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Abstract: A promising route to attain a reliable impact reduction of supply chain materials is
based on considering circular economy approaches, such as material recycling strategies. This work
aimed to evaluate potential benefits of recycling scenarios for steel, copper, aluminium and plastic
materials to the battery manufacturing stage. Focused on this aim, the life cycle assessment
(LCA) and the environmental externalities methodologies were applied to two battery study cases:
lithium manganese oxide and vanadium redox flow (VRFB) batteries, based on a cradle-to-gate
LCA approach. In general, the results provided an insight into the raw material handling route.
Environmental impacts were diminished by more than 20% in almost all the indicators, due to the
lower consumption of virgin materials related to the implemented recyclability route. Particularly,
VREB exhibited better recyclability ratio than the Li-ion battery. For the former, the key components
were the periphery ones attaining around 70% of impact reduction by recycling steel. Components of
the power subsystem were also relevant, reaching around 40% of environmental impact reduction by
recycling plastic. The results also foresaw opportunities for membranes, key components of VRFB
materials. Based on findings, recycling strategies may improve the total circularity performance and
economic viability of the studied systems.

Keywords: recyclability; battery; life cycle assessment; environmental impact; resources;
circular economy

1. Introduction

Sustainable development of battery performance lies not only in finding novel materials, but also
in minimising resource consumption. It is predicted that some metals, such as copper required for
electrodes, will manifest some kind of scarcity by increasing their prices and, consequently, the supply
situation could be much improved if the recycling is promoted [1]. In this sense, a promising route
to attain reliable environmental impact and cost reduction of supply chain materials is based on
considering circular economy approaches [2]. This concept is already applied to other energy systems
and manufacturing processes, where the reuse of energy flows [3], materials employing waste converted
into by-products [4] or energy [5] are deeply analysed, to avoid virgin material consumptions.

Some insights regarding the environmental issues of battery recycling are already provided but,
results are mostly based on different reference scenarios, which make it difficult to perform comparisons.
Rydh and Karlstrom [6] focused on analysing nickel-cadmium batteries manufacturing using raw and
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recycled material. They concluded that batteries manufactured with recycled cadmium and nickel
require 46% and 75% less primary energy, respectively, compared with extraction and refining of
raw metal. Unterreiner et al. [7] analysed the ecological impacts of LiFePO4 (LFP) and vanadium
redox flow battery (VRFB) by applying scenarios of reusable materials. This analysis determined
materials, which were responsible for the environmental burden. Particularly, it corresponded to copper,
gallium and iron(Ill)phosphate for the Li-ion batteries (LIB), whereas polyvinyl chloride (PVC) and
polytetrafluoroethylene (PTFE) were identified in the VRFB. Additionally, Wang and Wu [8] focused
on recycling and treatment of spent LiFePO4 batteries in China. They concluded that it is necessary to
promote strategies for optimising the recycling mode, increasing the precious metals recovery efficiency
and decreasing the chemical reagents consumption although the end-of-life (EOL) treatment are
challenging. Song et al. [9] were mostly focused on the cathode and anode materials in LIB to calculate
the relative criticality of the raw materials. They identified that the lithium batteries recyclability can be
around 40%, considering critical materials and limitation on recycling infrastructure. Weber et al. [10]
evaluated the potential of environmental impact reduction due to recycling perspective for VRFB and
lithium—iron-phosphate-based cathode with lithium-titanate anode (LFP-LTO). They identified higher
recyclability for VRFB compared to the lithium-based batteries, considering the recycling routes for
steel and copper.

Focusing on these results, it is evident that future research efforts should be addressed to increasing
the efficiency of resource use, considering the recyclability potential from the earlier design stages of
batteries. This type of action might contribute to identifying opportunities for innovation and boosting
adequate and sustainable battery manufacturing.

Fractions of plastic, copper and steel are relevant in this type of energy storage technology,
in addition to there being distinguished industrial recycling processes for these type of materials,
with recycling efficiency in the range of 56-81% [11]. Aluminium and graphite battery components
are also relevant, and they can be also counted among materials with available industrial recycling
processes. Nevertheless, recycling of the graphitic anode is limited, owing to its lower recovery
value [12]. Based on the available published literature, there is a need to conduct an exhaustive
evaluation of the environmental burden associated with this type of materials and circular economy
strategies. In this vein, the applicability of material recycling strategies during battery manufacturing
provides solutions for attaining a long-term material supply too, as they are foreseen to minimise
impacts related to the battery EOL, not only in terms of cost, but also in terms of environmental
burden [12,13]. In addition, recycling may generally contribute to minimising costs due to the reduction
of raw material manufacturing, but the cost-related impacts of battery recycling scenarios have not
been covered in detail yet [7,9,10].

According to a previous published work from authors [14], lithium-ion (Li-ion) and redox flow
batteries (RFB) constitute the ones with more potential development opportunities on the battery
market, based on the ongoing evolution of batteries, their technological maturity, market roll-out
level and related costs, [14-16]. In this vein, a deeper comparative analysis of the two batteries was
carried out in this work, while considering the evaluation of recycling scenarios for steel, copper,
aluminium and plastic materials to the battery manufacturing stage.

