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1. Introduction

In order to arrive at a truly sustainable society, we must shift
from a Linear to a Circular Economy. This is, for instance, de-
scribed in the EU’s Circular Economy Action Plan (CEAP [1]).
For this to work, exchanging information among the various
stakeholders – from production over use, repair, remanufactur-
ing and ultimately recycling a product – is crucial. Hence, one
key instrument for the implementation of the Circular Econ-
omy is the Digital Product Passport (DPP), as envisioned in the
Ecodesign for Sustainable Products Regulation (ESPR [2]). The
DPP is designed to serve as an information hub for all stake-
holders in the Circular Economy.

Currently, the earlier lifecycle phases like production and us-
age are well understood from a DPP perspective: Which infor-

mation does a consumer require, for instance, to be able to make
an informed decision on whether to buy a specific product or
rather consider an alternative? The later lifecycle phases, like
repair, remanufacturing, refurbishment or recycling, however,
are less in the focus at the moment, although they can probably
benefit most from the DPP: If the DPP provides, for instance,
information on how to disassemble or repair a product, this can
greatly ease the work of the stakeholders concerned with these
tasks. What is lacking, at the moment, is a coherent end-to-end
process that makes the adoption of the DPP feasible over all
lifecycle phases, including product end-of-life.

In this paper, we present a multi-stakeholder DPP concept
and implementation along with a platform for the structured
sharing of information. It makes use of the Asset Administra-
tion Shell (AAS), an information (meta-)model rooted in manu-
facturing, but not yet widely used during later lifecycle phases.
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are captured in an interoperable way based on DIN SPEC 91474, which will facilitate automatic documentation for regulatory purposes in the
future. Our approach is a forerunner in the sense that it uses the DPP and the AAS for end-of-life management.
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Fig. 1. The DLCP facilitates communication in the Circular Economy.

We demonstrate on an e-waste sorting use case how all stake-
holders can benefit from a DPP based on AAS and hence that
AAS is well suited for end-of-life processes. We also show
how to perform life cycle assessment (LCA) and how to write
back LCA results in an interoperable way based on DIN SPEC
91474. We call our flavor of DPP the Digital Lifecycle Pass-
port (DLCP) as it explicitly caters to end-of-life processes (see
Figure 1).

This paper is structured as follows: Section 2 discusses re-
lated work, Section 3 introduces the usecase and shows how it
guides the development of the DLCP, its platform and the AI-
based waste sorting mechanism. Section 4 sketches a method
to perform LCA based on the DLCP and shows how to capture
the results in AAS format in a standardized way, and Section 5
concludes the paper.

2. Related Work

2.1. Digital Product Passport & Platform

From a legal perspective, the DPP is being shaped in several
regulation documents and directives, the most prominent being
the European Green Deal [3] and the Circular Economy Action
Plan [1]. The first mandatory DPP is planned for batteries. The
European directive calls for the establishment of an electronic
exchange system and a DPP (or ”Battery Passport”) for every
industrial battery and traction battery with a capacity of more
than 2 kWh [4].

From an implementation perspective, several endeavors ex-
ist that are concerned with DPPs or similar concepts (see [5]
for a comprehensive overview). Some pursue a cross-sectoral
approach [6, 7, 8], while others are conceptualized in a sector-
oriented way [9, 10]. All of them are either at the conceptual
level [11], in a prototypical stage [12, 7] or are being tested in
first pilots on the market [13]. The solutions range from PDF
files that are sent to a stakeholder upon request [12] to solutions
that can be accessed via an API and provide different output
to different (human and machine) actors. Solutions based on
the Asset Administration Shell (AAS) [14] are of particular in-
terest here, since this solution builds on a solid technical base
originating from Industry 4.0. Furthermore, it is advocated by

a growing number of parties [15, 16]. However, it is not yet
established for end-of-life processes.

2.2. AI-based Sorting

According to the Global E-waste Monitor [17], approxi-
mately 53.6 million metric tons of e-waste were produced in
2019. Due to the complex components of e-waste, the sorting
processes are usually ineffective and recycling rates are quite
low. Hagel [18] states that the overall gold recycling rate from
e-waste reached only 33%. In this case, sensor-based sorting
is utilized to improve the performance [19, 20]. State-of-the-
art sorting machines are equipped with sensors such as near-
infrared, visible spectrum, ultra-violet or magnetic induction.
Sensor fusion object detection refers to the integration of data
from multiple sensors in order to enhance the accuracy and ro-
bustness of the detection. Further, object detection allows to ex-
tract devices containing gold, leading to an increased gold re-
cycling rate. Various sensor fusion approaches and techniques
have been proposed, considering different levels of fusion [21].
Choosing the right architecture depends on factors like the types
of sensors and the available computational power [22].

