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Abstract: The expected rise in electromobility and the increasing use of lithium-ion batteries (LIBs) is 
generating new challenges and opportunities, particularly in the End-of-Life (EoL) management of 
batteries. One of these challenges are the socio-economic impacts associated with the EoL process 
steps on which this paper focuses on. With the method of Multi-Regional Input-Output (MRIO) analysis, 
a selected recycling process route in Europe is assessed regarding socio-economic impacts, first at 
current demand (baseline scenario) and followed by an upscaled demand. The results provide insight 
into differences in some socio-economic impact categories, such as employment, vulnerable 
employment, and worker remuneration. The scale-up scenarios show, among other things, an increase 
in the workforce and remuneration (positive impact). However, with an increase in vulnerable 
employment, negative socio-economic impacts are also evident in Europe-centered recycling 
processes. The results furthermore show that changing recycling processes can lead to sustainability 
trade-offs. Due to the limited number of indicators in the selected method, it is not possible to provide 
an overall picture of social impacts. However, this research shows a clear change in the individual 
impacts, which underlines the need for proactive measures to overcome infrastructure problems, 
expand recycling capacities, and improve employment conditions in all sectors. 
 
 
Introduction  
The transport sector is one of the main sources 
of greenhouse gas emissions. Road traffic, 
particularly vehicles, generates the most 
emissions in the transport sector. To reduce 
traffic-related emissions, electric vehicles 
powered by LIBs are a promising alternative to 
conventional vehicles with combustion engines. 
Such a substitution of conventional vehicles by 
electric vehicles leads to an expected increase 
in demand for LIBs. The forecast for the rising 
demand for LIBs depends on the scenario, but 
a tenfold increase until 2030 seems realistic 
(Usai et al, 2022). It is also predicted that future 
demand for lithium for LIBs in electric vehicles 
will exceed current raw material production in 
2040 (Maisel et al, 2023). 
The challenges in the life cycle of batteries, 
such as the scarcity of raw materials and the 
generation of waste, require effective EoL 
management strategies, such as effective 
recycling technologies. There are still 
substantial challenges in the EoL management 

of LIBs. The emergence of potential 
sustainability trade-offs underlines the 
challenges in LIB recycling processes. 
Sustainability trade-offs refer to the complex 
and often interrelated decisions that are made 
in the pursuit of sustainable outcomes, where 
improvements in one area may come at the 
expense of another (Morrison-Saunders & 
Pope, 2013). New Europe-centered recycling 
processes can improve the economic situation 
in certain countries (e.g., increasing 
employment). However, this could also lead to 
negative effects in countries currently involved 
in the EoL processes of LIBs. The use of labour-
related indicators (e.g., through an MRIO 
analysis) can be a promising approach to 
analyzing sustainability trade-offs and the 
associated impacts (Zimek et al, 2022). 
The ecological impacts of LIBs recycling are 
being increasingly addressed in scientific 
research (Meshram et al, 2020; Costa et al, 
2021). The industry is likewise showing an 
increasing interest in reducing its environmental 
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impact (notably through the EU Battery 
Regulation 1  with mandatory raw material-
dependent recycling quotas, which are to be 
implemented by 2030 and 2035). However, 
although research in LIB recycling is increasing, 
socio-economic impacts are often neglected, 
although the recycling of LIBs entails several 
socio-economic impacts that need to be 
identified and consequently avoided (see for 
example, Yıldızbaşı et al, 2022 or Koese et al, 
2023). 
This can be explained, for example, by the fact 
that there are no common and generally 
accepted methods for assessing the socio-
economic impacts, especially of emerging 
technologies (Sanchez et al, 2021; Cecere et 
al, 2024) Socio-economic assessments differ 
considerably from environmental assessments 
as they focus on a broader range of qualitative 
and quantitative data, complex feedback loops 
and different stakeholder interests. This 
complexity makes standardization and 
consensus on assessment methods difficult 
(Ramos, 2024; Rebolledo-Leiva et al, 2023). 
Despite these challenges, it is increasingly 
recognized that socio-economic impacts need 
to be integrated into assessment methods, as 
they are essential for comprehensively 
evaluating the holistic impacts of technologies. 
The importance of assessing the socio-
economic impacts of emerging technologies, 
such as new LIB recycling processes, is of 
particular relevance, as the structures in the 
recycling processes, the countries involved, 
and consequently, the social context can 
change. 
Therefore, the research aim of this paper is to 
identify the socio-economic impacts of LIB 
recycling processes with a focus on a Europe-
centered value chain (as part of the FREE4LIB2 
project). More precisely the aim is to answer the 
following research questions.  
(1) What are the direct impacts of the lithium-

ion battery recycling process for six socio-
economic indicators throughout the 
phases of collection, pre-treatment, metal 
recovery, and assembly in different 
European countries? 

