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The concept of circular economy (CE) has recently gained momentum due to being perceived as a
potential facilitator of sustainable development. In the context of electric vehicles, it is argued that
the value chain (VC) of an electric vehicle battery (EVB) would benefit from transitioning from
a linear to a circular one due to the potential of the latter one to reduce environmental pressures
and enhance the security of supply of raw materials. However, VC loop-closing pathways may
not necessarily contribute to enhanced VC sustainability performance. Information technologies
such as the digital twin (DT) could be used to support VC stakeholders in identifying sustainable
loop- closing pathways. The DT technology has recently received attention because it is perceived
as a potential technology for driving so-called “digital product passport”. The idea of such ap-
plications is currently being discussed due to their potential to function as unique identifiers of
their corresponding physical counterparts by containing specific product/material-related data and
gathering real-time data over the entire life cycle of a product. Such an application could support
value chain stakeholders in their efforts to manage the sustainable circularity on the product level.
In this context, this study provides a preliminary concept of the information model of an EVB’s
digital product passport. This information model details data types, sources, and requirements for
different use cases of sustainable and circular battery management. Conducting a dynamic life
cycle assessment of an EVB or deciding on an EVB’s potential second life serve as examples of
such use cases. The findings stem from conducting a systematic literature review, as well as a
preliminary model validation by three industry experts. In summary, the preliminary conceptual
information model presented shall provide a first building block for a comprehensive EVB digital
product passport concept.
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1. Introduction  

The European Commission’s recently presented proposal for a new regulation on batteries and 
waste batteries is demanding the transition from traditional linear to circular battery value chains [1] 
due to the latter one offering potential benefits (e.g., reduction of environmental stresses, security of 
critical raw material supply) [2]. However, a more circular value chain does not automatically equate 
to a more sustainable one [cf. 3]. As a result, possible positive and negative effects of more circular 
value chains with respect to their sustainability performance require investigation [cf. 3]. An 
assessment of the sustainability and circularity performance on product level, however, requires high-
quality data and adequate assessment tools [4]. In particular, the former one is currently lacking due 
to, for example, information losses along product value chains, or lacking access to needed data, such 
as energy, emissions and waste-related data [cf. 4]. Those challenges could be taken on by 
digitalization and its respective information technologies, such as the Digital Twin [cf. 5].  

A Digital Twin (DT) is initially described as a virtual real-time representation of a physical 
product that is able to gather, contain and monitor real-time value chain and life cycle data of its 
physical counterpart [5]. In general, a DT is in need of three components that have to work seamlessly 
together; one of them being a (pre-defined) information model that abstracts specifications of the 
respective physical object [6]. Due to its prior described properties, DT technology shows promising 
potential to be employed in various fields, such as supply chain management and product life cycle 
management [7]. In addition, DT has received attention recently due to it being perceived as potential 
underlying technology of digital product passports [8], which in turn are perceived as tools to support 
the transition from a linear to a sustainable circular economy [1]. In general, digital product passports 
are described as a product’s unique identifier due to containing respective value chain and life cycle 
data [8], thus being further able to function as digital product declarations. 

The idea of digital product passports (DPP) has also caught the attention of policymakers, such 
as the European Commission, who is explicitly demanding the implementation of digital battery 
passports (DBP) in their proposal for a new regulation on batteries and waste batteries [1]. As a result, 
DBPs, in particular for electric vehicle traction batteries (EVB), are currently discussed and pursued 
by initiatives and practitioners [e.g. 9]. However, there is currently little scientific coverage with 
respect to DBPs in the context of sustainable and circular product management. Consequently, there 
is a lack of understanding with respect to data that a DBP has to provide, to support value chain 
stakeholders, or rather its users, in their sustainable battery management efforts. To address this 
currently existing research gap, this work pursues the following question: What kind of data should 
a digital battery passport’s underlying information model contain to support its users in their 
sustainable battery management efforts? 

