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Abstract

:

Battery energy storage systems (BESSs) can overwhelm some of the environmental challenges of a low-carbon power sector through self-consumption with standalone photovoltaic (PV) systems. This solution can be adapted for different applications such as residential, commercial, and industrial uses. Furthermore, the option to employ second-life batteries derived from electric vehicles represents a promising opportunity for preserving the environment and improving the circular economy (CE) development. Nowadays, the industrial sector is progressively applying CE principles in their business strategies, and focusing on the potential positive consequences of CE eco-innovations on climate change mitigation. With the aim to promote the transition to an open-loop circular economy for automotive batteries, this study assesses and quantifies the potential environmental benefits resulting from the integration of a second-life battery-based BESS (SL-BESS) connected to an industrial machine. For this purpose, various scenarios involving the use of BESS, SL-BESS, and a standalone PV system are compared with a base case, where the machine is entirely powered by electricity from the grid. The examination of life cycle stages follows the life cycle assessment (LCA) cradle-to-grave methodology as outlined in ISO 14040:2006 and ISO 14044:2006/Amd 1:2017. Simapro® 9 is utilized as the software platform. Results demonstrate that the combination of the SL-BESS with a standalone photovoltaic (PV) system represents the optimal solution in terms of global warming potential (GWP) reduction, with a saving of up to −74.8%. However, manufacturing and end-of-life stages of PV and batteries contribute to abiotic depletion and human toxicity, resulting from the use of chemicals and the extraction of resources essential for their manufacture. Indeed, when BESS is made of new batteries, it demonstrates the most significant impacts in terms of AD at 1.22 × 10−1 kg Sb eq and human toxicity (HT) at 3.87 × 103 kg 1,4-DB eq, primarily attributable to the manufacturing stages of both BESS and PV systems. The findings represent a significant breakthrough, highlighting the substantial capacity of incorporating SL-BESS alongside renewable energy sources to mitigate GWP resulting from industrial applications, and the criticality of repurposing decommissioned batteries from the automotive industry for secondary use.
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1. Introduction


The concept of circular economy (CE), a current global business trend, aims to considerably reduce waste and environmental pollution [1]. The circular economy model entails further use of materials and products in a restorative and regenerative way, thereby extending the presence of materials, products, and components on the market [2,3,4,5]. As an example, the possibility of extending the service life of decommissioned batteries from automotive applications represents an attractive prospect [6]. In fact, the tremendous increase in the demand for batteries employed in electric vehicles (EVs) [7] raises significant issues regarding battery recycling [8] and their reuse or second use for different applications [9]. Future predictions estimate from 1.2 to 4 million tons of decommissioned lithium-ion (Li-ion) batteries being available by 2030 [10]. The dominant segments of the global battery market in 2016 consisted of lead–acid, lithium-based, and nickel-based batteries, collectively comprising 94.8% [11]. Li-ion batteries are deemed particularly suitable for future EVs owing to their superior power and energy density per unit mass [12,13]. Projections suggest that by 2030, Li-ion batteries will power 70% of hybrids, 100% of plug-in hybrids, and all electric vehicles [14,15]. Future estimations anticipate 1.2 to 4 million tons of Li-ion batteries available for recycling worldwide [10,16], with China alone projected to surpass 500 thousand tons by 2020 [17]. Consequently, the challenge of reusing, recycling, and efficiently recovering these batteries presents both a global challenge and an opportunity for the development of novel closed or open-loop circular models [18]. The literature on circular supply chain distinguishes between two distinct supply chain configurations based on product and material flows, as well as end markets. Closed-loop supply chains involve the return of products to the original manufacturer and their reprocessing for resale as perfect substitutes in the original markets. In contrast, open-loop supply chains entail the reprocessing of products and materials by entities other than the original manufacturer to serve markets different from the products’ original markets [19].



In this context, the efficient recycling and reusing of decommissioned batteries is crucial for environmental protection and economic advancement. While battery recycling technologies are considered mature [20,21], the collection of decommissioned batteries remains a critical aspect from political and reverse logistic perspectives [14,22]. Governments typically set collection rate targets [14,23], and regulations such as the EU Directive 2000/53/EC [24] dictate design standards to facilitate easy recovery, reuse, and recycling of vehicle components during end-of-life stages.



The recent literature [25,26,27,28] suggests how the second-life use of decommissioned batteries from EVs is an effective and economically viable option for stationary energy storage applications in industrial settings, including the control of fluctuations in electricity supply and demand [29]. Generally, automotive batteries are typically replaced when they retain 70–80% of their original capacity [30]. Depending on the cell chemistry and specific design [9], these batteries can still be utilized in less demanding applications than automotive use [30], such as residential, commercial, and industrial uses [6]. On the other hand, while second-life batteries offer promising advantages, addressing various challenges is essential for their effective utilization [31]. One challenge associated with second-life batteries is tracing degradation, which poses a significant obstacle. Another challenge arises from safety risks during disassembly, adding to complexities beyond time and cost considerations. Additionally, assessing the safety performance of retired batteries proves challenging due to the intricate degradation processes they typically undergo.



The large-scale production and usage of automotive batteries also presents a significant concern regarding environmental impacts, as the manufacturing, application, and recycling/disposal of batteries are also sources of pollution [32]. In particular, the battery manufacturing phase involves substantial energy consumption and emissions of pollutants, prompting research to explore the possibility of repurposing end-of-life automotive batteries in battery energy storage systems (BESSs) to mitigate the environmental impacts associated with battery production and enhance battery efficiency [33]. Indeed, secondary utilization has been proven beneficial across various environmental impact categories [34]. In recent years, numerous studies have directed their attention towards assessing the environmental sustainability of battery recycling, particularly with the increasing retirement of automotive batteries [30,33,35,36]. Factors such as cell chemistry, recycling efficiency, and the quality of recovered materials can significantly influence the environmental impact of various recycling methods [8,37,38]. A direct comparison between the recycling of lithium iron phosphate (LFP) batteries and recycling after secondary utilization in BESSs revealed that incorporating LFP secondary utilization in BESSs effectively reduces fossil fuel consumption in the life cycle [33]. Thus, if over 50% of lithium-ion batteries were repurposed, significant environmental impacts could be mitigated. Finally, from a life cycle perspective, the operational phase of batteries entails considerable environmental impacts arising from the generation of the electricity required for their recharging [39], which vary depending on the carbon footprint characteristic of the electricity mix being utilized. For example, in Europe, this mix ranges from 56 gCO2eq/kWh in France to 692 gCO2eq/kWh in Poland [40]. For this reason, numerous studies are investigating the integration of BESS with renewable energy generators, such as wind or photovoltaics (PVs) [6,41].



