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1. Introduction and Motivation

Reducing emissions from industrial processes is a critical step toward achieving
global climate protection goals since this sector is a major contributor to global
emissions (ClimateWatch 2023). As a result, several countries worldwide set aspi-
rational targets. For instance, Germany has set a goal of reducing its emissions
from industrial production by at least 20% before 2030 (BMWK 2021). In order
to achieve these objectives, innovative technologies are required that pave the way
for sustainable industrial production systems.

Digital technologies offer new opportunities to analyze energy and resource con-
sumption and derive data-driven improvements that contribute to climate protec-
tion. The demand for traceability solutions up to the product carbon footprint and
digital product passports has increased since the establishment of EU regulations
(Europiische Union 2019, 2020), and digital technologies have emerged as a pow-
erful enabler to meet this demand (Europiische Union 2019). The potential ben-
efits of green Digital Twins offer a technological solution for a sustainable trans-
formation. The term ‘green’ refers to sustainable and environmentally friendly
practices and attributes designed to optimize energy efficiency, minimize carbon
emissions and reduce the environmental impact of physical systems. These include
particularly its ability to provide traceability and reduce climate-damaging emis-
sions by up to 8% and energy consumption by 20% (accenture 2021). Various
industries use digital twins to optimize processes, predict failures and facilitate de-
cision-making (Barthelmey 2021; Barthelmey et al. 2019). Standardization and
demonstration activities such as the Asset Administration Shell (Bader et al. 2022),
the Digital Factory Framework (IEC 62832 2020), and the Equipment Behaviour
Catalogues (ISO 16400 2020) help significantly to establish the digital twin as a
tool in the industrial environment. However, existing approaches do not yet con-
sider sustainability and its environmental impact throughout the product life cycle.
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The product design establishes the basis for sustainability throughout the product
life cycle. Sustainable material choices based on environmental impact and recycled
or biodegradable materials can reduce the product’s impact. Optimizing energy
efficiency and resource consumption during the design stage is possible by simu-
lating different scenarios. Furthermore, designing products with a circular ap-
proach supports reusing or recycling at the end-of-life. Digital twins can also eval-
uate end-of-life scenarios to optimize sustainability. By considering sustainability
during the design stage, products can be innovative and environmentally respon-
sible.

Today’s production planning phase focuses on optimizing the trade-offs between
cost, quality, and time. Industry 4.0 and its technologies offer opportunities to im-
prove production planning holistically, including sustainability aspects. In order to
find not only the most efficient but also the most environmentally friendly solu-
tion, aspects such as carbon dioxide equivalents (COze) must be taken into account
in production planning with tools such as simulation and forecasting.

Digital twins provide transparency into the production process by establishing data
structures focusing on sustainability, real-time energy consumption, resource use,
and carbon emissions. This information enables producers to identify areas for
improvement and implement strategies to reduce environmental impact. By using
the digital product twin to assess the sustainability information of (semi-finished)
products in the production process, such as raw materials and packaging materials,
producers obtain the ability to make informed decisions.

The end-of-life (EOL) management of products plays a significant role in envi-
ronmental protection, which involves the implicit target of safe waste disposal.
However, existing products on the market pose a particular challenge due to miss-
ing component composition and emission transparency. A representative example
is refrigerating appliances, which commonly contain halogenated chlorofluorocar-
bons (CFCs). Approximately 1.5 million used refrigerators are estimated to contain
fully or partially halogenated CFCs in Germany, with a total climate potential of
roughly 4 million tonnes of CO; equivalents (Deutsche Umwelthilfe 2016). There-
fore, the development of green Digital Twins for the end-of-life cycle could pro-
vide efficient and input-adapted control for the recycling process. Existing ap-
proaches have yet to create green Digital Twins of EOL products to predict the
presence of climate-damaging components such as refrigerants.