The paper at hand provides a preliminary conceptual information model of a DT-driven digital 
battery passport, or digital product declaration of an EVB in the context of sustainable product 
management. The term sustainable product management is defined as product management, which 
aims to minimize respective negative social and environmental impacts, whilst pursuing value chain 
loop-closing pathways to increase a product’s circularity performance. The presented concept in this 
work further provides the foundation of a comprehensive information model that may support value 
chain stakeholders in respective decision-making situations.  

2. Methods 

The preliminary conceptual information model was developed by conducting a systematic 
literature review following the PRISMA guidelines [10], as well as seeking preliminary validation by 
consulting three industry experts from an automotive engineering centre. 

The literature review was conducted to (1) identify potential users of a DBP, (2) derive potential 
use cases and respective decision-making situations, as well as (3) identify respective data needs and 
requirements. Pursuing these aspects allowed to gather information, which served as building blocks 
of the information model presented in this work. To identify suitable references, the database Scopus 
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and search engines (Google Scholar, Ecosia) were employed. With respect to selection criteria, 
publications in the English and German language, published between 2010-2021, were considered. 
The time horizon was chosen due to electric vehicles entering the mass market in 2009 [11]. 
Publications were not excluded based on their geographical context due to the global character of 
battery value chains [12]. Furthermore, publications in form of peer-reviewed journal articles (e.g., 
research articles, review papers, conceptual papers), as well as grey literature (e.g., pre-prints, reports, 
conference contributions, product specification sheets) were considered. Employed keywords are 
depicted in Table 1. 

 
Table 1: (exemplary) keywords used for the systematic literature review  

    
(exemplary) 
keywords 

“traction battery” 
AND “value chain” 

“traction battery” 
AND “supply chain” 

“lithium battery” 
AND “value chain” 

 

“lithium battery” 
AND “supply chain” 

“lithium battery” 
AND “second life” 

“battery” AND “value 
chain” 

“battery” AND 
“supply chain” 

“digital battery 
passport” 

“battery” AND “state 
of health assessment” 

“battery” AND “stathe 
of health indicator” 

 

 
The initial search, which was conducted between October 2020 and January 2021, led to an initial 

sample of 1140 peer-reviewed articles and 50 references in the form of grey literature. The initial 
sample was subjected to a screening process of titles and abstracts. Publications were excluded when 
they did not have any relation to the electric vehicle battery value or supply chain, the electric vehicle 
battery life cycle, battery second life, battery health, digital product or battery passports, or potential 
use cases and respective data needs. The remaining publications were subjected to a full-text 
screening. During the full-text screening stage, additional references were identified by following the 
snowballing principle. The overall process resulted in identifying 129 references that were used for 
developing the conceptual information model presented in this work. The prior described literature 
review process is depicted in Figure 1. After conducting the literature review, respectively derived 
information was used to develop the preliminary conceptual information model by pursuing a bottom-
up approach. Thus, aspects considered relevant by analysed literature for supporting decision-making 
situations in the context of sustainable product management were compiled. Data relevant for 
conducting life cycle assessments, purchasing decisions, maintenance operations, or end -of-first-life 
treatments serve as examples of such decision-making situations. Gathered aspects were furthermore 
grouped into main and sub-categories to structure the information model meaningfully. 

 

  
Figure 1: Literature review process following the PRISMA guidelines [10] 
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In addition, a preliminary model validation was provided by three industry experts (one project 
manager, one head of global R&D, one specialist of technical legislation). With respect to expert 
selection criteria, industry experts were considered who had affiliations to EVB-related industries and 
a minimum of five years of experience in the aforementioned industries. The three industry experts, 
who provided the preliminary model validation, fulfilled these criteria because of their affiliation to 
an automotive engineering centre that concerns itself with the development of (electric) powertrain 
systems, as well as experience of five and more years in the industry. The experts were recruited from 
the network of company partners in the authors’ research project. 