2.3. End-of-Life Assessment

There are a variety of assessment frameworks and guide-
lines to assess the greenhouse gas emissions (GHG) of prod-
ucts, services and organizations. The most prominent examples
are the life cycle assessment for products and services based
on [23] and [24]; the Product Environmental Footprint (PEF)
[25] for products; and the Organisational Environmental Foot-
print [25] and GHG Protocol Corporate Standard [26] for orga-
nizations. The assessment of GHG emissions, regardless of the
application field, requires trained experts due to the modelling
and data acquisition complexity. In the field of waste manage-
ment, the EASETECH software enables assessing complex pro-
cesses handling heterogeneous material flows [27]. To facilitate
GHG emission assessments, there are also user-friendly tools
for non-experts on LCA, such as ecocockpit [28] for organi-
zations and CYCLOPS [29] for stakeholders of the recycled
plastics industry. However, there is still the need to develop a
user-friendly tool for non LCA-experts to support stakeholders
handling small electrical and electronic appliance waste.

3. Materials and Methods

3.1. Use Case: Sorting of Small Electrical Appliances

To demonstrate the capabilities of the DLCP, it is applied to
the sorting task of waste from electrical and electronic equip-
ment (WEEE) (see [7] for details) – more precisely, small
household appliances and small devices of information and
communications technology from the German collection group
5. Currently, the devices are manually sorted for individual
treatment processes by specialized companies. A goal for the
combination of DLCP and AI-based sorting is to automate the
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labor-intensive manual sorting process. The DLCP is used to
provide information about the contents and therefore treatment
requirements for WEEE devices. It is implemented in an AI-
supported sensor-based sorting machine to demonstrate the sup-
port of end-of-life treatment with these technologies. Hence,
the DLCP adds information to the sensor data. The sorting ma-
chine is part of a pilot plant located at the German research
institution Fraunhofer IWKS with different processes in a small
industrial scale. Five categories of devices were selected for the
trials, consisting of smartphones, key-operated mobile phones,
digital cameras, routers, and batteries. The sorting machine sep-
arates the material stream in one passing (pass/reject) and one
ejected (eject) fraction. Two sorting steps are necessary: In the
first sorting step, all devices that require manual pollutant re-
moval are ejected. The second step separates all devices that
contain components too valuable for mechanical treatment. The
devices are fed into the sensor-based sorting machine (Figure
2) via a vibration feeder and accelerated on a conveyor belt.
They pass 3 different sensors: First, an inductive sensor mea-
sures the conductivity of particles, detecting metals and other
conductive materials. Then, a hyperspectral near-infrared (NIR)
camera distinguishes material characteristics of polymers, such
as plastics, paper, or wood. An optical line scan camera then
records RGB data.

Fig. 2. Representation of mass flow and information flow in the WEEE sorting
use case.

In this usecase, the data flow is as follows (see Figure 2):
Data from the RGB camera flows into a neural network-based
object detector (SSD512), connecting the physical system of
the sorting machine and the virtual object detection (1) – cf.
Section 3.3. This network recognizes the type of each device,
linking the physical objects on the conveyor belt to their digi-
tal representation in the DLCP (2). The sorting system can then
query information about the critical components and material
composition of the device from the DLCP. This information is
analyzed according to the specific sorting task (3). If it matches
the criteria, a signal is sent to the ejection system, opening
valves to send a jet of compressed air, ejecting the object from
mid-air after leaving the conveyor belt (4).

3.2. DLCP for Smartphones & Platform

As mentioned above, the goal of the DLCP is to create a
structured way to store and retrieve information for multiple

Fig. 3. AAS for smartphone.

stakeholders. For this purpose, a cloud-based platform has been
developed (see [30] for details). This platform provides role-
based access to the DLCP for all stakeholders. It can be used
by humans and machines (like the waste sorter in our usecase).
Information is structured in AAS based on so-called Submod-
els. An example AAS for a smartphone is depicted in Figure
3.