(2) How do these impacts differ under scale-
up scenarios driven by the increasing 

 
1 https://eur-lex.europa.eu/legal-
content/EN/TXT/?uri=CELEX%3A02006L0066-20180704 

demand for batteries in the electric 
vehicle sector? 

 
Methods 
Depending on the field of application, different 
methods exist to assess socio-economic 
impacts. For the common field of application, 
the evaluation of (public) investments, tools like 
social return on investment or cost-benefit 
analysis are used (Cerioni et al, 2021). For the 
evaluation of value chains, life cycle 
assessment (e.g., with the help of the Social 
Hotspots Database) or MRIO analysis are often 
used (Zimek et al, 2022).  
While life cycle assessment approaches are 
usually product or site-specific, MRIO follows a 
top-down approach. It is a quantitative 
approach which allows for an in-depth analysis. 
MRIO is a method used to assess the 
interregional flows of goods and services by 
linking the economic activities of multiple 
regions through their trade relationships 
(Wiedmann et al, 2011). Furthermore, socio-
economic impacts often vary greatly depending 
on the region (country). Therefore, MRIO 
analysis is a well-suited method to account for 
potential regional disparities by tracking indirect 
effects along supply chains at the sectoral level 
(Miller and Blair, 2009). Several MRIO 
databases exist. For this research, the freely 
accessible database EXIOBASE v3.8 is used, 
with data from the year 2016, the most recent 
available data at the time when the research 
was done (Stadler et al, 2018). 
 
This study follows a three-step approach, 
including: 

(1) The preparation step: set up of a 
representative product system for the 
battery recycling, and selection of impact 
categories, 

(2) The baseline calculation: calculation of the 
socio-economic impacts based on the 
default final demand, and 

(3) The scale-up calculation: calculation of the 
socio-economic impacts in dependence on 
increasing battery recycling volumes. 

 
First step: Preparation 

2 FREE4LIB is an EU-funded research project on 21 
technologies with the aim to develop new technologies (5-
6 TRL) to achieve sustainable and efficient processes to 
recycle EOL LIBs, Source: https://www.freeforlib.eu/. 
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A product system of four phases is selected 
based on a literature review and information 
from the Horizon Europe project FREE4LIB. 
The process under study starts with the 
collection of EoL LIBs in Spain. This is followed 
by the pre-treatment in France and then the 
actual recycling, in this study through metal 
recovery, in Belgium. The final phase is the 
production and assembly of new LIBs in the 
Republic of Türkye. Next, due to the limited 
availability of sectors in the used EXIOBASE 
v3.8 database, each process step is matched 
with a representative related sector in the 
database (see Table 1 below). 
 
Phase Country Sector in 

EXIOBASE 
v3.8 

Phase 1: 
Collection 

Spain Other land 
transport 

Phase 2: 
Pre-
Treatment 

France Waste water 
treatment, 
other 

Phase 3: 
Metal 
Recovery 

Belgium Re-
processing 
of 
secondary 
precious 
metals 

Phase 4: 
Assembly 

Republic 
of 
Türkiye 

Manufacture 
of electrical 
machinery 
and 
apparatus 
n.e.c. 

Table 1. Phases included in MRIO analysis of LIB 
recycling showing country and respective sector 
in EXIOBASE v3.8 
 
The next step in the preparation phase is the 
selection of socio-economic impact categories. 
The EXIOBASE v3.8 database used offers six 
socio-economic impact categories, all of which 
are used as impact categories in this study (see 
Table 2 below). The six socio-economic impact 
categories include: 
• Employment: aggregated number of 

individuals involved in productive 
activities. 

• Employment hours: total hours worked by 
all individuals together in one year. 

• Value added: economic value created 
through the production of goods and 
services by subtracting the value of 
intermediate consumption. 

• Compensation of employees: all forms of 
remuneration aggregated, including both 
cash and non-cash benefits. 

• Vulnerable employment: aggregated 
number of individuals who work under 
difficult conditions, e.g., no formal 
employment contracts and no social 
protection. 

• Vulnerable employment hours: total hours 
worked under vulnerable working 
conditions in one year. 