3. Preliminary conceptual information model 

The developed preliminary conceptual information model comprises four main information 
categories: (1) Battery, (2) Sustainability and circularity, (3) Diagnostics, maintenance, and 
performance, and (4) Value chain actor. These four categories, illustrated in Figure 2, further 
constitute underlying information layers containing more granulated qualitative and quantitative data 
that allows potential users to obtain more in-depth information. The information model includes a 
total of five information layers, of which Lv. 1 and Lv. 2 are illustrated in Figure 2. The information 
layers, however, do not indicate the degree of data confidentiality. A description of the information 
categories’ content and function, as well as development, is provided in the proceeding sub-sections. 
With respect to the model development, three industry experts reviewed each information category 
(details see below). 

 
Figure 2: Preliminary conceptual information model of a digital battery passport 

3.1 Battery 

When pursuing sustainable product management efforts contextualization is needed, meaning that 
the product of interest needs to be clearly identified in order to be managed. Therefore, the main 
information category Battery provides information that can be used to identify the EVB at hand. 
Information presented in this category is further divided into two sub-categories: general product 
information and specific product information (cf. Fig. 2). The sub-category general product 
information contains information on the battery type (e.g., EVB), battery chemistry, battery identifier 
(e.g., serial number, batch number), and manufacturing-related information (e.g., name of battery 
pack manufacturer, location of production site). The sub-category specific product information 
provides information on battery performance (e.g., driving range, lifespan, charging times, energy 
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consumption); battery structure specifications (e.g., dimensions, number modules, number of cells, 
employed assembly processes) with respect to pack, module and cell level; electro and 
electrochemical engineering-related specifications (e.g., energy density, power density, energy 
content) with respect to cell, module and pack level; material-related properties (e.g., type, function, 
production-related properties). 

The content of the main information category Battery was developed by consulting publications 
by policymakers, such as the European Commission, who is demanding the disclosure of a certain 
degree of product-related information [1]. Also, publications by CE-related initiatives [9], and 
material passport-related research [8,13] provided input for the concept development. In addition, 
literature with a focus on EVBs and their performance [14–16], structure [17–19], as well as DT 
technology in the context of waste electronic and electrical equipment (WEEE) [20] was consulted. 

3.2 Sustainability and circularity 

In case of pursuing the improvement of the sustainability and/or circularity performance of a 
product, value chain stakeholders require knowledge of the status quo of respective performances. 
This information may support, for example, an OEM in defining new product sustainability and 
circularity targets, as well as identifying potential levers that may be pulled to improve respective 
performances of an EVB. Thus, the main category Sustainability and circularity contains information 
related to a battery’s sustainability and circularity performance. Information presented in this 
category can be further distinguished into three sub-categories: sustainability properties, circularity 
properties, and other (cf. Fig. 2). The sub-category sustainability properties contains data that allows 
to obtain information on the environmental and social impact of the EVB of interest. Thus, this sub-
category contains respective indicators, as well as information on corresponding impact categories, 
indicator calculation methods, used inventory data in social and environmental life cycle 
assessments, as well as applied standards and impact assessment methods. In addition, this sub-
category further contains information with respect to employed material types (e.g., hazardous, 
critical). The sub-category circularity properties contains information on the EVBs circularity 
performance. This sub-category follows the same logic in terms of structure and content as the prior 
described one. The sub-category other contains underlying data that allows to derive information 
with respect to battery module and pack assembly processes (e.g., welding, gluing, wiring), product 
designs (e.g., design for recycling), as well as disassembly instructions. 

The content of the main information category Sustainability and circularity was developed by 
consulting publications by policymakers, such as the European Commission, who is setting 
sustainability and circularity performance-related targets of EVBs [1]; that describe already existing 
material passports (e.g., in the building sector) [8,13], or that illustrate the use of DT technology in 
the context of WEEE [20] and sustainable supply chain management [21,22]. In addition, literature 
on the technical specifications and structure of EVBs [19] served as inspiration.  