We conducted an evaluation of the platform with 20 indi-
viduals from an engineering background, encompassing disci-
plines such as computer science, mechanical engineering, and
industrial engineering. The majority of participants possessed a
basic familiarity with Digital Twins, and they were able to com-
prehend the platform’s concepts efficiently and navigate to per-
form various tasks. Participants generally considered the sys-
tem to be intuitive and user-friendly after overcoming the ini-
tial learning curve. However, concerns were raised regarding
data security, and there is a perceived need for more robust fil-
tering and search options. Some participants expressed positive
feedback regarding the incorporation of sections for product life
cycle assessment and recognized the value in utilizing AAS for
DPPs. With regard to the user interface (see Figure 7), the par-
ticipants expressed a desire for a more modern, intuitive design,
clearer visual feedback, and streamlined interaction elements.

3.3. AI-based Sorting

Two different approaches for sensor fusion object detection
are utilized for sorting: Concatenation and Image Mirroring.
The first approach concatenates image data with data from a hy-
perspectral near-infrared camera (NIR) and an inductive sensor
(5-B). The second approach relies on a specific combination of
NIR and inductive sensor data to simulate the structure of image
data containing three channels (RGB). In this Siamese architec-
ture, which can be considered a twin network, the models are
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Fig. 4. Overview of the end-of-life assessment method concept. (a) Use of data from the DLCP to feed the assessment tool; (b) Overview of the methodological
choices to build the assessment method.

trained simultaneously with shared weights, enabling them to
collectively learn and represent the data effectively (5-C). Fig-
ure 5 illustrates the base model (5-A) besides two sensor fusion
approaches (5-B and 5-C).

Fig. 5. Model Architectures

The two sensor fusion approaches, Concatenation and Im-
age Mirroring, improve the mean average precision (mAP) from
0.777 (baseline model) to 0.859 and 0.841, respectively. The re-
sult shows that the integration of multi-sensor data can improve
the object detection significantly (see [31] for details).

The time passing from gathering sensor data and ejecting
the objects meeting the sorting requirements in commercial sys-
tems is rather low (< 100 ms). A sorting system that runs at an
industrial scale needs suitable hardware to fulfill the machine
learning model decisions in a short time and also be consistent
in its object classification. Newly designed systems might con-
sider a longer distance between sensors and ejection nozzles to
make sure that the neural network has enough time to classify
as many objects correctly as possible.

3.4. Writing back Sorting Data into Cloud

Interaction with the cloud platform is not limited to a user
interface, but can also be achieved via a REST API. An edge
system deployed on the sorting facility can retrieve the neces-
sary information and utilize it for sorting decisions (see Figure
2). Additionally, data related to the sorting process, such as en-
ergy consumption, duration, and waste processing methods, can
be written back to the DLCP and be used by other stakeholders.

4. End-of-Life Assessment

The DLCP provides a variety of possibilities to boost the
Circular Economy. We propose the concept of an assessment
method to be integrated into a tool for non-expert LCA users
to support decisions at the end-of-life stage using data provided
by the DLCP. The assessment method has been first conceptu-
alized for stakeholders treating smartphone wastes and waste
brokers [32]. Currently, waste brokers are mediators, matching
waste management companies with waste producers, so that the
waste producer fulfills waste management obligations. With the
transition to a circular and digitalized economy, waste brokers
will process a higher amount of data and information, not only
mediating but finding out the best waste management options
with the least potential environmental impacts. Hence, our end-
of-life assessment method has the potential to provide decision
support to waste brokers.

Our assessment method addresses the following question:
“According to which ”basket of goods” should the sorting for
small electrical appliances, specifically, smartphones, be opti-
mised based on Global Warming Potential?” From the discus-
sion with potential users, the following criteria for the develop-
ment of the assessment method were derived: Comparability:
The assessment should enable the comparison of GHG emis-
sions by the change of the baskets after sorting; Simplicity:
The assessment should lead to the identification of optimisation



Christiane Plociennik  et al. / Procedia CIRP 122 (2024) 831–836 835

LCAResult

Description: String

Name: String

Manufacturer: String

ArticleCategory: String

ComponentComment: String

LifecycleAssessmentMethod: String

Result

Result: Double [1..1]

ResultUnit: String [1..1]

ResultScalingDim: String [1..1]

ResultCategory: String [1..1]

0..*

GeneralAspects

ReportFile: File

ReportInformation: String

ReportAuthor: String [1..1]

ReportDate: DateTime [1..1]

ConsideredStandards: String

1

ImpactAssessmentInformation

LCAReview: String

ResultComment: String

DataValidity: String

LCASoftwareName: String

LCASoftwareVersion: String

LifecycleInventory

DataSource: String [1..1]