This research paper explores how green Digital Twins lead to sustainable industrial
production along the product life cycle. The research findings contribute to achiev-
ing climate protection targets by presenting opportunities and challenges to reveal
emissions and construct green Digital Twins for different purposes.
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2. Integration concepts and techniques

Digital Twins have emerged as a powerful tool for simulating, analyzing, and op-
timizing physical assets, systems, and processes across various industries. They are
considered the highest level of digitization of physical assets (see Figure 1). Digital
Models represent the baseline, which provides a reliable and accurate representa-
tion of their physical counterparts. However, integrating data from physical entities
into digital models is typically done manually. Digital Shadows are characterized
by the automated, unidirectional data flow from the physical to the digital object.
Digital Shadows are widely used in the manufacturing industry to monitor and
analyze the performance of machines and equipment in real-time. Automated in-
formation flow from the digital to the physical entity and vice versa defines Digital
Twins. These can provide recommendations to the user and intervene in produc-
tion planning and control to find optimal operating points.
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Figure 1: The distinction between digital model, digital shadow and digital twin
(Kritzinger et al. 2018; Wostmann et al. 2022)
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The Asset Administration Shell (AAS) is a standardized information model devel-
oped by the platform Industry 4.0 describing the characteristics and behavior of
an industrial asset, providing a way to represent and exchange information about
assets, enabling interoperability and integration across different systems and or-
ganizations. In the AAS, submodels are logical components that represent specific
aspects of an asset, such as its structure, behavior, or capabilities. One example is
the carbon footprint submodel which enables sharing and retrieving of relevant
information per product throughout the supply chain while considering the exist-
ing standards. This will enable interoperability and transparency regarding carbon
footprint information. (Platform Industie 4.0 2022)

The integration of existing industrial plants into the Internet of Things (IoT) and
Services offers many opportunities and poses challenges for many users. IoT lends
itself to the merging of internal machine data, external sensors, and adjacent system
landscapes.
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In the IoT area, numerous cloud solutions offer suitable options for performing
both data storage and data aggregation, thus creating with DT an essential basis
for data analysis.

IoT and AAS submodels have initial applications in the field of sustainability, but
the spread of holistic methods and systems is yet to be established.

3. Sustainable integration concepts

Opver the past few decades, there has been an emerging awareness of sustainability
as a crucial factor in industrial practices. With increasing concerns over the impact
of anthrophonic climate change (Weart 2008), industries worldwide are beginning
to recognize the importance of adopting sustainable practices, as producing prod-
ucts inherently generates CO; emissions through value-adding processes and as-
sociated logistics. As a response, many companies and research institutions are
seeking solutions for sustainable integration concepts.

In the face of the pressing need to reduce greenhouse gas (GHG) emissions glob-
ally, principles for their objective assessment were established in the ISO 14060
series of greenhouse gas standards (Blue Carbon Projects 2023). In this context,
the DIN EN ISO 14064-1:2019-06 (DIN EN ISO 14064-1 2019) defines the es-
sential fundamentals for quantitatively determining Carbon Dioxide equivalent
(COze) emissions for organizations. The GHG protocols have been established as
widely recognized international accounting tools to further aid in measuring, man-
aging, and reporting GHG emissions. These protocols distinguish between three
scopes of emissions: ditect GHG emissions (Scope 1), indirect GHG emissions
from energy consumption (Scope 2), and all other indirect GHG emissions (Scope
3). Moreover, the DIN EN ISO 14064-2:2020-05 (DIN EN ISO 14064-2 2020)
expands upon the principles of COse emissions balancing with procedures for
quantifying, monitoring, and reporting emission reductions. Furthermore, the
DIN EN ISO 140064-3:2020-05 (DIN EN ISO 14064-3 2020) provides guidelines
for those who verify and validate greenhouse gas data and information.