3.3 Diagnostics, maintenance, and performance 

To identify potential value chain loop-closing pathways other than recycling, respective value 
chain stakeholders (e.g., waste battery collectors) require information on an EVB’s health to identify 
EVB packs or modules that qualify for loop-closing pathways, such as second life pathways [1,9,19]. 
Therefore, the main-information category Diagnostics, maintenance, and performance contains data 
that allows deriving information which can be further distinguished into three sub-categories: battery 
health, maintenance history, and delivered performance (cf. Fig. 2). The sub-category battery health 
contains data that provides information on battery health-related indicators (e.g., state-of-health, 
state-of-charge, depth-of-discharge, rest of useful life). The sub-category maintenance history 
contains data that allows accessing information on maintenance and repair work that has been done, 
triggers of carried out maintenance and repair work, as well as the involved party that carried out 
respective work. The sub-category delivered performance allows to obtain quick information on the 
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so far delivered performance of the EVB at hand (e.g., charging/discharging cycles, provided range, 
provided operation time). 

This information category was developed by consulting publications by policymakers, such as the 
European Commission [1], and CE-related initiatives, such as the Circular Economy Initiative 
Deutschland [9].  Both preceding references emphasise the importance of battery health-related data 
for remanufacturing and repurposing-related stakeholders due to respective parameters being not 
allowed to fall below a certain threshold when remanufacturing or repurposing efforts are pursued 
[1,9]. In addition, literature related to battery diagnostics and battery second life [23–25], as well as 
recycling [19] was consulted for model development purposes. 

3.4 Value chain actor 

To enhance and ensure transparency along a product’s entire value chain, information on involved 
actors and their respective roles and responsibilities need to be provided. This, in turn, may also 
enhance trust between value chain stakeholders, as well as support respective decision-making 
situation. A potential EV user, for example, might be able to identify EVBs that have shorter supply 
chains, which in turn might support an EV user’s buying decision. Therefore, the main-information 
category Value chain actor provides information that can be further distinguished into two sub-
categories: general actor-related information and ownership-related information (cf. Fig. 2). The 
sub-category general actor information contains data that allows to derive information on actors that 
concern themselves with the EVB during its entire life cycle, regardless to which extent (e.g., supplier 
of active materials, manufacturer of cells, recycler). Such information is, for example, the name of 
involved actors (e.g., company name), actor type and function (e.g., supplier of active materials), 
geographical location of the value-activity (e.g., production site of cells), and actor identifier (e.g., 
trade registration number). The sub-category ownership-related information provides data that allows 
to derive chain-of-custody-related information. Thus, this sub-category provides information that 
allows to identify value chain actors’ responsibility related to the EVB. This does not only include 
responsibility of the physical product, respective components, or related services (e.g., maintenance), 
but also responsibility of sustainability- and circularity-related performances.  

The content of this information category was developed by consulting publications provided by 
policymakers, such as the European Commission who emphasises the importance of extended 
producer responsibility to enhance transparency along battery supply and value chains [1]. In 
addition, literature with focus on DT [5], as well as digitalization and sustainable supply chain 
management [21,22] was consulted. 

4. Limitations 

As one limitation, the process of conducting the systematic literature review can be named 
because potential references might have been excluded during the title and abstract screening process.  
Furthermore, the presented conceptual information model has been developed by assuming a “perfect 
world” in terms of data availability and accessibility. Even though the concept has been subjected to 
a preliminary validation by three industry experts, a full validation by a representative sample 
consisting of value chain stakeholders, who are likely to take on the role of potential data providers 
and DBP users, is still lacking. Thus, the concept outlined in this paper lacks a view through the lens 
of practical applicability.  

