whenever the planar cell performs better, differences lower than 7.5% are observed. This result suggests a first eco-design option: to prefer a tubular configuration instead of a planar one, in particular when the focus is on human toxicity—cancer effect, ozone depletion, and climate change (where differences between the impacts were greater than 16%). The application of this eco-design option does not influence the typology of materials used in the cell and their respective supply chains, but only the relative quantities: the mass of β-alumina, chlorine and aluminum decreases in the tubular cell while the mass of the other materials increases. Considering that the above changes can have an effect on the production price of the cell, an economic evaluation is suggested. Furthermore, small differences between tubular and planar cells could be observed in the cell case manufacturing process, considering that the case has a different shape in the two examined options.



Focusing on each cell configuration, the analysis identified nickel as a critical element. It is responsible for more than 50% of the energy and environmental impacts, with few exceptions (ozone depletion and human toxicity—cancer effect). In particular, it causes more than 91% of the impact on resource depletion. A second design option comes from this result: the supply chain of nickel has to be examined in detail in order to identify the environmental hot spots and to find reliable alternatives for making the nickel supply more sustainable from an environmental point of view. Furthermore, future strategies will promote the use of secondary nickel obtained from exhaust batteries. This proposed eco-design option is expected to have positive effects due to the reduction of the nickel environmental impacts and to the increasing rate of the recycled and circular materials.



Considering that resource consumption is one of the key issues of the circular economy, future eco-design strategies should be oriented toward cell materials, such as nickel, that are largely responsible for resource depletion and other impacts. Focusing on the identified critical element, eco-design options suggested by the above results include the reduction of the amount of nickel in the cell (if possible), and the use of nickel from more sustainable supply chains or nickel recovered from batteries at the end-of-life.



Finally, the application of the LCA methodology for comparison purposes highlighted that when the analysis focuses on different impact categories related to different environmental problems and, often, a “best option” does not exist and researchers have to deal with conflicting domains. However, the LCA results help to select the “best compromise solution” that improves most of the examined impact categories and to identify the critical elements of each examined option to improve the environmental footprint of products.
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Figure 1. Cumulative energy demand of the two cell configurations (data for 1 Ah). 
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Figure 2. Environmental impacts of the planar cell: dominance analysis. 
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Figure 3. Environmental impacts of the tubular cell: dominance analysis (percentage incidence). 
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Table 1. Energy and environmental indexes.






Table 1. Energy and environmental indexes.





	Impact Category
	Acronym
	Unit of Measure





	Global Energy Requirement
	GER
	MJ



	Global Energy Requirement—non-renewable
	GER-nr
	MJ



	Global Energy Requirement—renewable
	GER-r
	MJ



	Global Warming Potential
	GWP
	kg CO2eq



	Ozone Depletion Potential
	ODP
	kgCFC-11eq



	Human Toxicity—Cancer effects
	HT-c
	CTUh



	Human Toxicity—Non-cancer effects
	HT-nc
	CTUh



	Particulate Matter
	PM
	kg PM2.5eq



	Ionizing Radiations HH
	IR-HH
	kBq U235eq



	Ionizing Radiations E
	IR-E
	CTUe



	Photochemical Ozone Formation
	POF
	kg NMVOCeq



	Acidification
	Ac
	molc H+eq



	Terrestrial Eutrophication
	TE
	molc Neq



	Freshwater Eutrophication
	FE
	kg Peq



	Marine Eutrophication
	ME
	kg Neq



	Freshwater Ecotoxicity
	FET
	CTUe



	Land Use
	LU
	kg C deficit



	Water Depletion
	WD
	m3 watereq



	Resource Depletion—mineral, fossil, renewable
	RD
	kg Sbeq
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Table 2. Materials used for the cell manufacturing (data refer to 1 Ah of cell capacity).






Table 2. Materials used for the cell manufacturing (data refer to 1 Ah of cell capacity).





	Material
	Planar Cell (kg/Ah)
	Tubular Cell (kg/Ah)





	Sodium (Na)
	1.65 × 10−3
	3.22 × 10−3



	Nickel (Ni)
	3.96 × 10−3
	4.03 × 10−3



	Chlorine (Cl)
	6.05 × 10−3
	4.38 × 10−3



	Aluminum (Al)
	9.30 × 10−4
	5.81 × 10−4



	Iron (Fe)
	5.10 × 10−5
	2.50 × 10−4



	Iodine (I)
	2.70 × 10−5
	1.97 × 10−4



	Fluorine (F)
	2.61 × 10−5
	1.90 × 10−4



	Sulfur (S)
	5.10 × 10−5
	3.71 × 10−4



	β-alumina
	1.18 × 10−2
	4.06 × 10−3



	Total
	2.46 × 10−2
	1.73 × 10−2
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Table 3. Secondary data for modeling the background processes.






Table 3. Secondary data for modeling the background processes.





	Input
	Process Name





	Na
	Adapted from sodium chloride, powder, at plant



	Ni
	Nickel, 99.5%, at plant



	Cl
	Chlorine, liquid, production mix, at plant



	Al
	Aluminum, primary, at plant



	Fe
	Iron ore, 46% Fe, at mine



	I
	Adapted from sodium chlorine, brine solution, at plant



	F
	Fluorine, liquid, at plant



	S
	Secondary sulfur, at refinery



	β-alumina
	Aluminum oxide, at plant
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Table 4. Environmental impacts of the two examined configurations (data for 1 Ah).






Table 4. Environmental impacts of the two examined configurations (data for 1 Ah).





	Impact Category
	Unit
	Planar Cell
	Tubular Cell





	GWP
	kg CO2eq
	7.60 × 10−2
	6.34 × 10−2



	ODP
	kg CFC-11eq
	1.63 × 10−8
	1.22 × 10−8



	HT-c
	CTUh
	2.66 × 10−7
	2.62 × 10−7



	HT-nc
	CTUh
	3.22 × 10−8
	1.99 × 10−8



	PM
	kg PM2.5eq
	3.99 × 10−4
	4.01 × 10−4



	IR-HH
	kBq U235eq
	2.05 × 10−2
	1.83 × 10−2



	IR-E
	CTUe
	6.31 × 10−8
	5.64 × 10−8



	POF
	kg NMVOCeq
	8.49 × 10−4
	8.20 × 10−4



	Ac
	molc H+eq
	7.66 × 10−3
	7.74 × 10−3



	TE
	molc Neq
	1.85 × 10−3
	1.72 × 10−3



	FE
	kg Peq
	1.75 × 10−4
	1.73 × 10−4



	ME
	kg Neq
	1.47 × 10−4
	1.35 × 10−4



	FET
	CTUe
	7.26
	6.93



	LU
	kg C deficit
	1.43 × 10−1
	1.22 × 10−1



	WD
	m3 watereq
	4.48 × 10−4
	4.02 × 10−4



	RD
	kg Sbeq
	2.19 × 10−5
	2.35 × 10−5
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