In this work, these two batteries were compared in terms of environmental burden distributed
per material type and components attributed to the consumption of both virgin and secondary
materials, depending on two recyclability scenarios related to plastic, steel, copper and aluminium
fractions used in the battery manufacturing process. In particular, a detailed assessment of the active
materials lithium manganese oxide and vanadium pentoxide was not included in the analysis, due to
the limited and existing life cycle inventory (LCI) reported in the literature. Concerning electrolyte
recovery, some considerations have been taken into account in this study. As stated by Weber et al. [10],
VREB electrolyte is foreseen to exhibit minimal issues of degradation and, therefore, it can be possibly
entirely reuse. Although the recovery of lithium salt is important, this analysis was out of the scope of
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the published work, which has been focused on widely used recycling processes, whereas emerging
technologies [12,17,18] have been excluded.

For the rest of components, the effect by the comparison of cases (i.e., with and without secondary
fractions of the four selected materials) quantifies impacts related to the same amount of resources,
except for plastic, steel, aluminium and copper.

2. Methodology

The methodological approach presented in this work has been divided into three main core actions:

(i) To establish recyclability scenarios for plastic, steel, copper and aluminium fractions in the two
batteries studied, based on available data.

(ii) To perform a reliable and consistent life cycle model on the life cycle assessment (LCA)
methodology, to evaluate the recyclability scenarios.

(iii) To compare the environmental impacts of the two batteries in monetary terms quantified by
external environmental costs (externalities), i.e., the monetarization of environmental impacts.

A detailed description of the methodological approach, as well as main assumptions carried out
to their development, is presented in this section.

2.1. Recyclability Scenarios

To assess impacts related to the use of recycled materials (plastic, copper, aluminium and steel) into
the batteries value chain, two different scenarios have been assessed for each battery type: scenario A,
based on virgin materials, and scenario B, defined by a fraction of virgin and secondary or recycled
materials. For the latter, the fraction of secondary materials was done according to the maximum
recycled efficiency attributed to these materials (see Section 2.2.3).

In this approach, it was considered that the recycled materials have the same inherent properties
of the virgin material according to a semi-closed loop recycling process. The allocation procedure
assumed for the recycling processes was the substitution method or avoided burden method. By this
approach, the subtraction of primary or virgin material by the use of a fraction of secondary or recycled
materials leads to lowering the environmental impacts. In this light, the amount of secondary or
recycled materials was quantified for each battery technology, based on the effective recycling efficiency
for plastic, copper, aluminium and steel. To keep the same total amount of materials required in both
scenarios, some primary material was also needed in scenario B. The main results of the assessed
scenarios are described and discussed in the following sections.

2.1.1. Scenario A (Baseline)

Scenario A corresponded to model the worst-case, where virgin (primary) materials are only
considered as input, and the benefits of recycling are ignored. In this case, the LCA modelling of
batteries was based on the use of virgin materials.

2.1.2. Scenario B (Recyclability Routes)

Scenario B was defined a simplified approach to model the recycling scenarios. In scenario B,
the LCA modelling of the battery manufacturing included the fraction of materials produced by
secondary or recycled sources involving the impact of recycling treatment and the fraction of virgin
material (i.e., the remaining input). Accordingly, it consisted of an optimal study-case, which assesses
the influence of aluminium, copper, steel and plastic recycled materials in battery manufacturing.

2.2. LCA Modelling

The life cycle assessment (LCA) is the methodology used to evaluate the potential recycling
of the metals mentioned above. This methodology is supported by the recognised standards ISO
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14,040:2006 [19] and 14,044:2006 [20], which includes four interrelated phases: goal and scope definition,
inventory analysis, impact assessment and interpretation (see Figure 1)

Figure 1. Principal phases of the life cycle assessment (LCA) environmental model.

2.2.1. Goal and Scope Definition

The main objective of this analysis was to assess the environmental performance associated with
the two batteries, lithium manganese oxide (LMO) and VREFB, considering recyclability opportunities
during the manufacturing stage and using a cradle-to-gate perspective. This approach aimed to identify
key aspects related to a certain production phase [21,22] and accordingly, it was selected to provide
a high degree of precision to the analysis of the manufacturing stage, based on the environmental LCA
point of view. Within this approach, a detailed analysis of the key components in terms of materials
consumption and environmental impact was included.

As can be seen in Figure 2, this study was focused on the evaluation of battery manufacturing
under a life cycle perspective from a cradle to gate approach. System boundaries corresponded to
the analysis of the battery components manufacturing and energy consumption for the assembling.
The raw material mining and conditioning for the components manufacturing were also considered.
Based on previous work [14], the component production stage exhibited a greater environmental
impact compared with the assembly stage in most impact categories. Accordingly, this study excludes
the energy consumption for assembling. Due to this, the research aimed to assess the resources in
the manufacturing stage, the system was focused on electrodes, electrolyte, separator and case or cell
container, which are the components of the battery (see Figure 2).
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Figure 2. System boundaries defined for the LCA.
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The functional unit is defined for this study as 1 kWh of storage energy. In addition, the timescale
was considered as 20 years. All inputs and outputs related to the different product value chains were
managed and correlated consistently based on these two references.

