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Abstract

Battery energy storage systems (BESS) are expected to fulfill a crucial role in the

renewable energy systems of the future. Within current regulatory frameworks,

assessing the sustainability as well as the social risks for BESS should be considered.

In this research we conducted a social life cycle assessment (S-LCA) of two BESS:

the vanadium redox flow battery (VRFB) and the lithium-ion battery (LIB). The S-LCA

was conducted based on the guidelines set by UNEP/SETAC and using the PSILCA v.3

database. It was found that most social risks related to the life cycle of the batteries

are associated with the raw material extraction stage, while sectors related to chem-

icals also entail considerable risks. Workers are the stakeholder group affected most.

These results apply to supply chains located in bothChina andGermany, but riskswere

lower for similar supply chains inGermany.AnLIBwith anickelmanganese cobalt oxide

cathode is associated with considerably larger risks compared to a LIB with lithium

manganese oxide cathode. For a VRFB life cycle with an increased vanadium price, the

social risks were higher than those of the VRFB supply chain with a regular vanadium

price. Our paper shows that S-LCA through the PSILCA database can provide interest-

ing insights into the potential social risks associated with a certain product’s life cycle.

Generalizations of the results are not recommended, and one should be careful with

assessments for technologies that have not yet matured due to the cost sensitivity of

themethodology.

KEYWORDS

energy storage, industrial ecology, PSILCA, social life cycle assessment, socially informed
decisions, sustainability assessment

1 INTRODUCTION

Energy storage systems (ESS) are expected to play a key role in the transition to renewable energy (IEA, 2021a) as the variability of electricity supply

increases due to the expanding contribution of renewable energy technologies in the energy mix. This leads to a growing need for large stationary

energy storage possibilities (Denholm&Hand, 2011). Batteries are one of the possibilities for energy storage expected to fulfill a crucial role in the

renewable energy system of the future (Dunn et al., 2011). Battery energy storage systems (BESS) lead to enhanced stability, reliability, security,
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2 KOESE ET AL.

and efficiency of the energy system (Gür, 2018; Mohamad et al., 2018). To safeguard a resilient supply chain for BESS in the future, sustainability

of its lifecycle should receive attention. This includes the availability of critical materials (IEA, 2021b; Sprecher & Kleijn, 2021) and environmental

sustainability of the BESS life cycle (Sadhukhan&Christensen, 2021;Weber et al., 2018), but social sustainability should also receive attention. The

production of battery materials is often associated with detrimental social impacts (Amnesty International, 2016; Camacho, 2012; Liu & Agusdi-

nata, 2020). Social factors are increasingly affecting critical material supply, having a larger influence onmaterial availability thanmaterial reserves

(Jowitt et al., 2020). However, studies considering the potential social risks or benefits related to BESS from a life cycle perspective are lacking.

This paper addresses this gap by conducting a social life cycle assessment (S-LCA) on two different BESS, based on the S-LCA guidelines set by

UNEP/SETAC (2020) and using the PSILCA (Product Social Impact Life Cycle Assessment) v.3 database developed byGreenDelta (Ciroth& Eisfeldt,

2016; Maister et al., 2020). The selected types of BESS, namely the vanadium redox flow battery (VRFB) and the lithium-ion battery (LIB), are con-

sidered in light of their potential social impacts on workers, local communities, and society. LIB are currently the most used BESS, while RFBs, with

VRFB being the most mature, are promising emerging technologies (Dieterle et al., 2022; IEA, 2020). The workers, local communities, and society

stakeholder groups are chosen because the supply chain is expected to mainly affect these stakeholders and these categories are covered most

comprehensively in the PSILCA database (Sureau et al., 2018).

Increased attention for S-LCAcanhelp address social harm in value chains of technologies that are otherwise environmentally sustainable, hence

limiting burden shifting from environmental to social sustainability. For example, Muller et al. (2021) show that a shift from fossil fuel to renewable

energy powered mining would entail environmental benefits but could lead to increased social risks at the same time. S-LCA can also contribute to

avoiding the so-called “decarbonization divide,” in which the diffusion of low-carbon transition technology harms communities upstream or down-

stream of the supply chain, in extracting the raw materials or handling the waste (Sovacool et al., 2020). The analysis by Thies et al. (2019) shows

that this is indeed the case for LIB, ofwhich the supply chain is associatedwith detrimental social impacts particularly at the rawmaterial extraction

stage.We are not aware of further studies describing the social impacts of BESS value chains from a life cycle perspective.

