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1. Introduction

A series of directives, regulations and acts are initiated and 
adopted by the European Commission to transition towards a 
more sustainable economy. The transition primarily aims to 
achieve climate neutrality, establish a circular economy, and 
ensure strategic autonomy while ensuring social fairness. To 
identify the state of play of the economy and the progress of the 
transition, it is essential to monitor the material flows, stocks, 
and (embodied) environmental impacts on a macro-level 
(national and/or European Union (EU) level). This need for 
macro-monitoring is also set out in the various EU regulations 
and acts, as it is required:

• To evaluate its progress towards meeting its international 
and internal commitments and obligations [1]. 

• To evaluate and monitor the effectiveness of implemented 
policy instruments [1].

• To identify risks by assessing the current situation and 
mapping the future [2].

• To revise the products’ sustainability requirements laid 
down in the regulations based on the realistic, technical, 
economic and scientific situation [3].

Although not specified in each regulation separately, these 
four main needs are generally applicable from a government 
perspective for macro-level monitoring in the context of
transitioning towards a circular economy.
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a societal scale. Current monitoring practices often rely on non-specific and not regularly updated data. This study examines whether the current
practices satisfy the need to create realistic policies, by the case of electric vehicle batteries. A prospective material system analysis is conducted
to evaluate the uncertainties in the existing data for macro-monitoring the availability of recycled lithium by 2030. The information is crucial for 
revising the recycled content requirements in regulation (EU) no. 2023/1542 concerning batteries and waste batteries. The analysis concludes 
that considerable uncertainty is associated with projecting recycled lithium availability, due to the variability in battery composition and lifespan. 
The study emphasizes the need to mitigate the uncertainties associated with the expected material outflows from the urban mine, in order to 
establish realistic recycled lithium content requirements. The recently introduced regulation also mandates battery producers to disclose 
sustainability-related information via a digital product passport (DPP). This paper proposes an approach for leveraging DPP-information to
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design guidelines.
© 2025 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the International Academy for Production Engineering (CIRP)



J. Lennartz  et al. / Procedia CIRP 135 (2025) 642–647 643

1.1. Problem definition

Exchanges in the economy are often not registered on a 
material/emissions level but predominantly on a monetary 
level. Therefore, monitoring practices use the data regarding 
exchanges of products and activities performed in the economy 
in combination with supplementary information (i.e. emission 
factors or material equivalents of products), which comes with 
challenges related to the currentness and representativeness. As
the monitoring results form the basis for policy-making, such 
as the formulation of eco-design guidelines, a certain degree of 
accuracy is essential. A range of newly introduced legislations
forces economic operators to disclose sustainability-related 
information concerning their products, processes, facilities, or 
transport. Digital Product Passports (DPP) are repeatedly used 
as means to document product-data [3][4]. This new source of 
information, and other reported information, could be used to 
enhance the macro-monitoring practices.

The use of DPP-data for macro-monitoring requires a data 
sharing architecture to allow governments to have access to the 
business data. To explore whether the investment in DPP-data 
collection for well-informed policy-making is justifiable, the
aim of the study is to evaluate existing monitoring approaches
and explore the added-value of DPP-data.

1.2. Electric vehicle-batteries case

In this study, material flow and stock monitoring of Electric 
Vehicle (EV)-batteries is used as case to explore the relevance 
of improved data, potentially by DPP-data. Regulation (EU) 
no. 2023/1542, concerning batteries and waste batteries, 
introduces recycled content requirements for new batteries put 
on the European market [3]. The regulation enforces a 
minimum percentage share of materials recovered from battery 
manufacturing or post-consumer waste for critical/ strategic 
raw materials: cobalt, lead, lithium and nickel. Recycled 
content requirements, defined for the years 2031 and 2036, will 
be revised based on the existing and projected availability of 
materials and given the technical and scientific advancements. 
The regulation underscores the need to monitor the Union’s 
status concerning particular material flows and stocks.

This case is chosen because the information base concerning 
material flows and stocks is already comprehensive, enabling a 
quantitative evaluation of existing monitoring accuracy caused 
by the uncertainty of or variability in supplementary 
information. Despite the extensive research conducted and 
information available, the level of detail and representativeness 
of the information is relatively coarse.  Secondly, the 
formulation of recycled content requirements requires more 
precise monitoring practices to establish realistic requirements. 
In contrast, more general monitoring practices, such as 
evaluating the overall economy’s material demand, primarily 
focus on mapping trends, where accuracy and precision are less 
critical. Lastly, this case deals with challenges in 
representativeness related to the supplementary information 
used for the monitoring, given the considerable variation in 
battery compositions possible. It is important to note that the 
uncertainty and variability studied may not necessarily apply to 

all cases where supplementary information is used, it is case-
dependenten.