Based on the findings presented in the aforementioned research, repurposing Li-ion batteries from EVs for BESS represents a feasible pathway. The majority of the studies related to environmental impact assessment concentrate on aspects related to the manufacturing and recycling processes of Li-ion batteries. However, these studies do not sufficiently focus on the criticality of the use phase of BESS in terms of environmental impacts, whether they involve new batteries or their second life. These impacts are significantly influenced by national electricity mixes, highlighting the necessity for integration with green technologies for power supply to make BESSs significantly more sustainable throughout their life cycle.



This study aims to investigate the extent to which the implementation of an open-loop circular economy strategy for second-life batteries can improve sustainability of industrial applications. To this end, the authors conduct a cradle-to-grave life cycle assessment (LCA) to assess and compare different settings of BESS made of new or second-life batteries (SL-BESS) combined with a standalone PV system serving a ball mill machine in a ceramic manufacturing plant.



The LCA is widely recognized as one of the most commonly used tools for analyzing and comparing the environmental loads of energy systems [8,42]. It enables the allocation of environmental impacts to each stage of the life cycle, serving as a valuable decision support tool for identifying less impactful energy scenarios. This study also identifies and discusses potential hotspots, characterized by activities or elementary flows that make a significant contribution to the overall environmental impact. Finally, the recycling of Li-ion batteries is an emerging area that is likely to undergo significant changes as the process evolves to address various challenges [43]. To this end, this study provides a useful detailed inventory for the recycling stage, focusing on hydrometallurgy, which is considered one of the best routes for the recovery of the metals of interest.



The authors believe that the awareness of the potential environmental gains derived from the use of renewable energy-based power sources integrated with BESSs made of decommissioned batteries will lead companies towards green technology investments and mitigation of emissions.



This paper is organized as follows: Section 2, “Materials and Methods”, describes the methodology utilized for the LCA study, including the goal and scope, the modeling of comparative scenarios, the technical parameters of the considered system, and a detailed description of the manufacturing, use phase, and end-of-life stages. Section 3, “Results and Discussion”, presents a comparative analysis among the scenarios, environmental hotspots, and discussions. Finally, the concluding remarks, along with proposals for further research directions, are provided in Section 4 “Conclusions”.




2. Materials and Methods


In this study, a comparative LCA analysis related to the use of a BESS integrated with a standalone PV system serving a ball mill machine in a ceramic manufacturing plant is performed.



The aim is to evaluate how the environmental impact categories can be reduced, replacing the direct grid supply with electricity stored in a BESS or a second-life BESS (SL-BESS).



2.1. Phases of Life Cycle Assessment


The research adopts the LCA methodology, which entails a comprehensive analysis of material and energy flows and their resultant environmental impacts across the entire lifespan of a product or process, spanning from raw material extraction to product disposal or end of service life. The methodological framework and standards for LCA are delineated by ISO 14040-14044 and the Joint Research Centre standards, supplemented by additional guidelines according to various product categories and global regions, such as those offered by the International Reference Life Cycle Data (ILCD) system. The LCA methodology was applied in several recent studies related to storage of energy [42,44,45] and electric powertrains [46,47], and to understand the sustainability impacts of CE strategies [48,49]. The LCA standards employ a four-step approach, comprising (1) defining the goal and scope, (2) conducting inventory assessment, (3) performing impact assessment, and (4) interpreting the results.



According to ISO 14040-14044 standards [50,51], the LCA employs a four-step approach (Figure 1), comprising (1) defining the goal and scope, (2) conducting inventory assessment, (3) performing impact assessment, and (4) interpreting the results, as follows:




	
Step 1. Goal and scope definition. This step identifies the total objectives and gives a picture of the system in terms of system boundary and functional unit (FU);



	
Step 2. Life cycle inventory analysis (LCI). This step includes the data collection on raw materials and energy consumption, environmental emissions, and waste generation;



	
Step 3. Life cycle impact assessment (LCIA). This phase results in the classification of the environmental impacts of all processes previously collected and modeled in the LCI phase and transforms them into environmental themes such as global warming or human health.



	
Step 4. Interpretation. This last step allows the LCIA results to be comparable and comprehensible.









2.2. Life Cycle Assessment: Goal and Scope


The LCA conducted in this study serves to identify the best solution for the integration of a BESS integrated with a standalone PV system serving a ball mill machine in a ceramic manufacturing plant. To this end, four different scenarios are compared to a base case where neither a PV system nor a BESS are considered with the ball mill directly connected to the national grid.



In particular, this investigation is conducted within the framework of a ceramic production facility encompassing grinding, casting, drying, glazing, firing, and packing phases of its industrial process. The grinding operation is carried out by a ball mill machine, standing out as the primary consumer of electricity within the manufacturing process [28]. The ball mill can be served according to different scenarios described as follows:




	
Base Case: the ball mill machine is entirely served by the grid supply;



	
Scenario 1: the ball mill machine is served by a BESS made of new batteries connected to the grid;



	
Scenario 2: the ball mill machine is served by a BESS made of new batteries connected to a standalone PV system;



	
Scenario 3: the ball mill machine is served by a SL-BESS made of decommissioned automotive batteries connected to the grid;



	
Scenario 4: the ball mill machine is served by a SL-BESS made of decommissioned automotive batteries connected to a standalone PV system.








The scenarios differ in technical parameters and energy load management strategies for the considered industrial load, as indicated in Section 2.3. All scenarios consider the same lifespan and energy efficiencies of the BESS, SL-BESS, and PV system. Furthermore, the available decommissioned batteries considered in this study are assumed to be homogeneous and characterized by Li-ion batteries based on the same chemistry and residual capacity as specified in Section 2.3.1 and Section 2.3.3.