The Life Cycle Assessment (LCA) method, as standardized by ISO 14040:2006
(ISO 14040 2006) and ISO 14044:2006 (ISO 14044 2000), is the dominant ap-
proach for evaluating the environmental impact of products. This method consid-
ers the entire product life cycle, enabling the calculation of the ecological impact
of a product through a standardized procedure. LCA can also be used to analyze
subprocesses of the life cycle, such as production, through Simplified Life Cycle
Assessment (SLCA) studies. However, LCA is a static method based on statistical
data, and dynamic aspects of production can greatly influence production pro-
cesses. Therefore, the Discrete Event Simulation (DES) method has been com-
bined with LCA in DES-LCA to include dynamic aspects of production in LCA
analysis. Overall, LCA provides a comprehensive understanding of the environ-
mental impact of a product or service, including its contribution to climate change,
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air and water pollution, land use, and resource depletion, which can help identify
opportunities for improvement in the production process, use, and disposal stages.
(Deuse et al. 2022)

Sustainable integration concepts are at the forefront of Industry 4.0, leveraging
advanced technologies to create a more sustainable and responsible future for the
industrial sector. A key idea in this regard is the green Digital Twin, which com-
bines the emerging trends of digitization of physical systems and sustainability ef-
forts. Green Digital Twins can identify inefficiencies and optimization opportuni-
ties by providing real-time information on energy usage, carbon emissions, and
other environmental metrics. It aims to reduce energy consumption and emissions,
promote environmentally friendly practices and improve the properties of physical
systems. Green Digital T'wins are a promising technological solution for achieving
sustainable transformation in the industrial sector and have the potential to play a
crucial role in shaping a more sustainable future.

4. Conception of a green Digital Twin in the product life cycle

The green Digital Twin is based on an information model that focuses on sustain-
ability aspects at each stage of the product life cycle. It enables the optimization of
processes, products, and resources in terms of material use, waste, and greenhouse
gas emissions throughout the life cycle. Early decisions have a major impact on
the later stages of the product life cycle, shaping product and process design and
setting the boundaries for subsequent production, usage and end-of-life cycle.
Later stages rely on the strategic planning established in earlier stages. The green
Digital Twin extracts, transforms, and loads selected information for sustainable
applications. Fach stage of the product life cycle requires different information
regarding sustainability aspects. Relevant emission information is created by gen-
erating electric energy, process heat, physical processes, chemical processes, trans-
portation, and fugitive emissions. To create a holistic model, each stage must de-
fine climate-damaging processes and the data behind them. In the context of cli-
mate protection, linking product development, process development, production,
usage, and end-of-life through the green Digital Twin can significantly impact the
product’s carbon footprint. The interconnectivity enables a data-based LCA.
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Figure 2: Proposed framework of a green Digital Twin in the product life cycle
4.1.  Product design

The product design stage has a crucial role in determining the resource allocated
to a product, thus impacting production planning, production, usage, and EOL
considerations. Key aspects influencing the carbon footprint include material se-
lection, regional and international impacts, use of renewable energy, resource effi-
ciency, energy consumption, packaging, and transportation. The integration of
simultaneous engineering and agile planning methods into product design allows
the product lifecycle to be directly considered, enabling flexible adaptation towards
green product design. It is therefore essential that recycling aspects such as disas-
sembly, recyclability, disposability, remanufacturability and reusability are taken
into account during product design. By incorporating these factors, sustainable
practices can be integrated into the product design process, ensuring resource ef-
ficiency, environmental responsibility, and circular economy principles.

4.2.  Production planning

Modern approaches to production planning focus on parallel work rather than just
the sequential process. However, the data of classical and modern planning meth-
ods and their decisions must be evaluated for their sustainability. The sustainable
information must be considered by existing approaches such as agile product de-
velopment planning, simultaneous engineering, and classical planning approaches.