2.2.2. Inventory Analysis

LCI involves all the inputs and outputs (energy and material) considering the functional unit,
timescale and system boundaries previously established. In this work, LCI was mainly generated
from in-house databases, based on results previously published by authors [14] and complemented
by an exhaustive review of available data in the literature and Ecoinvent 3.4 database [23]. To attain
normalised information in respect to the functional unit and timescale, the information for each battery
was collected in terms of (i) battery characteristics and (ii) battery composition (gathered as weight per
cent distribution) and energy requirements for assembling.

Data considered for the LCI are based on the general characterisation of the main battery
components. The LCI for the LMO battery is based on the SUBAT report [24] and LCI for VRFB was
compiled from Rydh [25]. Both references were considered appropriate to guarantee the quality and
relevance of the comparative analysis, as well as for evaluating the recyclability opportunities of the
two systems. LCI data from these works has also been used in different published LCA and life cycle
costing (LCC) studies [26-28].

To quantify the impacts associated with recycled materials, information concerning recycling
efficiencies for aluminium copper, steel and plastic was collected and based on current industrial
recycling processes, such as those reported by Rigamonti et al. [11], Based on this study, the maximum
recycling efficiency was considered as 81.45% for steel, 55.71% for plastic and 79.33% for copper.
Since there was a lack information for copper recyclability efficiency, recyclability for copper was
a assumed as aluminium.

2.2.3. Impact Assessment

The environmental analysis was developed with SimaPro 8 software, version Analyst 8.5.0.0,
and ReCiPe 2016 v1.1 midpoint method (Hierarchist version) as the selected method of evaluation.
The midpoint approach is considered more comprehensive to cover possible environmental
interventions, which defines the environmental mechanism throughout the quantification of the
impacts at the intermittent stages of the cause-effect chain.

Specifically, the ReCiPe midpoint method is one of the most recent and harmonised methods
available in life cycle impact assessment. This approach makes it possible to calculate eighteen
midpoint impact categories or environmental indicators, which are shown in Table 1. Among them,
special attention is paid to toxicity and ecotoxicity categories (kg 1,4-DCB), global warming potential
(kg CO; eq), as well as mineral resource scarcity (kg Cu eq) and fossil resource scarcity (kg oil eq).
This selection is supported by results attained from other relevant LCA studies performed on Li-ion
batteries and VRFB [10,22,29], as well as on other battery types [30].
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Table 1. Environmental impact indicators studied.

Environmental Indicator Acronym Unit
Global Warming GWP kg CO; eq
Stratospheric Ozone Depletion ODP kg CFC-11 eq
Ionising radiation. IRP kBq Co-60 eq
Ozone formation, Human health HOFP kg NOx eq
Fine particulate matter formation PMEFP kg PM2.5 eq
Ozone formation, Terrestrial EOFP kg NOx eq
ecosystems
Terrestrial acidification TAP kg SO, eq
Freshwater eutrophication FEP kg Peq
Marine eutrophication MEP kg N eq
Terrestrial ecotoxicity TETP kg 1,4-DCB
Freshwater ecotoxicity FETP kg 1,4-DCB
Marine ecotoxicity METP kg 1,4-DCB
Human carcinogenic toxicity HTPc kg 1,4-DCB
Human non-carcinogenic toxicity HTPnc kg 1,4-DCB
Land use LOP m?a crop eq
Mineral resource scarcity SOP kg Cueq
Fossil resource scarcity FFP kg oil eq
Water consumption WCP m3

2.3. External Environmental Costs (Externalities)

LCC is a tool that evaluates the costs of an asset throughout its life cycle (acquisition, use,
maintenance and EOL). An environmental approach of the LCC analysis, also named an environmental
(ELCC) methodology, also allows for estimating the external costs or indirect costs, which relates the
environmental impact into monetary data. To quantify all environmental impact as a global value,
this research applied the calculation of environmental externalities (indirect cost) to estimate the cost
of the recyclability scenarios considered in this work.

The external costs are equivalent monetary values of indirect damages that are not explicitly
captured in the marketplace, including, for instance, the monetary value of climate change
mitigation [31,32]. Environmental externalities are linked to the product, service or works during its
life cycle (such as the cost of emissions of greenhouse gases or other pollutant emissions, and other
climate change mitigation costs).

For determining externality costs, different weighting methodologies exist. All of them have
in common a framework based on analysing the cause-effect chain of the environmental impacts.
The cause-effect chain starts with the environmental impacts obtained from the LCI used to apply
the LCA. Then, a monetary weight is given to each environmental indicator (EI) by applying the
corresponding external cost factor (ECF), as in Equation (1).

Externalcost(EC) = Environmentalindicator(EI) X Externalcost factor (ECF) 1)

El is the environmental indicator referred to the reference unit selected to the LCA under
consideration (for example, kg CO, eq as the unit for the global warming potential (GWP) indicator);
ECF is the external cost factor related to EI under analysis in EUR/(unit of the EI) and, thereby the
external cost (EC) is obtained in EUR.

In this work, the external cost factors accounted for different environmental impacts were taken
from available data in the literature related to 2015 prices [33,34]. Values were updated to 2019 prices
by applying the inflation rate of 3%. Table 2 summarises the updated cost factors.
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Table 2. External cost factors to monetarism environmental impacts.