The comparative scenarios are simulated using the standardized cradle-to-grave LCA methodology outlined in ISO 14040/44 [50,51]. The selected impact categories under examination are summarized in Table 1, utilizing the CML-IA midpoint-oriented method developed by the Center of Environmental Science of Leiden University (CML) [52,53] for the LCIA phase. The CML approach is selected based on its broad acceptance and prevalent application across various LCA automotive analyses. Given its consistent use in comparable research, it produces robust outcomes for mid-point potential impacts, facilitating effective comparisons. Among environmental impact categories, abiotic depletion (AD), human toxicity (HT), and global warming potential (GWP) are selected as the most representative indicators for comparing results [8].



The quantification of environmental emissions is conducted in relation to the functional unit (FU) defined as “One year of operation of a ball mill”. The system boundary is illustrated in Figure 2. Main activities are grouped into foreground processes, which include core processes of the manufacturing, use, and recycling phase of the BESS and the PV system, and background processes, which are indirectly involved in the BESS and PV system cradle-to-grave chain, such as water supply, thermal energy, electricity, and raw materials transport. The cut-off criteria are established to neglect processes whose contribution accounts for less than 1% of the overall environmental burden. The LCA is performed by using the software SimaPro® [54] and data available in the literature and records included in the Ecoinvent 3.5 database [55]. Finally, the LCIA is carried out through the CML-IA midpoint-oriented method developed by the Center of Environmental Science of Leiden University (CML) [52,53].





 





Table 1. Environmental impact categories and category indicators associated to the CML method (baseline). Source: [56].






Table 1. Environmental impact categories and category indicators associated to the CML method (baseline). Source: [56].











	Impact Category Group
	Name of the Impact Category
	Acronym
	Unit of Measurement





	Depletion of abiotic resources
	Depletion of abiotic resources (elements, ultimate reserves)
	AD
	kg Sb eq.



	
	Depletion of abiotic resources (fossil fuels)
	AD(ff)
	MJ



	Climate change
	Climate change (global warming potential)
	GWP
	kg CO2 eq.



	Ozone layer depletion
	Ozone layer depletion
	ODP
	kg CFC-11 eq.



	Human toxicity
	Human toxicity
	HT
	kg 1,4-DB eq.



	Ecotoxicity
	Fresh water aquatic ecotoxicity
	FWAE
	kg 1,4-DB eq.



	
	Marine aquatic ecotoxicity
	MAE
	kg 1,4-DB eq.



	
	Terrestrial ecotoxicity
	TE
	kg 1,4-DB eq.



	Photochemical oxidation
	Photochemical oxidation
	POC
	kg C2H4 eq.



	Acidification
	Acidification potential
	A
	kg SO2 eq.



	Eutrophication
	Eutrophication
	E
	kg PO4 eq.









2.3. Data Collection and Key Assumptions


In this paragraph, data collection and key assumptions are presented.



2.3.1. Manufacturing and Recycling of BESS


The most common cathode chemistries for BEVs include lithium manganese oxide (LMO), lithium nickel manganese cobalt oxide (NMC), lithium iron phosphate (LFP), and lithium nickel cobalt aluminum (NCA). Both lithium and cobalt are deemed critical materials by major global economies like the U.S., China, and Europe due to their potential geopolitical supply risks in the ongoing transition to renewable energy. Scholars highlight cobalt as the most valuable component of present BEV traction batteries. Consequently, there is a growing focus on cobalt-free chemistries to enhance their performance metrics such as specific capacity, volumetric energy density, and lifespan. For instance, current commercial LFP batteries are recognized for their safety and durability despite offering a relatively modest specific energy range of 80–150 Wh/kg compared with other Li-ion chemistries. If the market moves away from cathodes that contain cobalt, there is a possibility that LFP batteries could become dominant in the market in the near future, as evidenced by Tesla’s plan to adopt a new generation of LFP technology in Model 3 for the Chinese market [57]. For these reasons, the LFP chemistry has been chosen for the BESS examined in this study. The LFP battery consists of a LiFePO4 cathode and a graphite anode. The material inventory has been obtained from the literature and Ecoinvent [55,58]. The battery production involves the following three main steps: electrode preparation, cell manufacture, and battery assembly. The paste used for both electrodes is directly prepared in the factory when the battery is assembled, where a coating machine applies a slight coat of 200–250 μm on the sides of the electrode substrates. The fine sludge is then dried and flattened. Subsequently, the separator and the electrodes are packed together and wound-up inside the cell container. Cells are joined with the electrolyte and closed. The cells are always produced completely discharged, and all the ions are located in the lithium battery cathode. Subsequently, the cells are tested through a specific number of charge–discharge cycles and standardized conformity tests. The cells are arranged in modules in the final battery pack. The overall energy consumption has been estimated to be 55.6 MJ per kg of battery, divided into 28.6 MJ thermal energy and 27 MJ of electricity. Thermal energy is derived from natural gas. Furthermore, the water required is 65.1 L per kg of battery. Finally, the transportation of raw materials and final products have been modeled according to the literature [58].



The selected method for the recycling of the LFP battery is the emerging ultra-high temperature (UHT) method developed by Umicore company [59]. The recycling steps include the battery collection, transportation, and a pretreatment phase, which consists of disassembling the battery pack by hand. In this way, it is possible to separate some components and valuable parts for the next processes. Subsequently, modules are crushed in an inert atmosphere to reduce the risk of fire. A four-shaft rotary shear is employed for module crushing. The conversion phase consists of a UHT smelting step [60], which demands a total thermal energy of 5.26 MJ per kg of decommissioned batteries. The UHT furnace is fueled by coke and a slag-forming agent, such as limestone, sand, or slag. As a result, a lithium-rich flue dust is obtained and subsequently treated by leaching treatment. Finally, chemical precipitation, oxidation, and a sintering phase are conducted through the addition of Na2CO3, H2O2, and Li2CO3. The total electricity required for the recycling phase is 75 MJ per kg of decommissioned batteries. An extraction of raw materials inventory for both manufacturing and recycling is shown in Table 2.




2.3.2. Manufacturing and Recycling of PV System


The PV system is assumed to be made of single module PS Alps-X monocrystalline 240 W (tilt angle of around 35°), which has a power output of 240 W, weighs 19.5 kg, and covers an area of 1.64 m2. The number of series and parallel modules in the PV array is 15 and 5 modules, respectively. The overall power of the PV system is 18 kWp, allowing a BESS charging C/3 rate. The manufacturing and recycling of the PV system is modeled according to the literature and Ecoinvent [55]. A common crystalline silicon PV module is made of approximately three-quarters of the total weight of module surface made with glass, 10% polymer that constitutes the encapsulant and backsheet foil, 8% aluminum used for making the frame, 5% silicon thin film solar cells, 1% copper used for the interconnectors, and less than 0.1% silver for the contact lines; other metals employed in lower percentages are mainly tin and lead. The main raw material inputs required for the manufacturing stage are summarized in Table 2.