Existing approaches, such as ISO 18828 (ISO 18828 2018), describe a framework
for production planning. It includes a reference planning process, descriptions of
information flows between each discipline (manufacturing, assembly, logistics, and
layout), key performance indicators in the planning process, and impulses for data-
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driven manufacturing change management. Existing standards need to be ex-
panded to include an ecological production planning perspective. Technological
approaches in engineering can lead to significant energy savings, such as the use
of direct drives, optimization of power transmission, standby measures, dual pro-
duction, and avoidance of over-engineering. Integrating technologies in the eatly
stage of the production planning process brings immense potential to minimize
enetgy and resource consumption (Braun et al. 2010; Herrmann/Thiede 2009;
Hiilsemeyer 2016; Thiede 2012). Novel approaches consider the future energy re-
quirements of a process chain during its planning stage (Schrems et al. 2011). This
allows for a comparison of various manufacturing processes based on their energy
usage and the anticipation of the overall energy demand of the forecasted process
chain. Also, the reflection of energy consumption in specific operating states of
the production equipment can create insights into the process chains’ energy con-
sumption (Weinert et al. 2011). Another approach is to compare the energy de-
mand of each process step and materials to determine energy-intense processes
which may be relocated. An energy-efficient production planning can be achieved
by considering factors such as process technology, batch size, scheduling, and peak
load reduction (Abele et al. 2020; Bank et al. 2021; Biel/Glock 2016; Liang et al.
2019; Mousavi et al. 20106). Scientific approaches for integrating ecological factors
in process chain planning include forecasting energy and resource consumption.
Process knowledge is generated through data collection and analysis while facili-
tated by digitization and process models. Both methods are based on historical,
real-time, or simulation data, which needs to be aggregated in the corresponding
submodel of the green Digital Twin. By integrating green Digital T'wins of the
production process, it is possible to predict output variables, such as energy de-
mand, based on the input variables and process parameters. At the process design
stage, process parameters can be selected to reduce energy consumption. Inputs
include raw materials, supplies, and energy, while outputs can be products, semi-
finished products and/or waste. Simulations, Cloud Technology, and 10T can also
be used to test different production scenarios to create a flexible production plan-
ning that meets the customer’s demand, and no unnecessary resources are planned
(Carvalho et al. 2020). Intralogistic concepts are reducing the energy consumption
of cyber-physical fleets due to data-driven fleet management and vehicle routing
(Wang/Wang 2019).

Flexible production systems are important in terms of economic efficiency and
resource consumption. Oversizing a system can lead to additional environmental
impacts even before implementation due to the production of additional machines,
systems, and conveyors that are not needed in later production operations. During
production, too large production capacities result in additional resource consump-
tion, which has a negative impact on the product’s carbon footprint.
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For this reason, the choice of a simultaneous planning approach consisting of
product design and production planning is essential when planning future produc-
tion capacities. Since individual market environments exhibit a certain degree of
volatility, system-immanent flexibility must be considered in a simultaneous plan-
ning approach. It makes it possible to react to market changes despite basic capac-
ity planning and thus reduces the waste of resources. Production system flexibility
can be achieved, for example, by integrating partial automation technologies (e.g.
human-robot interaction). Human-robot interaction enables the division of labor
between humans and robots, which allows planning configurations to be made
depending on the number of units. (Hoffmann et al. 2022)

Such planning approaches are highly complex and require suitable planning tools
and methods, such as the discrete-event material flow simulation (VDI 3633 2014).
It enables the simulation of different line, organization, and number-of-units con-
figurations for mapping within a digital image of the later system. Thus, the imple-
mentation within a green Digital Twin is also possible, making the simulation re-
sults available for other life stages.

4.3.  Production

Throughout the production stage, the previously developed sustainability-con-
scious measures are implemented. This takes effect in the framework of sustaina-
ble manufacturing through the consortium of intelligent manufacturing equip-
ment, systems, and setvices (He/Bai 2021). Approaches to drive sustainability dut-
ing manufacturing incorporate aspects ranging from sustainable manufacturing
technology, workstations and manufacturing system, standard measures, value
stream audits for evaluating sustainability performance, and lean manufacturing
practices to real-time monitoring and control of the whole supply chain
(Hatiyani/Mishra 2022). A key enabler in the context of sustainability is Industry
4.0 and its technologies (Blunck/Werthmann 2017; Enyoghasi/Badurdeen 2021),
providing important environmental, economic, and social prosperity (Sartal et al.
2020).