This paper aims to assess the potential social risk hotspots and benefits of the LIB and VRFB supply chains. Increased insight into the poten-

tial social impacts of these BESS can inform decision-makers when considering different technological alternatives and prioritizing innovation

roadmaps. Moreover, taking the social aspects of the life cycle of these products into account corresponds with European Union (EU) goals for

resilient and sustainable supply chains for batteries set in the EU Green Deal and EU Battery Regulation (European Commission, 2019, 2020). It

also links to the Sustainable Development Goals of the UN (UNGeneral Assembly, 2015), in which a holistic approach to sustainability is proposed.

Furthermore, there is increasing attention for due diligence in policies such as the new EU Battery Regulation, which explicitly suggests S-LCA as a

possiblemethod (European Commission, 2020). Since the UNEP/SETAC S-LCA guidelines (2020) propose using a database to enhance feasibility of

S-LCA studies, it is relevant to explore the value of conducting a comparative S-LCAwith the help of the PSILCA database.

2 METHODS

2.1 Description of S-LCA and PSILCA database

The S-LCA approach builds on environmental life cycle assessment (E-LCA) and the ISO 14040 framework. In this paper, the PSILCA database

(Ciroth & Eisfeldt, 2016; Maister et al., 2020) was used to conduct the S-LCA. This database, developed by GreenDelta in compliance with the

UNEP/SETAC S-LCA guidelines, contains data for 19 subcategories and 65 qualitative and (semi-)quantitative indicators on social and environmen-

tal risks and impacts (UNEP/SETAC, 2020). It is based on the EORA multi-regional input/output database (Lenzen et al., 2012 , 2013), and covers

around 15,000 country-specific industry sectors and commodities in 189 countries. The database incorporates social indicators for different stake-

holder groups, that is, workers, local community, society, consumers, and value chain actors, measured at a certain point in time. Social risks are

quantified by an activity variable, that is, worker hours, which describe the working time needed to produce 1 USD output of a sector. Social risks

are translated and aggregated into medium-risk hours, specifying the observed risks related to producing 1 USD of output of a sector. These risk

levels are scaled by the price of the input sectors, the amount of work hours of each process and the categorization factors, which then leads to

the risk results per impact category (Di Noi et al., 2020). A more detailed description of the methods and implementation is provided in Supporting

Information (Supporting Information S1, section 1).

The PSILCAdatabase has been used in some S-LCA studies in the past, for example, on the production of polyethylene (Hannouf &Assefa, 2018),

rare earth permanent magnets (Werker et al., 2019a), and hydrogen (Werker et al., 2019b); on raw material extraction (Di Noi et al., 2020; Muller

et al., 2021); the clothing industry (Almanza&Corona, 2020;Martin &Herlaar, 2021); bioelectricity systems (Martin-Gamboa et al., 2020);mobility

scenarios (Bouillass et al., 2021); the sustainability of a university (Bueno et al., 2021; Erauskin-Tolosa et al., 2021); and a waste water treatment

plant (Serreli et al., 2021). Themethod has not yet been used to assess the social sustainability of batteries for energy storage, although Thies et al.

(2019) have used another S-LCA database, the Social Hotspots Database (SHDB), to assess the supply chain of LIB.
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KOESE ET AL. 3

F IGURE 1 Product system flowchart of the lithium ion battery

F IGURE 2 Product system flowchart of the vanadium redox-flow battery

2.2 Goal and scope

The aim of this study is to assess the social risks related to two different stationary batteries for energy storage, the LIB (Figure 1) and the VRFB

(Figure 2). The scope of the assessment is cradle-to-use, while potential risks introduced during end-of-life are discussed separately (see Sec-

tion 4.1.2.). The functional unit is 1 kWh of electricity provided over the service life of the battery system (see Supporting Information S1, section

2 for calculation details). The focus is limited to the workers, local community, and society stakeholder groups. The value chain actor stakeholder

group is excluded due to less reliable data, that is, corruption data extrapolated from the United States (Maister et al., 2020). Consumers are also

excluded, since they are not expected to be affected.
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4 KOESE ET AL.