External Cost Factor, (2019)

Environmental Indicator (EI) Unit (€/Unit EI)
Climate change kg CO; eq 0.060
Ozone depletion kg CFC-11 eq 51.984

Terrestrial acidification kg SO, eq 26.416
Freshwater eutrophication kg Peq 2.016
Marine eutrophication kg N eq 3.299
Human toxicity kg 1,4-DB eq 0.227
Photochemical oxidant formation kg NMVOC 2.228
Particulate matter formation kg PM10 eq 24.082
Terrestrial ecotoxicity kg 1,4-DB eq 9.431
Freshwater ecotoxicity kg 1,4-DB eq 0.039
Marine ecotoxicity kg 14-DB eq 0.008
Ionising radiation kBq U235 eq 0.002
Urban land occupation mZa 1.015
Fossil depletion kg oil eq 0.007
Water depletion m3 0.071

3. Results and Discussion

3.1. Battery Characteristics

A summary of main battery characteristics considered in the calculations is shown in Table 3.
Values depicted in this table represented the average values of data found in the literature.

Table 3. Average characteristics of the selected batteries based on the literature.

Battery Type
LMO VRFB

125[3536]  10.9[10,22,35,37]
148.8 [35,38] 19.9 [10,22,35]
5500 [35] 12068 [10,22,35,39]

Battery Characteristic

Lifetime, years
Specific Energy, Wh kg™! Cycle™!
Cycles/all lifespan

As mentioned before, the functional unit used in this study is stablished in 1 kWh of stored energy.
Therefore, the characteristics in Table 3 were used in order to homogenize the quantity of materials and
energy required to the battery manufacturing using the LMO and VRFB inventories. This is necessary
in order to scale the inventory of both batteries to the functional unit chosen.

In this sense, raw data from the literature was gathered as g of material per 100 g of battery. Then,
the LCI was referred to the functional unit (kWh of stored energy), considering the time scale (20 years)
using Equation (2).

Rawdata ( g material )

100g battery 20 years

LCI( M) ) = @)

kWh storage Speci fi
peczfzc energy kg battery X cycle

Wh storage ) x (cycle) Battery lifetime (years)

The LCI results are shown in Tables 4 and 5. Materials included in these tables corresponded to
the total amount of materials accounted for the battery manufacturing, according to the cradle to gate
perspective applied in this research. As it can be seen from Tables 4 and 5, the battery manufacturing
stage comprised materials used for electrodes, electrolyte, separator and case manufacturing, as well
as energy assembling.
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Table 4. Life cycle inventory (LCI) results for LiMn204 battery.

. Raw Data [24] LCI
Battery Manufacturing Inputs Value Unit Value Unit
Energy
consumption Electricity 42.75 M]J/(kg battery)  0.08  M]J/(kWh storage)
for Assembly

Electrode Carbon 14.96 g/100 g battery ~ 0.29  g/(kWh storage)
Lithium metal oxide 23.63 g/100 g battery 046  g/(kWh storage)
Polyvinylidene fluoride 1.19 g/100 g battery ~ 0.02  g/(kWh storage)
Styrene butadiene rubber 1.19 g/100 g battery ~ 0.02  g/(kWh storage)
Aluminium 20.73 g/100 g battery 041  g/(kWh storage)
Copper 15.55 g/100 g battery  0.30  g/(kWh storage)
Electrolyte Propylene Carbonate 3.15 g/100 g battery  0.06  g/(kWh storage)
Ethylene Carbonate 6.30 g/100 g battery ~ 0.12  g/(kWh storage)
Dimethyl Carbonate 3.15 g/100 g battery  0.06 g/(kWh storage)
Lithium hexafluorophosphate 3.15 g/100 g battery  0.06  g/(kWh storage)
Separator Polypropylene 5 g/100 g battery ~ 0.06  g/(kWh storage)
Case Steel 2 g/100 g battery  0.04  g/(kWh storage)

Table 5. LCI results for vanadium redox flow battery (VRFB).

. Raw Data [25] LCI
Battery Manufacturing Inputs Value Unit Value Unit
Assembly Energy Electricity 4.90 M]J/(kg battery) 0.08 MJ/(kWh storage)
consumption ' ’
Components
of Power Electrodes Copper 0.78 g/100 g battery 0.13 g/(kWh storage)
Subsystem
Carbon felt, graphite 0.26 g/100 g battery 0.04 g/(kWh storage)
Polysulphone
Ionic (polystyrene
membranes manufacturing 0.44 g/100 g battery 0.07 g/(kWh storage)
assumed)
Flow frames,  Polypropylene, rubber,
bipolar plates carbon black 1.39 g/100 g battery 0.23 g/(kWh storage)
Components
of Energy Electrolyte Water 47.85 g/100 g battery 7.71 g/(kWh storage)
Subsystem
Sulfuric Acid (pure) 25.95 g/100 g battery 418 g/(kWh storage)
Vanadium pentoxide 10.07 g/100 g battery 1.62 g/(kWh storage)
Electrolyte
container Polypropylene 2.55 g/100 g battery 0.41 g/(kWh storage)
c " Pumps,
OPWPONENS  motors, racks Stainless steel 10.70 g/100 g battery 1.72 g/(kWh storage)
of Periphery and bolts

For LMO, the amount of materials has been obtained by the information available in the
literature [24], which was also published in recognised journals [22,26]. For VRFB, the LCI includes the
material and energy requirements based on a previous work published by Rydh [25]. This latter work
contains detailed information in terms of battery materials. It has even been used as the LCI reference
for VRFB in another more recently published work by Arbabzadeh et al. [27].