The submodel of a green Digital Twin for production entails key factors and indi-
cators of sustainability, including transportation, energy consumption, and pro-
cessed materials considering the three emission scopes of the GHG protocols
(ISO 14040). It is crucial to guarantee a certain level of transpatency during pro-
duction to provide monitoring capabilities of the actual process. This allows the
identification of discrepancies between planned and occurting emissions as well as
the detection of potential bottlenecks in production processes. Such transparency
is achieved through Big Data uncovering actual resoutrce and energy consumption
as well as resulting environmental impact. Furthermore, appropriate optimization
and simulation achieve increased teliability of demand planning and overproduc-
tion, optimal manufacturing component utilization, increased resource consump-
tion efficiency, and improved inventory management (Enyoghasi/Badurdeen
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2021). During operation, Industrial Internet of Things (IIoT) provides insights
into the production and helps in enhanced decision-making toward sustainability-
aware directions. Finally, a green Digital Twin-driven production system assists
through industry 4.0 technologies in the efficient setup of machines that require
calibration beforehand by reducing the amount of produced defective goods and
associated material costs.

In case sustainability awareness arises during or after the production stage within
the product life cycle, it is difficult to draw conclusions on the sustainability im-
pacts of planning decisions. A retrospective analysis of existing product design and
production planning decisions is essential to generate future transparency and im-
provement regarding the sustainability of developed products.

4.4.  Usage and EOL

According to the “Proposal for the new Ecodesign for Sustainable Products Reg-
ulation” (ESPR) of the European Commission (European Commission 2022),
Digital Product Passports (DPP) contain information about a product’s composi-
tion, the origin of the components and should also provide data necessary to assess
the environmental and societal impacts during production, usage and transfor-
mation stages of the product life cycle. Jansen et al. (Jansen et al. 2023) distinguish
between the DPP itself and the supporting DPP system, which is the underlying
software system that facilitates interactions between various stakeholders along a
product’s life cycle to consolidate required information. General DPP system and
software quality requirements incorporate aspects in regard to legal obligations,
functional suitability, security, confidentiality, IP protection, interoperability, mod-
ularity and modifiability, accessibility, availability and time behavior (Jansen et al.
2023).

Requirements for a DPP were alternatively subdivided by (Plociennik et al. 2022)
into information, collaboration, identification, and legal requirements. Especially
interesting in the context of the current paper is the classification of required data
into:

e  Manufacturing data (product composition, materials, component weights, de-
tails about the manufacturing process, physical and chemical properties of
materials, hazard class)

e Usage data (documentation of changes in a complex product, e.g. documen-
tation of part replacement or repair)

e EOL data (documentation on collection, sorting and treatment, applied recy-
cling method, recording of achieved collection fraction)

e  Life cycle data (sales volume, guidelines for storage and usage, purchasing de-
cision aid based on environmental and societal criteria)
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5. Use cases of green Digital Twins in the product life cycle

The following four use cases describe representative green Digital T'wins for the
product life cycle stages. These include sustainable recipe planning, flexible pro-
duction planning for charging stations, CO reduction in a cyber-physical brewing
lab and refrigerating appliances recycling. Utilizing real-time data, machine learning
models and simulation, these green Digital Twins showcase informed decision-
making, optimized resource consumption, and reduced environmental impact
throughout the product life cycle.

5.1.  Sustainable recipe planning

A first approach of proactively predicting CO, emissions and optimizing products
and processes can be demonstrated within a cyber-physical brewing laboratory at
the RIF Research Institute for Research and Transfer e.V. (RIF) in Dortmund and
at the Centre for Advanced Manufacturing University of Technology Sydney
(CAM UTS) in Sydney with the goal of ML-based recipe planning. By enhancing
the physical brewing assets towards green Digital Twins regarding CO; emissions
as well as material and energy consumption, machine learning models are devel-
oped to predict and optimize CO; emissions. Key sources of CO, emissions in-
clude fermentation (Scope 1), energy consumption for heating and cooling (Scope
2) as well as raw material sourcing (Scope 3).

To predict CO; emissions, data on recipe parameters and their influences have to
be collected and provided in a unified and integrated form. Therefore, AAS struc-
tures as well as a specified green Digital Twin information model and database, are
used (Wostmann et al. 2022). In the next step, multivariate supervised machine
learning models are trained on this data to estimate CO, emissions accurately.

The models consider factors such as process times and temperatures within the
mashing, lautering, boiling, cooling, fermenting, and maturing, as well as the
amount and PCF of hop, yeast, and malt. By adjusting recipe parameters within
the models, brewers can generate optimized recommendations that minimize CO»
emissions while maintaining product quality.