2. State-of-the-art macro-level monitoring

Structural monitoring of material flows, stocks, and 
environmental impacts on a macro-level is not a new practice 
[1]. Different monitoring practices have already been put into 
place by the EU and its member states to keep track of the state-
of-play, and these practices are currently being extended. In the 
core of implemented macro-level monitoring practices, two 
approaches can be distinguished [5][6], see figure 1:
• Bottom-up approach | Input-Output Analysis (IOA): The 

approach builds on the input-output data, e.g. compiled 
from life cycle inventories of products, on exchanges in the 
economy. The IOA does not make use of complementary 
sources to extend the analysis, to create more detail in the 
assessment. The approach is particularly relevant to 
analyze aspects that can be tracked, such as the import of 
specific goods, energy, or raw materials. The detailedness 
of the IOA is dependent on the resolution of input-output 
data documented.

• Top-down approach | Environmentally extended Input 
Output Analysis (EEIOA) [7]: Similar to the bottom-up 
approach, the top-down approach is based on input output 
data, but makes use of supplementary information 
regarding composition and/or input-output flows. The 
supplementary information can be extracted from a variety 
of sources, such as scientific publications and databases, or 
be based on expert judgment. The extension with data on 
resource use, emissions and/or other information allows a 
more detailed analysis than possible with the available 
input output data its resolution. 

Most macro-level monitoring practices make use of a 
combination of IOA and EEIOA, also known as a Hybrid 
Input-Output Analysis (HIOA)[6]. The approach applies 
EEIOA in the case the resolution of the input output data does 
not suffice in the desired information. Monitoring practices 
using supplementary information are experienced as less 
representative, which is not necessarily the case. Both sides of 
the spectrum deal with data related challenges.

Fig. 1. Example top-down and bottom-up approach material flows.
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2.1. Challenges

The consistency, uniformity and comprehensiveness of the 
collected data is a key challenge for the bottom-up approach. 
For the monitoring of material flows, stocks and environmental 
impacts, the data is often created and collected by a variety of 
parties. Data creation according to similar guiding principles is 
required to ensure the analysis’ quality. For example, a similar 
environmental impact assessment method should be used to 
determine the global warming potential, just as the scope and 
the allocation procedures applied should be similar. The top-
down approach make use of less data sources and, therefore, 
the quality of data can be reviewed more easily.

For the top-down approach, the representativeness of the 
supplementary information used is a key challenge. Inherent to 
the approach is that more detailed data is not available; thus, 
the general representativeness of the supplementary 
information used cannot be verified. The analysis’ accuracy is 
particularly affected when there is a large uncertainty or 
variability in the supplementary information. For example, the 
greenhouse gas emission factor of electricity generation by 
natural gas is rather homogeneous, while the emission factor 
for steel production could be rather diverse. Therefore, the 
representativeness of global warming potential for steel is more 
subject to uncertainty. The bottom-up approach is introduced 
to overcome the challenge and ensure overall 
representativeness of tracked flows.

Both bottom-up and top-down approach deal with 
challenges related to blind spots in the available data. Data gaps 
as a result of (1) not registered transactions (e.g. illegal supply 
of goods), (2) mistakes in the registration (e.g. wrong 
categorization of materials), (3) unidentifiable categorization 
(e.g. outflow of unidentified waste), or (4) not separately
registered flow (e.g. batteries not registered separately, only the 
products in which they are embedded). As a result of these 
challenges, substitutive information is applied to overcome the 
limitations of available information.

3. Material flow and stock monitoring/projections EV-
batteries

When revising the recycled content requirements, regarding 
cobalt, lead, lithium and nickel, defined by the regulation (EU) 
no. 2023/1542, concerning batteries and waste batteries, the 
projections of recycled material availability play a crucial role 
in informed decision-making. The ProSUM project (2015-
2017) proposed an approach to project the material availability 
of, amongst others, the four critical/strategic raw materials 
(C/SRM) [8]. The stock-lifespan based model developed [9] is 
a recognized method for projecting the material availability 
[10]. Furthermore, the general coefficients regarding battery 
composition created by the project continue to serve as the 
primary supplementary information to identify the C/SRM 
flows related to batteries in the Material System Analysis
(MSA) studies performed [11].