The end-of-life stage of PV system parts includes the following steps: the system decommissioning and component transportation to the recycling plant, the shredding and separation of components, and, finally, the disposal of the unrecyclable parts. For decommissioning, the recycling plant is assumed to be located 100 km distant from the PV system location. The energy required for the shredding and separation stages is 0.1 MJ/kg and 0.24 MJ/kg, respectively. It is assumed that the separation step did not require parts with homogeneous material composition. The total electricity and diesel fuel required for recycling activities is 0.11355 kWh and 0.00114 L per ton of PV panel, respectively.




2.3.3. Use Phase


The use phase of the BESS and PV system is modeled according to data already presented by the authors in previous publications [28,61]. The BESS serves a ball mill machine used in a ceramic factory located in the industrial district of Civita Castellana in the Province of Viterbo (Central Italy). The monthly energy output for the PV system is simulated using the European Photovoltaic Geographical Information System (PVGIS) [62] simulation tool (Figure 3), according to the latitude of the considered place and installed peak PV power.



The first step of ceramic manufacturing is the preparation and mixing of raw materials, mainly made with the use of the ball mill machine for the grinding procedure. In this phase, raw materials are mixed with water in appropriate proportions and particles, reducing up to a 5 mm diameter.



The ball mill machine is a grinder extensively utilized in industries such as cement, ores, and ceramics [63], and comprises a hollow cylindrical rotating shell partially filled with steel spheres (grinding balls). This shell rotates around its axis at a speed enabling the cascading effect of the spheres’ fall [64]. Within the ball mill, input materials undergo grinding facilitated by the impact of grinding balls through the following three primary breakage mechanisms: impact or compression, chipping or attrition, and abrasion [65].



As aforementioned, the ball milling process generally accounts for the highest electricity consumption within the manufacturing processes [66]. Operating continuously throughout extended periods within the working day [67], its power consumption can vary from less than 80 kW for ceramic processes [68] to 3.9 MW for gold ore processing [69]. The considered ball mill has a nominal power of 160 kW and the daily load profile of the ball mill is derived from Ref. [67].



For all the scenarios, the BESS supplies the electrical power to the ball mill for a timing of about 2.91 h, during the national on-peak time period. Indeed, the choice of this time window guarantees an optimal solution for the sizing of the BESS system, obtaining both environmental and economic advantages [27,28]. The assumed overall electricity consumption for the ball mill is approximately 88 kWh per day, with a peak current of 134 A at low voltage distribution (Figure 2); the nominal power is 160 kW. For all the scenarios, the average European (EU-27) electricity generation mix is modeled in Ecoinvent.



BESS is made of a total of 22,000 cells in series-parallel configuration and sorted into about 54 modules [28]. The BESS capacity is 200 kWh. When second-life batteries are considered (Scenario 3 and Scenario 4), the remaining capacity of cells is assumed equal to 80% of the original one. Finally, the lifespan of the second-life BESS and PV system is assumed to be 10 years [70], with a depth-of-discharge of about 30% to 40%. On the other hand, the lifespan of the PV system is assumed to be 20 years [71]. The daily power consumption of the ball mill is shown in Figure 4, while the annual consumption is shown in Table 3.



A maintenance stage has been designed for the PV system, taking into account materials substitutions, such as hydraulic and bearing oils and oil filters and activities of cleaning lenses and general inspections [72] (see Table 2). On the other hand, the maintenance stage for BESS and SL-BESS has not been included in accordance with the cut-off criteria outlined in Section 2.2.






3. Results and Discussion


Results obtained through the use of the CML-IA are summarized in Table 4, Table 5, Table 6, Table 7 and Table 8. Table 4 shows the environmental impact indicators of the base case scenario, where the ball mill machine is solely and directly powered by the national electric grid. According to the considered system boundary (Figure 2), the environmental impacts for the base case are only those associated with the electricity generation mix, which are influenced by diverse factors, including the mix’s composition. Indeed, fossil-fuel-based power generation typically demonstrates a more significant environmental footprint compared with renewable energy sources. AD correlates with the utilization of materials within the energy generation mix, encompassing metals and minerals employed in power plant construction or fossil fuel extraction. Renewable energy sources also necessitate materials for infrastructure, although in smaller quantities, thereby still contributing to the depletion of abiotic resources. AD(ff) corresponds to the consumption of fossil fuels within the energy generation composition, particularly coal, oil, and natural gas. The GWP reflects the contribution of power generation to climate change through greenhouse gases (GHGs). The generation mix that is heavily reliant on fossil fuels, particularly coal and oil, will have a higher GWP due to the significant emissions of carbon dioxide during combustion. The ODP measures the potential impact on the ozone layer, and power generation can indirectly contribute to this indicator due to certain industrial processes associated with power generation. These processes involve the use of refrigerants or the production of industrial chemicals, which may contribute to emissions of ozone-depleting substances like chlorofluorocarbons (CFCs). HT is associated with emissions of toxic substances from power generation activities, particularly from combustion processes. This includes pollutants like heavy metals, which can pose risks to human health through air and water contamination. FWAE measures the potential impact on freshwater aquatic ecosystems, which is likely caused by the discharge of pollutants from power plants into rivers, lakes, and other freshwater environments. This could include heavy metals, chemicals, and thermal pollution. MAE reflects the potential impact on marine aquatic ecosystems, which may result from the discharge of pollutants into coastal waters or rivers that flow into oceans. Renewable energy sources may have indirect impacts on marine ecosystems, such as offshore wind farms affecting marine habitats, but typically have lower direct emissions compared with fossil fuels. The TE indicator is associated with the release of toxic substances into soil and land, which can occur through various pathways such as coal ash disposal, landfills, or accidental spills from power plant operations. POC is linked to emissions of volatile organic compounds (VOCs) and nitrogen oxides (NOxs) from combustion processes in power plants. These pollutants contribute to the formation of ground-level ozone, which can harm human health and ecosystems. The A indicator refers to the acidification potential resulting from sulfur dioxide (SO2) emissions, primarily from the combustion of sulfur-containing fossil fuels like coal and oil. Indeed, power plants emitting high levels of SO2 contribute to acid rain and acidification of soil and water bodies. Finally, power plants can indirectly contribute to eutrophication (E) through the discharge of nutrient-rich wastewater or cooling water into water bodies. This can lead to excessive algae growth and oxygen depletion, impacting aquatic ecosystems. While renewable energy sources have lower direct emissions, their impacts on eutrophication may include land use changes or habitat disruption during construction.