High numbers as results for the different impact 
categories are sometimes interpreted as 
positive and sometimes interpreted as 
negative. For example, employment should be 
increased, so a high number is perceived as 
positive and vulnerable employment should be 
decreased, so a high number is perceived as 
negative. This is expressed by the term “high 
value perception”. Table 2 below shows the 
units of each impact category and the high 
value perception. 
 
Socio-
economic 
impact 
category 

Unit High value 
perception 

Employment in 1,000 
persons 
(1000 p) 

positive 

Employment 
hours 

hours (hrs) positive 

Value added in millions 
of euros 
(M.EUR) 

positive 

Compensation 
of employees 

in millions 
of euros 
(M.EUR)  

positive 

Vulnerable 
employment 

in 1,000 
persons 
(1000 p) 

negative 

Vulnerable 
employment 
hours 

hours (hrs) 
 

negative 

Table 2. EXIOBASE v3.8 socio-economic impact 
categories. 
 
Second step: Baseline calculation 
The calculation of the baseline impacts consists 
of a filtering of the database by the selected 
sectors and regions. The obtained values for 
employment and vulnerable employment and 
employment hours and vulnerable employment 
hours are put into relation to calculate 
vulnerability ratios. Further, the results of the 
baseline calculation can be used to provide an 
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idea of the overall direct impacts of the product 
system in the selected sector and region. 
Lastly, the results are used as a benchmark for 
the scale-up scenarios. 
 
 
Third step: Scale-up calculation 
To simulate the consequences of the expected 
demand growth of LIBs in the following years, 
the final demand in the selected sectors and 
regions (see Table 1) is increased by factor 10. 
Then the whole system is updated to the new 
final demand and the impacts are filtered in a 
similar manner as in the baseline calculation. 
For the relative change to the baseline in 
percent (as displayed in Figure 2) the results 
are divided by the baseline impacts. 
 
Results 
Like the methods section, the results separately 
contribute to answering the two different 
research questions regarding baseline and 
scale-up scenario. While the analysis of the 
baseline focuses on the differences in impacts 
between the phases, the scale-up results look 
at the differences both within and between the 
phases 
 
Baseline scenario 
In the baseline scenario, phase 1 (collection) 
and phase 4 (assembly) exhibit notably high 
absolute values for all impact categories. 
Compared to phase 3 (metal recovery) which 
has low values for all impact categories, the 
values differ by several orders of magnitude. 
Phase 2 (pre-treatment) is somewhere in 
between. This result can be observed for all 
impact categories. Exemplary, here are the 
values for employment (in 1000 persons, see 
table 2): 

• Phase 1 Collection: 258 000  
• Phase 2 Pre-treatment: 6 760 
• Phase 3 Metal recovery: 0.00273 
• Phase 4 Assembly: 360 000 

 
In comparison, the vulnerability ratio is rather 
balanced, with all results in the same order of 
magnitude. Figure 1 below shows the ratio of 
vulnerability for the different phases. 
 

 
Figure 1. Relative vulnerability of different 
phases  
 
A low vulnerability ratio represents a low share 
of vulnerable employment of the total 
employment. For both the employment ratio 
and the employment hour ratio, phase 3 (metal 
recovery) has the lowest value, while phase 4 
(assembly) has the highest value. However, 
phase 1 stands out with a lower ratio when 
looking at employment hours compared to the 
number of employees ratio. Phase 4 has a very 
high share of vulnerability in both the number of 
employees and employment hours. 
 
Scale-up scenario 
Figure 2 below shows the results of the scale-
up scenario for the six socio-economic impact 
categories in the four phases. 
 

30%

22%20%
24%

13% 14%

40% 41%

Ratio vulnerable
employment/employment

Ratio vulnerable
employment hours /
employment hours

Vulnerability ratio [%]

Phase 1: Collection

Phase 2: Pre-treatment

Phase 3: Metal recovery

Phase 4: Assembly
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Figure 2. Comparative overview of the scaled-up 
impacts 
 
The first observation is the increased impact in 
all phases and sectors through the scale-up of 
the demand. The increasing demand for LIBs 
leads to increased employment, compensation, 
and added value. However, this also results in 
an increase in the amount of vulnerable 
employment, particularly in phase 1 (collection) 
and phase 2 (pre-treatment). Interestingly, the 
impact of the different phases does not grow 
equally. A tenfold increase in the demand does 
not lead to a tenfold increase in the impacts. For 
example, while the compensation of employees 
grows by 573% for phase 1 (collection), phase 
2 (pre-treatment), and phase 3 (metal recovery) 
increase between factors 8 and 9. Phase 4 
(assembly) almost stays the same as in the 
baseline scenario. Therefore, the impact in the 
different phases increases at a different rate. 
However, the ratio of the different impact 
categories within one phase does not change 
(“linear combination” of the baseline, not 
observable in figure 2). A final observation is the 
minimal increase of the impacts in phase 4 
(assembly), despite the relatively high impacts 
in the baseline scenario. 