This data-driven approach enables continuous optimization of CO2 emissions dut-
ing early recipe planning (see Figure 3). By leveraging machine learning, brewers
can make informed decisions to reduce the environmental impact of a brewed beer
by, for example, adjusting recipe parameters or changing their raw material sourc-

ng.
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Figure 3: Recipe Simulator in RapidMiner
5.2.  Flexible production planning for charging stations

The second approach reacts to flexible market conditions to create sustainable
production planning. Planning production systems under flexible market condi-
tions require a high level of interlinking between production planning and product
development. This aspect is being analyzed for charging station assembly in the
research project SimUltane Product and Process Development of a Charging Sta-
tion Outlet Module Suitable for Automation (SUPPLYy). For this purpose, the sim-
ulation model of a flexible-man-power line shown in Figure 4 was set up and ana-
lyzed using various configuration scenarios.
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Figure 4: A simulation model of a flexible production line in Tecnomatix Plant Simulation

As can be seen in Figure 4, the line is equipped with workstations capable of hu-
man-robot interaction. Different line and organizational configurations can be an-
alyzed in terms of output quantity based on other quantity requirements. The
model also enables the output of energy consumption data based on current plan-
ning aspects.
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This data serves as feedback for product development with regard to product de-
sign. This allows optimization potentials to be quantified and evaluated in terms
of their influence on production.

5.3.  COge reduction in cyber-physical brewing laboratory

In this approach, the green Digital Twin provides the foundation for visibility and
transparency of energy consumption and emissions, which is the starting point for
reducing COse in production. The RIF and CAM UTS operate each cyber-physical
brewing laboratory for data engineering and analysis. The challenge is to demon-
strate and reduce COze emissions while brewing beer based on energy-oriented
Digital T'wins for both locations.
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Figure 5: Concept for transparency in resource consumption

To achieve this goal, the green Digital T'win will collect data on energy consump-
tion and emissions from various sources throughout the production process, such
as electricity use, process heat, physical and biological processes and transporta-
tion. The challenge is integrating all data sources in the complete production sys-
tem and developing semantic links between energy sources and sinks. This infor-
mation model will enrich the green Digital Twin.

The next step will include energy and emission-oriented production planning and
control of the cyber-physical brewing laboratories based on historical data. Using
real-time data and forecast models, the intelligent control system in the green Dig-
ital Twin enables improvements in production program planning about emissions.
The control system uses prediction models to communicate real-time optimization
potentials based on COze allocation to the brewers. The green Digital Twin is con-
tinuously monitored and updated by comparing simulation results with actual data.
This enables identifying discrepancies and adjusting in real-time, ensuring the pro-
duction process runs as efficiently and sustainably as possible.
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In addition to monitoring emissions from the production process, the green Dig-
ital Twin will track excess CO» from the fermentation process. This excess can be
sequestered into CO»-binding biomass using a microalgae photobioreactor and re-
ported into the software architecture of the green Digital Twin. A concept for a
real-time connection between location-independent CO; emitting and compensat-
ing production systems was presented by the Estanium Association (Estanium
Association 2023) with a photobioreactor operated by CAM UTS. This will enable
stakeholders to track and optimize emission offsets (Deuse et al. 2022).

5.4.  Refrigerating appliances recycling

An important aspect of the green Digital Twin is to ensure that no stages of the
product life cycle are omitted (Wang/Wang 2019). Possible implementation meth-
ods and benefits of green Digital Twins at product’s EOL are researched and
demonstrated in the RIF e.V. project DiKueRec, which focuses on the refrigerat-
ing appliances recycling industry. This approach targets products already on the
market that have not yet been subject to ecodesign and the integration of genetic
submodels.

Recycling old refrigerators plays a major role in protecting the Earth’s atmosphere
from ozone depletion and the emission of greenhouse gases. For instance, half of
the handled appliances still contain volatile fluotinated and/or chlotinated hydro-
carbons (VFC) (Deutsche Umwelthilfe 2016) with a global warming potential
(GWP) up to 8100 times higher than the GWP of carbon dioxide (Abas et al.
2018).