The approach to projectt the recycled material availability
from batteries primarily relies on data about the batteries placed 
on the EU market for a specific year, average weight of 
batteries, battery compositions (Bill of Material (BoM)), and 

lifespan distribution in the stock-lifespan based model. This 
information is used to model the moment a product reaches the 
end-of-life, which in turn is used to project the amount of 
available battery waste for a specific year. The data sources
used per data component for the stock-lifespan model [12] are
described below:
• Products placed on the market: Eurostat provides statistics 

on the production of manufactured goods, along with 
related trade data. The data, collected and structured 
according to the European Business Statistics Regulations, 
undergoes the Eurostat data validation process [13]. The 
data is generally reliable due to its strong legal framework.
Batteries, when placed on the market, are primarily 
embedded in other products, identified by the products in 
which they are embedded. The categories used to identify 
the batteries are broad. In practice, not for each category 
the same type and size of battery will be applied.

• Amount of material per product: The amount of a specific 
material applied in a battery placed on the market is not 
documented. Therefore, the weight per material is 
determined by the weight of a battery per application (e.g., 
hybrid electric vehicle or electric vehicle) and the batteries’ 
average composition [12].
○ Product weight: Data on the average weight of batteries 

per application is required since batteries are registered 
based on units, not weight. Conversion factors from 
units to weight are determined for various applications, 
such as hybrid electric vehicles (HEV), plug-in hybrid 
electric vehicles (PHEV), and electric vehicles (EV).

○ Composition: To identify the mass of a specific material, 
the product composition is required. The ProSUM 
project provides information on the average composition 
of various battery types [14]. The battery compositions 
are determined using a bill of materials from different 
sources such as academic literature, manufacturer 
information, and databases. The composition varies 
significantly across sources, with a 95% confidence 
interval range of plus/minus 50% [14].

• Lifespan: The lifespan of batteries is modeled according to 
a lifespan distribution based on historical data. Thus, 
projectionss are based on historical data, with to some 
extent consideration for improvements in battery 
technologies and changes in consumer behavior.

3.1. Material system analysis

To assess whether the currently available information can 
form a basis for realistic recycled content requirements, the 
implications of key uncertainties for the recycled material 
availability projections are identified. A simplified stock-
lifespan model is used to perform a prospective MSA [11] of 
lithium in EV-batteries, evaluating the uncertainties related to 
battery composition and lifespan. This model is simplified as it 
is based on a fixed lifespan instead of a lifespan distribution. 
The data sources used, and the approach applied align, as far as 
possible, with the stock-lifespan model of the ProSUM project
[12] and the existing MSA for Lithium[11]. Not all 
assumptions and modeling approaches are transparently 
documented, so full comparability cannot be guaranteed.
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The carried out MSA is based on three main-assumptions 
which affect the result and approach:
• Recycled lithium sourced outside the EU is considered not 

to be applied for EU-production. Circularity of materials 
within the geographical boundaries is assumed for this 
study. 

• Recycled lithium in the EU from other applications is not 
considered. Particularly as lithium from EV-batteries will 
be responsible for the largest share of lithium stock [15]
and the recycled materials from other applications are 
assumed to be required to fulfill its own recycled content 
requirements. 

• Recycling of battery manufacturing waste is as well 
considered as recycled content to fulfill the requirements. 
However, the amount of battery manufacturing waste is 
considered negligible [16].

The potential share of recycled lithium in EV-batteries is 
evaluated for the year 2030 and compared to the recycled
content requirements set for 2031 by the regulation. The results 
are based on the analysis of recycled materials available within 
the EU and the projected lithium demand, which is expressed 
in a low-demand scenario (LDS) and high-demand scenario
(HDS)[17]. The products placed on the EU-market are 
identified using Eurostat statistics [13]. The amount of batteries 
for HEV (29102410), PHEV (29102430) and EV (29102450) 
are retrieved according to its respective Prodcom-code, by the 
sum of the produced and imported product, excluding the 
exported products. As data from before 2017 of the categories 
placed on the EU-market is not documented by Eurostat, 
growth rates described by [18] are used to complement the 
dataset. Table 1 present the parameters used and the alternative 
scenario inputs to evaluate the uncertainty and variability of 
supplementary information. 