5. Discussion  

The conceptual information model contains information based on qualitative, as well as 
quantitative data. Next to sustainability and circularity performance-related information, the 
systematic literature review and the preliminary model validation by industry experts revealed that 
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additional information, such as product- [8,13], battery health- [1,9,11] and value chain actor-related 
information [1,21,22] is required to support value chain stakeholders in their sustainable product 
management efforts. These additional categories reflect the need for a having a detailed digital 
representation of the EVB to be managed, as only such a representation can contextualize 
sustainability and circularity performance-related information. In addition, further information is 
needed to identify and pursue potential value chain loop-closing pathways (e.g., battery second life, 
adequate recycling treatment) [9,19], as well as to further enhance the value chain’s transparency 
[21,22]. Thus, an information model with sustainability and circularity performance-related  
information only, might be a less useful tool to potential users. The conducted systematic literature 
review further allowed to identify different potential use cases for a DBP, such as decision-making 
support in early product design stages [cf. 8,13], for buying decisions [cf. 21,22], and end-of-first-life 
treatment options [cf. 8,19]. These use cases will guide further empirical and prescriptive research.  
With respect to potential data sources for the presented information model, value chain stakeholders 
are likely to take on this role. However, the question with respect to stakeholders’ willingness to 
contribute needed data remains open. In addition, some information outlined in the developed model 
might not be available at all (e.g., due to data losses along the value chain) or might be available but 
not accessible (e.g., due to confidentiality concerns) [cf. 21,22]. In addition, further barriers for DBP 
implementation perceived by value chain stakeholders need to be identified to develop solutions to 
overcome them. 

6. Conclusion and further outlook 

In this paper, a preliminary conceptual information model for a DBP of an EVB in the context of 
sustainable product management was presented. The current version of the model comprises four 
main information categories, which further comprise underlying sub-categories to provide a first 
meaningful structure of information. Due to the current lack of validation, next research steps will 
comprise the conduct of focus group workshops, as well as interviews and surveys with industry 
experts (e.g., from R&D, battery supply chain, production, and end-of life) to develop a fully 
validated conceptual information model. The validation process will aim to identify and validate (1) 
data needs and requirements, (2) availability of critical data, (3) use cases, and (4) implementation 
barriers for a DBP. The fully validated conceptual information model will be used as the foundation 
for developing a comprehensive information model.  

References 
[1] European Commission, Proposal for a Regulation of the European Parliament and of the Council concerning 

batteries and waste batteries, repealing Directive 2006/66/EC and amending Regulation (EU) No 2019/1020, 
(2020), https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52020PC0798 (accessed March 26, 
2021). 

[2] A. Buruzs, A. Torma, A Review on the Outlook of the Circular Economy in the Automotive Industry, 
International Journal of Environmental and Ecological Engineering 11, (2017), pp. 576 –580. 

[3] J.-P. Schöggl, L. Stumpf, R.-J. Baumgartner, The narrative of sustainability and circular economy - A longitudinal 
review of two decades of research, Resources, Conservation and Recycling 163, (2020), pp. 1 –22. 

[4] M. Saidani, B. Yannou, Y. Leroy, F. Cluzel, A. Kendall, A taxonomy of circular economy indicators, Journal of 
Cleaner Production 207, (2019), pp. 542–559. 

[5] F. Tao, J. Cheng, Q. Qi, M. Zhang, H. Zhang, F. Sui, Digital twin-driven product design, manufacturing and 
service with big data, International Journal of Advanced Manufacturing Technology 94, (2018), pp. 3563 –3576. 

[6] Y. Lu, C. Liu, K. Wang, H. Huang, X. Xu, Digital Twin-driven smart manufacturing: Connotation, reference 
model, applications and research issues, Robotics and Computer-Integrated Manufacturing 61, (2020), pp. 1–14. 

[7] D. Jones, C. Snider, A. Nassehi, J. Yon, B. Hicks, Characterising the Digital Twin: A systematic literature review, 
CIRP Journal of Manufacturing Science and Technology 29, (2020), pp. 36–52. 



Resource Efficient Vehicles Conference – rev2021 

  
  
  

[8] M. Heinrich, W. Lang, Materials Passports - Best Practice, (2019), https://www.bamb2020.eu/wp-
content/uploads/2019/02/BAMB_MaterialsPassports_BestPractice.pdf (accessed March 26, 2021).  