2.3 Life cycle inventory

For the VRFB, the life cycle inventory provided byWeber et al. (2018) was used as a starting point (see Supporting Information S1, section 4) while

the inventory for the LIBwasbasedonSadhukhanandChristensen (2021) (see Supporting InformationS1, section5). Following thePSILCAmethod,

these inventories (inputs and outputs of materials, products, and services) were translated to economic sectors by using the best available match

in the PSILCA database in the most likely country of origin. For raw materials, a market mix approach was chosen based on USGS (2021) mineral

commodities production data (e.g., in 2021, 66%of vanadiumwas produced inChina, 17% inRussia, 8% in SouthAfrica, and 6% inBrazil). The inputs

and outputs from each sector were expressed as monetary values using cost data from ecoinvent (Wernet et al., 2016) and adjusting for inflation.

Further details on calculations and values obtained are provided in Supporting Information S1, section 3.

2.4 Sensitivity analyses

In addition to the reference LIB and VRFB batteries described above, three alternative configurations of the technologies and their supply chains

were assessed to obtain additional insights. The first entails a shift in geographical location of the life cycle, the second a different material

composition of the battery, and the third a cost increase of thematerial.

2.4.1 Geographical location

Literature suggests that the geographical location of a battery supply chain may influence the social risks to a large extent (Thies et al., 2019).

We thus analyzed the same product systems (except for raw material extraction) located in Germany instead of China since Germany is one of

the pioneering markets for stationary BESS (Figgene, 2020). Moreover, the EU is actively trying to increase sustainability in batteries (European

Commission, 2020), and a production process within the EU would increase control over battery sustainability. The EU is also actively supporting

the production of strategic products within its borders (European Commission, 2022).With the green energy transition battery supply may also be

considered strategic in the near future, prioritizing the need for battery production in the EU. It is therefore interesting to see how the social risks

profile would shift with production in Germany, a country with very different production andworking circumstances compared to China.

2.4.2 LIB with nickel manganese cobalt oxide cathode

The LIB inventorieswe used in this paper (Sadhukhan&Christensen, 2021) considered lithiummanganese oxide (LMO) cathodes. It has been found

that LMO cathodes perform better environmentally than cobalt cathodes (Yin et al., 2019) andmay also outperform nickel manganese cobalt oxide

(NMC) cathodes from a social perspective due to the high social risks associated with cobalt (Amnesty International, 2016; WEF, 2019). How-

ever, lithium NMC cathodes are often used in LIB, currently dominating the market in electric vehicles (Zubi et al., 2018) and are a common choice

for stationary applications as well (IRENA, 2017). Thus we investigate the change in risk profile with a switch to NMC111 cathode, which has a

low nickel/cobalt ratio that safeguards stability and rate performance (Jung et al., 2017) and is currently dominant in practice (Dai et al., 2018).

Supporting Information S1, section 5 contains more information about assumptions and the LCI of this cathode.

2.4.3 VRFB with increased vanadium price

It is widely known that commodity prices can be extremely volatile (Pindyck, 2004). The price per kg of vanadiumpentoxide (V2O5) is shown to vary

between 5 and 10USDwithin the same year (USGS, 2021). In the future, the general costs of the VRFB are expected to decline due to technological

improvements (Viswanathan et al., 2014), while the price of vanadium will most likely increase due to increasing demand and supply risks (Ciotola

et al., 2021; Gilligan & Nikoloski, 2020). Since the social risks scale with costs in the PSILCA method, price fluctuations might influence the S-LCA

results while the supply chain, and the social risks associated with it, in practice might remain the same. To explore the effects of price fluctuations

in a product on the S-LCA results, a sensitivity analysis was conducted with a 50% price increase for vanadium. In this scenario, vanadium takes up

a share of 6.91% instead of 4.65% (base case) of the total battery costs (Supporting Information S1, section 4, Table S20).
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KOESE ET AL. 5

F IGURE 3 Social risk indicators for lithium ion battery (left) and vanadium redox-flow battery (right), measured inmedium-risk work hours.
See Supporting Information, section 6 for a numerical overview of the results.