Table 5 summarizes environmental impact indicators for Scenario 1, when the ball mill machine is served by a BESS made of new batteries connected to the grid. As can be seen, the indicators related to the use phase are the same as Scenario 1, being the ball mill machine and the BESS powered by the same electricity mix. Scenario 2 also accounts for the manufacturing and the end-of-life stages for a BESS made of new batteries. The manufacturing stage is responsible for a significant fraction of the overall environmental impact. Indeed, resource extraction processes such as lithium brine mining and hard rock mining require significant amounts of water, resulting in water scarcity issues in arid regions where lithium deposits are commonly found. Additionally, mining activities can interfere with ecosystems. Furthermore, lithium-based BESS manufacturing involves several energy-intensive steps, including processing raw materials, synthesizing electrode materials, and assembling battery cells (Section 2.3.1). Much of this energy comes from fossil fuel sources, leading to GHGs and contributing to climate change. The battery production requires various chemicals, such as solvents, electrolytes, and binders (Table 2). Finally, the transportation of raw materials, components, and finished batteries involves energy consumption and emissions, contributing to air pollution and GHGs.



Generally, the manufacturing stage involves higher environmental impacts than the end-of-life stage; in fact, it demands extensive energy, raw material extraction, and chemical processes, contributing to its larger environmental footprint. In contrast, the end-of-life stage involves managing smaller volumes of waste compared with the extensive inputs and outputs of the manufacturing process. In particular, GWP is 1.22 × 103 kg CO2 eq. per year and is an order of magnitude larger in manufacturing compared with end-of-life, while AD and HT are 1.20 × 10−1 kg Sb eq. and 3.38 × 103 kg 1,4-DB eq., respectively, and three and two orders of magnitude higher than end-of-life, respectively.



Scenario 2 involves the utilization of a ball mill machine powered by a BESS comprising newly manufactured batteries that are connected to an independent PV system. Table 6 highlights environmental impact indicators for all the involved stages, which are the manufacturing of BESS and PV; the electricity consumed during the use phase of the ball mill and the PV O&M; and end-of-life stages for both BESS and PV. Compared with Scenario 1 and the base case, the use phase of the ball mill is significantly lower. This is attributed to the source of the consumed electricity, which is partially provided by the PV system and associated with significantly lower emissions. In particular, emissions from the PV system arise only from the PV O&M processes. As a result, total GWP is 5.03 × 103 kg CO2 eq. However, total AD and HT are 1.66 × 10−1 kg Sb eq. and 4.09 × 103 kg 1,4-DB eq., respectively. Indeed, significant energy and raw material inputs are required to produce PV panels (Table 2). This includes the extraction of materials such as silicon, glass, metals, and other components, which can contribute to AD and GHGs. Additionally, the manufacturing process generally involves the use of chemicals and substances that can pose risks to human health (HT). Finally, the end-of-life stage involves environmental impacts due to the complex composition of PV panels, including metals, glass, and potentially hazardous materials. Recycling PV panels involves disassembly, sorting, and processing of different materials. This process consumes energy and resources, such as electricity and water, especially during the extraction of valuable components like silicon and metals.



Scenario 3 introduces the use of BESS made of decommissioned automotive batteries connected to the grid. In this scenario, the utilization of batteries sourced from previous applications allows for the exclusion of BESS manufacturing in the calculation of environmental impacts. The relative CML-IA indicators are shown in Table 7. As previously mentioned, the end-of-life process of BESS is assumed to be the same for both used batteries and new batteries. Therefore, the impacts of the end-of-life phase remain consistent with those of Scenario 1 and Scenario 2. The total GWP, AD, and HT are 1.52 × 104 kg CO2 eq., 1.54 × 10−3 kg Sb eq., and 4.85 × 102 kg 1,4-DB eq., respectively.



Finally, in Scenario 4 the ball mill machine is served by a SL-BESS made of decommissioned automotive batteries connected to a standalone PV system. In this case, the only manufacturing stage is that of the PV system. The use phase encompasses environmental impacts arising from the electricity consumption of the ball mill (Table 8) and the O&M of the PV. Lastly, both the PV panels and the BESS will contribute to the end-of-life environmental impacts. The total GWP, AD, and HT are 3.80 × 103 kg CO2 eq., 1.54 × 10−3 kg Sb eq., and 4.85 × 102 kg 1,4-DB eq., respectively.



The comparison among scenarios for all CML-IA indicators is depicted in Figure 5 in terms of relative percentage. Notably, Scenario 2 exhibits the highest values across various impact indicators, particularly in AD, with values reaching 49.38% and 9%. Conversely, Scenario 4 consistently displays the lowest values across most categories, indicating comparatively reduced environmental impacts. Noteworthy variations are observed in ozone depletion potential (ODP) and freshwater aquatic ecotoxicity (FWAE), where Scenario 1 and Scenario 3, respectively, demonstrate pronounced impacts.



Figure 6 shows the comparative analysis among the scenarios for the GWP, AD, and HT indicators. Scenario 1 emerges as the most significant contributor to GWP, with a notably elevated value of 1.64 × 104 kg CO2 eq. Furthermore, Scenario 1 shows an increase in GWP by 8.61% with respect to the base case and presents the lowest impacts across the AD and HT indicators. On the other hand, Scenario 2 demonstrates the most substantial impact on both AD and HT, with values of 1.66 × 10−1 kg Sb eq and 4.09 × 103 kg 1,4-DB eq, respectively. In particular, Scenario 2 notably exhibits a substantial decrease in GWP, registering a reduction of approximately 66.52% relative to the base case. On the other hand, it exhibits the highest impacts in terms of AD and HT, primarily due to the manufacturing stages of BESS and PV. Moreover, Scenario 3 displays a marginal increase in GWP by approximately 0.66%, with moderate impacts on both AD and HT, registering rises of 44.86% and 20.05%, respectively. Finally, Scenario 4 similarly shows a significant decrease in GWP, reaching around −74.82%. Thus, as it is possible to note, the manufacturing stage of PV and batteries significantly contributes to abiotic depletion via the extraction of metals and minerals essential for their manufacture, entailing intensive mining activities and causing habitat degradation and soil erosion. Moreover, the transportation of materials and energy-intensive processes such as smelting are reliant on fossil fuels, amplifying the depletion of finite energy resources and GHGs. Furthermore, the disposal of chemicals and solvents for cleaning, coating, and other purposes during production leads to soil and water contamination, contributing to AD by disrupting natural ecosystems and contaminating resources. On the other hand, emissions and releases from manufacturing facilities can contribute to HT, posing risks to human health through pollutants and water contamination.