[9] Circular Economy Initiative Deutschland, Ressourcen- schonende Batteriekreisläufe (2020), 
https://www.acatech.de/publikation/ressourcenschonende-batteriekreislaeufe (accessed March 26, 2021). 

[10] D. Moher, A. Liberati, J. Tetzlaff, D. G. Altman, Preferred reporting items for systematic reviews and meta-
analyses: The PRISMA statement, BMJ 339, (2009), pp. 332–336. 

[11] R. Reinhardt, B. A. Garcia, L. C. Casals, S. G. Domingo, Critical evaluation of European Union legislation on 
the second use of degraded traction batteries, International Conference on the European Energy Market, 2016. 

[12] A. Mayyas, D. Steward, M. Mann, The case for recycling: Overview and challenges in the material supply chain 
for automotive li-ion batteries, Sustainable Materials and Technologies 19, (2019), pp. 1–13. 

[13] M. Honic, I. Kovacic, G. Sibenik, H. Rechberger, Data - and stakeholder management framework for the 
implementation of BIM-based Material Passports, Journal of Building Engineering 23, (2019), pp. 341–350. 

[14] D. Stampatori, P. P. Raimondi, M. Noussan, Li-ion batteries: A review of a key technology for transport 
decarbonization, Energies 13, (2020), pp. 1–23. 

[15] M. Philippot, G. Alvarez, E. Ayerbe, J. Mierlo Van, Eco-Efficiency of a Lithium-Ion Battery for Electric 
Vehicles : Influence of Manufacturing Country and Com modity Prices on GHG Emissions and Costs, Batteries 5 
(1), (2019), pp. 1-23. 

[16] W. Chen, J. Liang, Z. Yang, G. Li, A review of lithium-ion battery for electric vehicle applications and beyond. 
Energy Procedia  158, (2019), pp. 4363–4368. 

[17] D. Coffin, J. Horowitz, The Supply Chain for Electric Vehicle Batteries The Supply Chain for Electric Vehicle 
Batteries Journal of International Commerce and Economics | 2, Journal of International Commerce and 
Economics (2018), pp. 1–21. 

[18] A. C. Jussani, J. T. Coulter Wright, R. K. Motomatsu, Battery global value chain and its technological 
opportunities for electric vehicle in Brazil, EVS 2017 - 30th International Electric Vehicle Symposium and 
Exhibition 14, (2017), pp. 333–338. 

[19] Y. Bai, N. Muralidharan, Y. K. Sun, S. Passerini, M. Stanley Whittingham, I. Belharouak, Energy and 
environmental aspects in recycling lithium-ion batteries: Concept of Battery Identity Global Passport, Materials 
Today 41, (2020), pp. 1–12. 

[20] X. V. Wang, L. Wang, Digital twin-based WEEE recycling, recovery and remanufacturing in the background of 
Industry 40, International Journal of Production Research 57, (2019), pp. 3892 –902. 

[21] M. Kouhizadeh, S. Saberi, J. Sarkis, Blockchain technology and the sustainable supply chain : Theoretically 
exploring adoption barriers, International Journal of Production Economics 231, (2021), pp. 1-21. 

[22] S. Saberi, M. Kouhizadeh, J. Sarkis, L. Shen, Blockchain technology and its relationships to sustainable supply 
chain management, Interna tional Journal of Production Research 57, (2019), pp. 2117–2135. 

[23] R. Xiong, L. Li, J. Tian, Towards a smarter battery management system: A critical review on battery state of 
health monitoring methods, Journal of Power Sources 405, (2018), pp. 18–29. 

[24] M. Lipu, M. A. Hannan, A. Hussain, M. M. Hoque, P. J. Ker, M. Saad, A review of state of health and remaining 
useful life estimation methods for lithium-ion battery in electric vehicles: Challenges and recommendations, 
Journal of Cleaner Production 205, (2018), pp. 115–133. 

[25] L. Canals Casals, M. Barbero, C. Corchero, Reused second life batteries for aggregated demand response services, 
Journal of Cleaner Production 212, (2019), pp. 99–108. 

 