3.2. Distribution of Recycled Materials

Based on the considerations described in Section 2, materials evaluated for the recyclability
scenarios were basically ferrous and non-ferrous metals and plastics (i.e., steel, aluminium, copper and
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plastic). In terms of consumption of the four previously mentioned materials, i.e., plastic, copper,
steel and aluminium, the lithium battery composition is aluminium-dominant, whereas steel is the more
relevant material for VRFB. Table 6 shows materials considered for each battery type and corresponding
components. In Table 7, the amount of materials corresponding for both virgin and secondary fractions
in scenario B are showed.

Table 6. Battery materials for recyclability scenarios by components.

Battery Type Materials Components

Aluminium Electrodes
Copper Electrodes
LIB Plastic (Rubber) Electrodes
Plastic (Polypropylene) Separator

Steel Case (Cell container)
Copper Electrodes

Polysulphone (polystyrene manufacturing assumed) Ionic membranes
VRFB Plastic (rubber) Flow frames, bipolar plates
Plastic (Polypropylene) Electrolyte container
Steel Pumps, motors, racks and bolts

Table 7. Amount of materials considered for the recyclability scenario B.

Battery Type Materials Amount (Scenario B), g/kWh Storage
Aluminium virgin = 0.085, secondary = 0.325
LIB Copper virgin = 0.062, secondary = 0.238
Plastic virgin = 0.053, secondary = 0.067
Steel virgin = 0.007, secondary = 0.033
Copper virgin = 0.026, secondary = 0.100
VRFB Plastic (Polypropylene) virgin = 0.313, secondary = 0.394
Steel virgin = 0.320, secondary = 1.403

A comparison of the materials to be recycled to the total weight of the battery components
suggests that LMO potential material reduction is three times the one of VRFB. This effect is due to
the fact that electrolyte represents 84% of the total weight for VRFB, whereas it is only 15% for LMO.
On the contrary, if the two batteries are compared in terms of the amount of plastic, copper, steel and
aluminium in batteries, similar conditions are identified between batteries. Taking into account scenario
B (see Figure 3), which involves secondary and virgin fraction of the four materials in batteries, it is
estimated that the percentages of both fractions are similar in the two batteries. The recycled fraction is
estimated by the effective recycling efficiency, as reported in Section 2, and is assumed to be the same
for the materials in both batteries.

Li,MnO, VRFB

m recycled virgin m recycled virgin

Figure 3. Fraction of recycled materials for both types of batteries. Data are referred to the total weight
of materials considered for the recycling scenarios.
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A more detailed analysis per materials in given in Figure 4. This figure shows the distribution
of materials according to the recycling scenarios. Fractions of aluminium, copper, plastic and steel
are represented in terms of total amount of materials given in Table 7. Figure 4A depicts fractions
considering total amount of materials assumed as virgin materials (Scenario A) whereas Figure 4B
represents the materials considering the recycled and virgin fractions (Scenario B). Aluminium and
copper corresponds to the main materials consumed for the lithium battery, whereas steel and plastic
are the most relevant materials identified for the redox battery, as depicted in Figure 4A.

Figure 4. Distribution of materials modelled in the recyclability scenarios for LiMn204 and VRFB:
(A) left: percentage of aluminium, copper, plastic and steel as virgin materials, (B) right: percentage of
aluminium, copper, plastic and steel considering virgin and secondary fractions.

Applying the effective recycling efficiency, an important reduction of environmental impact related
to manufacturing is expected, with a reduction of 79% for virgin copper/aluminium in LMO battery
and 81% for virgin steel in VRFB (see Table 7 and Figure 4B). It has been proved that battery recycling
provides not only environmental but also economic benefits for sustainable production processes
and, therefore, the potential recyclability of their components is a key issue to evaluate. In this sense,
Tang et al. [40] carried out a social-economic-environmental impact assessment of recycling retired EV
batteries considering different reward-penalty scenarios. The study concluded that a relatively high
minimum recycling rate is beneficial to reduce the policy implementation cost and the environmental
burden of untreated batteries.

3.3. Comparative LCA of the Two Batteries

Figure 5 shows the main results obtained in the analysis for both batteries (LMO and VRFB)
and results for scenarios A and B as percentage normalised to the maximum value in each indicator
attained for the eighteen midpoint environmental categories.