Finally, GWP is chosen as the metric for comparison with the existing literature as it is commonly used in LCA studies. According to Figure 6a, in this study, the contribution to GWP is primarily due to the use phase, which directly depends on the electrical consumptions indicated in Table 3. Thus, the comparison is conducted with similar studies where GWP has been calculated based on the kWh of electricity consumed. Specifically, with electrical consumptions of 32,120 kWh/y, 32,120 kWh/y, 6135 kWh/y, 32,120 kWh/y, and 6135 kWh/y for the base case, Scenario 1, Scenario 2, Scenario 3, and Scenario 4, respectively, a GWP of 1.51 × 104 kgCO2 eq/y, 1.51 × 104 kgCO2 eq/y, 2.88 × 103 kgCO2 eq/y, 1.51 × 104 kgCO2 eq/y, and 2.88 × 103 kgCO2 eq/y is obtained, respectively. From these values, an average GWP value per kWh of electricity consumed is derived, amounting to 0.469 kgCO2 eq/kWh. This GWP value is consistent with the literature for the average European mix, such as 0.590 kgCO2 eq/kWh found in Ref. [73] and 0.334 kgCO2 eq/kWh in Ref. [74], and for the worldwide average of 0.475 kgCO2 eq/kWh in Ref. [75].




4. Conclusions


This study aimed to investigate the extent to which the implementation of an open-loop circular economy strategy of second-life batteries improves the sustainability of industrial applications. To this end, the authors conducted an LCA to assess and compare different settings of BESS made of new or decommissioned batteries combined with a standalone PV system serving a ball mill machine in a ceramic manufacturing plant. In particular, the study considered the following five scenarios: the base case where the ball mill machine is entirely supplied by the grid, Scenario 1 where a BESS is connected to the grid, Scenario 2 where a BESS is connected to a standalone PV system, Scenario 3 where a BESS made of decommissioned automotive batteries is connected to the grid, and Scenario 4 where a SL-BESS made of decommissioned automotive batteries is connected to a standalone PV system.



The base case reflects the contribution of the power generation mix to environmental impact indicators. Indeed, the considered generation mix heavily relies on fossil fuels, particularly coal and oil. This reliance will lead to higher climate change impact due to significant emissions of carbon dioxide during combustion and will generate pollutants like heavy metals, which can pose risks to human health through air and water contamination.



The comparative analysis of scenarios for GWP, AD, and HT with respect to the base case shows that Scenario 1 emerges as the most significant contributor to GWP, exhibiting a notably elevated value of 1.64 × 104 kg CO2 eq. Furthermore, it demonstrates an increase in GWP of 8.61% compared with the base case, while presenting the lowest impacts across AD and HT indicators. Conversely, Scenario 2 displays the most substantial impact on both AD and HT, with values of 1.66 × 10−1 kg Sb eq. and 4.09 × 103 kg 1,4-DB eq, respectively. Notably, Scenario 2 shows a remarkable decrease in GWP, registering a reduction of approximately 66.52% relative to the base case, yet it exhibits the highest impacts in terms of AD and HT, primarily due to the manufacturing stages of BESS and PV modules. Moreover, Scenario 3 presents a marginal increase in GWP by approximately 0.66%, with moderate impacts on both AD and HT, showing rises of 44.86% and 20.05%, respectively. Finally, Scenario 4 similarly indicates a significant decrease in GWP, reaching around -74.82%.



The results suggest that the environmental benefits achieved can be extended by considering larger PV installations and SL-BESS with greater capacities. In fact, the installed PV power and the BESS capacity represent the only scalable factors, and their increase is justified by industrial plants that need to meet a higher demand for electrical energy. Similarly, regarding economic advantages, these will naturally escalate with the rise in the share of renewable energy utilized, along with the opportunity to employ greater storage capacity during periods of lower electricity prices, subsequently repurposing it during higher-cost intervals. Moreover, this study is placed within a European context, implying that resulting environmental impacts may significantly vary across different regional contexts. It is important to consider that this study utilized the average European electricity mix, which exhibits high variability among European countries. Similarly, concerning the modeling of transportation for raw materials, finished products to the site of use, and decommissioned batteries, the distances assumed align with European road infrastructure and available transportation modes in Europe. On the other hand, the regulatory framework regarding batteries and waste batteries is the same for European countries, and therefore the results can be considered consistent across them.



The results of this study contribute to the fields of renewable energy for industrial applications and the implementation of the circular economy for a product expected to be highly available in future projections. Simultaneously, the studied configuration remains aligned with the state of the art in renewable systems serving industrial applications (e.g., Ref. [29]), taking a further step forward in the scientific research by introducing decommissioned batteries and assessing the overall environmental impact.



Future research directions could explore the optimization of the open-loop circular economy strategy by investigating the scalability of PV installations and SL-BESS capacities in industrial settings, and considering recycled materials in the manufacturing stage of Li-ion batteries and PV panels. Additionally, studies focusing on the regional variations of environmental impacts across different geographical contexts could provide valuable insights for localized implementations, such as different electricity generation mixes and centers for battery collection. Further investigations into the life cycle impacts of transportation modes for raw materials and new and decommissioned batteries, considering diverse infrastructural frameworks, would enhance the applicability of findings on a global scale. Finally, the main limitation of this study lies in its focus on decommissioned automotive batteries without considering potential variations in their condition or quality.



