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Abstract. Sustainability these days is required more than before. Resources are
becoming rare goods, the pollution of air and water rises. Modern mechatronic
systems consist of a high variety of components and materials and achieved high
market penetration in recent years. As a result, the percentage of such systems of
the total waste per year rises. The worldwide e-waste in 2019 made 53,6 million
tons, an increase of 9,2 million tons, compared to 2014 (Global E-waste Monitor).
That suggests that the problem of recycling gets more complicated and the risk of
an increase of pollution will be higher in future. To handle this challenge, innova-
tive concepts are required. The need of an efficient recycling must be considered
much earlier than today. Lifecycle phases (Conceive, Design, Realize, Service,
Reuse) show high efficiency in their procedures and tools, used to ensure quality
and shorter cycle times. The aspect of sustainability today is not considered over
the entire lifecycle. This paper highlights a concept, where different facets of a
digital twin within the product lifecycle could create added value for the sustain-
ability. A decomposition-simulation e.g., coming from development, supporting
the recycling procedure, or a traceable data-model, including material-data of the
product helping to identify the needed recycling steps. Therefore, the associated
efforts of further facets in different steps of the lifecycle are compared to the ben-
efit, given by a traceable application of a digital twin. This concept defines the
Digital Green Twin, which is shown using consumer electronics industry as an
example.
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1 Introduction

Today the environmental and climate protection gets increasingly interesting for pop-
ulation [1, 2]. For two-thirds of humanity the climate and environmental protection is
one basic challenge in future. The rising awareness for these topics is also reflected in
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legislation. One example is the directive for waste of the European Union from 2008
(directive 2008/98/EG) where the basics of product responsibility was defined. Accord-
ingly, manufacturers are obliged to take back and dispose returned products after the use
phase [3, 4]. Therefore, the need to design sustainable products over the entire product
lifecycle arises in many companies to meet the increasing requirements of society and
legislation.

At the same time,modern systems and products becomemore complex.Mechatronic
and intelligent systems consist of different domain specific components like software,
hardware or electronic. All components are integrated in these systems, so that the com-
ponents of one single system already need to be recycled in different ways. Different
plastics and metals e.g. must be recognized and separated. Different requirements, com-
ing from user and market lead to a higher variety in modern products so that even one
product has to be recycled in many ways regarding the varieties.

It is challenging to decompose the products and dissolve the materials in an efficient
way. The recycled raw materials must be competitive with new materials regarding cost
and quality. Recycling technologies need to be economically efficient to be attractive
for companies [5]. The design of products and material compounds determine the com-
plexity. Optimizing the recycling process is important to regain a large amount of the
recyclable materials, such as metals and rare earths [6]. Due to the scarcity of resources,
the rawmaterials becomemore valuable and the prices will increase. That makes it more
important to close the loop for a sustainable circular economy [5]. However, the price
development for recyclable materials is uncertain, which makes it difficult to calculate
the recycling costs [7]. There is a huge potential for improvement in the development
and optimization of recycling technologies [5, 7]. Beside the complexity of recycling
processes, the amount of waste has to be taken into account. There are 2,01 billion
tons of waste generated worldwide per year [8]. Innovative systems are characterized
by mechatronic components. These systems belong to the electronic waste. The global
E-waste monitor summarizes the total amount of waste each year [9]. For 2014, the
monitor shows an amount of 44,4 million tons of E-waste, which made an amount of
6,4 kg per criteria. In comparison the amount of 2019made 53,6 million tons of E-waste,
which was 7,3 kg per criteria. It becomes clear, that the share of E-waste has increased
by nearly 24% in the last years [9]. Furthermore, the monitor points out, that only 17,4%
of this waste is recycled, what means, that 82,6% of the waste flows are not recycled or
documented properly. The forecast shows an increase of the global waste amount with
74,7 million tons per year in 2030 [9]. Today’s approaches and processes are overloaded
by regarding these developments.

Summarized, there are different challenges to be faced. The rising complexity of
systems, which goes along with variant materials and components, the rising amount of
waste, and the actual recycling approaches should be reconsidered and thought in a sus-
tainable way. As a first step, there is a need for transparency over the entire Product Life-
cycle to identify sustainability potentials. This transparency is additionally demanded
by the German Federal Ministry for the Environment, Nature Conservation and Nuclear
Safety [10]. Transparent product data should serve to optimize production, use and recy-
cling of products in form of a digital product passport, which could represent a basis for
a digital twin. The publication underlines additionally the need of innovative approaches
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for a holistic consideration of transparency in different phases of the product lifecycle.
Therefore, this paper highlights the concept of the Digital Green Twin. Different facets
of digital artifacts collectively form the twin, which creates added value for modern recy-
cling processes. Based on the example of a refrigerator, these benefits are highlighted
within a canvas for the Digital Green Twin. Different phases of the product lifecycle are
considered, especially regarding the digital artifacts used within the phases.