As can be observed in Figure 5, better environmental performance is identified for the VRFB
scenarios in most indicators, considering either the use of primary or virgin materials (Scenario A) or
recycled/virgin fractions (Scenario B). This result is aligned with Weber et al. [10], where recyclability
scenarios based on the studied materials also provided significantly higher environmental benefits
for VRFB manufacturing than for an LMO battery. Furthermore, it can be seen from Figure 5 that the
LMO battery (Scenario A and B) depicted the highest impacts for almost all the impact categories,
except for mineral resource scarcity. This latter indicator is the only case where the conventional VRFB
battery attained the greatest value. As mentioned in Section 2, the methodological approach applied
in this work does not consider recyclability scenarios for the critical materials in the LCA modelling,
as this work is only focused on assessing scenarios for materials with mature and widely extended
recycling technologies (coppet, plastic, steel and aluminium). This result addresses a very important
issue related to the material availability of the vanadium compared to lithium, and, therefore, it is
expected to be modelled in detail in further research.
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Figure 5. Environmental impact results for both types of batteries and scenarios considered.

The results have also demonstrated that a share of recycled materials contributes to minimising the
environmental impact for most of the indicators. This is in agreement with other studies, such as that
performed by Unterreiner et al. [7], who concluded that it is possible to reduce between 15 to 50% of the
ecological footprint of three different batteries based on lead, lithium and vanadium, applying recycling
strategies. Therefore, it can be concluded that the benefits of avoiding extracting raw materials are
high enough to overcome the additional impacts associated with the recycling treatment processes of
the materials.

Figure 6 shows the impact reduction attained per indicator identified in this study as the more
relevant ones. They are the toxicity and ecotoxicity categories (kg 1,4-DCB), global warming potential
(kg CO2 eq), as well as mineral resource scarcity (kg Cu eq) and fossil resource scarcity (kg oil eq).

It is seen that the toxicity and ecotoxicity categories (terrestrial ecotoxicity (TETP),
freshwater ecotoxicity (FETP), marine ecotoxicity (METP), human carcinogenic toxicity (HTPc),
human non-carcinogenic toxicity (HTPnc)) generally achieved values above 50% for the two batteries,
reaching even values above 65% in case of VRFB. These categories are quite sensitive to the effect on
the soil, water or air of some metals such as zinc, chromium or copper that are present in the batteries.
Consequently, recycling actions decrease their environmental concern notably. These results are aligned
with previous studies, which reported the toxicity relevance of mining and other industrial activities of
raw metals and metal compounds, as well as the landfilling of the batteries [41] and the necessity to
increase waste treatments and battery material recycling [42]. Chen et al. [43] stated the relevance of
remanufacturing and repurposing of batteries to enlarge their lifetime, but, finally, recycling is the way
to close the loop by returning materials to the value chain. In addition to the relevance described for
batteries, this approach is also important for those components based on high-quality materials.
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Figure 6. Percentage impact reduction attained per battery type for selected indicators.

A more detailed analysis is given for the other indicators where higher differences among the
two batteries were identified. In this vein, it was carried out the network analysis with a node cut-off
of 8% to identify main contributors (i.e., the key materials) of the obtained results for the impact
category explored.

In particular, GWP for the LMO was mostly minimised by the lower aluminium consumption
for manufacturing the electrodes in the recycling scenario. This result correlates as expected by data
shown in Figure 5. For LMO, aluminium had a more significant virgin and recycled fractions for
the modelled recycling scenarios (see Figure 4A,B). A similar analysis was done for the other three
categories. Concerning mineral resource scarcity (SOP), the lower fraction of virgin metals used for the
electrodes (mainly copper) has contributed to the attained credits. It can be noticed the rather low
benefit attributed to VRFB. Based on the network, SOP is affected by vanadium a critical raw material.
As mentioned in Section 2.1, this material was not assessed in terms of recyclability. Due to vanadium
related impact, this material is expected to be studied in more detail in future work. Regarding fossil
resource scarcity (FFP), the benefits achieved for Li-ion battery are related to the reduction of plastics
consumption for the separator and steel used for the case.

Concerning VRFB, benefits for GWP were attributed to steel consumption reduction for
manufacturing of peripherical components (pumps, motors, racks and bolts). Similar to the results
attained for the LMO, values obtained for VRFB correlated as expected by data shown in Figure 4.
In this case, steel had the predominant virgin and recycled fractions for the modelled recycling scenarios
(see Figure 4A,B). Similar effects were identified for the other two indicators (SOP and FFP).

3.4. Comparative Cost Analysis of the Recyclability Scenarios

As indicated in Section 2, it is relevant to assess the cause-effect chain of the environmental impacts
by providing a monetary weight to each environmental impact. Needs for this type of analysis are
based on the relevance that related technological costs exhibit, as drivers to advance on sustainable
manufacturing processes [44,45]. Accordingly, the environmental externalities of the two batteries were
quantified by applying considerations described in Section 2. Results shown in Table 8 correspond to
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the monetisation of all the environmental impacts caused during the manufacturing of each battery,
according to each scenario.

Table 8. Externality results for lithium manganese oxide (LMO) and VRFB manufacturing during the
battery lifetime of 20 years.