In conclusion, this study demonstrates the potential of the designed open-loop circular economy strategy for decommissioned automotive batteries in enhancing sustainability of industrial applications in terms of GHG emissions. Through LCA, it was possible to identify less impactful energy scenarios and discuss key environmental hotspots. The integration of renewable energy sources with BESS and SL-BESS promises to reduce GHG emissions and drive investments in green technology.
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Figure 1. LCA stages according to ISO 14040 and ILCD guidelines. Source: [50]. 
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Figure 2. System boundary. 
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Figure 3. Simulated monthly energy output for the PV system. Source: (C) PVGIS, 2021. 
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Figure 4. The assumed daily power consumption of the ball mill on a typical workday. Source: [67]. 
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Figure 5. Life cycle impact assessment (LCIA) relative contributions of scenarios for each impact category (CML-IA method). 






Figure 5. Life cycle impact assessment (LCIA) relative contributions of scenarios for each impact category (CML-IA method).



[image: Energies 17 01720 g005]







[image: Energies 17 01720 g006] 





Figure 6. Life cycle impact assessment (LCIA) results in terms of global warming potential (GWP) (a), abiotic depletion (AD) (b), and human toxicity (HT) (c) for the considered scenarios. Results refer to the functional unit. 
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Table 2. Example data extracted from the main inventory dedicated to input materials into the system. The values refer to the considered FU.
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	PV Panel

Manuf.
	
	PV Panel

O&M
	
	PV Panel

End-of-Life
	
	BESS

Manuf.
	
	BESS

End-of-Life
	





	Glass (kg)
	1096.9
	Water demin. (kg)
	2.41 × 100
	Tap water (kg)
	453.0
	Water, decarb. (l)
	3.80 × 102
	Water (l)
	9.75 × 102



	Polymer (kg)
	146.3
	Hydraulic oil (kg)
	2.05 × 10−2
	Nitric acid (kg)
	10.4
	Deionized water (kg)
	2.50 × 102
	Coke (kg)
	3.93 × 103



	Aluminum (kg)
	117.0
	Polyester (kg)
	1.36 × 10−3
	Lime, hydrated (kg)
	53.4
	Positive electrode paste (kg)
	6.25 × 100
	H2SO4 (kg)
	1.11 × 104



	Silicon (kg)
	73.1
	Co-polymer plastic (kg)
	9.10 × 10−4
	
	
	Iron sulphate (FeSO4) (kg)
	5.44 × 100
	Li2CO3 (kg)
	1.90 × 103



	Copper (kg)
	14.6
	Lubricating oil (kg)
	5.69 × 10−4
	
	
	Cell container, tab and terminals (kg)
	2.00 × 10−1
	H2O2 (kg)
	1.98 × 103



	
	
	Polyurethane (kg)
	2.05 × 10−4
	
	
	Module and battery packaging (kg)
	1.70 × 10−1
	Limestone (kg)
	3.32 × 104



	
	
	Silica gel (kg)
	2.05 × 10−4
	
	
	Phosphoric acid (H3PO4) (kg)
	3.53 × 100
	
	



	
	
	Stainless steel (kg)
	1.59 × 10−4
	
	
	Electrolyte for li-ion battery (kg)
	1.20 × 10−1
	
	



	
	
	Glass fiber (kg)
	1.59 × 10−4
	
	
	
	
	
	



	
	
	Poly carbonate (kg)
	6.82 × 10−5
	
	
	
	
	
	



	
	
	Poly amide (kg)
	2.27 × 10−5
	
	
	
	
	
	










 





Table 3. Electricity powering the ball mill originated from the electric grid.
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	Base Case
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4





	Electricity from grid [kWh/y]
	32,120
	32,120
	6135
	32,120
	6135










 





Table 4. Life cycle impact assessment (LCIA) results for the base case (CML-IA method). Values refer to the functional unit.
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	Use Phase

(Ball Mill)





	AD
	kg Sb eq
	1.07 × 10−3



	AD(ff)
	MJ
	1.69 × 105



	GWP
	kg CO2 eq
	1.51 × 104



	ODP
	kg CFC-11 eq
	9.58 × 10−4



	HT
	kg 1,4-DB eq
	4.04 × 102



	FWAE
	kg 1,4-DB eq
	2.42 × 101



	MAE
	kg 1,4-DB eq
	1.45 × 106



	TE
	kg 1,4-DB eq
	7.98 × 100



	POC
	kg C2H4 eq
	3.39 × 100



	A
	kg SO2 eq
	6.15 × 101



	E
	kg PO4 eq
	3.46 × 100










 





Table 5. Life cycle impact assessment (LCIA) results for Scenario 1 (CML-IA method). Values refer to the functional unit.






Table 5. Life cycle impact assessment (LCIA) results for Scenario 1 (CML-IA method). Values refer to the functional unit.













	S1
	
	Manuf.

(New-BESS)
	Use Phase

(Ball Mill)
	End-of-Life

(New-BESS)
	Total





	AD
	kg Sb eq
	1.20 × 10−1
	1.07 × 10−3
	4.66 × 10−4
	1.22 × 10−1



	AD(ff)
	MJ
	1.21 × 104
	1.69 × 105
	1.68 × 103
	1.83 × 105



	GWP
	kg CO2 eq
	1.22 × 103
	1.51 × 104
	1.34 × 102
	1.64 × 104



	ODP
	kg CFC-11 eq
	8.13 × 10−3
	9.58 × 10−4
	1.05 × 10−5
	9.10 × 10−3



	HT
	kg 1,4-DB eq
	3.38 × 103
	4.04 × 102
	8.10 × 101
	3.87 × 103



	FWAE
	kg 1,4-DB eq
	1.66 × 103
	2.42 × 101
	5.52 × 101
	1.74 × 103



	MAE
	kg 1,4-DB eq
	5.58 × 106
	1.45 × 106
	2.26 × 105
	7.25 × 106



	TE
	kg 1,4-DB eq
	5.62 × 100
	7.98 × 100
	1.90 × 10−1
	1.38 × 101



	POC
	kg C2H4 eq
	3.79 × 10−1
	3.39 × 100
	1.23 × 10−1
	3.89 × 100



	A
	kg SO2 eq
	7.56 × 100
	6.15 × 101
	9.95 × 10−1
	7.01 × 101



	E
	kg PO4 eq
	6.20 × 100
	3.46 × 100
	2.41 × 10−1
	9.90 × 100










 





Table 6. Life cycle impact assessment (LCIA) results for Scenario 2 (CML-IA method). Values refer to the functional unit.