2 Research Methodology and State of the Art

As part of the research methodology, the current state of the art was examined. In
addition to a general literature review, first findings were identified using the literature
database Scopus [11]. The first analysis shows that the Digital Green Twin is not yet a
popular publishing field. In the last 20 years, no publicationwas found including «Digital
Green Twin» in the search string (title, abstract, keywords). Only one publication from
Fraunhofer IPK on a Sustainable Twin is to be mentioned. It deals with a «Life Cycle
Sustainability Assessment by Means of Digital Lifecycle Twins» [12].

For this publication, a three-step approachwas selected here. These results are shown
in Fig. 1. In the first step, the results based on the search string «Digital Twin» were
analyzed. This named term has to be included in the title, abstract or keywords. All
publications entered inScopus in the subject areas «Engineering», «Computer Sciences»,
«Energy», «Materials Science» and «Environmental Science» were examined. In total,
more than 2700 publications on the topic «Digital twins» were published between 2000
and 2020. The number of publications has increased significantly, especially in the
last three years (321, 912, 1324). 70% of these publications were in the subject area
«Engineering».

In the second step, the analysis was carried out for the subject area «Circular Econo-
my». More than twice number of publications (6765) were identified in the last 20 years.
As for Digital Twin, there is also an increase but a smaller one in the last three years
[1016 (2018), 1628 (2019), 2411 (2020)]. Only 37% of the publications were written in
the subject area of «Engineering».

Of importance are publications that focus on both the «Digital Twin» and «Circular
Economy» topics. The following word combinations were analyzed: «Digital Twin &&
Circular Economy» and «Digital Twin && Sustainability». The first publication on this
word combination is found in 2017. Between 2017 and 2020, a total of 58 publications
were published. 60% of these publications were placed in «Engineering».

The two essential aspects used in the analysis are the Digital Twin and Circular
Economy. Therefore, the state of the art is examined in the following section.

Digital Twin: There is no unified understanding of the digital twin. Basically, the con-
cept of a twin was first used by NASA, which used a twin-mockup of the rocket that
flew to space. The twin was used to perform tests, based on the surrounding conditions
of the rocket in space. The digital twin was defined by Grieves in 2003 at University
of Michigan course on Product Lifecycle Management and published in various papers
[13, 14]. Grieves defined the digital twin as a digital representation of tangible or intan-
gible objects or processes, which are independent from the real object. This approach
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Fig. 1. Publications of «Digital Twin», «Circular Economy» und «Digital Twin&&Sustainability
OR Circular Economy» (Scopus, 01/2021)

distinguishes between the real and the virtual space. The digital twin consists of inter-
connected data and models. Data could be represented as system parameters, test data
or other data that refers to the system. Models could be software- or simulation models
or in case of approaches like Model Based Systems Engineering any others. In case of
model-based development of mechatronic systems there are several examples, e.g. [15].
The virtual space is linked to the real space by extracting data, but the presence of the real
space is not mandatory. In case of a development process e.g., the conception of the later
product is often performed by using simulation models, before a real prototype is built.
The vision of a digital twin is, that all the models and data are continuously and con-
sistent linked over a products lifecycle, so that transparency and traceability are given.
Chatti et al. provide another definition of a digital twin, that represents a digital image
of a product and contains virtual models and data from various product lifecycle phases
[16]. Applications of a digital twin could be the simulation or, as given by Uhlemann
et al., the optimization of a production process. The different steps of the production are
simulated and forecasted, so that logistic actions could be planned more precisely [17].
Further applications of digital twins in design are shown by Tao et al. [18], like real time
data-acquisition during manufacturing based on the digital twin. Summarized, there are
lots of applications of digital twins to optimize different phases of a product lifecycle.
Common to all is the digital link between the artifacts, which create transparency and
traceability.