External Li-ion Li-ion VRFB VRFB
Environmental Unit Cost Factor, (Scenario A), (Scenario B), (Scenario (Scenario B),
Indicator (ED) (2019 €/kWh €/kWh A), €/kWh €/kWh
(€/Unit EI) Delivered Delivered Delivered Delivered
GWP kg CO, eq 0.061 1.2x 1073 1.0x 1073 42x107% 2.8x 107
oDP kg CFC11 eq 51.984 72%x1077 721077 2.0% 1077 22%x1077
IRP kBq Co-60 eq 0.002 3.0x 1076 1.0 x 1075 8.1x 1077 40x1070
HOFP kg NOx eq 2.228 13x 1074 1.0 x 1074 51%x107° 3.6 x107°
PMFP kg PM2.5 eq 24.082 22x1073 1.3x 1073 7.6 x 1074 43x107%
EOFP kg NOx eq 2.228 1.3x 1074 1.1x 1074 53%x107° 3.7%107°
TAP kg SO, eq 26.416 6.6 x 1073 3.8x 1073 22x1073 14x1073
FEP kg P eq 2.016 1.0x 107# 4.6x107° 29%x107° 8.3x107°
MEP kg N eq 3.299 1.1x 1075 7.8 x 1076 2.5%107° 1.7 x107°
TETP kg 1,4-DCB 9.431 1.1 x 10! 4.7 2.8 8.1x 107!
FETP kg 1,4-DCB 0.039 3.5x107* 1.7x107* 9.6 x 107° 3.3%x107°
METP kg 1,4-DCB 0.008 1.0 x 107# 4.8x107° 2.8x107° 9.5x 1070
HTPc kg 1,4-DCB 0.227 8.3x 107 48x107* 6.6 x 107 1.8x 1074
HTPnc kg 1,4-DCB 0.227 7.3 %1072 3.0x 1072 2.0x 1072 55%x 1073
LOP m?a crop eq 1.015 6.9 x 107 1.6 x 1073 22x 107 6.1x 107
SOP kg Cueq 0 0 0 0 0
FFP kg oil eq 0.007 32x107° 3.1x1075 1.9x107° 14x107°
WCP m3 0.071 1.5%107° 31x107° 1.1x107° 1.1x107°
Total, €/kWh delivered (all indicators) 11 4.74 2.86 0.82
Total, €/ MWh delivered (case without Tox./Ecot.) 11,122 8065 3773 2793

It should be emphasised that the environmental prices given for ecotoxicity, like those for human
toxicity, involve greater uncertainty than those for the other indicators based on data available in the
literature [33,34]. Accordingly, the results were given based on the total impact categories and by
excluding toxicity and ecotoxicity categories (case without Tox./Ecot.).

The total cost of the externalities associated with the modelled recycling scenarios follows a similar
tendency to the one observed by the comparative LCA (see Figure 5). For LMO, the modelled
recyclability scenario provided a reduction of around 27% of the initial impacts, considering pure raw
materials. For VRFB, the best option that corresponds to Scenario B represents a potential reduction of
almost 26% of the environmental impact in the manufacturing stage, based on virgin materials. For the
later, the more influential categories are terrestrial acidification (TAP), fine particulate matter formation
(PMFP), land use (LOP) and GWP, in that order of relevance.

Figure 7 represents the relative distribution of the most relevant environmental categories for the
best condition (VRFB, Scenario B). It is determined that terrestrial acidification is mostly affected by
the use of sulphuric acid for the electrolyte based on the network analysis carried out with a node
cut-off of 15%. As mentioned in Section 2.1, recyclability was not considered for this material in the
modelled scenario, so it is identified as a key material to consider in further work. Opportunities to
reuse might significantly minimise the global manufacturing impact.
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Figure 7. Relative distribution of externalities cost attained to VRFB (Scenario B) and selected indicators.

3.5. Assessment of VRFB Recyclability

Due to better environmental performance attained for the VRFB (see Figure 5), it is interesting
to attain a deeper assessment of this system. In this sense, a comparison of both VRFB scenarios
is presented in Figure 8 in terms of the normalised percentage for the 18 indicators studied. It is
observed that there is a significant reduction of environmental impacts in almost all indicators when
recyclability case is considered. The benefits associated with recycled materials were in agreement
with Weber et al. [10], where a reduction of the battery environmental burden was also identified for
the manufacturing process by incorporating recycling. The results support that greater environmental
benefits can be obtained when the recycling efficiency is increased, for instance, by avoiding the need
for new mineral extraction or impacts related to specific EOL scenarios. Therefore, it is important to
promote the reuse or recycling of the materials.

100
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Figure 8. Environmental performance of the VRFB using virgin material versus recyclability study case.

The percentage of reduction through the 18 indicators increases by 70% registered in the HTPnc,
which indicates that the recyclability benefits depends on the indicator analysed.
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3.6. VRFB Environmental Impact by Components

Figure 9 explores the environmental burden attributed to the VRFB components according to
both scenarios considered. In general terms, the main battery components—defined as (i) electrodes,
(ii) electrolyte and (iii) periphery components (i.e., pumps, motors, racks and bolts)—depicted the
highest environmental burden in almost all the 18 indicators. If analysing the effect of the reduction
of primary material, it is identified that environmental impact decreased considerably in terms of
components constituted by steel for periphery components in most indicators.
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Mineral resource scarcity
Land use
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Figure 9. Environmental percentage distribution of the VRFB components (Scenarios A and B).

As mentioned in Section 3.3, this result correlates as expected by data showed in Figure 4.
Accordingly, for electrodes, copper has the main effect. On the contrary, an increment of the
environmental burden is attained to the electrolyte, since the recyclability routes for sulphuric
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acid and vanadium pentoxide were not considered in the LCA modelling, due to a lack of data in
the literature.