 
 
Discussion 
The results of this study show that the socio-
economic impacts of Europe-centered recycling 
of LIBs are rather complex. In most results, the 
impact categories with a positive high-value 
perception and a negative high-value 
perception (see table 2) show similar behavior 
(i.e., either both are high or both are low). This 
means that, in this case, the Europe-centered 
recycling of LIBs creates jobs, increases 
remuneration, but also leads to socio-economic 
trade-offs. These trade-offs include vulnerable 
employment and vulnerable employment hours, 
as in this research, but can also encompass 
other impact categories not included here. 
Apart from the “local” trade-offs analyzed in this 
research, other countries and sectors may also 
be affected. Changes in processes, such as the 
introduction of new LIB recycling technologies 
and the substitution of economic activities, 
could lead to shifts in activity and therefore 
impact in other countries and sectors as well. 
For example, an increase in employment in one 
country and sector might result in a decrease in 
employment in other countries and sectors. The 
extent to which changes in the economic 
system are associated with socio-economic 
effects in other countries requires further 
analysis. 
Regarding the scale-up scenarios, the results 
give an insight into potential future socio-
economic challenges. In contrast to intuitive 
expectations, the impacts do not rise equally 
with the increased demand. The impacts of the 
different phases even increase at different rates 
which changes the priority of the different 
phases, to be addressed with policy measures, 
compared to the baseline scenario. 
 
Possible reasons for the variance in the impact 
growth could be diverse, such as: 
• different share of employment in the 

sectors, e.g., especially the assembly 
phase is characterized by a high number 
of employees and hours worked, 

• the same growth in absolute values of 
sectors that already have a high baseline 
impact is less in relative values, and 

• the overlap of direct effects (higher 
demand) and indirect effects (substitution 
with other products), e.g., while the 
manufacturing of electric vehicles rises, 
the manufacturing of conventional vehicles 
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decreases. This affects some sectors 
more than others. 

 
The results align with findings from existing 
literature. As previously noted by Fleischmann 
et al. (2023), the notion that recycling can be 
financially beneficial is supported. Further, the 
finding from Zimek et al. (2022), that an 
increase in demand is projected to generate 
additional job opportunities is also supported. 
Major policy implications arise for mitigating the 
negative socio-economic impacts associated 
with recycling LIBs. Policy recommendations 
should address the identified weaknesses, 
focusing on strengthening job security, 
improving the quality of employment, and 
mitigating potential negative socio-economic 
impacts. In addition, policymakers must 
recognize the broader impacts that go beyond 
the local context examined in this study. Shifts 
in economic activity resulting from changes in 
the recycling of LIBs can have cross-country 
and cross-sectoral impacts and require 
comprehensive policy measures to manage 
and mitigate unintended consequences. To this 
end, the development of collaborative 
strategies and mechanisms for information 
sharing and coordination between relevant 
stakeholders and authorities in different regions 
is important to address potential co-benefits 
and ensure a more coherent and effective 
approach to reduce negative socio-economic 
impacts. 
The insights gained from the scale-up 
scenarios highlight potential future socio-
economic challenges that require proactive 
policy measures. The observed difference in 
impact growth highlights the need for adaptive 
policy measures that can respond effectively to 
the changing landscape of LIB recycling, 
considering factors such as the distribution of 
employment, relative impact growth and the 
interplay of direct and indirect effects.  
 
Limitations 
One limitation of using MRIO is that the 
databases include rather limited recent data 
(such as from 2016 in this study). Other 
limitations are the country-specific factors that 
strongly influence the results, such as lower 
wages in the Republic of Türkyie versus higher 
wages in France and Spain. The product 
system is very specific, and the data availability 
is limited (rather new technology), especially for 
the metal recovery phase. 
 

 
 
Conclusions 
This research contributes to the knowledge gap 
of socio-economic impacts in the LIB EoL. 
While the baseline analysis helps to identify 
sensitive areas such as vulnerable employment 
in the assembly phase, the scale-up indicates 
that the growing demand for LIBs causes a 
substantial socio-economic transformation that 
should be anticipated. However, this 
transformation cannot be simply extrapolated 
from the status quo but can lead to surprising 
shifts in the areas of concern. Future research 
aims at modifying product systems by 
integrating more details and assessing the 
sensitivity of the results. 
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