Circular Economy: The concept of a Circular Economy is based on the idea of finite
and limited resources and was first mentioned in 1989 by Pearce and Turner [19]. The
intention of a Circular Economy is to set up a restorative or regenerative industrial
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system, which eliminates the production of waste and focusses on a renewable concept.
Maintaining the value of products, materials and resources is the key aspect of a Circular
Economy compared to a traditional linear economy [20]. Therefore, materials and prod-
ucts are recycled, reused, refurbished, and repaired as far as it is possible [19, 20]. This
can be accomplished by using regenerative energy resources and leads to a minimiza-
tion of waste [20]. By implementing a Circular Economy based on the cradle-to-cradle
principle, the transformation towards an overall sustainable, resource efficient economy
can be achieved. This also benefits the environment, due to less pollution of the waste
[20].

3 Definition of a Digital Green Twin

Today there is no specific approach or definition for a Digital Green Twin in the state of
the art. In the context of this paper, the following definition for a Digital Green Twin is
proposed and used in reference to existing definitions for digital twins [13, 14, 16]:

TheDigital Green Twin (DGT) is a digital image of a product or service. It contains
and connects virtual models and data that include all important environmental
and sustainability aspects from various product lifecycle phases. The goal of the
DGT is to transparently present sustainability potentials and to optimize recovery
processes.

Considering the initial situation presented above, the overall objective of the concept
is to design a DGT canvas, that faces the challenges shown. These can be derived from
the fields of action digital twin and sustainability. Basically, there are three fields and
associated goals:

Subgoal 1 - Use Cases of a DGT over the Product Life Cycle: For the expansion of
future market services, the diverse use cases of a DGT must be identified and structured
based on existing applications of a digital twin. Legal requirements and guidelines must
also be considered. Knowledge about the technical possibilities of a DGT enables the
derivation of feasible use cases. The analysis should cover all phases of the Product
Lifecycle and consider the essential, current regulations and guidelines. The individual
use cases are to be evaluated in terms of their requirements for corporate structures.

Subgoal 2 - Design of a Canvas: Based on the structured use cases, an architecture for
an overall solution will be developed, which corresponds to a reference architecture for
a DGT. Requirements of and synergies between the use cases will be derived for the
technical realization. Components of the reference architecture are e.g. a data model as
well as the necessary IT infrastructure.

Subgoal 3 – Procedure Model: Based on the use cases and the canvas, a processmodel
is to bemade available to interested stakeholders. This process model enables systematic
guidance on the integration and implementation of the DGT in e.g. corporate structures.

In summary, this will lead to a more efficient, sustainable product creation process
as well as a green Product Lifecycle. In particular, the benefits for recycling should be
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emphasized here. The concrete experience gained in implementing and integrating the
canvas of the DGT forms the basis for further integration of sustainability potentials in
the Product Lifecycle Management landscape.

4 Canvas and Procedure Model of Digital Green Twin

Based on the previously presented definition of the DGT, the following chapter shows a
canvas of the DGT. For this canvas, existing approaches from the field of the digital twin,
e.g. [21], are combined with sustainability aspects. Presented in Fig. 2, the individual
processes or stages of a typical product life cycle form the basis of the canvas. The
processes were selected based on ISO 24748-1 [22]. Existing IT systems and tools that
are typically used in the individual Product Lifecycle stages in engineering are listed
under these processes [23]. Thus, e.g., authoring tools such as a specific requirements
management tool are used in the product design stage. The IT systems and tools described
are used to generate results or outputs in the form of artifacts during the activities
in the individual Lifecycle processes. For the requirements management example, a
requirement list in Excel could be an artifact. In the final part of the DGT canvas,
sustainability potentials are presented that extend the classic canvas of a digital twin. The
sustainability potentials result from the consistent use of the virtualmodels anddata of the
individual product lifecycle stages. The specific potentials are documented in the form of
fact sheets, in which single use cases are also described. A sustainability potential for the
example of requirements management is, for example, the use of substance compliance
data during the creation of requirements. Already in this early development stage, it can
be ensured that only materials and substances are used that fulfill substance compliance
guidelines.

Physical simulation, as part of themodel-based development, is an effective approach
for development processes.Within this approach there are physical models built from the
system of interest. In case of this paper, the simulation of the refrigerator is performed
by modeling e.g. the compressor of the heat pump, the thermal simulation of the cool-
ing behavior or the logical simulation of the control software. All these sub-models are
simulated within a system-simulation, to analyze the interactions of the different com-
ponents of the refrigerator. These physical models, as part of the digital twin already
contain system parameters andmaterial properties of the refrigerator, which could create
added value for the recycling process and shorten the recycling steps The refrigerant e.g.
does not have to be identified before recycling, when adding the simulation models to
the Digital Green Twin. Some of these models must be enriched with further informa-
tion. This could evoke additional effort in the development phase, but simultaneously
optimize the recycling. The effort of adding information to simulation models is slight,
compared to the benefit for recycling, and most of the information is already included.
In this example, the simulation models from the development process already contain
material data and fluid data, which could be used without additional effort. Using this
information e.g. saves the time for the recycler to find out which material used.