DataType: String [1..1]

ResultLCIDataset: String [1..1]

Allocation: String

DataQuality: String

ScopeOfAssessment

LifecycleStage: String [1..1]

Location: String

Time: String

SystemFlowchart: File

ComponentRelationship

PartOf: Reference [0..*]

ConsistsOf: Reference [0..*]

0..1 1

1

0..1

Fig. 6. UML diagram for LCA result based on DIN SPEC 91474.

possibilities in waste treatment with a reasonable effort; Con-
servatism: The assumptions and ultimately the results need to
be conservative, i.e. the savings quantities are not overestimated
by arbitrary assumptions. The specification of the assumptions
plays a central role and must be documented; Standardization:
The assessment method requires a high degree of standardisa-
tion, both in terms of the calculation steps and the underlying
assumptions and data used; Flexibility: The assessment method
should be supplemented and expandable in its consideration of
possible disposal routes and substitution assessments; and Cus-
tomizability: It should be possible to deviate from the specifi-
cations and reference values for one’s own purpose.

Based on the above-mentioned criteria, the concept of the
assessment method was developed (see Figure 4). It allows the
user to create his/her own waste management alternatives and
compare them with regard to potential greenhouse gas (GHG)
emissions. The results of each scenario are presented as a color
scale: red means that the results are worse than the baseline
alternative, green means better. Based on data provided by the
DLCP and data provided by the user, different scenarios can be
compared with regard to potential GHG emissions (Figure 4a).

The assessment method has been designed mainly for waste
brokers and sorting facilities treating smartphone wastes as
first potential users. Therefore, the available options in the
assessment method include: materials and components (e.g.
glass, metals, plastics, batteries; auxiliary materials); sorting
processes (NIR based sorting, wind sifting and shredder); re-
cycling processes (e.g. hydrometallurgical process; pyrometal-
lurgical process; refining, cast-alloy; remelting, wrought alloy;
refining non-metallurgical); energy recovery and final disposal
(Figure 4b). In a next step, the method can be extended to in-
clude other stakeholders, e.g. at the design stage of a product.

Fig. 7. LCA result in web application user interface.

4.1. Interoperable Life Cycle Assessment Result

A uniform presentation of environmental product data is a
crucial prerequisite for evaluating products based on their envi-
ronmental impact. DIN SPEC 91474 [33] serves as the founda-
tion for our modeling, enabling interoperable information ex-
change. Figure 6 shows the derived UML diagram, which is
then modeled as an AAS Submodel. Within our cloud applica-
tion, we perform an LCA using openLCA [34], and write back
the calculated results based on the created template, as depicted
in Figure 7.

5. Conclusion and Outlook

In this paper, we have shown how to use our multi-
stakeholder DPP concept and implementation based on the As-
set Administration Shell, the Digital Lifecycle Passport, for
end-of-life management. We have employed it for the sorting
of e-waste, sketched a process for LCA based on the DLCP,
and shown how the DLCP can be employed for capturing the
LCA results in a standardized, interoperable format based on
DIN SPEC 91474.

The evaluation of the platform provided valuable insights
into the usability and challenges of the system. While users gen-
erally found the platform easy to use, some expressed concerns
about the complexity of the LCA part and suggested improve-
ments to make it more user-friendly for daily business.

The idea of a comprehensive DPP such as the Digital Life-
cycle Passport designed here, whose data is also available to
those involved in the end-of-life of a product and can be used
(e.g. via AAS), is an important step towards the Circular Econ-
omy. Companies from the waste management sector can thus
act and document more effectively, transparently and in a more
targeted manner, as is also shown conclusively on the basis of
the usecase. This way, information can be created and made
available for all parties in the life cycle of a product. Findings
from the treatment of the product at the end-of-life allow con-
clusions to be drawn that could, for example, contribute to a
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more circular product design or be used to control and improve
the environmental impact of a product.

Once a product has reached the end of its life, the question
arises of how to deal with the waste. Of course, data from a DPP
can influence this decision. Specific information is needed to
choose the most appropriate treatment method in terms of sus-
tainability and economic efficiency. Here, end-of-life specific
extensions or even additional Digital Passport systems could be
helpful. For example, a Resource/Material Passport could be
used to anticipate the quantities of secondary raw materials that
can be generated and compare them to other treatment methods.
The process and efficiency of these options could additionally
be documented by a Process Passport for further use.
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