The waste stream of old refrigerators is currently monitored and evaluated through
manual records and lists. This is error-prone and prohibits input-dependent pro-
cess efficiency control. Therefore, a significant potential exists in digitizing the in-
coming waste stream data to ease the workload of monitoring for the personnel
and to introduce a modern energy efficiency control through green Digital Twins.
(Polikarpov et al. 2022)

In the first step, an automated data collection system for recycling plants was pro-
posed. Due to the long-life period of fridges, there is a lack of standardized infor-
mation accompanying the products as their unified DPP is not implemented yet.
The labels in the fridges are not easily accessible in recycling plant circumstances
where short cycle times must be ensured. The labels are often not standardized
and, in some cases, missing due to very long petiods of use. The research project
validated a retrofit solution using various sensors, including laser scanners and
cameras in an IoT setting, to fill in the observed information gap (see Figure 6).
The automated measurements of incoming fridges are utilized to create green Dig-
ital Twins containing attributes required for efficient control of recycling machin-
ery (e.g., adjusting shredder power consumption to the fridge size, adjusting gas
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filter exchange petiods based on the real number of processed fridges, etc.). Using
artificial intelligence, green Digital T'wins of recycled refrigerators support the cal-
culation of expected material masses, especially foaming and cooling agents.

The comparison of the predicted collection values with the actual output of recy-
cling plants leads to accelerated decision-making and a higher readiness of recyclers
for environmental certifications of their plants.
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Figure 6: Prototype concept of the refrigerator scanning

Ideally, the information flow between the manufacturers, users, and fridge recy-
clers should fulfil the respective actors’ information demands. Interest conflicts
may appear, e.g., EOL actors may require information on product composition,
but not all manufacturers will be ready to share this information (Plociennik et al.
2022). In the next step, the observations and the data structure behind the fridge
green Digital Twin shall be used to ensure that fridge DPP contains sufficient data
for recyclers that the manufacturers are also ready to provide.
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The findings and the developments of the DiKueRec project emphasize the need
for tight cooperation between manufacturers and recyclers to create a value-added
green Digital Twin. For dealing with the existing product information gaps at the
recycling stage, Industry 4.0 technologies and concepts can be applied to instanti-
ate a green Digital Twin at the EOL for efficiency control and audit purposes.

6. Discussion and Conclusion

Green Digital Twins demonstrate immense potential in developing sustainable
product life cycle management. The focus is to reduce industrial emissions and
resource consumption with the help of Industry 4.0 technologies such as real-time
data monitoring, machine learning models and simulation to optimize resource
consumption and reduce COsze. In summary, the described approaches offer
chances for improving Scope 1 and Scope 2 emissions, providing a holistic product
design and production planning based on transparency in production, usage and
EOL. The applications demonstrate green Digital Twins of various domains for
each stage of the product life cycle with the potential to reduce climate-damaging
actions. Sustainable recipe planning with green Digital Twins enables proactive
prediction and optimization of CO» emissions during brewing. Integration of
green Digital Twins in production planning enhances resource allocation and out-
put optimization. COse reduction in a cyber-physical brewing laboratory is
achieved through real-time data collection and the optimization of production
planning and control. Green Digital Twins facilitate efficient monitoring and con-
trol of the recycling process, improving energy efficiency and material mass calcu-
lation.

In conclusion, the contribution of this research highlights the significance of green
Digital Twins in driving sustainable practices and reducing global industrial emis-
sions. However, further investigations are vital to exploit its full potential. Specif-
ically, the development of a generalized green Digital Twin is necessary to map
semantic, statistical and external information effectively.

Further research and implementation of green Digital Twins are crucial for reduc-
ing global industrial emissions. A generalized green Digital Twin with semantic
links needs to be developed to map semantic and statistical information. This se-
mantic information model is the basis for performing what-if scenatios and en-
riches existing information.

To advance this field, future work will involve defining the requirements for build-
ing use case-specific and modularized semantic information models. These models
will serve as the foundation for conducting what-if scenarios and enriching existing
information. By integrating semantic knowledge as well as statistical and external
data, industries can gain deeper insights to enhance sustainability efforts.
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