Table 1. Overview supplementary information

Factor Amount Source

Lithium demand 2030
LDS 42.313 tonnes

[17]
HDS 58.208 tonnes

Mass battery

HEV 5,4 kg/unit

[12]PHEV 56 kg/unit

EV 156 kg/unit

Share Lithium in Li-
ion battery

Baseline 2,4%

[14]LLS 1,2%

HLS 3,6%

Lifespan EV-battery
Baseline 10 year [19]

Alternative 15 year [20]

Collection rate 95% [19]

Reuse rate 20% [21]

Recovery efficiency recycling Lithium 85% [10]

Lifespan reuse EV-battery 5 year [22]

3.2. Result interpretation

Figure 2 presents the simplified Sankey diagram of lithium 
flows in the EU related to EV-batteries for 2030 according to 

the baseline scenario. A 10 year EV-battery lifespan is 
modelled, indicating that by 2030 the batteries placed on the 
market in 2020 will reach the end of their initial life cycle. The 
results show that most materials for new EV batteries will 
come from primary sources. The inflow of primary lithium is 
less than the amount of lithium to in-use stock (see figure 2) , 
as a share contains the secondary materials extracted from the 
urban mine. The amount of recycled lithium available by 2030 
is limited. The amount of lithium going to batteries reused for 
grid storage is fractional, as are the collection and recycling 
losses. With a potential economy wide average recycled 
lithium content rate of 3.6-5.0%, meeting the 6% requirement 
for 2031 appears challenging. Improvements in the collection 
rate (projected to be 95%) and recycling recovery rate 
(projected to be 85%) could enhance the lithium share to 
approach the requirement according to the baseline scenario, 
particularly when considering the assumptions described in 3.1.

Fig. 2. Results baseline-scenario lithium flows in the EU related to EV-
batteries in 2030 presented by a simplified Sankey diagram.

Table 2 presents the potential economy average recycled 
content share for each of the defined scenarios, evaluating both 
the uncertainty in share of lithium in the EV-battery
composition and the lifespan. The low lithium share (LLS) and 
high lithium share (HLS) scenario consider the uncertainty of 
the data used, which is illustrated by the distribution of lithium 
shares. According to the ProSUM-project, the share of lithium 
falls within a 95% confidence interval of 1.2 and 3.6%. As 
presented in table 2, it is a difference between (easily) meeting 
the requirements and not being able to meet them in any case.

Table 2. Share of secondary content according to the prospective MSA results

Scenario Share secondary content 
(HDS-LDS)

Legislative enforced by 2031 6%

Baseline 
lifespan

Baseline (Mean) 3.6-5.0%

LLS (2.5th percentile) 1.8-2.5%

HLS (97.5th percentile) 5.4-7.5%

Alternative 
lifespan

Baseline (Mean) 0.4-0.6%

LLS (2.5th percentile) 0.2-0.3%

HLS (97.5th percentile) 0.6-0.8%

When potential improvements of batteries regarding its
lifespan are considered, the formulated requirements are 
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unrealistic in all scenarios. Currently, an average lifespan of 10 
years for EV batteries is expected, which could go up to 15 
years for batteries currently placed on the market. Due to the 
rapidly increasing market, the lifespan of batteries has large 
implications on the amount of recycled material becoming
available. Therefore, in the case of a 15 year lifespan, the 
requirements cannot be met by a significant margin. In the best 
scenario, achieving even 1% secondary lithium content seems 
unrealistic.

The analysis shows that using the general coefficients to 
project the recycled lithium available is associated with 
considerable accuracy challenges due to the identified 
uncertainty and variability implications for the potential 
secondary content shares. Both the average battery 
composition and battery lifespan seriously affect the 
projections of lithium availability by 2030. The application of 
the EEIOA appears too inaccurate for this application, due to 
the broad statistical categories (i.e. EV) in combination with
potential large uncertainty and variation in the coefficients.
Furthermore, generalizing data regarding the lifespan to 
batteries introduces considerable uncertainty to the projection.
Therefore, the application of this information for formulating
realistic recycled content requirements can be argued, even 
when disregarding the timeliness of the supplementary 
information. It could lead to unrealistic or non-challenging 
secondary content requirements, both which should be avoided.

4. DPP-data for monitoring/projections

New legislation mandates economic operators to disclose 
sustainability-related data concerning their products, 
processes, facilities, or transport, including via DPP. The type 
and detail of enforced sustainability-related data varies across 
jurisdictions. If the data will be collected and made accessible
for monitoring and projection purposes, it could enhance the
macro-level monitoring practices, particularly regarding 
material and emission exchanges within the economy. This 
new information sources uncovers previously inaccessible 
input-output data, reducing the need for supplementary 
information-sources. Applying the DPP data to macro-level 
monitoring can help overcome challenges related to data 
representativeness and timeliness, as discussed in section 2.1.