3 RESULTS

3.1 Results LIB

3.1.1 LIB: Workers

Forworkers, the indicator associatedwith the highest risks is “Fair salary,” followed by “Association rights,” “Violations of employment regulations,” and

“Trafficking in persons” (Figure3). As expected, social risks related toabatterywithNMCcathodearehigher than thoseassociatedwith abatterywith

LMO cathode, either produced in China or Germany. When looking at the contribution tree (CT) of the battery, this is directly linked to the cobalt

mining sector in Congo, accounting for more than 30% of the social risks for the “Fair salary” indicator (Supporting Information S1, section 7.7), and

similar risks for other indicators in the workers stakeholder group.

This also leads to a relatively high risk for child labor for a LIB with NMC cathode, which is a minor risk for a LIB with LMO cathode produced in

China and no risk at all for one manufactured in Germany. Moreover, a LIB produced in China generally entails higher social risks than one manu-

factured in Germany. The only indicator associated with a higher risk in Germany is “Trade union density,” which reflects the percentage of workers

united in a trade union. Apparently “Fair salary” is also associated with risks in Germany. When looking at the PSILCA manual, the required living

wage in Germany exceeds theminimumwage, due to higher living costs in the country.

The Sankey diagrams (Figure 4) reveal that, for a LIB life cycle in China as well as in Germany, the cathode and the anode are the battery com-

ponents associated with the highest social risks due to the rawmaterials and chemicals used, which are derived from sectors causing high risks for

workers. Moreover, the figure indicates the use phase of the battery also entails considerable risks due to the electricity that is used during opera-

tion. For the life cycle in Germany, the electricity used in the battery operation and batterymaintenance takes up a larger share in the total risks for

the workers. This is due to the rest of the battery production process in Germany being associated with less risks compared to the same process in
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6 KOESE ET AL.

F IGURE 4 Impact contributions for selected social risk indicators: Lithium-ion battery. See the Supporting Information, section 6, for a
numerical overview of the results.
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KOESE ET AL. 7

China. In the figure, these values are given for the “Fair salary” indicator for the worker stakeholder category, but the contributions are similar for

other indicators in this category.

3.1.2 LIB: Local community

For the local community stakeholder group, the indicators that entail the highest risks are “Extraction of biomass,” “Pollution level of the country,” and

“Extraction ofminerals” (Figure 3). Again, the risks are highest for an LIBwithNMCcathode, followedby an LIBwith LMOcathode produced inChina,

and finally the battery produced in Germany.When considering the Sankey diagrams (Figure 4), the social risks are mainly associated with the raw

material extraction stages of the supply chain, which explains the indicators that score highest.

The battery components mainly contributing to the risk are the anode and the cathode again, with the rawmaterial extraction stages having the

largest share in the risks. The sectors related to chemicals do not contribute any risks to the local community in the German life cycle, while they do

influence the risks in the Chinese supply chain. This indicates these sectors are associated with higher social risks for the local community in China

compared to Germany. The use phase also entails considerable risks, especially due to the electricity used. Again the influence of the use phase is

larger in the German process due to the lower risks associated with the other stages of the life cycle.

3.1.3 LIB: Society

Society is the stakeholder with the lowest risks. Especially for the LIB with LMO cathode, either produced in China or in Germany, the risks are

very low or even non-existent. For the LIB with NMC cathode, there are some risks regarding illiteracy and health expenditure, and minor risks for

a lower life expectancy at birth. The total illiteracy rate for the LIB with NMC cathode is almost fully caused by the mining and quarrying sector in

Congo (Figure 4). This also explains why the other LIB types do not score similarly for this indicator. Remarkably, the indicator “contribution of the

sector to economic development” scores rather low. This positive indicatormeasures towhat extent the economy benefits from the supply chain. A

large contribution to the economymay eventually lead to improved societal conditions, but this does not appear to be the case for the LIB life cycle.

3.2 Results VRFB

3.2.1 VRFB: Workers

For the workers stakeholder group, “Right of association,”, “Fair salary,” “Violations of employment laws and regulations,” and “Trafficking in persons” are

the indicators with the highest risks attached to them, for all three different VRFB supply chains (Figure 3). The LIB also scores highest on these

indicators. As expected, the VRFBwith themore expensive vanadium entails the highest social risks, closely followed by the VRFB benchmark. The

VRFB manufactured in Germany entails lower social risks, except for “Trade union density.” Battery manufacturing in China seems to be associated

with some risk for child labor, while this is a veryminor risk when assembly takes place in Germany.