Regarding the plastics, present in the flow frames and electrolyte container, it could be observed
a similar impact reduction behaviour in the 55% of the indicators, but at a lower decreasing rate, due to
the less significant fraction of this material compared to steel also affected by the effective recycling
efficiency of around 56% (see Figure 4). The comparison of the benefits attained by the use of a recycled
fraction of steel, copper and plastic materials (see Figure 9) indicated that the recyclability scenarios of
steel and copper provided an impact reduction above 50% for electrodes and periphery components in
most indicators, whereas it was rather lower for membranes, flow frames, bipolar plates and electrolyte
container based on differences of recycled fractions mostly used for each component (see Figure 4).

3.7. VRFB Environmental Impact by Battery Materials

Based on the previous section, it has been recognised that the best scenario corresponds to the
evaluation of VRFB recyclability (Scenario B). In this section, a deeper analysis per materials was done
to explore more insight on the environmental burden of the VRFB component. This type of assessment
makes it possible to identify the key materials where new strategies for the recyclability optimisation
can be carried out or conduct actions on the no recycled materials to improve their environmental
behaviour. In this vein, the global warming indicator has been taken as an example for scenario B.

To identify key materials, network analysis has been carried out with a node cut-off of 5% to show
the main contributors of the obtained results for the impact category explored. As the impact depends
on the category to be analysed, the GWP indicator is taken as an example to elucidate more insight the
environmental burden attained to each battery component.

According to this scenario, it has been reduced by around 70% the impact on the GWP indicator.
As mentioned in previous sections, credits are mostly related to the reduction of virgin steel (modelled as
low-alloyed steel) for the periphery battery components. Similarly, it is recognised that copper used for
the electrodes, as well as plastics used for both the flow frames and the electrolyte container, are also key
materials on the benefits, but in a lower contribution by the proportion of material used (see Figure 5).
Therefore, actions on those materials or battery components are required to reduce their consumption.

These results are aligned with those obtained by Rydh [25], who compared VRFB and lead-acid
batteries for stationary energy storage from the life cycle point of view. The results demonstrated that
the greatest environmental impact of the vanadium battery was originated from the production of
steel and polypropylene.

Further research is expected to be done to identify opportunities focused on minimising impact
attributed to the electrolyte composition. As defined in the aim of this work, all impacts due to sulphuric
acid and vanadium consumption were not evaluated in this research. Nevertheless, actions on reducing
consumption of these materials are foreseen to minimise the global impact of the system.

4. Conclusions

This study analysed from the life cycle perspective the environmental effect of material recycling
in two different battery types (LMO and VRFB), intending to identify gaps and opportunities for
innovation during the design phase and the EOL. This analysis revealed the need for considering
material recyclability for promoting circularity and battery eco-design. On the one hand, the main
results confirmed that the use of recycled materials provoked a descent in all environmental
indicators associated with both battery types, especially in terms of toxicity and ecotoxicity for VRFB.
These environmental categories achieved an impact reduction higher than 50% by the implementation
of recycling strategies. Consequently, the future recyclability of each battery component might be
considered for the selection of materials during the battery design and manufacturing stage.

On the other hand, the results have elucidated key components and materials where new strategies
for the recyclability optimisation can be carried out, or where manufacturing new materials should be
considered to improve the environmental behaviour of the batteries. Focusing on the VRFB components,
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the periphery components and the electrodes depicted the most significant impact in almost all the
eighteen indicators by the comparison of effects with fractions recycled for copper, steel and plastic.
Consequently, strategies focused on the reduction of raw steel and copper significantly lowered impacts
(environmental and externalities) related to periphery components and electrodes. VRFB results
also have indicated that sulphuric acid and vanadium pentoxide had a substantial impact in some
environmental indicators. Despite not being assessed in this work, the results attained here suggested
that potential benefits on manufacturing impact reduction are expected by considering them in circular
economy strategies. Therefore, boosting their adequate and sustainable management and recyclability
during the design phase and EOL strategies might be foreseen as potential actions to improve the
overall environmental performance of this type of battery.
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Abbreviations

eq equivalents

EI Environmental indicator

EC External cost

ECF External cost factor

ELCC Environmental life cycle costing
EOFP Ozone formation, terrestrial ecosystems
EOL End-of-life

ESS Energy storage system

FEP Freshwater eutrophication

FETP Freshwater ecotoxicity

FFP Fossil resource scarcity

GWP Global warming

HOFP Ozone formation, human health
HTPc Human carcinogenic toxicity
HTPnc Human non-carcinogenic toxicity
IRP Ionising radiation

LCA Life cycle assessment

LCC Life cycle costing

LCI Life cycle inventory

LIB Li-ion batteries

LMO Lithium manganese oxide

LOP Land use

MEP Marine eutrophication

METP Marine ecotoxicity

ODP Stratospheric ozone depletion
PMEFP Fine particulate matter formation
PTFE Polytetrafluoroethylene

PVC Polyvinyl chloride

RFB Redox flow battery

sor Mineral resource scarcity
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TAP Terrestrial acidification

TETP Terrestrial ecotoxicity

VRFB Vanadium redox flow battery
WCP Water consumption
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