Table 6. Life cycle impact assessment (LCIA) results for Scenario 2 (CML-IA method). Values refer to the functional unit.
















	S2
	
	Manuf.

(New-BESS)
	Manuf.

(PV)
	Use Phase

(Ball Mill)
	Use Phase

(PV O&M)
	End-of-Life

(New-BESS)
	End-of-Life

(PV)
	Total





	AD
	kg Sb eq
	1.20 × 10−1
	4.50 × 10−2
	2.05 × 10−4
	4.17 × 10−6
	4.66 × 10−4
	6.00 × 10−6
	1.66 × 10−1



	AD(ff)
	MJ
	1.21 × 104
	8.62 × 103
	3.23 × 104
	1.18 × 102
	1.68 × 103
	2.14 × 101
	5.49 × 104



	GWP
	kg CO2 eq
	1.22 × 103
	7.83 × 102
	2.88 × 103
	3.37 × 100
	1.34 × 102
	4.67 × 100
	5.03 × 103



	ODP
	kg CFC-11 eq
	8.13 × 10−3
	4.76 × 10−5
	1.83 × 10−4
	9.09 × 10−8
	1.05 × 10−5
	1.91 × 10−7
	8.38 × 10−3



	HT
	kg 1,4-DB eq
	3.38 × 103
	5.47 × 102
	7.72 × 101
	7.06 × 100
	8.10 × 101
	8.44 × 10−1
	4.09 × 103



	FWAE
	kg 1,4-DB eq
	1.66 × 103
	4.38 × 102
	4.61 × 100
	2.39 × 100
	5.52 × 101
	5.72 × 10−1
	2.16 × 103



	MAE
	kg 1,4-DB eq
	5.58 × 106
	1.71 × 106
	2.77 × 105
	9.03 × 103
	2.26 × 105
	1.28 × 103
	7.80 × 106



	TE
	kg 1,4-DB eq
	5.62 × 100
	1.39 × 100
	1.52 × 100
	3.88 × 10−3
	1.90 × 10−1
	8.10 × 10−3
	8.74 × 100



	POC
	kg C2H4 eq
	3.79 × 10−1
	1.83 × 10−1
	6.48 × 10−1
	2.20 × 10−3
	1.23 × 10−1
	6.06 × 10−4
	1.34 × 100



	A
	kg SO2 eq
	7.56 × 100
	3.98 × 100
	1.17 × 101
	2.68 × 10−2
	9.95 × 10−1
	1.01 × 10−2
	2.43 × 101



	E
	kg PO4 eq
	6.20 × 100
	1.97 × 100
	6.62 × 10−1
	2.49 × 10−3
	2.41 × 10−1
	3.38 × 10−3
	9.07 × 100










 





Table 7. Life cycle impact assessment (LCIA) results for Scenario 3 (CML-IA method). Values refer to the functional unit.
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	Use Phase

(Ball Mill)
	End-of-Life

(SL-BESS)
	Total





	AD
	kg Sb eq
	1.07 × 10−3
	4.66 × 10−4
	1.54 × 10−3



	AD(ff)
	MJ
	1.69 × 105
	1.68 × 103
	1.71 × 105



	GWP
	kg CO2 eq
	1.51 × 104
	1.34 × 102
	1.52 × 104



	ODP
	kg CFC-11 eq
	9.58 × 10−4
	1.05 × 10−5
	9.68 × 10−4



	HT
	kg 1,4-DB eq
	4.04 × 102
	8.10 × 101
	4.85 × 102



	FWAE
	kg 1,4-DB eq
	2.42 × 101
	5.52 × 101
	7.93 × 101



	MAE
	kg 1,4-DB eq
	1.45 × 106
	2.26 × 105
	1.68 × 106



	TE
	kg 1,4-DB eq
	7.98 × 100
	1.90 × 10−1
	8.17 × 100



	POC
	kg C2H4 eq
	3.39 × 100
	1.23 × 10−1
	3.52 × 100



	A
	kg SO2 eq
	6.15 × 101
	9.95 × 10−1
	6.25 × 101



	E
	kg PO4 eq
	3.46 × 100
	2.41 × 10−1
	3.71 × 100










 





Table 8. Life cycle impact assessment (LCIA) results for Scenario 4 (CML-IA method). Values refer to the functional unit.
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	Manuf.

(PV)
	Use Phase

(Ball Mill)
	Use Phase (PV O&M)
	End-of-Life

(SL-BESS)
	End-of-Life

(PV)
	Total





	AD
	kg Sb eq
	4.50 × 10−2
	2.05 × 10−4
	4.17 × 10−6
	4.66 × 10−4
	6.00 × 10−6
	4.57 × 10−2



	AD(ff)
	MJ
	8.62 × 103
	3.23 × 104
	118.1996
	1.68 × 103
	2.14 × 101
	4.27 × 104



	GWP
	kg CO2 eq
	7.83 × 102
	2.88 × 103
	3.365216
	1.34 × 102
	4.67 × 100
	3.80 × 103



	ODP
	kg CFC-11 eq
	4.76 × 10−5
	1.83 × 10−4
	9.09 × 10−8
	1.05 × 10−5
	1.91 × 10−7
	2.41 × 10−4



	HT
	kg 1,4-DB eq
	5.47 × 102
	7.72 × 101
	7.059923
	8.10 × 101
	8.44 × 10−1
	7.13 × 102



	FWAE
	kg 1,4-DB eq
	4.38 × 102
	4.61 × 100
	2.387827
	5.52 × 101
	5.72 × 10−1
	5.01 × 102



	MAE
	kg 1,4-DB eq
	1.71 × 106
	2.77 × 105
	9034.775
	2.26 × 105
	1.28 × 103
	2.23 × 106



	TE
	kg 1,4-DB eq
	1.39 × 100
	1.52 × 100
	0.003878
	1.90 × 10−1
	8.10 × 10−3
	3.12 × 100



	POC
	kg C2H4 eq
	1.83 × 10−1
	6.48 × 10−1
	0.002205
	1.23 × 10−1
	6.06 × 10−4
	9.57 × 10−1



	A
	kg SO2 eq
	3.98 × 100
	1.17 × 101
	0.026822
	9.95 × 10−1
	1.01 × 10−2
	1.68 × 101



	E
	kg PO4 eq
	1.97 × 100
	
	0.002486
	2.41 × 10−1
	3.38 × 10−3
	2.21 × 100
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