When considering the Sankey diagrams (Figure 5) it is revealed that, for the benchmark supply chain in China, the membrane, gaskets, and

electrolyte are the battery components contributing most to the social risks, mainly related to the rawmaterials and chemicals used in these com-

ponents. In the German life cycle, the electrolyte, membrane, gaskets, and cables are responsible for the highest risk contributions, also due to the

raw materials and chemicals they contain. The use phase entails risks related to maintenance and electricity use. Especially in the German supply

chain this takes up a considerable share of the total risks. Since the rest of the life cycle entails lower risks inGermany,maintenance takes up a larger

share.

3.2.2 VRFB: Local community

The social risks for the local community are mainly caused by “Extraction of biomass,” “Pollution,” and “Extraction of minerals,” for all three different

VRFB supply chains (Figure 3). This is the case for both the VRFB and the LIB. Again, the VRFBwith increased vanadium price scores highest, a little

higher than the VRFB with a supply chain in China. The supply chain with the lowest risk scores for these indicators is the one located in Germany.

When looking at the Sankeys (Figure 5), most risks are connected to the raw material extraction and chemical material production stages, which

explains the high scores for the indicators for biomass andminerals extraction and pollution.

The risks for the local community generally follow from themembrane, the electrolyte, and the gaskets, respectively (see Figure 5 andSupporting

Information S1, sections 7.11, 7.14). Again, most risks are related to the sectors related to chemicals (the Chinese sectors “chemicals for special
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8 KOESE ET AL.

F IGURE 5 Impact contributions for selected social risk indicators: Vanadium redox-flow battery. See the Supporting Information, section 6 for
a numerical overview of the results.
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KOESE ET AL. 9

usages,” “raw chemical materials,” and “chemical fibers”). In the supply chain with the more expensive vanadium (Supporting Information S1, section

7.17), the rawmaterial extraction sectors are related tomore risks due to the increased vanadium costs. In the German supply chain, the chemicals

sectors cause less risks; in this product system, the main risks are caused by the raw material extraction stages. Since the chemicals in this supply

chain are manufactured in Germany, they cause fewer risks due to improved conditions for the local community compared to China. In the use

phase, maintenance also contributes considerably to the social risks, especially in the German life cycle. Again, this can be explained since the risks

for the German process are lower which results in a larger share of risks contributed tomaintenance.

3.2.3 VRFB: Society

The risks are, like with the LIB, a lot lower for society than for the workers and the local community. Although it has relatively low risk compared to

the indicators for the other stakeholder groups, health expenditure is the society-related indicator that entails the highest risk for theVRFB. Similar

to the LIB, the contribution of the sector to economic development is not very large.

The Sankeys (Figure 5) show the risks are mainly caused by the cables for both Germany and China, followed by the membrane, gaskets, and

electrolyte for China. In the benchmark supply chain, the chemicals and non-ferrous ore mining sectors account for the largest part of the risks. In

the German supply chain, the raw material extraction stages are even more influential in the risks, since the rest of the processes are associated

with lower risks. This explains the large impacts of the cables which can be almost fully appointed to the mining sector in Congo, responsible for a

part of the copper the cables contain.

4 DISCUSSION

4.1 Implications for the BESS

4.1.1 Risks related to raw materials and chemicals

For both the LIB and the VRFB, most social risks are related to the rawmaterial extraction stage in the life cycle, and the risks are lower in Germany

compared to China. This correspondswith the findings of Thies et al. (2019) for the LIB. There are several ways to reduce the social risks associated

with this stage of the supply chain. These same principles can be applied to the sectors related to chemicals, which, according to our analysis, also

entail considerable social risks.

First, social conditions should be improved in these sectors. BESS manufacturers could influence this by vertical integration of suppliers or con-

ducting due diligence of their supply chain. Currently, social problems such as bad working conditions, pollution, and conflicts are caused by these

sectors forworkers, the local community, and society. Examples can, among others, be found inChina (Yang&Ho, 2019; Yang et al., 2017) or inChile

(Camacho, 2012; Liu & Agusdinata, 2020), countries associated with the supply chain of the batteries discussed in this paper. Our results confirm

these problems in the supply chain of LIB andVRFB, inwhich indicators like fair salary, trafficking in persons, right of association, and pollution level

of the country are clear hotspots.