Further aspects of the DGT are artifacts of the integration phase. Verification and
validation deliver a lot of test data, which could enhance the DGT. The refrigerator is



554 J. Michael et al.

Fig. 2. Canvas of Digital Green Twin based on [20]

subjected to different tests. Mechanical tests, where the mechanic parts like the move-
ment of the door and the handle are tested. Mechatronic tests also deliver a lot of data,
like a Hardware-in-the-Loop test [24], which could be used. Furthermore, the materials
are tested, often in form of long-term tests und various conditions. These tests and results
provide information, which could be integrated in the DGT. Material data is, as said, the
most beneficial information for recycling and simplifies the process. When producing
modern products, the bill of materials (BOM, mBOM, xBOM) often is used to describe
the parts, which have to be assembled. These lists and the assembly instructions of the
products are further artifacts, which bring time-benefit for recycling by adding them to
the DGT. Today there are assembly simulations, used to simplify the assembly. These
simulations often originate from design phase, based on the product structure. In case
of the refrigerator the mounting of each component could be simulated and visualized.
These simulations could also be used beneficially in recycling. The model enables to
perform disassembly-steps, so that the refrigerator could easily be disassembled into the
different components, the compressor, the door, the insulation etc.

These examples given already show, how different artifacts could offer added value
for recycling. To reach a holistic approach for integrating a DGT, the canvas for the
DGT offers a structure to gather the necessary information and elements. Furthermore,
to implement the DGT, a procedure model is required. This procedure model supports
the detection of potentials and the implementation of a DGT.

The procedure model for the development and integration of a DGT is shown in
Fig. 3. It consists of four phases in a sequential order with specific tasks and a defined
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result in every phase. This procedure leads to a DGT, which can be approached step by
step.

Fig. 3. Procedure model for development and integration of Digital Green Twin

Phase 1 – Identification of Potentials and Benefits: The process starts with the iden-
tification of potentials in existing use cases and benefits, where future applications,
operations and values of the DGT are considered. The relevant sustainability aspects are
collected, and all legal regulations and guidelines must be identified in the first phase.
The potentials are transferred to the Product Lifecycle and as a result the applications
of a DGT are defined.

Phase 2 – Requirements Analysis: In the next step a requirement analysis is done by
identifying and analyzing the company-specific requirements, the design requirements
and the implementation requirements, which result in a catalog of several requirements.

Phase 3 – Development of a Canvas: Afterwards a canvas of the DGT is developed
by linking the applications with artifacts and IT Systems. A data model is derived with
consideration of the requirements catalog.

Phase 4 – Implementation of Digital Green Twin: The DGT is implemented in the
final phase, where it is integrated into the Product Lifecycle Management. Besides a
guideline for the integration and introduction of the DGT is developed. By going through
the whole process, the DGT can be obtained, considering all relevant features in all
phases.

5 Summary and Conclusion

The paper introduces the Digital Green Twin as a concept to optimize future processes
with. Themain idea of theDGT is to regard the entire lifecycle of products and especially
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the digital artifacts being used within the different phases. These artifacts are analyzed
regarding their added value for recycling. Furthermore, the paper delivers a guideline in
form of a canvas for the DGT and a procedure model for the development and integration
of the DGT in existing processes. With the help of the canvas, data and information from
the existing artifacts can be identified and used for sustainability purposes. They could
be represented as parameters, test data or simulation models. These artifacts enhance the
recycling process, without generating a lot of further effort. The canvas could be used
to analyze and visualize the different potentials in the actual Lifecycle and to develop a
company-specific canvas, which shows the DGT for a specific Lifecycle. The procedure
model supports the implementation of the DGT, defined within the canvas. All these
aspects provide a fundamental basis to optimize modern Product Lifecycles with regard
to recycling, which gets more important in today’s products and systems. Further work
could be focused on the implementation of single use cases, where the aspects of effort
and benefit are each quantified in detail. This could exemplarily be shown within a
simulation of a decomposition process, where simulation models from the development
process are used.
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