4.1. Digital battery passport data

The introduction of the Batteries and Waste Batteries 
Regulation ((EU) no. 2023/1542) mandates a Digital Battery 
Passport (DBP), a product specific DPP containing a variety of 
(sustainability-related) information [3] [23]. The mandatory 
data, becoming available due to this regulation [24], allows for 
improvement of the information used for revising the recycled
content requirements. The challenges that can be overcome due 
to the information retrieved from the DBP are described below, 
categorized by data component:
• Products placed on the market: In the existing approach, 

batteries placed on the market are primarily identified by 
the product in which they are embedded. The introduction 
of the DBP requires registration of each individual battery 
placed on the market, allowing a more complete overview 

of batteries on the market. This overcomes the 
misalignment that arises for batteries placed on the market 
that are embedded in existing products.

• Amount of material per product: The DBP allows the 
retrieval of the detailed material composition of every 
individual product, avoiding the use of general coefficients 
to estimate the C/SRM stock. Changes in the amount of 
material per product due to repair operations are also 
tracked, allowing an up-to-date material inventory. 
Uncertainties are primarily related to the validity of 
declared information, underlining the relevance of 
independent control and auditing.

• Lifespan: The existing stock-lifespan model relies on 
lifespan predictions based on ex-post analyses per battery-
application. Tracking individual batteries allows for more 
product-specific predictions, e.g. on series or product 
application level. Furthermore, the DBP enforces state-of-
health registration, making information about battery status 
available over a lifetime. Variations in actual battery 
performance and implications of user behavior can be 
considered to more accurately predict the expected outflow 
of materials, see figure 3.

Fig. 3. Schematic representation information used to predict when batteries 
are at the end-of-life

Uncertainty of results is inherent to monitoring and
projections, particularly when human behavior may 
significantly influence the results. However, monitoring the 
material stocks using the up-to-date DBP data allows for 
mitigating some of the key uncertainties in the existing 
approach. Revising recycled content requirements will require 
a more certain information base to create realistic requirements. 
DBP data could provide this basis for future monitoring and 
projections, which requires a data sharing architecture to allow 
governments to access business data. The DATAPIPE-project 
proposes a interoperable data-sharing infrastructure to facilitate 
the use of DPP-data [25]. The opportunity to improve policy 
monitoring using the DBP data should not go unnoticed as it is 
now.

4.2. Consideration

The main difficulty with the use of DPP-data for macro-
level monitoring is the ensuring data creation according to 
similar guiding principles. It is essential for the quality of the 
analysis as stated in section 2.1. Auditing procedures need to 
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be established for the assurance. DPP-data auditing is not only 
required to apply data for monitoring purposes but as well for 
the verification of the claims legitimacy. Therefore, the 
auditing is not a practice which should newly be introduced for 
this purpose; however, it’s a precondition to use the DPP-data 
for macro-level monitoring.

Another challenge is that not all information required or 
desired for sustainability monitoring practices will be 
mandated by legislation. Therefore, not every assessment can 
rely solely on DPP-data. Supplementary information will still 
be needed to provide a comprehensive monitoring overview. 
However, DPP-data pertaining to product technology, 
production location, and other characteristics can still enhance 
macro-level monitoring according a HIOA by improving the 
specificity of classes. This allows for a more representative 
match between the class and the supplementary information.

5. Conclusion

The introduction of new needs for macro-level monitoring 
of material flow and stock, such as to revise the products’ 
sustainability requirements, sets more strict demands regarding 
the detail of the monitoring practices. For the case of EV-
battery it is illustrated that the existing monitoring practices go 
along with considerable uncertainty, particularly because of the 
low resolution of input output data used in combination with 
supplementary material for the HIOA. Detailed business data, 
such as from a DPP, could enhance the macro-level monitoring 
on different aspects, such as material inventories, lifespan 
projections and input output data resolution. It could enable the
formulation of realistic and challenging product requirements, 
which is uncertain for monitoring practices utilizing broad 
statistical categories in combination with potential large 
variation in the coefficients. To utilize DPP-data for macro-
level practices, continued investment is required in the 
development of data sharing architecture, just as procedures to 
audit the incoming information.
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