Second, some materials might be avoided or substituted to avoid social risks. The LIB used as a benchmark in this paper was a LIB with LMO

cathode (Sadhukhan &Christensen, 2021). From our analysis it becomes clear that a LIB with NMC cathode entails considerably higher social risks

than onewith a LMO cathode, mainly due to cobalt mining in Congo. As also proposed by other authors (Sharma&Manthiram, 2020), we therefore

advise the use of LIB with LMO cathode instead of NMC cathode. This stance is supported when considering the environmental impacts, which are

lower for LMO cathode compared to NMC cathode (Yin et al., 2019).

Third, the lifetime or efficiency of these batteries could be improved to reduce social risks related to the battery life cycle. If a longer life cycle is

ensured or higher efficiency is achieved, the relative contribution of the different life cycle stages decreases because the effects are spread out over

more kWh of energy delivery. Extending the life cycle seems to have the most potential for the LIB, which currently operates for up to 2000 cycles

(Diouf & Pode, 2015). The VRFB, on the other hand, has a longer cycle life but lower energy efficiency (75%) and lower depth of discharge (DoD)

(60%) (Moore, 2013; Skyllas-Kazacos et al., 2016; Weber et al., 2018). These values are significantly higher for the LIB. If these can be improved,

energy outputs in kWh per kg battery increase, and thus the relative social risks per kWh decline. Preferably this would be achieved without much

additional maintenance, to limit the social risks related tomaintenance of the batteries.

4.1.2 End-of-life scenarios

A fourth way of reducing the social risks related are reuse and recycling of materials, however this may also entail social risks itself. For end-of-life

(EOL), the VRFB has a large advantage, since it can theoretically be used endlessly by just renewing the electrolyte and by doing maintenance and
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10 KOESE ET AL.

replacements of components (Dieterle et al., 2022; Skyllas-Kazacos et al., 2016;Weber et al., 2018). For theVRFB the social risks related tomainte-

nance, as indicated in our results,might thusbeoutweighedby the lackof risks related to its EOLprocess. For LIB, this is not the case and considering

the social risks of EOL is important. Dealing with EOL LIBs, which may entail landfilling, incineration, full or partial recycling, informal disposal and

reprocessing, always entails social risks. The disposed batteries may burst into flames or release gases and droplets of solvent composed of toxic

and explosive gases (Mrozik et al., 2021). In this section, the social implications of three different EOL pathways will be explored.

Reuse

In contrast to EV batteries, reuse of larger-scale LIB ESS is not likely due to degradation of the batteries. Efficiency degradation in the product

might make reuse unfavorable compared to a new BESS for the same application; using a new one might entail less environmental impacts (Richa

et al., 2017). The social risks, however, would most likely decrease when batteries are reused, since the use phase of the battery is not associated

with large risks compared to the rawmaterial extraction and manufacturing phases. Yet, it is debatable whether reuse of BESS would be a realistic

option, since there are not many other applications thinkable for these systems.

Recycling

By recycling batteries, a great degree of eco-toxicity impact can be avoided because it prevents leakage from landfills (Richa et al., 2017). Compared

to small-scale batteries, it ismore likely larger high-power batteries are recycled or recovered due to the amounts of valuablematerials they contain

(Mrozik et al., 2021). Approximately 60%of lithiumcould be supplied by recovered lithium in the future (Qiao et al., 2021), and in themost optimistic

scenario around 65% of copper demand can be filled with recycled scrap (Ciacci et al., 2020). When assuming a decrease of 60% in primary lithium

inputs and 65% less primary copper inputs, “Fair salary” and “Biomass consumption” risks for the LIB (benchmark, China) are reduced by 5% (see

Supporting Information S1, section 8).

However, recycling processes also generate NOx and Cl2 and acid fumes due do the presence of HNO3 (Garole et al., 2020). This entails envi-

ronmental but also social risks since it causes pollution and potential health impacts. Moreover, the crushing of LIBs during the processing can also

lead to fires or explosions with toxic smoke and gas emissions, resulting in social risks for the workers involved in the recycling process but also for

people living in proximity of recycling facilities. Recycling can also require large amounts of energy, leading to GHG emissions and toxic gases or

hazardous slag that may need to be landfilled (Mrozik et al., 2021). Considering the rather minor decrease in risk scores and the social risks related

to recycling processes, it is thus questionable whether recycling actually entails social benefits.

Landfill

Disposal in landfills is currently the most common way to process LIB waste (Khawaja et al., 2019; Mrozik et al., 2021; Richa et al., 2017), and

reportedly as high as 70%of LIBwastemay end up in landfills (Richa et al., 2017) due to a lack of effective batterywaste collection schemes inmany

countries (Khawaja et al., 2019). This entails considerable risks, ranging from the loss of valuable materials, the potential leaching of metals and

toxins into the soil, groundwater, and surfacewater (Richaet al., 2017;Mrozik et al., 2021), to landfill fireswhichmay release toxic gases andproduce

smokewith detrimental effects on the environment and human health. Often E-waste, under which batteries are categorized, is exported from rich

countries to developing countries to be processed or disposed there, resulting in burden shifting (Mrozik et al., 2021). In these countries waste

management practices are generally lacking, for example, with large informal waste recycling practices resulting in large social impacts (Rodrigues

et al., 2020; Umair et al., 2015).

Further research is required to assess the potential social impacts of battery EOL scenarios and to determine whether the benefits of recycling

outweigh its potential impacts from a social perspective.

4.2 Reflections on the methodology

4.2.1 Country-wide indicators

In the PSILCA database, indicators are often measured with country-wide instead of sector-based data (Maister et al., 2020). This raises the ques-

tionwhether these indicators canactually say thatmuchabout the social circumstances in thebattery supply chain. For example,working conditions

and social risks are often worse in raw material extraction compared to other sectors in a country (Camacho, 2012; Liu & Agusdinata, 2020; Yang

& Ho, 2019; Yang et al., 2017). Simultaneously, the risks in practice may also be less problematic than S-LCA results indicate. Even if indicators

are measured sector based, differences in locations and companies are not considered. Social risks may differ from company to company or mine

to mine depending on company policy or management. The implementation of corporate social responsibility (CSR) policies and health and safety

management systems such as ISO45001 differs considerably from company to company, and thismight influence the social risks related to a partic-

ularmining site (Frederiksen, 2018; ICMM, 2021; Pons et al., 2021). Some companies, for example, Fairphone, try to stimulate responsible sourcing
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KOESE ET AL. 11

of the materials they use in their products by establishing partnerships (Fairphone, n.d.). S-LCA results should therefore be interpreted carefully,

and rushed generalizations should be prevented.

4.2.2 Cost sensitivity

As touched upon before, the PSILCA database directly scales the social risks to the costs of a product. This entails some challenges in using the

database. Different product life cycles can only be compared when they are based on similar cost data. The ecoinvent cost data (Wernet et al.,

2016), which are used as a basis of this S-LCA, comes fromdifferent sourceswithmultiple underlying assumptions. This increases uncertainty of the

results. Since the reported levelized storage costs in a recent study by Xu et al. (2022) differ considerably from the costs based on themethod used

in this paper (see Supporting Information S1, section 3), we focus on the relative risks between battery componentswithin each battery rather than

comparing batteries. The cost sensitivity also leads to problems when assessing emerging technologies, which have yet to go through a learning

curve that will most likely lead to lower costs in the future. This is the case for LIB but even more for VRFB for which a reduction of installed cost

by two thirds by 2030 has been projected (IRENA, 2017). The cost sensitivity of themethodology also explains the large contribution of the battery

maintenance in the risk results, sincemaintenance, especially for theVRFB, is a considerable part of the total costs.However, in practice it is not very

likelymaintenance is related to large social risks (Whitehead et al., 2017). Since S-LCA is aimed as a tool to inform decision-making and createmore

socially friendly products (UNEP/SETAC, 2020), the inappropriateness to assess the risks related to emerging technologies is a major shortcoming

of conducting an S-LCA through the PSILCA database.

Frequent price fluctuations of certain components or materials within a life cycle are also problematic. Our analysis shows a price increase of

vanadium of 50% results in higher risks for a similar supply chain, even though the total share of vanadium in the battery costs is only around 7%.

Scaling the social risks based on costs leads to fundamental problems with the methodology. Social conditions do not necessarily deteriorate in

practice when prices increase. Hypothetically, a product may be produced under very bad working conditions, maybe even involving child labor.

These child laborers are paid badly and a safe working environment is not facilitated, which will likely decrease the costs of the product. The social

risks resulting from the assessment of this supply chain in PSILCA are lower compared to a product life cycle in which a lot of attention is given to

positive social conditions which is in turn reflected in higher costs and thus higher risk results in PSILCA. Especially since the attention for S-LCA in

policies is increasing (European Commission, 2020), and the S-LCA guidelines recommends the use of S-LCA databases (UNEP/SETAC, 2020), we

believe it is important to emphasize that the social risks resulting froman S-LCAwith the help of PSILCAdo not necessarily reflect impacts in reality,

and additional research is required to confirm these results. The results could still provide valuable information on the potential social risk hotspots,

although practitioners should be aware of the shortcomings.

4.2.3 Temporal variability and future trends

Another factor to consider while interpreting S-LCA results is temporal variability and future trends. Although our results indicate risks associated

with a battery supply chain in China, this does not necessarily have to be the same in a few years from now. According toWorld Bank projections,

China’s technological progress will bring rapid change to its industrial structure, with raising standards for quality, safety, and the environment

(World Bank, 2013). This will result in China’s implementation of internationally recognized standards such as ISO45001 and ISO14001. Thus, the

social risks related to a product life cycle may soon be different due to developments within the countries associated with it. Generalizing S-LCA

results from the past to the present or the future should thus be done carefully.

4.2.4 Limited attention for positive socio-economic effects

Although there are some positive indicators, such as the contribution to economic development, the results of the S-LCA in PSILCAmainly indicate

the negative social risks related to a product’s life cycle. Some authors argue that life cycle sustainability assessment, which encompasses S-LCA,

should take a broad focus on human well-being (Schaubroeck & Rugani, 2017). Assessing the contributions of the mining sector to society beyond

the added economic value remains a challenge in sustainability assessment (Mancini & Sala, 2018). This also applies to assessing the societal contri-

butions of products like batteries. Currently these benefits are not accounted for in an S-LCA conducted through the PSILCA database. Taking the

broader advantages of a product into account raisesmany philosophical and political questions. An extra difficulty ariseswhen the negative impacts

along the supply chain take place in countries with a low socio-economic status, while the positive impacts at the use phase benefit a wealthier

nation (Sovacool et al., 2020). Some authors have already advocated an increased focus on the positive social effects in S-LCA methodology (Di

Cesare et al., 2018; Ekener et al., 2016; Kühnen &Hahn, 2019), and it would be advantageous to also incorporate this into databases like PSILCA.
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12 KOESE ET AL.

5 CONCLUSIONS

Altogether,most social risks related to the life cycle of LIB andVRFB are associatedwith the rawmaterial extraction stage. Sectors related to chem-

icals also entail considerable social risks. Besides, maintenance also takes up a large share in the total risks, especially in the German supply chains

due to the risks from the other processes being lower there. Workers are the stakeholder group affected most, followed by the local community.

Society was affected to a considerably smaller extent. These results apply to supply chains located in both examined countries, China andGermany.

Riskswere substantially lower for a similar supply chain inGermany for almost all examined indicators.With a different LIB composition, withNMC

cathode instead of LMO cathode, the social risks were drastically higher due to the use of cobalt. For a VRFBwith an increased vanadium price, the

social risks were higher than those of the VRFB supply chain with the regular vanadium price, illustrating the cost sensitivity of themethodology.

Here we show that S-LCA results can assist in making justified and explainable decisions, and thus prevent unwanted and sometimes unknown

burden shifting from environmental to social sustainability. It is also demonstrated that generalizing the results should not be done or should be

done very carefully due to methodological constraints. First, indicators are often measured through country-wide data, making it difficult to draw

sector-specific conclusions. Second, the risk results are directly tied to the costs of a product.When comparing different products, cost datamust be

comparable. This cost sensitivity may cause problems when price fluctuations occur. Moreover, this makes the method inappropriate for assessing

emerging technologies that are still going through a technology learning curve. Third, detailed data on a product’s supply chain is required, such as

the location of supply chain processes, which may be difficult to obtain. Altogether, an S-LCA conducted with the PSILCA database might provide

interesting insights into the social risk hotspots along the life cycle of products, but one should be aware that the results only indicate potential

social impacts and ideally would have to be confirmed by additional research.
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